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1. INTRODUCTION 

Organic semiconductors attract an outstanding attention due to their astonishing 

optoelectronics properties having numerous potentialities1–3. Due to their tunable 

properties, organic materials have the potential to be used in different devices, such 

as photovoltaics (PVs), field-effect transistors (FETs), and specifically, light-emitting 

diodes (LEDs)4,5. Additionally, organic materials are widely adaptable with different 

fabrication methods (for instance, vacuum deposition, spin-coating method, roll-to-

toll coating as well as ink-jet printing), which provide all possibilities for 

commercialization6,7. Since the publication of the research article by Tang and 

VanSlyke in 19878, reporting the world's first working organic light-emitting diodes 

(OLEDs) by embedding the two layers of organic thin films between two electrodes, 

these diodes have attracted strong interest from both industrial researchers as well as 

academic scientists, and OLEDs have become a well-established and mature display 

technology. Almost half of the sold mobile phones during the year 2021 were made 

up of OLED displays9. OLED fabrication needs lower temperatures10 and less 

hazardous substances in comparison to the inorganic materials. Instead of the narrow 

viewing angle provided by the liquid-crystal displays (LCDs), OLEDs usually feature 

a Lambertian emission distribution and require less active components compared to 

an LCD11,12. It is more practical to fabricate micro-OLED displays for the eye-friendly 

screens by minimizing the OLED pixel size to only a few micrometers13. The 

breakthrough in the development of efficient high quality sources of light that can be 

utilized for artificial lighting was the introducing of blue-colored LEDs, which was 

rewarded with the Physics Nobel Prize in 201414. In addition to the white organic light 

emitting diodes (WOLEDs), which are high potential candidates for industrial scale 

solid state light sources, monochrome OLEDs can be utilized as light sources in 

automotive industries15,16. Two main practical applications of Organic LEDs as solid-

state lighting and display are enabled by two core properties of derived device layouts 

and organic semiconductor materials. The OLEDs, which are made from thin films, 

are area light sources, and they can provide new opportunities for different 

applications. Associated with the quite low rigidity of the organic materials, the 

nanoscale films grant the fabrication of OLEDs on foldable and flexible substrates as 

well17,18. Additionally, the color and the broadening of the emission spectrum from 

organic semiconductors can be tuned by the synthesis of organic compounds. Using 

more than one emitter in the emissive layer allows eye-friendly natural light to be 

made most efficiently19,20. New fabricated efficient OLEDs have reached efficiencies, 

which are on a par with fluorescent tubes21,22. At the same time, the device lifetime 

becomes compatible with other commercial light sources, and OLEDs that are 

reaching more than 100,000 hours have already been reported23. However, still 

suitable material combinations that obtain long lifetime and high efficiency together 

with good color rendering in OLEDs are hard to find. One of the main explanations 

for widespread market of OLED in display technology and not in lighting area, is the 

efficiency roll-off, which is a quite fast efficiency loss at high current density or 

luminance24,25. Fig. 1.1 a shows this efficiency roll-off and illustrates two different 

OLED applications, which are separated according to their brightness regime. The 
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required brightness for the display market and industry is between 100 to 500 cd/m2, 

and in the case of solid state lighting, it is between 1,000 and 10,000 cd/m2 26–28. 

Therefore, high brightness is one of the most important challenges to be addressed in 

order to enable the use of OLEDs in the solid state lighting. Along with stability and 

efficiency of OLEDs, the color quality and purity of the lights are highly demanded, 

especially in the display market. In 2012, the International Telecommunication Union 

(ITU) introduced the new color gamut standard called the BT 2020 or Rec. 2020 for 

ultra-high-definition TV (UHDTV), and in comparison with the previously reported 

standards, such as National Television Standards Committee (NTSC), the color gamut 

became wider (Fig. 1.1 b)29.  

 

           

Fig. 1.1. Scheme of efficiency loss (roll-off) in low and high luminance for display and 

lighting application (a), Planckian locus in the CIE 1931 chromaticity diagram and two 

different display Color Gamuts and Standards (b) the spin states of singlet and triplet states 

with their spin quantum numbers (ms) (c), simplified Jablonski diagram (d)30 

Considering all that have been mentioned above and aiming to obtain better light 

quality and higher efficiencies in OLEDs, the urgent need for the synthesis and 

characterization of novel materials showing good photoluminescence quantum yield 

(PLQY) and internal quantum efficiency (IQE) are becoming more crucial. 

Subsequent research has deduced that a huge limitation of fluorescent OLEDs is their 

large contribution of generated “dark” excited triplet states, which do not have any 

role in photon generation; thus, in the case of fluorescent compounds, merely 

emission, which comes from singlet states (25% of all excitons), contributes to the 

total quantum efficiency. The triplet exciton radiative decays (75% of the total 

generated excitons) into the electron ground state is not allowed by the quantum 
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theory rules31 (Fig. 1.1 c). Since 1997, heavy organometallic complexes with emissive 

triplet states were utilized for harvesting generated singlet and triplet excitons, and an 

external quantum efficiency (EQE) of 20%, corresponding to potentially 100% IQE, 

was finally obtained in a phosphorescent OLEDs (PHOLEDs)32–35. The strong spin-

orbit coupling in the compounds with heavy (high dense) metals can improve the 

intersystem crossing processes, which can bring about the combination of the singlet 

and triplet natures of electron excited states. This phenomenon may result in the 

shortened lifetime of the triplet excited state, and accordingly, the phosphorescence 

emission can be detected easily36,37. Green and red phosphorescent compounds have 

been extensively exploited in the active-matrix OLEDs (AMOLEDs) display market. 

However, the stability and lifetime of reported blue PHOLEDs need to be further 

developed38–40. In 2012, a scientific paper by Adachi and co-workers in Nature journal 

revolutionized the entire OLED research area41. The first evidence of the mentioned 

phenomena in a fully organic molecule was rationalized a few decades ago42–43, and 

it proposed the solutions for common OLED issues, which attracted the attention of 

several research groups all around the world, and the process is referred to as 

thermally activated delayed fluorescence (TADF) phenomenon (Fig. 1.1 d). Over the 

past 11 years, aiming to tackle both efficiency and stability issues of OLEDs, the 

researchers have been designing and synthesizing new TADF compounds, which are 

heavy metal-free emitters44–46. TADF compounds allow (similar to the compounds 

with phosphorescence emission) for the exploitation of all generated excitons to light 

(100% IQE) and bring hope to fabricate OLEDs with longer device stability and 

lifetime47,48. OLED market sizes are growing quickly, and they are rapidly becoming 

the next generation of displays and lighting industry due to the ever-growing 

demands. However, the technology is still emerging, and further research is needed 

to alleviate a number of major concerns including following ones: 

• As it has already been mentioned, higher brightness is needed in OLED 

lighting panels, and accordingly, applying remarkably higher current 

densities is a must in comparison with the specifications, which is essential 

for general display. Higher current densities can lead to the joule self-heating 

and electrothermal feedback in semiconductor devices. These two 

phenomena may bring about serious limitations to the OLED lighting 

industry49. 

• Even a small lighting efficiency enhancement will result in remarkable 

savings in regards to the cost and energy, thus improving the efficiencies and 

performances of OLEDs by designing new compounds and optimizing the 

OLED stacks, which is of importance50. 

• Another main issue that should be addressed is attributed to the scaling up 

small prototype OLEDs to the large-scale devices. Most high-performance 

reported OLEDs are based on the small-molecule compounds, and the only 

downside of these materials is that for device fabrication, the vacuum 

deposition methods need to be used, which can lead to both a high wastage 

rate of compounds and the use of expensive equipment. The current trend is 

moving toward solution-processable materials and methods in order to 
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fabricate more economical devices and try to bring down the WOLED prices 

to be able to compete in the mainstream markets51,52. 

• From the compound point of view, there is still an essential need for materials 

with bipolar properties, which can maintain the carrier balance especially at 

high current densities. Having this property of a material can help to avoid 

EQE roll-off and other reducing effects53. 

• Since most of the materials with efficient emission can only emit in a spectral 

fraction of the visible light, doping luminophores with a complementary color 

into a suitable host is the main approach for generating white emission. In this 

approach, the chemical and morphological stability of each material is crucial 

for the lifetime of the OLED, and the main issue would be the possible 

differential aging of emitters in the emissive layer. Over the operation range 

of driving voltage, and due to the energy-transfer processes from short-

wavelength emitters to long-wavelength ones, the variation of different color 

in the final EL spectrum usually changes the stability of the white light and 

worsens the quality of emission54,55. 

The mentioned issues can be resolved by incorporating new organic 

semiconductors, as it is proposed in this thesis. The author of this research has 

expanded the knowledge on the correlation between the photophysical, charge-

transporting, thermal, electrochemical, and optoelectrical properties of functional 

OLED materials and their resulting OLED output performances. 

The aim of this work is the characterization of new blue fluorescent emitters 

for the development and fabrication of efficient OLEDs. 

In order to accomplish the aim of the work, the following objectives were 

proposed: 

- To study the photophysical, photoelectrical, thermal, charge transport and 

electroluminescence characteristics of two new phenyl bicarbazole 

derivatives for developing exciplex-forming systems for oxygen sensors and 

white hybrid solution-processed OLEDs. 

- To investigate two benzophenones derivatives as blue emitters, exciton 

modulators, and hole-transporting compounds for developing OLED stacks 

with stable white electroluminescence and good color quality. 

- To investigate the effect of a variety of additional acceptors in molecular 

structure of five multicarbazole and benzonotrile derivatives used as emitters 

on the performances of blue TADF OLEDs. 

- To provide media dependent tuning of blue emission and spin-flip efficiency 

of multicarbazole-based compounds with different additional acceptors for 

the improvement of their TADF efficiency. 

- To investigate photophysical, photoelectrical, charge transporting and 

electroluminescent properties of trifluoromethyl benzene-based multidonor–

acceptor conjugated derivatives. 

- To study the effect of conformational disorder and solid-state solvation on the 

emission properties of blue OLEDs with non-doped and differently doped 

emissive layers. 
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The novelty of the work  

- Efficient exciplex-based emitters exhibiting TADF with significant RISC 

rates up to 5.1 × 107 s-1 were designed based on new bicarbazole derivatives 

substituted by different electron donor moieties (fluoro- or trifluoromethyl). 

Their applicability was demonstrated for sensing the oxygen and hybrid 

solution-processable WOLEDs with high color rendering index. 

- The spatial exciton allocation strategy was first time used for WOLEDs based 

on TADF emitters. The strategy allowed modulation and separation of 

excitons and charges at the exciton recombination region and carrier 

recombination region resulting in ca. with twice higher EQE and higher 

quality of white color for developed OLEDs in comparison to the reference 

OLEDs.  

- Enhanced TADF efficiency and high reverse inter-system crossing rates from 

4.7 × 104 to 2.32 × 106 s−1 were achieved for multicarbazolyl-substituted 

benzonitriles blue TADF emitters containing a variety of additional acceptors 

for efficient OLEDs with tunable color variations of blue 

electroluminescence. 

- The minimization of solid-state solvation and conformation disorder 

corollaries on the performance of blue TADF emitters by multi-donor-

acceptor substitution engineering for doping-free and host-based OLEDs with 

unusually similar electroluminescent performances. 
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2. REVIEW OF PUBLISHED ARTICLES 

The chapter Review of Articles contains the information from articles of the 

author (see List of publications on the subject of the thesis). 

2.1. Exciplex-forming systems with extremely high RISC rates exceeding 107 

s-1 for oxygen probing and white hybrid OLEDs (Scientific publication 

No. 1, Q1) 

This chapter is based on the article published in Journal of Materials Research 

and Technology, 2021, vol. 10, p. 711–7256. Due to the fact that 9,9-H or 9,9-diphenyl 

bicarbazole exhibited excellent application in OLEDs as a donor for making 

exciplexes57,58, this work aims to investigate two novel designed diphenyl 

bicarbazoles substituted by fluoro- or trifluoromethylphenyl moieties as donors for 

making exciplexes. The molecular structures of compounds 1 and 2 are presented in 

Fig. 2.1. 

 

Fig. 2.1. Molecular structures of compounds 1 and 2 

The 5% weight-loss temperatures (Tde-5%, ºC) and the thermal transition of the 

compounds were studied by thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC), respectively. All the data are summarized in Table 2.1. 

The melting points (Tm, ºC) for both materials were close and situated close to 250 °C 

when measured by using DSC equipment (sharp endothermic peaks in second heating 

scans (Fig. 2.2 a, inset)). The synthesized materials formed molecular glasses with 

glass-transition temperatures (Tg, ºC) of 101 °C for compound 1 and 111 °C for 

compound 2. However, the glasses of these compounds tended to crystallize above 

their glass-transition temperatures. According to the TGA measurements (Fig. 2.2 a), 

5% weight-loss temperatures of 374 and 350 °C were observed for 1 and 2, 

respectively. Since the materials melted at 250 °C and then experienced complete 

weight loss at around 450 °C, the detected weight loss may be rather ascribed to the 

sublimation rather than material decomposition59. 
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Fig. 2.2. TGA curves and DSC second heating scans (inset) (a), CV voltammograms (b), 

hole mobility vs. applied electric field and electron photoemission spectra (inset), (c) 

ultraviolet-visible absorption, PL, and phosphorescence spectra of the dilute solutions of the 

synthesized compound (d) 

The energy levels of the materials were investigated by both cyclic voltammetry 

(CV) and photoelectron emission spectroscopy (PE) techniques. With the aim of 

measuring the material electrochemical energy levels, their dichloromethane (DCM) 

solutions exhibited oxidation half-waves with regard to ferrocene at 0.58 V for 

compound 1 and 0.65 V for compound 2 (Fig. 2.2 b). Regardless of the small 

difference (0.07 V) between the oxidation potentials of the compound solutions, a 

clearly larger difference (0.26 eV) was recorded between their ionization potentials 

measured by the photoelectron spectroscopy in the air. IPPE of 5.78 eV was detected 

for the film of compound 1 and 6.04 eV for the film of compound 2, which are higher 

than the corresponding values of 5.38 and 5.45 eV measured by CV (Fig. 2.2 c inset 

and Table 2.1)60. As a result of the effective electron withdrawing capacity of CF3 

groups compared with that of 4-fluorophenyl groups, for compound 2, the higher IPPE 

(deeper HOMO) was observed. The charge carrier characteristics of the materials 

were tested by the time of flight (TOF) technique, and the results showed low-

dispersity positive charge carriers in the compound 1 and 2 films. Hole mobilities 

(µholes) of the compounds at different applied electric fields (E) were estimated by 

taking the transit time values (ttr) at different applied voltages (Fig. 2.2 c, Table 2.1). 

Compounds 1 and 2 showed only positive charge carrying characteristics apparently 
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due to the not strong enough electron-accepting capability of fluoro or trifluoromethyl 

moieties61. The recorded different values of hole mobilities of the compounds (Table 

2.1) could be associated with their dissimilar structure of the layers and their 

molecular packing, as it was confirmed for other carbazole-containing materials62,63. 

Aiming to study the effect of different substituents on the photophysical 

characteristics of the materials, photoluminescent (PL) and UV-Vis absorption 

spectra of the compound THF and toluene solutions (~10-5 M) were recorded (Fig. 2.2 

d). Since the shape of the absorption spectrum of compound 1 is almost identical to 

that of carbazole, N-phenylcarbazole, and N,N'-diphenyl(-3,3-)bicarbazole, the 

carbazole unit is mainly accountable for absorption64,65. However, low energy band 

around 325 nm of compound 2 absorption spectrum could be induced by charge 

transfer between carbazole and trifluoromethylbenzene units. Vibronically structured 

fluorescence emission spectra peaked at 385 and 405 nm for dilute toluene solutions 

of compounds can be ascribed to the locally exited (LE) emission (Fig. 2.2 d, Table 

2.1)66. Photoluminescence and phosphorescence spectra of dilute THF solutions of 

compounds were measured as well for obtaining their first excited singlet (ES1) and 

triplet (ET1) energy states (Fig. 2.2 d, Table 2.1). PLQY values of compounds 1 and 2 

neat films and solutions are in the same range of recorded PLQYs of the previously 

reported N-phenylcarbazoles and N-phenylbicarbazoles (Table 2.1)67. 

As a result of their balanced hole-transporting properties, high triplet levels and 

emission in the near ultraviolet area of compounds 1 and 2, they can be considered as 

high potential donors for making exciplexes with TADF emission. Therefore, two 

solid-state mixtures by using commercial acceptor 2,4,6-tris[3-

(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) and compound 1 and 2 as 

donor units were developed. The samples 1:PO-T2T and 2:PO-T2T showed red-

shifted exciplex kind emission compared to the pure emission of acceptor and donor 

units (around 110 nm compared to the donors and 150 nm compared to the acceptor) 

(Fig. 2.3 a). PL spectra and PL decays at different temperatures proved that about 90% 

of the whole emission intensity of the developed exciplex samples originated from 

the thermally activated delayed fluorescence contribution (Fig. 2.3 b, c). 

Another confirmation of the existence of TADF in the emission of the obtained 

exciplex was the small energy gap between singlet state and triplet state (ΔES1T1), 

which allowed efficient RISC process (Fig. 2.3 d, Table 2.2). 1:PO-T2T and 2:PO-

T2T exciplexes showed similar emission around 520 nm, and their PL decays 

exhibited a two-component exponential decays with short-lived (τPF of 69 to 376 ns) 

and long-lived (τDF of 1.94 to 4.25 µs) components (Fig. 2.3 a, b). Unlike the 

previously reported exciplexes68,69, due to the low non-radiative losses and efficient 

TADF, PLQY values of the investigated exciplexes linearly increased with rising 

temperature (Fig. 2.3 e, f).  
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Table 2.1. Thermal, electrochemical, photoelectrical, hole-mobilities, and 

photophysical characteristics of materials 1 and 2 

Property Sample 1 2 

Tm, ºC 

Powder 

246 253 

Tg, ºC 101 111 

Tcr, ºC 206 161 

Tde-5%, ºC 374 350 

Eox vs Ag/Ag+, V DCM solution 

with TBAPF6 

0.58 0.65 

IPCV, eV 5.38 5.45 

IPPE, eV 

Film 

5.78 6.04 

Eg
opt, eV 3.36 3.21 

EAPE, V 2.42 2.83 

λPL, nm 
Film 

(THF solution) 

390, 409 (385[*], 

402) 

387, 404 (383[*], 

397) 

PLQY, % 19 (15) 15 (18) 

τ, ns 4.68 (6.09) 4.02 (6.01) 

ES1, eV 
THF solution 

at 77 K 

3.44 3.38 

ET1, eV 2.99 2.99 

ΔES1T1, eV 0.45 0.39 

µholes,a cm2/(V·s) Film 1.1 × 10-3 7.7 × 10-5 
[*] Shoulder, [a] at applied electric field of 1.6 × 105 V/cm 

Taking prompt and delayed fluorescence lifetimes (τPF and τDF) and the 

corresponding quantum yields (ηPF and ηDF), prompt (kPF) and delayed (kDF) 

fluorescence radiative rates were calculated. Additionally, non-radiative rates of the 

singlet (knr
S ) and triplet (knr

T ) states, intersystem crossing rate (kISC) and reverse 

intersystem crossing rate (kRISC) were estimated (Table 2.2). kRISC, as an important 

criterion, is generally assigned to the efficient TADF, and for newly reported 

intramolecular and intermolecular TADF materials, it is in the order of 106 s-1 70,71. 

Exciplexes 1:PO-T2T and 2:PO-T2T showed exceptionally high kRISC of 5.1 × 

107 and 3.6 × 107 s-1, respectively. The obtained rates are among the highest reported 

kRISC values until now70,71. In spite of the slight difference in the molecular design of 

compounds 1 and 2, which basically have no effects on the emission spectra of 1:PO-

T2T and 2:PO-T2T, quite different non-radiative rate constants (knr
T ) were recorded 

for these exciplexes. The explanations of this aspect can be related to the different 

molecular packing due to the presence of various fluoro and trifluoromethyl units in 

compounds 1 and 2 as well as different hole mobilities of compounds, which can lead 

to rapid formation of exciplex states. By analyzing the temperature dependences of 

kRISC and using the Arrhenius equation: kRISC=A·exp(−Ea/kBT), the activation energy 

(Ea) values of 0.052 and 0.127 eV were recorded for exciplex 1:PO-T2T and 2:PO-

T2T emissions, respectively (Table 2.2)72. 
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Fig. 2.3. Normalized PL spectra (a) and temperature-dependent PL spectra (b) of the 

compound 1, 2, PO-T2T, 1:PO-T2T, and 2:PO-T2T films. The corresponding PL decay 

curves recorded at different temperatures (c), photoluminescence and phosphorescence 

spectra measured at 77 K (d) of 1:PO-T2T and 2:PO-T2T solid-state mixtures, temperature-

dependent PLQY values (e) and kRISC versus 1/T (f) plots for 1:PO-T2T and 2:PO-T2T 

1:PO-T2T exciplex-forming system was chosen to test its possible application 

as an oxygen sensor. This sample showed a total PLQY of 56%, which is higher than 

PLQY of 22% for 2:PO-T2T exciplex. Since the origin of the 1:PO-T2T exciplex-

forming sample was mainly delayed fluorescence (ηDF = 52% versus ηPF = 4% (Table 
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2.2)), the oxygen probing capability of this system is more practical if the delayed 

fluorescence is quenched in the presence of oxygen. Aspiring to check the capability 

of the 1:PO-T2T exciplex as an active device for oxygen sensing, samples 1:PO-

T2T:Zeonex (1:1:1) with three-component were fabricated. Zeonex matrix was 

utilized for insuring the oxygen permeability of the films and helping for the good 

formation of the probe film73. The emissions of prepared samples were measured at 

several different concentrations of oxygen in a continuous circulation of oxygen and 

nitrogen mixtures (Fig. 2.4 a). 

Table 2.2. Photophysical parameters of exciplex-forming molecular mixtures 1:PO-

T2T and 2:PO-T2T derived at room temperature (300 K) 

Exciplex source/equation 
1: 

PO-T2T 

2: 

PO-T2T 

λPL, nm 
taken from PL spectra 

517 519 

FWHM, nm 104 107 

ES1, eV ES1 = 1240/λseton
PL  2.63 2.72 

ET1, eV ET1 = 1240/λseton
Phos  2.64 2.68 

ΔES1T1, eV ΔES1T1 = ES1 - ET1 0.02 0.04 

PLQY, % measured with a sphere 56 22 

ηPF ηPF = ηPLQY ∗ PF(%)/100(%) 0.04 0.01 

ηISC ηISC = 1 - ηPF 0.96 0.99 

ηDF ηDF = PLQY ∗ DF(%)/100(%) 0.52 0.21 

ηRISC ηRISC = ηDF/(ηPLQY ∗ ηISC) 0.97 0.96 

Ea, eV 
taken from kRISC fitting by 

kRISC = Aexp(−Ea/kBT) 
0.052 0.127 

τPF, ns (%) from PL decay fitting by  

I = A+B1exp(-t/τPR)+B2exp(-t/τDF) 

110 (7) 94 (5) 

τDF, μs (%) 1.94 (93) 2.47 (95) 

τPF
r , µs τPF

r = τPF/ηPF 2.8 9 

τPF
nr , ns τPF

nr = τPF/(1 − ηPF) 115 95 

kPF, s-1 kPF =
ηPF

τPF

 3.6 × 105 1.1 × 105 

kPF
r , s-1 kPF

r = 1/τPF
r  3.6 × 105 1.1 × 105 

knr
S , s-1 kPF

nr = 1/τPF
nr  8.7 × 106 1.05 × 107 

kISC, s-1 kISC = 
ηDF

ηPF+ηDF
kPF 0.25 × 105 0.05 × 105 

kDF, s-1 kDF =
ηDF

τDF

 2.69 × 105 0.85 × 105 

kRISC, s-1 kRISC =
ηDF

ηPF

∙
kPF∙kDF

kISC

 5.1 × 107 3.6 × 107 

knr
T , s-1 knr

T = kRISC/ηRISC -kRISC 4.7 × 107 1.35 × 108 

 

The results of Stern–Volmer equation fitting are collected in the inset Table of 

Fig. 2.4 b, and fitting with R2 of 0.9652 was obtained74,75. In spite of the high ratio 

𝜂𝐷𝐹/𝜂𝑃𝐹 of 13, the ratio of emission intensity under pure nitrogen gas and intensity of 

emission under pure oxygen atmosphere (I0[100% N2]/I[100% O2]) of 1.57 was recorded, 

which proves that the fabricated sample (1:PO-T2T:Zeonex) showed relatively low 

oxygen sensitivity. This measurement is similar to the results of time resolved 
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fluorescence measurements of 1:PO-T2T:Zeonex film in the air and vacuum proving 

that this obtained exciplex shows delayed fluorescence even in the presence of oxygen 

atmosphere (Fig. 2.4 c). It seems that oxygen cannot quench the delayed fluorescence 

completely when the TADF emitters are characterized by very high kRISC of higher 

than 107 s-1. 
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Fig. 2.4. PL spectra (a), Stern–Volmer dependence (b), and PL time decay curves (c) of the 

1:PO-T2T:Zeonex films at different oxygen concentrations 

Aiming to obtain natural white emission, two deeply investigated exciplexes, 

1:PO-T2T and 2:PO-T2T, were selected to use in white OLED structures, and in 

combination with blue TFB76 and red (Ir(piq)2(acac))77 emitters, several solution-

based OLED devices were fabricated. The main reason for choosing the solution-

based method was that this method could allow to have accurate control on the 

concentration of emitting compounds in the doped emissive layers, which was 

essential for WOLEDs fabrication78. The OLED device structures consisting of 

ITO/MoO3 (1 nm)/TFB:Ir(piq)2(acac) (2, 5, or 10 wt%, 30 nm)/1:PO-T2T (for the 

devices named as A2, A5, and A10, respectively) or 2:PO-T2T (for the devices named 

as B2, B5, and B10, respectively) (1:1) (20 nm)/ TSPO1 (8 nm)/TPBi (40 nm)/LiF:Al 

were chosen. Very thin layer of MoO3 was utilized as hole injection layer, TSPO1 

compound acted as hole/exciton blocking layer; TPBi material was used as the 

electron transporting layer, and finally, LiF material was selected to be used in the 

electron injection layer. By checking the equilibrium energy diagram of the device 
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structures (Fig. 2.5 a), it can be seen that the recombination zone was principally 

placed in the emissive layer (EML1, 1:PO-T2T, or 2:PO-T2T). The hole-transporting 

layer of TFB, which was doped by a low concentration of Ir(piq)2(acac), as well 

played as the second emissive layer (EML2). There are two possibilities for the 

emission of Ir(piq)2(acac) red emitter. First, when there is a triplet exciton generation 

in EML1 and then shifting to EML2 and second, when there is a direct recombination 

of electrons and holes in EML2 79. 
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Fig. 2.5. Equilibrium energy diagram of all functional layers (a), EQE versus current density 

of fabricated OLEDs (b), normalized EL spectra under different voltages for white 1:PO-

T2T (c) and 2:PO-T2T (d) based devices 

As it can be seen in Fig. 2.5 c, d, the EL spectra of fabricated solution-based 

OLEDs that showed emission bands have references to the emissions of different 

intensities of Ir(piq)2(acac), 1:PO-T2T or 2:PO-T2T, and TFB emitters. This stable 

electroluminescence of devices A and B at different applied voltages (Fig. 2.5 c, d) 

can prove the existence of charge balance in the fabricated devices, because by 

increasing the applied voltages, there is no sign of a shift in the recombination zone 

from EML1 to EML2. The most intense red emission was observed for devices A5 

and B5 with 5% of Ir(piq)2(acac), while the increase of concentration to 10% can 

result in the decline of red phosphorescence intensity. This can be related to the 

emission quenching due to the triplet-triplet annihilation (TTA) at a high 

concentration of the phosphorescence emitter80. In terms of color quality, device A5 

demonstrated the best combination of intensities of blue, green, and red emissions in 

its EL spectrum with the best CRI of 92, CIE1931 xy coordinates of (0.384,0.399), 
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and correlated color temperature (CCT) of 3,655 K. The recorded CIE1931 and color 

temperature of device A5 can be attributed to warm white light, and at the same time, 

the CRI value is among the highest values for white OLEDs so far81,82. At external 

voltage of 12 V, the highest brightness of 8,980 cd/m2 and the lowest brightness of 

2,986 cd/m2 were obtained for devices A5 and A10, respectively. In terms of 

efficiency, devices A5 and B5 due to the efficient triplet harvesting on phosphorescent 

emitter Ir(piq)2(acac) and two exciplex-based TADF emitters (1:PO-T2T or 2:PO-

T2T) showed the highest efficiencies. The highest CEmax, PEmax, and EQEmax of 11.6 

cd/A, 5.5 lm/W and 6.3% were observed for device A5 with 1:PO-T2T green exciplex 

and 5% of Ir(piq)2(acac) (Fig. 2.5 b). 

2.2. Bis (N-Naphtyl-N-phenylamino) benzophenones as exciton-modulating 

materials for white TADF OLEDs with separated charge and exciton 

recombination zones (Scientific publication No. 2, Q1) 

This chapter is based on the published work in Dyes and Pigments, 2022, vol. 

197, art. no. 109868, p. 1–1083. In order to fabricate efficient OLEDs, different 

approaches were proposed to prevent the exciton quenching and energy loss 

throughout the energy transfer process in WOLEDs. One of those approaches in the 

development of efficient hybrid WOLEDs is the use of an appropriate host spacer 

(exciton modulator). This thin film usually can be placed between the layers of 

fluorescent and phosphorescent or TADF emitters84. This approach, which is known 

as “spatial exciton allocation strategy”, has the capacity to boost the EQE of TADF 

WOLEDs by preventing non-radiative Dexter energy transfer from blue fluorescent 

emitter to red-green/orange TADF/Phosphorescence emitters and minimizing the 

Forster energy transfer within the two layers85–87. Up to date, hybrid 

phosphorescent/TADF WOLEDs are able to obtain EQE of 20%, which is in the same 

range of full phosphorescent WOLEDs. However, until now, this method was not 

used for purely TADF WOLEDs88–90. In this work, two newly synthesized compounds 

(compounds 3 and 4) were used as exciton modulators between blue and orange 

TADF to fabricate several purely TADF WOLEDs. The molecular structures of 

compounds 3 and 4 with isomeric (N-naphthyl)-N-phenylamino donors and 

benzophenone acceptors are shown in Fig. 2.6. 

 

Fig. 2.6. Molecular structures of compounds 3 and 4 

In order to study the photophysical characterization of compounds 3 and 4, 

photoluminescence and UV-visible absorption spectra of compound solid layers and 

dilute THF and toluene solutions were recorded (Fig. 2.7 a, Table 2.3). The 

compounds 3 and 4 THF solutions exhibited blue emission peaks at 462 nm and 488 
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nm with Stoke’s shifts of 90 and 107 nm. However, the emission of derivative neat 

films showed the Stoke’s shifts of 94 and 113 nm, respectively (Fig. 2.7 a). A slight 

difference of 22 nm and 34 nm within the emission of toluene and THF solutions of 

compounds 3 and 4, respectively, verifies a weak intramolecular charge transfer (CT) 

between the donor and acceptor units91. The optical band gaps were estimated from 

the onset wavelengths of optical absorption spectra of compound neat films, and the 

absorption onset wavelengths of 3 and 4 were 429 and 446 nm related to the optical 

band gaps of 2.89 and 2.78 eV, respectively (Fig. 2.7 a, Table 2.3).  
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Fig. 2.7. Photoluminescence (right) and normalized UV-absorption spectra (left) (a), PL 

(black dash lines) and phosphorescence (red lines) spectra of dilute THF solutions of the 

materials at 77 K (b), wavelength versus water percentage for the dispersions of the 

compounds in the THF/water mixtures (right) and PL maximum intensities versus water 

volume percentage of compound dispersions in the mixtures of THF and water (left) (c) 

The photophysical properties of compounds 3 and 4 were further investigated 

by recording the photoluminescence and phosphorescence spectra of their THF 

solution at 77 K (Fig. 2.7 b). The ES1 and ET1 energies were obtained and summarized 

in Table 2.3. LE3 emissive recombination of N-naphthyl-N-phenylamine units triplet 

state is the main origin of compound phosphorescence emissions92. Since the PLQY 

of compounds 3 and 4 solid films were higher than those of toluene solutions, the 

possibility of aggregation-induced emission enhancement (AIEE) characteristics was 

investigated by measuring the fluorescence spectra of the compounds in different 

THF/water concentrations (FW)93. Fig. 2.7 c shows the PL intensities (left) and PL-
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peaks (right) versus water percentage for the compounds 3 and 4 dispersions. By 

increasing the percentage of water to 40–50%, which can lead to an increase in the 

polarity of the mixtures of THF and water, the intensity of emission slowly decreased, 

and the peak of PL spectra red-shifted till the aggregates were formed. The increase 

of water fraction can lead to the blue shifts of the PL spectra and an increase of 

emission intensity owing to the increasing the number of compounds 3 and 4 

aggregates. However, during the additional increase of the water percentage from 80–

90%, the emission intensities start to decline. Almost the same results were previously 

reported for the materials with AIEE characteristics due to the precipitation of bigger 

formed aggregates in the cell with the mixtures of water and THF94,95. 

Using the cyclic voltammetry (CV) technique, it has been found that two 

materials showed irreversible oxidization approximately at the same potential. The 

measured IPCV value of 3 was slightly smaller compared to that of 4, and for both 

compounds, the electrochemical reduction was not observed96 (Fig. 2.8 a). A 

photoelectron emission spectroscopy equipment was utilized to establish the 

ionization potentials (IPPE) of the compound solid films. IPPE of 5.68 eV was recorded 

for the compound 3 film and of 5.79 eV for the compound 4 film, proving excellent 

positive carrier injecting characteristic97 (Fig. 2.8 b, Table 2.3). The measured IP 

values with both methods, cyclic voltammetry (CV) and photoelectron emission 

spectroscopy method, are in good agreement.  

The time of flight (TOF) technique was utilized for the estimation of charge 

carrier characteristics by using the non-doped films of 3 and 4, which were made by 

vacuum deposition sandwiched between ITO and Al electrodes98. The transit times 

only were detected when positive voltage was applied to ITO electrode, proving that 

compounds 3 and 4 only have the hole transport capabilities (Fig. 2.8 c, inset), and 

the transit times for electrons were not detected. More than two times higher transit 

time of 4.51 µs was recorded for compound 3 than 4 (1.78 µs) at the same applied 

electric field (E) of 5 × 105 V/cm. Accordingly, at the mentioned electric field, about 

two times higher µh of 3.5 × 10-4 cm2/V×s was obtained for compound 3 in comparison 

to compound 4 (1.8 × 10-4 cm2/V×s) (Fig. 2.8 c, Table 2.3). By fitting the hole 

mobilities versus applied electric field diagram of compounds with Poole–Frenkel 

type mobility, µ0 which is zero-field hole mobilities of 5.8 × 10-7 and 4.6 × 10-6 

cm2/V×s and field dependence parameters (β) of 8.2 × 10-3 and 6.25 × 10-3 (cm/V)0.5 

were recorded for compounds 3 and 4, respectively98. 
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Fig. 2.8. CV curves of dichloromethane dilute solutions of 3 and 4 (a), electron 

photoemission spectra of 3 and 4 solid samples (b) and their hole mobility versus electric 

field; insets: TOF pulses for holes in the deposited layers of materials measured at several 

applied electric fields (c) 

Considering good optoelectronic properties of new compounds, materials 3 and 

4 were selected for the modulating of exciton in one or two TADF emitters (orange 

4CzTPN and blue PFBP-2b) based WOLEDs with separated exciton recombination 

and hole-electron recombination zones. For the first time, using spatial exciton 

allocation strategy, two types of purely TADF-based WOLEDs device structures with 

one resonance blue to orange energy transfer or with two resonance blue to orange 

and blue to blue energy transfers were fabricated (Fig. 2.9 a). 

In the devices with two TADF emitters by two efficient resonance energy 

transfers, the separation of the recombination area and exciton recombination area can 

be obtained. However, in the fabricated devices with an exciton blocking layer (EBL), 

one of the resonance energy transfers may be restricted, which allowed to investigate 

the effect of one or two resonance energy transfers on the color quality and efficiency 

of white devices. The OLED designs, which were used are as follows: ITO/ MoO3 (8 

nm)/ NPB(60 nm)/ TAPC(5 nm)/EML/ TSPO1(8 nm)/ TPBi(40 nm)/ LiF(1 nm)/Al 

(Devices IA(B)1-3) and ITO/MoO3(8 nm)/ NPB(60 nm)/ TAPC(5 nm)/EML/PFBP-

2b (20 wt%):TPBi (40 nm)/ LiF(1nm)/Al (Devices IIA(B)1-3). The OLED device 

characterizations are written in Table 2.4. The device names with I sign belong to the 
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first family of OLEDs containing TSPO1 exciton blocking layer with one resonance 

energy transfers, and device names with II sign are related to the fabricated OLEDs 

with two efficient resonance energy transfers (Fig. 2.9 a), letter A related to compound 

3 and letter B to compound 4, “1–3” are associated to three different light emissive 

layers (EML) (Fig. 2.9 a).  

Table 2.3. Thermal, photoelectrical, charge carrier, photophysical, and 

electrochemical parameters of 3 and 4 

Property Sample 3 4 

Tm, ºC 

Powder 

218 241 

Tg, ºC 101 107 

Tcr, ºC 203 – 

Tde-5%, ºC 411 428 

Eox vs 

Ag/Ag+, V 

DCM 

solution 

with 

TBAPF6 

0.91 0.94 

IPCV, eV 5.71 5.74 

IPPE, eV 

Film 

5.68 5.79 

Eg
opt, eV 2.89 2.78 

EAPE, eV 2.79 3.01 

λPL, nm 
Film 

(THF 

solution) 

462(456) 488(482) 

λabs, nm 368(366) 
375, 314, 281(375, 

312) 

PLQY, % 12 (9) 13 (18) 

ES1, eV THF 

solution 

at 77 K 

3.07 3.00 

ET1, eV 2.55 2.53 

ΔES1T1, eV 0.52 0.47 

µholes,[a] 

cm2/(V×s) 

Film 

1.8 × 10-4 3.5 × 10-4 

µ0, 

cm2/(V×s) 
5.8 × 10-7  4.6 × 10-6 

β, (cm/V)0.5 8.2 × 10-3  6.25 × 10-3 
         [a] At electric field of 5 × 105 V/cm 

 

Devices IA1 and IIA1 (IB1 and IIB1) are based on guest:host type EML of 

4CzTPN(5 wt%):3(4) (20 nm) where compounds 3 and 4 are the matrix for 4CzTPN. 

Devices IA2 and IIA2 (IB2 and IIB2) are containing guest:host/EML of 4CzTPN(5 

wt%):3(4) (5 nm)/3(4) (15 nm) where the layers of compounds 3 or 4 without dopant 

were additionally used as exciton modulators. Devices IA3 and IIA3 (IB3 and IIB3) 

were based on bi-layered (without dopant) EML of 4CzTPN(1 nm)/3(4)(15 nm) 

where dopant-free layers of compounds 3 or 4 were as well used as the exciton 

modulators. MoO3 was utilized as a hole injection layer; NPB and TAPC were utilized 

as hole-transporting layers to inject holes, and the high LUMO (-2.0 eV) of TAPC 

helped to block electrons within EMLs. TSPO1 acted as hole/exciton blocking layer, 

TPBi was used as an electron transporting layer, and the layer of LiF acted as electron 

injection layer. The hole-electron recombination area should be located near the 

electron-transporting layer concerning the devices IIA(B)1-3 (electron-blocking layer 
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in the case of devices IA(B)1-3) because of the hole-transporting characteristics of 

compound 3(4) (Fig. 2.9 a). 
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Fig. 2.9. Functional layers in OLED and molecular structures of the materials, which were 

utilized in the OLEDs (a) EL spectra at 9 V (insets: photographs of WOLEDs at 9 V) (b, c) 

and EQE versus current density curves of the fabricate OLEDs (d, e) 

Material 4CzTPN was chosen as an orange TADF emitter, considering its 

HOMO/LUMO values, TADF properties, and T1 state value of 2.44 eV, which is very 

close to T1 of compounds 3 and 4 (2.55 and 2.53 eV, respectively)99. Compound 
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PFBP-2b was chosen as sky-blue TADF emitter, taking into account its TADF 

properties, HOMO/LUMO values, and S1 (2.86 eV), which is in the same range of S1 

states of compounds 3 and 4, which were about 3.06 and 3.0 eV, respectively (Table 

2.3). PFBP-2b was used as the TADF compound in the TPBi:PFBP-2b layer. The 

combination of the compounds 3 or 4 and 4CzTPN can make good triplet energy 

resonance T1(3 or 4)→T1(4CzTPN) that can lead to efficient Dexter energy transfer 

between them, and the combination of the compounds and PFBP-2b forms an 

excellent singlet energy resonance S1(3 or 4)→S1(PFBP-2b) that can cause efficient 

Förster resonance energy transfer between them100.  

WOLEDs with separated exciton recombination and hole-electron 

recombination zones could be potentially fabricated by using the 4CzTPN/3 and 

4/PFBP-2b system. PFBP-2b was used as the TADF emitter in the TPBi:PFBP-2b 

layer. As it could be seen in Fig. 2.9 a inset, the devices IA2, IB2, IIA2, and IIB2 were 

characterized by white electroluminescence (EL). The EL spectra of these devices 

contain two emission bands with different intensities, which consist of blue emission 

of 3 or 4 (and PFBP-2b in the case of devices IIA2 and IIB2) and orange emission of 

4CzTPN (Fig. 2.9 a). This observation can confirm that the hole-electron 

recombination zone is mainly positioned within a dopant-free layer of 3 or 4, leading 

to good exciton modulation between low-energy orange (4CzTPN) and high-energy 

blue emitters (either 3, 4, or PFBP-2b). It should be considered that the contribution 

of PFBP-2b emitter is evident, since the maximum EQE values of devices IIA2 and 

IIB2 are almost two times higher than those of devices IA2 and IB2 (Fig. 2.9 d, e, 

Table 2.4). The devices IA1, IB1, IIA1, and IIB1 showed orange emission originated 

from 4CzTPN:3(4) layer. However, the devices IA3, IB3, IIA3, and IIB3 

demonstrated mostly blue EL because of deficient RET within the layers of 3(4) and 

4CzTPN. Due to the extra role of PFBP-2b TADF emitter to the blue emission in 

fabricated devices with two resonance energy transfers, the band referred to 4CzTPN 

is stronger for the devices IA3 and IB3 in comparison to IIA3 and IIB3 OLEDs. Due 

to the really high color standard of white EL fabricated with only two emitters, device 

IIB2 illustrated the highest CRI of 80 and correlated color temperature (TC) of 4,490 

K, and at the same time, CIE 1931 xy coordinates of (0.32, 0.31), which is nearest to 

the natural white, were recorded for this device (Table 2.4).  

The positive role of PFBP-2b is as well obvious if one would make a comparison 

between EQEs of blue devices from the first (IA3 and IB3) and the second (IIA3 and 

IIB3) series of OLEDs. For instance, around two times higher maximum EQEmax of 

4.9% was recorded for device IIB3 than device IB3 (1.9%). About twice higher 

efficiency of IIA2 and IIB2 white OLEDs in comparison to that of IA2 and IB2 should 

be related to the moving of exciton from the modulator layer (3 or 4) to TADF 

emissive layer (PFBP-2b and 4CzTPN) due to the almost similar energy states of S1(3 

or 4) with S1(PFBP-2b) and of T1(3 or 4) with T1(4CzTPN). 
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Table 2.4. Electroluminescent parameters of white OLEDs 

Device Von,
[a] (V) CEmax, cd/A  EQEmax, % CIE (x; y)[b] CRI[b] CCT[b] 

IA1 4.7 20.8 7.2 (0.47, 0.49) 42 2,932 

IA2 4.2 10.2 4.8 (0.40, 0.35) 60 2,751 

IA3 5.1 3.9 3.1 (0.26, 0.22) 75 12,520 

IB1 5.9 9.4 4.7 (0.55, 0.44) 41 1,840 

IB2 5.7 8.3 3.1 (0.36, 0.42) 62 4,220 

IB3 4.6 3.7 1.9 (0.20, 0.26) --- ---- 

IIA1 4.2       13.7 6.3 (0.53, 0.45) 40 2,061 

IIA2 3.9       18.6 9.5 (0.36, 0.31) 67 3,332 

IIA3 4.6       8.1 4.7 (0.16, 0.13) ----- ----- 

IIB1 4       12.4 5.5 (0.49, 0.47) 43 2,515 

IIB2 3.6      13.8 7.1 (0.32, 0.31) 80 4,490 

IIB3 3.3      7.8 4.9 (0.17, 0.22) --- ----- 

[a] Turn-on voltage at luminance of 10 cd m−2, [b] CIE, CRI, and CCT values are referred to EL 

spectra measured at 9 V 

 

Lower turn-on voltages of 3.3 to 4.6 V were recorded for the fabricated devices 

using compound 4 than turn-on voltages of 4.2 to 5.9 V for 3 based devices (Table 

2.4). This result is in very reasonable approval with the results of the charge mobility 

measurements, and at the same applied electric fields, material 4 obtained higher hole 

mobilities (Fig. 2.8 c, Table 2.3). Taking into consideration the mentioned 

characterization of fabricated devices and making a comparison between the 

parameters of white OLEDs from the first (IA2 and IB2) and the second (IIA2 and 

IIB2) series, it could be stated that the remarkable increase in the efficiencies of white 

TADF OLEDs is because of the effective separation of charge and exciton 

recombination zones by decreasing the energy losses through the energy transfer 

mechanism. This process paved the way to obtain more stable blue emission in the 

total white EL of TADF-based OLEDs, which is mostly essential for the lighting 

technologies. Additionally, the designed exciton modulators 3 and 4 have the 

possibility to get utilized in combination with effective blue and orange TADF 

emitters for obtaining WOLEDs with higher efficiencies. 

2.3. Tuning of spin-flip efficiency of blue emitting multicarbazolyl-substituted 

benzonitriles by exploitation of the different additional accepting 

moieties (Scientific publication No. 3, Q1) 

This section is based on the reported work in Chemical Engineering Journal, 

2021, Volume 423, art. no. 130236, p. 1–12101. As an alternative to phosphorescent 

blue OLEDs, which have the efficiency and operational stability challenges, TADF 
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OLEDs by utilizing practical and non-poisonous pure organic compounds can be used 

to fabricate blue OLEDs with higher efficiencies and stabilities 24,65,102. After the first 

published paper on multi-carbazole based materials with two electron-withdrawing 

benzonitrile units as green and red TADF emitters for OLEDs with high efficiencies41, 

the multi-donor-acceptor(s) is one of the widely-used approaches for TADF emitters 

with blue color, and in order to obtain multi-carbazole based TADF materials with 

blue emission, few strategies were suggested103,104. The reports have shown that 

efficient TADF compounds could be synthesized using multi donor and acceptor type 

approach along with a variety of intramolecular forces (for instance, non-covalent or 

through-space). In this paper, aiming to achieve efficient blue OLEDs, there were 

used five newly synthesized asymmetrical multi-carbazole-based emitters in doped 

and non-doped OLED structures. The molecular structures of the compounds 4–9 are 

presented in Fig. 2.10. The compounds contained four 3,6-di-tert-butyl-9H-carbazole 

as donors and benzonitrile as the general acceptor as well as a variety of extra 

withdrawing units, i.e., benzonitrile, benzotriazole, 2-benzotrifluoride, methyl 2-

benzoate, or methyl 3-methylbenzoate (Fig. 2.10). 

The thermal transitions and stabilities of compounds 5–9 were recorded by both 

TGA and DSC techniques (Table 2.5). Throughout the TGA measurements, the 

compounds experienced complete weight loss indicating sublimation. All of the 

compounds obtained 5% weight loss temperatures higher than 363 °C. DSC 

measurements confirmed that the compounds were amorphous compounds, and 

during the second DSC heating scans of derivatives 5–9, glass transition temperatures 

of 89, 103, 84, 92, and 109 °C, respectively, were observed. The similar recorded UV-

vis absorption spectra for the dilute solutions of the materials in toluene, THF, and 

neat films can prove almost similar energy levels of ground-states in media with 

diverse polarity (Fig. 2.11 a). Similar to the previously published multi-carbazole 

compounds103,105, the absorption bands in the range of 310–365 nm are related to the 

π–π* or n–π* transitions of the di-tert-butylcarbazole units. The low-energy 

absorption bands around 365–475 nm of material 6 and around 365–450 nm for the 

other materials are because of intramolecular CT properties. Unlike the CT states of 

the previously published materials, containing multi-carbazole with similar 

benzonitrile withdrawing units106, for the designed asymmetrical multicarbazole 

based materials, the broad ICT band with two obvious peaks that are marked by 

arrows were recorded (Fig. 2.11 a). 
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Fig. 2.10. Molecular structures of compounds 5–9 

Apparently, the marked doubled CT bands are due to the transitions among di-

tert-butylcarbazolyl units and both withdrawing units. The second low-intensity CT 

band was earlier detected for other multicarbazole based derivatives and assigned to 

the existence of excited states with intensified delocalization. This delocalization can 

increase the mixing between the CT states and local energy (LE), leading to high 

RISC rates103. The red-shifted CT states of material 6, compared to other investigated 

compounds in this work, is probably due to the stronger accepting ability of the 

combination of benzotriazole and benzonitrile moieties (Fig. 2.11 a, b). Because of 

the excited CT state recombination107, the emission with unstructured PL spectra, 

showing maxima at the wavelengths between 457 to 522 nm, was recorded for the 

solutions and neat films of compounds 5–9 (Fig. 2.11 b). Photoluminescence 

spectrum of THF solution with high polarity compared to low-polarity toluene 

solution of material 6 showed the largest red shift. However, PL spectra of the 

solutions of other investigated materials (compounds 5, 7–9) did not show too much 

difference by increasing the solvent polarity in spite of the CT behavior of their first 

singlet excited states. There is a possibility that the phenomena can be justified by the 

weak CT behavior of these materials, possibly with not pure CT or LE emission 

characteristic108. Another possibility can be related to the “stucked” units without 

dihedral angles freedom of change or without freedom in conformers forming 

possibilities. The stuck as well may be related to the non-covalent intramolecular 

forces (for instance, C–H···F, O, N hydrogen bonding)109. 
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Fig. 2.11. Ultraviolet-visible (a) and PL (b) spectra of toluene or THF solutions and neat 

films of the investigated materials, PL spectra of toluene solutions before and after removing 

the oxygen (c), photoelectron emission spectra of the compound solid films measured in the 

air (d)  

PL intensity of compound toluene solutions greatly enhanced when the solutions 

were deoxygenated by purging with argon gas (Fig. 2.11 c). High absolute PLQY 

values of 48–82% were measured by using an integrated sphere for deoxygenated 

toluene solutions of the investigated materials (Table 2.5). This enhancement of the 

emission is attributed to the emission enhancing of triplet excitons when they are not 

completely quenched by triplet oxygen. Relatively high PLQY values of 26–50% 

were recorded for the doped films of the compounds, and the PLQY measurement of 

the films was conducted under air condition. In order to investigate the hole injecting 

characteristics of the materials, using the photoelectron emission spectrometry 

ionization potentials (IPPE) of the material, solid films were investigated (Fig. 2.11 d). 

Different acceptor moieties led to different ionization potential values, and IPPE values 

ranged from 5.39 to 5.9 eV, showing various hole-injecting behavior of the 

compounds. The highest IPPE value of 5.9 eV was  measured for the material 6 neat 

film, and the lowest IPPE value of 5.39 eV was recorded for the material 7 solid layer. 

Such differences were apparently obtained as a result of different HOMO distributions 

within solid-state of compounds induced by the different electron accepting properties 

of acceptors. 
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Table 2.5. Thermal and photophysical properties of designed materials 

Parameters Sample 5 6 7 8 9 

Tg, °C  

Powder 

89 103 84 92 109 

Td
onset

, °C 452 363 457 465 449 

λPL, nm 480 513 470 483 472 

FWHM, 

nm 
88 91 75 91 82 

PLQY, % 

Toluene[a]/T

HF/neat/dop

ed 

77/32/34/

50 

82/53/17/

26 

49/32/21

/39 

48/3

3/22/

37 

55/34/26/44 

ΔEST, eV THF at 77 K 0.11 0.05 0.10 0.13 0.14 

ΔES1T1, eV 

Doped film  

0.0167 0.025 0.241 0.015 0.021 

ES1, eV 2.8 2.607 2.804 2.819 2.813 

ET1, eV 2.783 2.582 2.779 2.804 2.792 

kRISC × 106, 

s-1 

Toluene[a] 0.18 2.32 0.05 0.11 0.07 

Doped 

film  
0.18 2.32 0.047 0.11 0.072 

[a] Deoxygenated toluene 

 

The calculation of radiation transition rates of mCP-doped film110 indicated the 

effect of acceptor asymmetry, and various reverse intersystem crossing rates (𝑘𝑅𝐼𝑆𝐶) 

that ranged from 0.047 × 106 to 2.32 × 106 s-1 were recorded for the investigated 

compounds 5–9. Photoluminescence and phosphorescence spectra of the dilute THF 

solutions of compounds recorded at low temperature (77 K) and really small singlet-

triplet splitting of 0.05–0.14 eV were obtained (Fig. 2.12 a, Table 2.5). In order to 

exclude the role of triplet-triplet annihilation (TTA) process, PL intensity versus 

excitation density power were recorded, and the slope near to 1 in the linear fitting 

verified the TADF contribution in delayed fluorescence111 (Fig. 2.12 c). In order to 

investigate the mechanism of delayed fluorescence, time-resolved emission and 

temperature-dependent steady-state measurements were implemented for the doped 

films of the compounds. As shown in Fig. 2.12 b, photoluminescence decay curves of 

the compound mCP:5 film measured at different temperatures showed two obvious 

elements of prompt fluorescence (PF), which is in the nanosecond scale and delayed 

fluorescence (DF) in the microsecond scale, and the contribution of long-lived 

delayed fluorescence element was clearly increased from 77 to 300 K, and again, this 

observation can confirm the TADF nature of the emission. 
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Fig. 2.12. Photoluminescence and phosphorescence spectra of the THF solutions of 

compounds measured at low temperature (77 K) (a), photoluminescence decay curves of 

mCP:5 film measured at different temperatures (b), intensity of recorded delayed emission 

vs. excitation power for the mCP:5 solid film (inset illustrates the delayed emission spectra 

measured at various excitation power) (c) 

Electroluminescence characteristics of the materials were studied by using them 

in several device structures with non-doped and doped emissive layers. The functional 

organic layers of the fabricated OLEDs were selected to guarantee effective charge 

carrier injection and transporting and charge the exciton recombination in emissive 

layers. The OLED layers are as follows: ITO/MoO3 (1 nm)/ NPB (30 nm)/ mCP (4 

nm) / light emitting layer (20 nm) / TSPO1 (8 nm)/TPBi (40 nm)/LiF (0.5 nm):Al 

(100 nm), in which the compounds 5–9 were used in light emitting layers and named 

n5–n9 for non-doped devices and d5–d9 for doped devices. A very thin layer of MoO3 

was utilized as a hole injection layer, NPB for the hole transporting layer, mCP for 

the exciton blocking layer, TSPO1 for the hole/exciton blocking layer, TPBi for the 

electron transporting layer, and finally, a thin layer of LiF as an electron injection 

layer. The obtained HOMO and LUMO are illustrated in the energy diagram of the 

investigated non-doped (n5–9) and (mCP and mCBP) doped (d5–9) OLEDs in Fig. 

2.13 a. As it can be seen in the Jablonski energy diagram for EBL, HBL, and EML 

triplet levels (T1), mCP and TSPO1 exciton-blocking layers have higher triplet states 
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than that of designed blue TADF emitters, which can lead to the exciton confinement 

in the emissive layer (Fig. 2.13 a). All of the key criteria of fabricated OLED are 

summed up in Table 2.6, and the selected electroluminescent properties of optimized 

OLEDs are illustrated in Fig. 2.13 b. 
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Fig. 2.13. Energy diagram of the non-optimized n5–9, d5–9 and optimized o5a–c, o9a–c 

devices (a), Jablonski energy diagram of triplet levels (T1) for the system of EBL and 

emissive layer (b), EL spectra (c), current density and brightness versus applied voltage 

curves (d), and EQEs versus current density (e) for the optimized devices (o1a–c, o5a–c, and 

ref)  

All of the non-doped OLEDs illustrated the EL emission in the sky-blue area 

peaking around 474–495 nm. However, blue-shifts were recorded for devices d5–9 

EL emission compared to the corresponding EL emission of n5–9. Consequently, the 

doped OLEDs obtained blue EL spectra. The CIE1931 xy color coordinates of all 

fabricated OLEDs can be found in Table 2.6.  

Nearly low turn-on voltages were recorded for all obtained devices, showing 

efficient injection and transport of positive and negative carriers from the electrodes 
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to the light emitting layer. Using mCP as a host led to the small turn-on voltage 

droppings of devices d1–5 compared to the turn-on voltage values of the 

corresponding non-doped OLEDs (n1–5). These results can be assigned to the better 

carrier-transporting characteristics of the emissive layers consisting of ambipolar 

mCP matrices with good hole and electron transporting capabilities112. The highest 

EQEmax of 7.3% and the lowest EQEmax of 2% were obtained for the devices n5 and 

n6, respectively (Table 2.6), and a similar trend was recorded for the doped devices 

(d5–9). Since devices d5 and d9 showed higher EQEsmax of 11.8 and 7.9%, 

respectively, it has been decided to further improve the OLED device efficiencies by 

suitable optimization of OLED stack and emitter concentrations in the EML layers. 

Table 2.6. OLED characterization results 

Device Emissive layer 
Von,[a] 

V 

CEmax 

cd/A 

EQEmax, 

% 

λ 

nm 

Max 

brightness, 

cd/m2 

n5 5 4.1 19.4 7.3 495 36,000 

n6 6 4.2 3.8 2 490 2,800 

n7 7 4.6 6 3.4 474 5,050 

n8 8 5 7.8 4.3 476 8,243 

n9 9 6 12.1 5.6 480 16,988 

d5 5 (20wt.%):mCP 3.4 28 11.8 485 39,260 

d6 6 (20wt.%):mCP 4.2 4.8 3.1 470 4,415 

d7 7 (20wt.%):mCP 4.1 12.9 6.6 471 10,144 

d8 8 (20wt.%):mCP 4.6 12.2 5.6 495 14,176 

d9 9 (20wt.%):mCP 4.3 17.5 7.9 481 21,110 

o5a 5 (10wt.%):mCBP 3.9 28.3 15.1 466 11,831 

o5b 5 (20wt.%):mCBP 4 39.3 18.3 468 17,456 

o5c 5 (30wt.%):mCBP 3.9 27.4 12.4 476 19,516 

o9a 9 (10wt.%):mCBP 3.8 22.7 11.6 457 5,453 

o9b 9 (20wt.%):mCBP 3.9 24.8 14.1 457 19,551 

o9c 9 (30wt.%):mCBP 4.3 20.3 10.3 463 17,115 

ref PFBP2b(10wt.%):mCBP 3.8 22.8 11.5 480 13,420 
[a] Turn-on voltage at a luminance of 10 cd m−2 

 

Optimized OLED structures with different concentrations of emitters 5 and 9 in 

the mCBP host contained a layer of HAT-CN as HIL, NPB and TCTA as HTL, and 

mCBP as EBL. Adding the additional TCTA layer can help to reduce the energy 

barrier between NPB and mCBP. The optimized device structures were ITO/HAT-

CN (5 nm)/NPB (40 nm)/TCTA (10 nm)/mCBP (10 nm)/ light-emitting layer/ TPBi 

(30 nm)/LiF (0.5 nm)/Al. The devices with 5:mCBP (10, 20, or 30wt.%) emissive 

layer were named as o5a, o5b, or o5c, and the devices with emissive layers of 9:mCBP 

(10, 20 or 30wt.%) were named as o9a, o9b, o9c. In order to make a comparison 

between the investigated compounds and those of previously published sky-blue 

TADF emitters113 114, PFBP-2b:mCBP (10%) was fabricated in the same conditions 
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as a reference device115. The optimized devices (o5a–c and o9a–c) based on 

compounds 5 and 9 showed blue-shifted emission in comparison to the doped device 

(d5 and d9) EL spectra. This shift in EL emission can be related to the lower dielectric 

constant of mCBP compared to the previous mCP host116 (Fig. 2.13 b). 

Lightly higher turn-on voltages of optimized OLEDs may be assigned either to 

the larger photon energy of blue shifted EL emission or to the larger total thicknesses 

of the OLEDs compared to that of OLEDs d1 and d5117 (Table 2.6). Overall, due to 

the additional device optimization, excellent EQEsmax of 18.3 and 14.1% were 

obtained for the devices o1b and o5b, respectively. These results can apparently be 

assigned to the modified charge balance within the emissive layer due to the improved 

charge carrier mobilities of mCBP host compared to those of mCP matrix. It should 

be noted that the devices o5b and o9b showed higher EQEs than the corresponding 

EQE (11.5%) of the reference OLED115. The exclusive EQEmax (up to 18.3%) of 

optimized OLEDs verifies the high potential of investigated blue TADF compounds 

5 or 9 and well proved the capability of acceptor asymmetry strategy for the future 

synthesis and design of TADF materials. 

2.4. Ornamenting of blue thermally activated delayed fluorescence emitters 

by anchor group for the minimization of solid-state solvation and 

conformation disorder corollaries in non-doped and doped organic light 

emitting diodes (Scientific publication No. 4, Q1) 

This section is based on the published work in ACS Applied Materials & 

Interfaces, 2022, 14, 35, 40158–40172118. In this paper, aiming to minimize the 

conformation disorder effect in the solid-state of multi carbazole compounds on 

emission characteristics, five new efficient asymmetric blue TADF materials with 

four 3,6-di-tert-butylcarbazole donor units and two electron-withdrawing moieties 

were investigated. Trifluoromethyl phenyl acceptor was common between all of the 

compounds, and each compound contained additional acceptor. As a result of the low 

conformational disorder effects, one of the compounds showed identical emission 

properties (color of the emission) in differently doped and non-doped devices. The 

molecular structures of compounds 10–14 are illustrated in Fig. 2.14. 

UV-visible absorption and PL emission spectra of the compound solid films and 

dilute solutions are illustrated in Fig. 2.15 a, and summarized information is provided 

in Table 2.7. Nearly similar absorption profiles for the solutions and neat films of the 

emitters were recorded. Compounds 10–14 showed absorption bands in the range of 

276–287 nm in the high energy region, which can be assigned to the overlapping of π 

-π* transitions of electron-accepting and donating moieties. The absorption bands 

between 316 to 330 nm attributed to n-π* transitions of di-tert-butylcarbazole units of 

materials. Additionally, the synthesized compounds exhibited wide absorption bands 

in the range of 340–425 nm, which can be originated from intramolecular charge 

(ICT) transition between four donors and two acceptor moieties119. 
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Fig. 2.14. Molecular structures of compound 10–14  

Non-structured PL spectra of material 10–14 solid films were recorded with the 

maxima at 482, 508, 482, 490 and 480 nm, respectively (Fig. 2.15 b). Using integrate 

sphere, PLQY values under atmosphere and vacuum conditions for solid samples and 

toluene solution of compounds were recorded. The PLQY values of the toluene 

degassed solutions of 10–14 ranged from 7.5–44%, and the PLQY of material 10 

solid-state exceeded 75% in the vacuum conditions, which is quite high value for the 

organic electronic applications (Table 2.7). The PL emissions of the compounds in 

several different solvents with different polarities were investigated to check the 

solvatochromic properties of the materials. Since the CT state emission of TADF 

materials are oversensitive to the polarity of the solvent, these measurements can help 

to have information about the nature of emission (Fig. 2.15 a)120,121. Going from non-

polar hexane to highly polar DMF solvents, no visible shifts in absorption profiles but 

significant red shifts of the emission spectra were observed. Compound 14 showed 

the largest shift of 68 nm between the PL spectra of solutions in hexane with low-

polarity and DMF with high polarity, and the smallest red shift of 14 nm was observed 

for that of compound 11. These phenomena probably should be explained by not pure 

LE or CT emission nature of the materials, and the results can prove that the emissions 

of compounds 10–14 have less tendency to change in media with different polarity 

compared to that of the previously reported blue TADF emitters122,123. PL spectra of 

air-equilibrated, oxygenated, and degassed toluene solutions of the materials 10–14 

were recorded and shown in Fig. 2.15 b. Higher emission intensities for deoxygenated 

toluene solutions with argon compared to those oxygenated samples were observed 

for all materials. The oxygen sensitivity and increase of emission after degassing of 

solutions indicate the triplet state involvements in the emission. The PL intensity of 
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compound 10 deoxygenated toluene solution was about six times higher than that of 

the oxygenated dilute toluene solution (Fig. 2.15 b).  
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Fig. 2.15. Photoluminescence spectra of several dilute solutions (concentration of 10−5 M) 

and solid films of materials (a), photoluminescence spectra (b) and PL decay curves (c) of 

oxygenated, air-equilibrated and deoxygenated, dilute toluene solutions of materials 10–14 

The photoluminescence decay curves of the compound toluene solutions at 

room temperature were recorded as well. The delayed components in the emission of 

oxygenated toluene solutions of the materials 10–14 were sufficiently annihilated by 

oxygen molecules (O2), and it is not detectable in the oxygenated samples. 

Deoxyginated solutions of compounds 10–14 showed exponential decays with two 

components, including both prompt fluorescence and delayed fluorescence elements. 

By using a double exponential decay profile, the τDF and τPF (lifetimes of delayed and 

prompt fluorescence) of oxygenated, air equilibrated, and deoxygenated dilute toluene 

solutions of materials were estimated (Fig. 2.15 c, Table 2.7). Significantly longer 

lifetimes of delayed components were recorded for the compounds 10 and 13 toluene 

solutions in comparison with other compounds: 11, 12, and 14. In case of oxygenated 

toluene solution of 10, the delayed component was almost negligible (τDF = 56 ns). 

However, the photoluminescence decay curve of the deoxygenated dilute solution of 

compound 10 shows a prompt component with the τPF of 15 ns (19.9% contribution 

of PF) together with delayed emission with τDF of 2.1 µs (80.1% contribution of DF). 

In accordance with the previously reported approaches46,124 and concerning that non-

radiative decay mostly takes place from the triplet energy states, the measured 
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PLQYs, the ratio of DF/PF intensity and lifetimes were utilized to obtain the kRISC. 

Compounds 10 and 14 showed really high kRISC of 8 × 105 and 5.5 × 106 s-1, 

respectively, which can indicate that these compounds have quite fast spin-flip 

efficiencies. The recorded fast RISC rate can lead to the reduction of the degradation 

mechanism probabilities, since mostly triplet excitons are involved in the degradation 

processes125. The main reasons for the degradation of TADF OLEDs can be unwanted 

photophysical parameters and the instability of the TADF emitters, such as a 

prolonged delayed fluorescence lifetime (τDF) and relatively small reverse intersystem 

crossing rate (kRISC)126,127.  

Table 2.7. Photophysical and thermal properties of 10–14 

Parameters 10 11 12 13 14 

Td
onset

, °C [a] 439 441 433 449 462 

λabs, nm 278/287/316/328 
278/288/

317/329 

279/287/

318/330 

277/288/

317/330 

278/288/

318/330 

λPL, nm 482 508 482 490 480 

FWHM, nm 86 104 126 94 106 

ΔES1T1, eV 0.03 0.05 0.04 0.04 0.04 

ES1, eV 2.92 2.77 3.04 3.04 2.91 

ET1, eV 2.89 2.72 3.00 3.0 2.87 

PLQY (%) 44/76 12/51 8/4 17/27 13/49 

𝜂𝑃𝐹 [b] 0.24 0.16 0.02 0.13 0.07 

𝜂𝐷𝐹 [b] 0.52 0.35 0.02 0.14 0.42 

𝜏𝑃𝐹 , ns (%) [b] 9(31) 13(32) 23(57) 23(48) 21(15) 

𝜏𝐷𝐹, μs (%) [b] 
2.4 

(69) 

1.5 

(68) 

0.8 

(43) 

1.8 

(52) 

2.9 

(85) 

𝑘𝑃𝐹 , s-1 [b] 2.6 × 107 1.2 × 107 9.9 × 105 5.7 × 106 3.4 × 106 

𝑘𝐼𝑆𝐶, s-1 [b] 1.8 × 107 8 × 105 4.2 × 105 2.9 × 106 2.9 × 106 

𝑘𝐷𝐹, s-1 [b] 2.1 × 105 2 × 105 2.1 × 104 7.6 × 104 1.4 × 105 

𝑘𝑅𝐼𝑆𝐶 , s-1 [b] 7 × 105 8 × 105 3.7 × 104 1.6 × 105 1 × 106 

𝑘𝑅𝐼𝑆𝐶 , s-1 8 × 105 5 × 105 6.7 × 104 9.3 × 104 5.5 × 106 
 [a] Td

onset is the temperature of weight loss onset (heating rate of 20 °C/min at inert 

nitrogen gas), [b] solid films 

Photoluminescence and phosphorescence spectra of dilute THF solution of 

compounds were recorded at the temperature of 77 K (Fig. 2.16 a). The energy 

difference between singlet and triplet states (ΔEST) values in the same range of 0.03 

to 0.05 eV were obtained from the onset of photoluminescence and phosphorescence 

spectra of compound THF solutions, and probably, these minimized singlet-triplet gap 

is a result of spatially separated frontier orbitals on donor and acceptor moieties (Table 

2.7)128,129.  

PL spectra and photoluminescence decay curves of compound films were 

measured in the air and vacuum. Under the vacuum condition, all of the materials 

displayed enhancement in the PL emission and the delayed component of PL decay 
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curves. The (prompt and delayed) efficiencies and rate constants of the important 

photophysical properties of compound solid films at 300 K were calculated, and the 

rates belonging to the intersystem crossing (kISC) are between 4.2 × 105 and 1.8 × 107 

s-1, and the rates of reverse intersystem crossing (kRISC) ranging between 3.7 × 104 and 

1 × 106 s-1 were obtained (Table 2.7).  
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Fig. 2.16. Low temperature (77 K) photoluminescence and phosphorescence spectra of the 

compound dilute THF solutions (a), photoluminescence spectra (b), photoluminescence 

decay curves (c) of compound 10 neat film at different temperatures 

In order to have a better understanding of the nature of the delayed fluorescence, 

time-resolved and steady-state emission measurements were conducted in different 

temperatures for compound neat films (Fig. 2.16 b, c). The thermal activation 

behavior of the delayed emission in compound 10 neat film was confirmed by the 

increase of the intensity from 77 to 300 K. Photoluminescence decay curves of the 

compound 10 solid film measured at several different temperatures show two obvious 

elements of PF in the nanosecond region and DF in microsecond scale. By increasing 

of the temperature, the contributions of prompt components are almost constant, but 

the long-lived DF components show clear temperature-dependent behavior (Fig. 2.16 

c). By increasing the temperature and reaching 300 K, the ratio of delayed 

fluorescence illustrated a remarkable rise from 14 to 51%, proving clear thermally 

activated DF characteristics of compound 10 (Fig. 2.16 c). For instance, in case of 

compound 14 neat film, the share of delayed fluorescence in the photoluminescence 
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decay curves of this material increased from 65.3% to 85.16% after removing the 

oxygen (Table 2.7). Keeping in mind that the charge transporting abilities of 

functional materials are extremely important for the OLED applications and in order 

to investigate the capability of compounds 10–14 as emitters in the emissive layers of 

OLEDs, their charge mobility properties were investigated by the time of flight 

technique130,131. In order to study the hole transport characteristics of the materials 

after applying the voltages to the ITO substrate of thick fabricated samples, transit 

time (ttr) for compounds 10, 12–14 were easily detected in time-of-flight transients of 

currents (in logarithmic scale). However, the charge mobility of the compound 11 was 

not recorded by the time of flight measurement most probably due to the relatively 

strong charge recombination132 (Fig. 2.17 a). At the same time, by applying the 

negative voltages, transit time was only detected for compound 10, proving its 

electron-transporting capability. By applying several different electric fields, charge 

mobilities were determined using transit time values from the corresponding TOF 

current transients. The hole/electron mobility values of compound 10 were in the 

range of highest reported values among the TADF emitters133,134. Compound 10 was 

characterized by the hole mobility value of 8.9 × 10-4 cm2 V-1 s-1 and electron mobility 

value of 5.8 × 10-4 cm2 V-1 s-1 at the same electric field of 4.7 × 105 V/cm, proving the 

balanced charge mobilities for non-doped OLED applications. Conformer formation 

and hosting effects of compounds 10–14 on their emission characteristic were 

investigated as well. Several spectra measured at various delays after the excitation 

for compounds 10 and 12 obtained from time-resolved emission spectra (TRES) 

measurement show the PL emission shift, which may be assigned to various 

conformational disorder135 (Fig. 2.17 b, c). Compound 12 with no additional accepting 

moiety showed the highest conformational disorder (largest PL shift of 0.19 eV in 

different delay time from 0 to 900 ns), and compound 10 obtained the lowest 

conformational disorder (the lowest photoluminescence spectra shift of 0.06 eV was 

detected). The obtained results regarding the conformational disorder of compounds 

10–14 indicated that the existence of additional acceptors can lead to an increase of 

steric hindrance effect within the donors and extra accepting units, and an increase of 

steric effect can result in decreasing of the torsional disorder freedom between the 

donors and acceptors136. 



44 

 

0 100 200 300 400 500 600 700 800
10-5

10-4

10-3

0.0 5.0x10-6

0

5

10

15

C
u

rr
e

n
t 

d
e

n
s
it
y
, 

m
A

/c
m

2

 120V

Time, s

 CN1:electrons

 

 CN1:holes

 CN3:holes

 CN4:holes

 CN5:holes

 

 m
T

o
F
 (

c
m

2
/V

s
)

E1/2 (V1/2/cm1/2)

CN1

holes

a

 

400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0 10

P
L

 I
n

te
n

s
it

y

Wavelength, nm

 Time = 0.000 ns

 Time = 90.400 ns

 Time = 91.600 ns

 Time = 92.800 ns

 Time = 94.000 ns

 Time = 95.200 ns

 Time = 96.400 ns

 Time = 97.600 ns

 Time = 98.800 ns

 Time = 99.976 ns

 Time = 199.951 ns

 Time = 299.927 ns

 Time = 399.902 ns

 Time = 499.878 ns

 Time = 599.854 ns

 Time = 699.829 ns

 Time = 799.805 ns

 Time = 899.780 ns

0.06 eV

b

400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0
12

P
L

 I
n

te
n

s
it

y
, 

a
.u

.

Wavelength, nm

 Time = 0.000 ns

 Time = 90.400 ns

 Time = 91.600 ns

 Time = 92.800 ns

 Time = 94.000 ns

 Time = 95.200 ns

 Time = 96.400 ns

 Time = 97.600 ns

 Time = 98.800 ns

 Time = 99.976 ns

 Time = 199.951 ns

 Time = 299.927 ns

 Time = 399.902 ns

 Time = 499.878 ns

 Time = 599.854 ns

 Time = 699.829 ns

 Time = 799.805 ns

 Time = 899.780 ns

0.19 eV

c
 

Fig. 2.17. Electron (solid symbols) and hole (open symbols) mobilities of the evaporated 

films of 10–14 versus the electric field137 (inset illustrates the time of flight signal in linear 

ranges for holes in compound 10 solid film measured at 120 V) (a), 2D TRES data of 

compound 10 (b) and 12 (c) 

In order to compare the EL performance of blue TADF compounds, non-doped 

and doped devices were fabricated and investigated with the following structures: ITO 

/ HAT-CN (HIL) / NPB (HTL) / TCTA (EBL) / mCBP (ExBL) / 10–14 (emissive 

layer) / TPBi (ETL) / LiF:Al (EIL and cathode) for non-doped and ITO / HAT-CN / 

NPB / TCTA / mCBP / mCBP: 10–14 (mCBP as a host) / TPBi / LiF:Al for doped 

devices. The equilibrium energy graphs of provided OLED devices are schematically 

illustrated in Fig. 2.18 a, in which the energy levels IPPE and EAPE of the 10–14 films 

measured by using photoemission spectroscopy were utilized for providing the 

schematic energy diagrams of emissive layers. The mCBP matrix was chosen because 

of its wide bandgap, which it requires for blue emitter hosts as well as its high triplet 

(2.9 eV) and singlet (3.6 eV) energies138. Vacuum-deposited layers were prepared by 

step-by-step deposition for the non-doped and doped devices, and regarding the doped 

emissive layers, 10% doping concentration of compounds 10–14 were doped in the 

mCBP matrix. Aiming to fabricate efficient and optimized devices, different 

concentrations of emitter 10 (10, 20, and 30 wt%), which showed superior 

photophysical and charge-transporting properties in the mCBP matrix were fabricated 

as well. The selected key parameters of device characteristics, such as (EQE), turn on 
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voltage, current efficiency, peak wavelength of EL spectra and CIE xy coordinates, 

are summarized in Table 2.8. Fabricated non-doped OLEDs using materials 10–14 

were denoted as n10–n14, mCBP-doped OLEDs based on materials 11–14 denoted 

as d10–d14, and optimized doped devices with different concentrations 10, 20, and 

30 wt% of compound 10 named as d10a, d10b, and d10c, respectively. EL spectra of 

the fabricated devices were very similar to the PL emission of the compound neat 

films, and the unstructured blue emissions with λEL between 473 to 497 nm were 

recorded. Blue-shifted EL spectra were recorded for the doped devices as a result of 

the sensitivity of CT state to the polarity and different polarity of mCBP matrix139. 

The CIEx color coordinates of the fabricated blue TADF OLEDs ranged from 0.16 to 

0.21, and CIEy color coordinates ranged from 0.19 to 0.4 (Table 2.8). Relatively low 

turn-on voltages of 5.2 to 7.9 V for fabricated devices with non-doped (n10–n14) and 

even lower voltages of 4.1 to 5 V for doped devices (d10–d14) were recorded, and 

these results can prove the efficient injection from the selected cathodes and transport 

of carriers to the emissive layers. Lower turn on voltage for doped devices can be 

ascribed to good charge transport capabilities of mCBP matrix, which was utilized as 

a host in the light emitting layer140. 
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Fig. 2.18. Visualized fabricated OLED structures with an illustration of energy states of all 

utilized materials (a) and EQE vs. current density (CE) of the OLEDs (b) 

OLED n1, which had the compound 10 in the emissive layer emitted sky-blue 

emission with CIE xy coordinate of 0.16, 0.27, PEmax of 12.4 lm/W, and EQEmax of 

8.4% (Table 2.8). The highest device efficiency was obtained by d10b with 20% 

doping concentration of compound 10. This device (d10b) showed blue emission of 

477 nm, the highest current efficiency of 42.6 cd/A and EQE of 15.9% (Fig. 2.18 b, 

Table 2.8). The recorded lower efficiencies of the device with higher concentration 

(30 wt%) of an emitter are probably because of the exciton annihilation and 

concentration quenching effects141. The fabricated devices with 30 wt% of compound 

10 (o10c) showed EQEmax of 12.8%, and EL spectra peaked at 479 nm, which is 

lightly red-shifted in comparison with the other two devices. Further optimization of 

OLEDs can be achieved by using the novel host materials or functional layers, since 

compounds 10–14 showed really high triplet levels, and the host or electron 

transporting layer should be replaced with other compounds with at least 0.2 eV 
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higher triplet states142. In conclusion, it should be considered that similar EL 

characteristics of non-doped and mCBP-doped devices of compound 10–14, 

particularly fabricated devices based on compound 10, can be a sign of introduced 

concept, which is the effect of low conformation disorder on the emission 

characteristics of TADF compounds. Compound 10 showed the smallest difference 

of 4 nm between the EL spectra peaks of non-doped and mCBP-doped OLEDs. 

Table 2.8. Parameters of OLED 

Device Light emitting layer 
Von,[a] 

V 

CEmax 

cd/A 

EQEmax, 

% 

λ, 

nm 

Max 

brightness, 

cd/m2 

n10 10 5.8 20.5 8.4 481 19,735 

n11 11 5.4 10.8 4.9 497 10,496 

n12 12 7.9 2.5 0.9 491 2,387 

n13 13 5.2 11.5 5.5 476 12,634 

n14 14 5.5 14.6 6.3 488 15,975 

d10a mCBP: 10 (10wt.%) 4.6 37.7 14.6 473 34,500 

d10b mCBP: 10 (20wt.%) 4.1 42.6 15.9 477 39,226 

d10c mCBP: 10 (30wt.%) 4.9 33.9 12.8 479 30,928 

d11 mCBP: 11 (10wt.%) 4.9 24 9.4 494 20,154 

d12 mCBP: 12 (10wt.%) 5 4.3 1.9 470 4,958 

d13 mCBP: 13 (10wt.%) 4.5 26.5 9.8 469 21,963 

d14 mCBP: 14 (10wt.%) 4.8 30 11.7 483 28,129 
[a] Turn-on voltage at a luminance of 10 cd m−2  
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3. CONCLUSIONS 

1. In order to unclose the effects of photophysical, photoelectrical, charge carrier 

mobility, electrochemical parameters of two new diphenyl bicarbazoles 

substituted with fluoro and trifluoromethyl acceptors on their 

electroluminescence characteristics, they were studied by many experimental 

methods, including steady-state and time-resolved spectroscopy at different 

temperatures, thermogravimetric analysis, differential scanning calorimetry, 

photoemission spectroscopy, and time-of-flight charge-transporting 

measurements. 

1.1. By mixing diphenyl bicarbazole substituted compounds as donors and 

commercial PO-T2T as acceptor, two exceptional exciplexes with very high 

RISC rates exceeding 107 s-1 were developed for using in white OLEDs and 

oxygen sensors. Exciplex-forming system with fluoro-substituted diphenyl 

bicarbazole showed higher TADF efficiency owing to its higher hole mobility 

and lower activation energy. 

1.2. Because of extremely high RISC rates of the developed exciplexes, they were 

used as active oxygen-sensing materials. The fabricated oxygen sensor based on 

green exciplex, which showed a higher RISC rate, was as well characterized by 

non-linear behavior oxygen probing properties (3.27 × 10-3 and 4.7 ppm-1 were 

recorded for Stern–Volmer constants). 

1.3. Due to the broad photoluminescence spectra of developed exciplex-forming 

systems, they were utilized in the emissive layers of several solution-based 

white OLEDs, and the fabricated devices showed electroluminescence resulting 

in EQEmax of 6.3% as well as very high-quality white color with CIE xy 

coordinates of (0.384, 0.399) and color rendering index of 92. 

2. Stable and efficient white OLEDs were developed using two new 

benzophenone-based isomers as blue emitters, hosts, and modulators of the 

exciton in their structures.  

2.1. These two compounds showed high thermal stabilities, and for one of the 

compounds, 5% weight-loss temperature reached 428 °C. Hole mobilities 

higher than 10-4 cm2·(V·s)-1 and suitable charge injecting characteristics 

(ionization potential values ranged from 5.68 to 5.79 eV) were detected. 

2.2. By engineering the layers of fabricated OLEDs, either in devices with one 

(orange color) or two (orange and blue colors) TADF emitters, the generated 

excitons were efficiently transferred after hole-electron recombination, and due 

to higher resonant energy transfers of fabricated devices with two TADF 

emitters, almost two times higher EQE of 9.5% was recorded. 

2.3. High-quality white emission with CRI of 80, CIE xy coordinates of 0.32, 0.31 

and CCT of 4490 K were recorded for the device with EQE of 7.1%. This 

observation can be assigned to the very good quality of white EL spectra, which 

was closest to the natural white light, and it was based on only two emitters. 

3. Efficient blue OLEDs were developed exploiting new multi-carbazole-based 

blue TADF emitters with two non-similar accepting units, benzonitrile 
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accepting moiety as the general acceptor along with different additional 

conjugated acceptor moieties for each compound. 

3.1. DSC measurements proved that all of the synthesized TADF emitters were 

amorphous compounds, and TGA results showed that 5% weight loss 

temperatures of the materials were between 363 and 457 °C. 

3.2. Very different TADF properties and spin-flip capabilities were recorded for the 

new investigated compounds, in which reverse intersystem crossing rates were 

between 4.7 × 104 and 2.32 × 106 s-1, which is displaying the effect of acceptor 

asymmetry, and the PLQY values of the degassed dilute toluene solutions of 

materials were from 55 to 82%. 

3.3. The effect of additional acceptor moieties was as well obvious in the 

electroluminescent characteristics of the fabricated devices with the 

investigated TADF compounds in the emissive layers. EQEs of fabricated non-

doped devices ranged from 2 to 7.3%, while the EQEs of mCP-doped devices 

ranged from 3.1 to 11.8%. 

3.4. The fabricated optimized devices based on compound with benzonitrile 

additional moiety and compound with methyl 3-methylbenzoate extra acceptor 

obtained the practical EQEsmax of 18.3 and 14.1%, respectively, which proves 

the potential of the acceptor asymmetry strategy for the design of TADF 

emitters. 

4. The minimization of solid-state solvation and conformation disorder corollaries 

in non-doped and doped OLEDs was achieved by involving several efficient 

multicarbazole-based TADF compounds with four donor units (tert-

butylcarbazole), two acceptor moieties were deeply investigated, and the effects 

of changing one of the acceptors in the optoelectronic characteristics of the new 

materials were studied. 

4.1 The values for ionization potentials (IPPE) of the investigated materials were 

almost in the same range, i.e., from 5.61 to 5.72 eV. Their 5% weight loss 

temperatures were between 433 to 462 °C, proving the excellent thermal 

stability of these multicarbazole-based compounds, and during the TGA 

experiments, the compounds showed complete weight losses, indicating 

sublimation. 

4.2 Due to the multi-channel charge-transfer characters, the investigated materials 

showed quite efficient blue TADF with RISC rate of 1 × 106 s−1, and high neat 

film PLQY of 76% was recorded. 

4.3 During the time-resolved emission spectra measurements, the compound with 

pyrimidine additional acceptor showed the lowest shift of 0.06 eV, and the 

compound without additional accepting moiety was characterized with the 

highest shift and as a result the highest conformation disorder. 

4.4 Surprisingly, due to the very low disorder and solvation effects in the film form 

of the compounds, approximately the same electroluminescent performances 

(including EL spectra) of mCBP-doped and non-doped devices were recorded. 

4.5 The highest maximum EQE of 15.9%, maximum PE of 24.1 lm W-1, and 

maximum CE of 42.6 cd A-1 were recorded for the one of the fabricated devices 

with high color quality sky blue EL spectra that peaked at 477 nm. 
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4. SANTRAUKA 

Organiniai puslaidininkiai sulaukia išskirtinio dėmesio dėl savo puikių 

optoelektroninių savybių, turinčių gausų potencialą1-3. Organines medžiagas dėl jų 

reguliuojamų savybių galima naudoti įvairiuose prietaisuose, pavyzdžiui, 

fotovoltiniuose elementuose (PV), lauko tranzistoriuose (FET) ir šviesos dioduose 

(LED)4,5. Be to, organines medžiagas galima plačiai pritaikyti įvairiuose gamybos 

metoduose (pavyzdžiui, vakuuminio nusodinimo, sukamojo dengimo, ritininio 

dengimo ar rašalinio spausdinimo), suteikiant įvairių komercializavimo galimybių6,7. 

Nuo tada, kai 1987 m. Tang ir VanSlyke paskelbė mokslinį straipsnį8, aprašantį 

pirmuosius pasaulyje veikiančius organinius šviesos diodus (OLED), kuriuose tarp 

dviejų elektrodų įterpdami du ploni organinių medžiagų sluoksniai, šie diodai sulaukė 

didelio pramonės tyrėjų ir akademinių mokslininkų susidomėjimo, o OLED-ai tapo 

nusistovėjusia ir brandžia ekranų technologija. Beveik pusė 2021 m. parduotų 

mobiliųjų telefonų turėjo OLED-inius ekranus9. OLED-ų gamybai reikia žemesnės 

temperatūros10 ir mažiau pavojingų medžiagų nei dirbant su neorganinėmis 

medžiagomis. Vietoj siauro matymo kampo suteikiamo skystųjų kristalų ekranų 

(LCD), OLED-ai paprastai pasižymi lambertiniu spinduliuotės paskirstymu ir 

reikalauja mažiau aktyvių komponentų, palyginti su LCD-ais11,12. Praktiškiau gaminti 

mikroOLED-inius ekranus, skirtus akims draugiškiems ekranams, sumažinus OLED-

inių pikselių dydį iki kelių mikrometrų13. Proveržis kuriant efektyvius aukštos 

kokybės šviesos šaltinius, kuriuos galima panaudoti dirbtiniam apšvietimui, buvo 

mėlynos spalvos šviesos diodų pristatymas, kuris 2014 m. buvo apdovanotas Nobelio 

fizikos premija14. Be baltos spalvos organinių šviesos diodų (WOLED), kurie turi 

didelį potencialą tapti pramoniniais kietaisiais šviesos šaltiniais, vienspalviai OLED-

ai taip pat gali būti naudojami kaip šviesos šaltiniai automobilių pramonėje15,16. Dvi 

pagrindinės praktinės organinių šviesos diodų taikymo sritys – kietakūnis apšvietimas 

ir ekranai – yra įmanomos dėl dviejų pagrindinių sukurtų prietaisų ir organinių 

puslaidininkinių medžiagų savybių. Plonasluoksniai OLED-ai yra plotiniai šviesos 

šaltiniai ir gali suteikti naujų galimybių įvairioms reikmėms. Dėl gana mažo organinių 

medžiagų standumo nanosluoksniai leidžia gaminti OLED-us ant sulankstomų ir 

lanksčių substraktų17,18. Be to, organinių puslaidininkių spinduliuotės spektro spalvą 

ir plotį galima reguliuoti organinių junginių sintezės metu. Naudojant daugiau nei 

vieną spinduolį emisiniame sluoksnyje, galima efektyviausiai sukurti akims 

nekenksmingą natūralią šviesą19,20. Nauji pagaminti efektyvūs OLED-ai pasiekė tokį 

pat efektyvumą, kaip fluorescencinės lempos21,22. O prietaiso eksploatavimo trukmė 

tampa suderinama su kitais komerciniais šviesos šaltiniais, ir jau pranešta apie OLED-

us, kurių veikimo trukmė viršija 100 000 valandų23. Tačiau vis dar sunku rasti tinkamų 

medžiagų derinių, kurie užtikrintų ilgą OLED-ų eksploatavimo trukmę, didelį 

efektyvumą ir gerą spalvų perteikimą. Vienas iš pagrindinių paaiškinimų, kodėl 

OLED-ai plačiai paplito ekranų technologijų rinkoje, o ne apšvietimo srityje, yra 

efektyvumo kritimas, t. y. gana greitas efektyvumo sumažėjimas esant dideliam 

srovės tankiui arba ryškumui24,25. 

Šio darbo tikslas – naujų mėlynos spalvos fluorescencinių spinduolių 

elektroliuminescencinių savybių tyrimas.   
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Darbo tikslui pasiekti buvo pasiūlytos šios užduotys: 

 

 

- Ištirti dviejų naujų fenildikarbazolo darinių fotofizines, fotoelektrines, 

termines, krūvio pernašos ir elektroliuminescencines charakteristikas, 

siekiant sukurti eksipleksus sudarančias sistemas, skirtas deguonies 

jutikliams ir baltos spalvos hibridiniams liejimo iš tirpalo metodu 

formuojamiems OLED-ams. 

- Ištirti du benzfenonų darinius kaip mėlynos spalvos spinduolius, eksitono 

moduliatorius ir skyles pernešančius junginius, skirtus sukurti OLED-us, 

pasižyminčius stabilia balta elektroliuminescencija ir gera spalvų kokybe. 

- Ištirti įvairių papildomų akceptorių, esančių penkių daugiakarbazolo ir 

benznitrilo darinių molekulinėje struktūroje, įtaką mėlynos spalvos TADF 

OLED-ų veikimui, kai junginiai naudojami kaip spinduoliai. 

- Pateikti nuo terpės priklausomą mėlynosios emisijos ir sukinio apvertimo 

efektyvumo nustatymą daugiakarbazoliniuose junginiuose su skirtingais 

papildomais akceptoriais siekiant pagerinti jų TADF efektyvumą. 

- Ištirti konjuguotų daugiadonorų-akceptorių darinių, turinčių 

trifluormetilbenzeno fragmentus, fotofizikines, fotoelektrines, krūvio 

pernašos ir elektroliuminescencines savybes. 

- Ištirti konformacinės netvarkos ir kietosios būsenos tirpinimo poveikį 

mėlynos šviesos OLED-ų, turinčių nelegiruotus ir skirtingai legiruotus 

emisinius sluoksnius, emisijos savybėms. 

 

Darbo naujumas:  

- Panaudojant naujus dikarbazolo darinius, pakeistus skirtingais 

elektrondonoriniais (fluor- arba trifluormetil-) fragmentais, sukurti 

veiksmingi eksipleksiniai spinduoliai, pasižymintys termiškai aktyvuojamąja 

uždelstąja fluorescencija (TADF) ir reikšmingais atvirkštinės 

interkombinacinės konversijos (RISC) greičiais iki 5,1 × 107 s-1. Buvo 

įrodyta, kad juos galima naudoti deguonies jutikliams ir hibridiniams liejimo 

iš tirpalo metodu formuojamiems WOLED-ams su aukštu spalvų perteikimo 

indeksu. 

- Erdvinio eksitonų paskirstymo strategija pirmą kartą buvo panaudota 

WOLED-ams, turintiems TADF spinduolius. Ši strategija leido moduliuoti ir 

atskirti eksitonus bei krūvininkus eksitonų rekombinacijos ir krūvininkų 

rekombinacijos srityse, todėl sukurtų OLED-ų išorinis kvantinis efektyvumas 

(EQE) bei baltos spalvos kokybė, palyginti su etaloniniais OLED-ais, buvo 

maždaug du kartus didesnė.  

- Naudojant daugiakarbazolilpakeistus benznitrilo mėlynos spalvos TADF 

spinduolius, turinčius įvairių papildomų akceptorių, siekiant sukurti 

efektyvius OLED-us su derinamais mėlynos elektroliuminescencijos spalvų 
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variantais, buvo pasiektas didesnis TADF efektyvumas ir didelis RISC greitis 

nuo 4,7 × 104 iki 2,32 × 106 s-1. 

- Kietosios būsenos tirpimo ir konformacijos netvarkos pasekmių 

minimizavimas mėlynos spalvos TADF emiterių veikimui taikant kelių 

donorų ir akceptorių pakeitimo inžineriją, siekiant sukurti nelegiruotus ir 

legiruotus OLED-us, pasižyminčius neįprastai panašiomis 

elektroliuminescencinėmis savybėmis. 

 

4.1 Eksipleksus formuojančios sistemos su itin dideliu RISC greičiu, 

viršijančiu 107 s-1, skirtos deguonies jutikliams ir baltos spalvos 

hibridiniams OLED-ams 

Šiame darbe siekėme ištirti du naujai sumodeliuotus fluor- arba 

trifluormetilfenilpakeistus difenildikarbazolus kaip donorus eksipleksams sudaryti. 

Junginių 1 ir 2 molekulinės struktūros pateiktos 4.1 pav. 

 

4.1 pav. Junginių 1 ir 2 molekulinės struktūros 

Junginiai 1 ir 2 dėl subalansuotų skylių pernašos savybių, aukšto tripletinio lygio ir 

emisijos artimoje ultravioletinėje srityje gali būti laikomi potencialiais donorais 

eksipleksams, pasižymintiems TADF emisija, gaminti. Todėl buvo sukurti du kietieji 

tirpalai, naudojant komercinį akceptorių 2,4,6-tris[3-(difenilfosfinil)fenil]-1,3,5-

triaziną (PO-T2T) bei junginius 1 ir 2 kaip donorus. Bandiniai 1:PO-T2T ir 2:PO-T2T 

pasižymėjo raudonų bangų pusėn pasislinkusia eksipleksine emisija, palyginti su 

grynąja akceptoriaus ir donoro emisija (apie 110 nm, palyginti su donorais, ir 150 nm, 

palyginti su akceptoriumi) (4.2 pav., a). Bandinių fotoliuminescencijos (PL) spektrai 

ir PL gesimai esant skirtingoms temperatūroms parodė, kad apie 90% skleidžiamos 

eksipleksinės emisijos intensyvumo susidaro dėl termiškai aktyvuojamos uždelstosios 

fluorescencijos (4.2 pav. b, c). Kitas TADF egzistavimo mūsų gautų eksipleksų 

emisijoje patvirtinimas buvo mažas energetinis tarpas tarp singletinės ir tripletinės 

būsenų (ΔES1T1), kuris leido efektyviai vykdyti RISC procesą (4.2 pav., d). 

Eksipleksai 1:PO-T2T ir 2:PO-T2T pasižymėjo panašia emisija maždaug ties 520 nm 

bangos ilgiu, o jų PL gesimas aprašomas dieksponentine funkcija su trumpai 

gyvuojančiu (τPF nuo 69 iki 376 ns) ir ilgai gyvuojančiu (τDF nuo 1,94 iki 4,25 µs) 

komponentais (4.2 pav., a, b). Eksipleksai 1:PO-T2T ir 2:PO-T2T pasižymėjo itin 
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dideliu kRISC, atitinkamai 5,1×107 ir 3,6×107 s-1. Gautos kRISC vertės yra vienos 

didžiausių iki šiol aprašytų70,71.   
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4.2 pav. Bandinių 1, 2, PO-T2T, 1:PO-T2T ir 2:PO-T2T sluoksnių normalizuoti PL spektrai 

(a) ir nuo temperatūros priklausantys PL spektrai (b). Kietųjų tirpalų 1:PO-T2T ir 2:PO-T2T 

PL gesimo kreivės, užregistruotos esant skirtingoms temperatūroms (c), ir 

fotoliuminescencijos ir fosforescencijos spektrai, išmatuoti esant 77 K temperatūrai (d) 

Siekiant išgauti natūralią baltą šviesą, eksipleksai 1:PO-T2T ir 2:PO-T2T kartu su 

mėlynu TFB76 ir raudonu (Ir(piq)2(acac))77 spinduoliais buvo pasirinkti keliems 

liejimo iš tirpalo metodu formuojamiems baltos spalvos OLED prietaisams 

pagaminti. Pagrindinė priežastis, kodėl pasirinkome liejimo iš tirpalo metodą, nes šis 

metodas leidžia tiksliai kontroliuoti spinduolių koncentraciją legiruotuose 

emisiniuose sluoksniuose, kurie buvo labai svarbūs gaminant WOLED78. Pasirinktos 

OLED prietaisų struktūros: ITO/MoO3 (1 nm)/TFB:Ir(piq)2(acac) (2, 5 arba 10%, 30 

nm)/1:PO-T2T (atitinkamai prietaisų A2, A5 ir A10) arba 2:PO-T2T (atitinkamai 

prietaisų B2, B5 ir B10) (1:1) (20 nm)/TSPO1 (8 nm)/TPBi (40 nm)/LiF:Al. Labai 

plonas MoO3 sluoksnis buvo naudojamas kaip skylių injekcijos sluoksnis, junginys 

TSPO1 veikė kaip skylių ir eksitonų blokavimo sluoksnis, TPBi buvo naudojamas 

kaip elektronų pernešimo sluoksnis, o elektronų injekcijos sluoksniui buvo pasirinktas 

LiF. Rekombinacijos zona iš esmės yra emisiniame sluoksnyje (EML1, 1:PO-T2T 

arba 2:PO-T2T), kaip matyti prietaisų struktūrų pusiausvyros energijos diagramoje 

(4.3 pav., a). Skyles pernešantis TFB sluoksnis, kuris buvo legiruotas mažos 
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koncentracijos Ir(piq)2(acac), taip pat naudojamas kaip antrasis emisinis sluoksnis 

(EML2). Yra dvi raudonojo spinduolio Ir(piq)2(acac) emisijos galimybės: kai EML1 

susidaro tripletiniai eksitonai, kurie persikelia į EML2, ir kai EML2 vyksta tiesioginė 

elektronų ir skylių rekombinacija79. 
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4.3 pav. Prietaisų visų funkcinių sluoksnių pusiausvyros energijos diagrama (a), pagamintų 

OLED EQE priklausomybė nuo srovės tankio (b), baltų prietaisų, sudarytų naudojant 1:PO-

T2T (c) ir 2:PO-T2T (d), normalizuoti EL spektrai esant skirtingoms įtampoms 

Kaip matyti 4.3 pav., c, d, liejimo iš tirpalo metodu pagamintų OLED-ų 

elektroliuminescencijos (EL) spektruose matomos skirtingo intensyvumo 

Ir(piq)2(acac), 1:PO-T2T arba 2:PO-T2T ir TFB spinduolių emisijos juostos. Tokia 

stabili A ir B prietaisų EL esant skirtingoms įtampoms (4.3 pav., c, d) gali įrodyti, 

kad pagamintuose prietaisuose yra krūvininkų pusiausvyra, nes didinant įtampas 

nepastebimas rekombinacinės zonos poslinkis iš EML1 į EML2. Intensyviausia 

raudona emisija buvo prietaisuose A5 ir B5 su 5% Ir(piq)2(acac), o koncentraciją 

padidinus iki 10%, raudonos fosforescencijos intensyvumas gali sumažėti. Tai gali 

būti susiję su emisijos gesimu dėl tripleto-tripleto anihiliacijos (TTA) esant didelei 

fosforescencinio spinduolio koncentracijai80. Kalbant apie spalvų kokybę, prietaisas 

A5 turėjo geriausią mėlynos, žalios ir raudonos emisijos intensyvumo derinį savo EL 

spektre su geriausiomis CRI – 92, CIE1931 xy koordinatėmis (0,384,0,399) ir 

koreliuojamąja spalvų temperatūra (CCT) 3655 K. Užregistruota CIE1931 ir įrenginio 

A5 spalvos temperatūra gali būti priskirta šiltai baltai šviesai, o CRI reikšmė iki šiol 

yra viena didžiausių baltų OLED verčių81,82. Esant 12 V išorinei įtampai, didžiausią 
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8980 cd/m2 ir mažiausią 2986 cd/m2 skaistį pasiekė atitinkamai prietaisai A5 ir A10. 

Didžiausiu efektyvumu pasižymėjo prietaisai A5 ir B5, kuriuose fosforescencinis 

spinduolis Ir(piq)2(acac) ir du eksipleksai TADF spinduoliai (1:PO-T2T arba 2:PO-

T2T) tripletinius eksitonus efektyviai verčia singuletiniais. Didžiausios CEmax, PEmax 

ir EQEmax vertės atitinkamai 11,6 cd/A, 5,5 lm/W ir 6,3% pastebėtos prietaise A5 su 

1:PO-T2T žaliu eksipleksu ir 5% Ir(piq)2(acac) (4.3 pav., b). 

4.2 Bis(N-naftil-N-fenilamin)benzfenonai kaip eksitonus 

moduliuojančios medžiagos, skirtos baltos šviesos TADF OLED-ams 

su atskirtomis krūvininkų ir eksitonų rekombinacijos zonomis 

Šiame darbe du naujai susintetinti junginiai 3 ir 4 panaudoti kaip mėlyno ir oranžinio 

TADF eksitonų moduliatoriai gaminant keletą grynai TADF WOLED-ų. Junginių 3 

ir 4 su izomeriniais (N-naftil)-N-fenilamino donorainiais ir benzfenono akceptoriniais 

fragmentais molekulinės struktūros pateiktos 4.4 pav. 

 

4.4 pav. Junginių 3 ir 4 struktūros 

Siekiant ištirti junginių 3 ir 4 fotofizikines savybes, užregistruoti junginių kietųjų 

sluoksnių ir praskiestų tirpalų THF bei toluene fotoliuminescencijos ir UV 

absorbcijos spektrai (4.5 pav., a). Junginių 3 ir 4 tirpalų THF emisijos maksimumai 

atitinkamai ties 462 nm ir 488 nm, o Stoko poslinkiai buvo 90 ir 107 nm. Junginių 

sluoksnių Stoko poslinkiai atitinkamai buvo 94 ir 113 nm (4.5 pav., a). Nedidelis, 

atitinkamai 22 nm ir 34 nm, skirtumas tarp junginių 3 ir 4 tirpalų toluene ir THF 

emisijos patvirtina silpną intramolekulinę krūvio perdavą (CT) tarp donorinių ir 

akceptorinių fragmentų91. Optinės draustinės juostos tarpai buvo apskaičiuoti pagal 

junginių sluoksnių absorbcijos spektrų pradžios bangos ilgius, taigi junginių 3 ir 4 

absorbcijos pradžios bangos ilgiai buvo 429 ir 446 nm, jie atitinka 2,89 ir 2,78 eV 

optinius draustinės juostos tarpus (4.5 pav., a). Junginių 3 ir 4 fotofizikinės savybės 

toliau tirtos registruojant jų tirpalų THF fotoliuminescencijos ir fosforescencijos 

spektrus 77 K temperatūroje (4.5 pav., b). Gautos ES1 ir ET1 energijos apibendrintos 

2.3 lentelėje. N-naftil-N-fenilamino fragmentų tripletinės būsenos LE3 emisijos 

rekombinacija yra pagrindinis junginių fosforescencinės emisijos šaltinis92.   
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4.5 pav. Junginių 3 ir 4 PL (dešinėje) ir normalizuoti UV absorbcijos spektrai (kairėje) (a) 

bei jų praskiestų tirpalų THF PL (juodos brūkšninės linijos) ir fosforescencijos (Ph, 

raudonos linijos) spektrai 77 K temperatūroje (b) 

Atsižvelgiant į geras naujųjų junginių optoelektronines savybes, junginiai 3 ir 4 

parinkti moduliuoti eksitonams viename arba dviejuose TADF spinduoliuose 

(oranžiniame 4CzTPN ir mėlyname PFBP-2b), skirtuose WOLED-ams su atskirtomis 

eksitonų ir krūvininkų rekombinacijos zonomis. Pirmą kartą, taikant erdvinę eksitonų 

paskirstymo strategiją, pagamintos dviejų tipų grynai TADF WOLED prietaisų 

struktūros su vienu rezonansiniu energijos perdavimu iš mėlynos į oranžinę arba su 

dviem rezonansiniais energijos perdavimais iš mėlynos į oranžinę ir iš mėlynos į 

mėlyną spalvą. Mūsų prietaisuose su dviem TADF emiteriais, naudojant du 

efektyvius rezonansinius energijos perdavimus, galima atskirti krūvininkų ir eksitonų 

rekombinacijos zonas. Tačiau pagamintuose prietaisuose su eksitonus blokuojančiu 

sluoksniu (EBL) vienas iš rezonansinių energijos perdavimų gali būti apribotas, todėl 

galėjome ištirti vieno ar dviejų rezonansinių energijos perdavimų poveikį baltų 

prietaisų spalvų kokybei ir efektyvumui. Naudotos šios OLED konstrukcijos: ITO/ 

MoO3 (8nm)/ NPB(60nm)/ TAPC(5nm)/EML/ TSPO1(8nm)/ TPBi(40nm)/ 

LiF(1nm)/Al (prietaisai IA(B)1-3) ir ITO/MoO3(8nm)/ NPB(60nm)/ 

TAPC(5nm)/EML/PFBP-2b (20%):TPBi (40 nm)/ LiF(1nm)/Al (prietaisai IIA(B)1-

3). OLED prietaisų charakteristikos pateiktos 4.1 lentelėje. Prietaisų pavadinimai su 

ženklu I priklauso pirmajai OLED-ų šeimai, kurioje yra TSPO1 kaip eksitonus 

blokuojantis sluoksnis, su vienu rezonansinės energijos perdavimu, o prietaisai su 

ženklu II turi du efektyvius rezonansinės energijos perdavimus, A raidė žymi 

struktūroje esantį junginį 3, o B raidė – junginį 4, "1-3" yra susiję su trimis skirtingais 

emisiniais sluoksniais (EML). Naudojant 4CzTPN/3 ir 4/PFBP-2b sistemas, galima 

pagaminti WOLED-us su atskirtomis eksitonų ir skylių-elektronų rekombinacijos 

zonomis. TPBi:PFBP-2b sluoksnyje kaip TADF spinduolis naudotas PFBP-2b. 

Prietaisai IA2, IB2, IIA2 ir IIB2 charakterizuoti balta elektroliuminescencija. Šių 

prietaisų EL spektruose yra dvi skirtingo intensyvumo emisijos juostos, kurias sudaro 

mėlynos spalvos junginių 3 arba 4 (ir PFBP-2b prietaisų IIA2 ir IIB2 atveju) emisija 

ir oranžinės spalvos 4CzTPN emisija (4.6 pav., a, b). 
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4.6 pav. Pagamintų OLED-ų EL spektrai esant 9 V įtampai (a, b) bei EQE priklausomybės 

nuo srovės tankio kreivės (c, d) 

Prietaisai IA1, IB1, IIA1 ir IIB1 pasižymėjo oranžinės spalvos emisija, kilusia iš 

4CzTPN:3(4) sluoksnio. Tačiau prietaisai IA3, IB3, IIA3 ir IIB3 dėl nepakankamo 

RET 3(4) ir 4CzTPN sluoksniuose rodė daugiausia mėlynos spalvos EL. Dėl 

papildomo PFBP-2b TADF spinduolio vaidmens mėlynajai emisijai pagamintuose 

prietaisuose su dviem rezonansiniais energijos perdavimais emisijos juosta, susijusi 

su 4CzTPN, yra stipresnė IA3 ir IB3 prietaisuose, palyginti su IIA3 ir IIB3 OLED-

ais. Dėl tikrai aukšto baltos spalvos elektroliuminescencijos standarto, gauto 

naudojant tik du emiterius, prietaisas IIB2 pasižymėjo aukščiausiu CRI (80) ir 

koreliacine spalvine temperatūra (TC) 4490 K, o CIE 1931 xy koordinatės (0,32, 0,31) 

yra artimiausios natūraliai baltai spalvai (4.1 lentelė). Teigiamas PFBP-2b vaidmuo 

akivaizdus ir palyginus pirmosios (IA3 ir IB3) ir antrosios (IIA3 ir IIB3) OLED-ų 

serijos mėlynos spalvos prietaisų EQE (4.6 pav., c, d). 

 

4.1 lentelė. Baltų OLED elektroliuminescencijos charakteristikos 

Prietaisa

s 

Vįjungti, [a] V CEmaks, cd/A EQEmaks, % CIE (x; y)[b] CRI[b] CCT[b] 

IA1 4,7 20,8 7,2 (0,47, 0,49) 42 2932 

IA2 4,2 10,2 4,8 (0,40, 0,35) 60 2751 

IA3 5,1 3,9 3,1 (0,26, 0,22) 75 12520 
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IB1 5,9 9,4 4,7 (0,55, 0,44) 41 1840 

IB2 5,7 8,3 3,1 (0,36, 0,42) 62 4220 

IB3 4,6 3,7 1,9 (0,20, 0,26) --- ---- 

IIA1 4,2       13,7 6,3 (0,53, 0,45) 40 2061 

IIA2 3,9      18,6 9,5 (0,36, 0,31) 67 3332 

IIA3 4,6      8,1 4,7 (0,16, 0,13) ----- ----- 

IIB1 4      12,4 5,5 (0,49, 0,47) 43 2515 

IIB2 3,6     13,8 7,1 (0,32, 0,31) 80 4490 

IIB3 3,3     7,8 4,9 (0,17, 0,22) --- ----- 

[a] Įjungimo įtampa esant 10 cd m−2 skaisčiui, [b]CIE, CRI ir CCT vertės nustatytos, kai EL spektrai 

išmatuoti esant 9 V įtampai 

4.3 Mėlyną spalvą emituojančių daugiakarbazolilpakeistų benznitrilų 

sukinio apvertimo efektyvumo derinimas panaudojant skirtingus 

papildomus akceptorinius fragmentus 

TADF junginiai gali būti sintetinami naudojant multidonorinį ir akceptorinį tipą bei 

įvairias intramolekulines jėgas (pvz., nekovalentines arba erdvines). Šiame darbe, 

siekdami sukurti efektyvius mėlynos spalvos OLED-us, panaudojome penkis naujai 

susintetintus asimetrinius daugiakarbazolinius spinduolius legiruotose ir 

nelegiruotose OLED-ų struktūrose. Junginių 5–9 molekulinės struktūros pateiktos 4.7 

pav. 

 

4.7 pav. Junginių 5–9 molekulinės struktūros 
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Panašiai kaip ir anksčiau paskelbtuose daugiakarbazoliniuose junginiuose103,105, UV 

absorbcijos juostos 310–365 nm diapazone yra susijusios su di-tret-butilkarbazolo 

fragmento π–π* arba n–π* šuoliais. Junginio 6 spektre mažos energijos absorbcijos 

juostos apie 365–475 nm ir kitų junginių spektruose apie 365–450 nm atsiranda dėl 

intramolekulinės CT savybių. Dėl sužadintosios CT būsenos rekombinacijos107 

junginių 5–9 tirpaluose ir sluoksniuose užregistruota emisija su nestruktūrizuotais PL 

spektrais, kurių maksimumai yra 457–522 nm  (4.8 pav., b). Junginių didelio 

poliškumo THF tirpalų PL spektrai, palyginti su mažo poliškumo tolueno tirpalų 

spektrais, parodė didžiausią poslinkį raudonos spalvos link. Junginių tirpalų toluene 

PL intensyvumas labai padidėjo, kai tirpalai buvo prapūsti argono dujomis pašalinant 

deguonį (4.8 pav., c). Norint ištirti junginių skylių injektavimo savybes, naudojant 

elektronų fotoemisijos spektrometriją, ištirti junginių sluoksnių jonizacijos 

potencialai (IPPE) (4.8 pav., d). Skirtingi akceptoriniai fragmentai lėmė skirtingas 

jonizacijos potencialo vertes: jos svyravo nuo 5,39 iki 5,9 eV, o tai rodo, kad junginiai 

pasižymi skirtinga skylių injektavimo elgsena. 
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4.8 pav. Tiriamų junginių tirpalų toluene arba THF bei sluoksnių UV absorbcijos (a) ir PL 

(b) spektrai, junginių tirpalų toluene PL spektrai prieš ir po deguonies pašalinimo (c), 

junginių sluoksnių elektronų fotoemisijos spektrai, matuoti ore (d) 

Junginių elektroliuminescencinės savybės tirtos naudojant jas keliose prietaisų 

struktūrose su nelegiruotais ir legiruotais emisiniais sluoksniais. Pagamintų OLED-ų 

funkciniai organiniai sluoksniai parinkti taip, kad būtų užtikrintas efektyvus 

krūvininkų injektavimas ir pernaša, taip pat krūvininkų ir eksitonų rekombinacija 

emisiniuose sluoksniuose. Suformuotų OLED-ų sluoksniai buvo tokie: ITO/MoO3 (1 

nm)/ NPB (30 nm)/ mCP (4 nm) / emisinis sluoksnis (20 nm) / TSPO1 (8 nm)/TPBi 
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(40 nm)/LiF (0,5 nm):Al (100 nm), kuriuose junginiai 5–9 naudoti emisiniuose 

sluoksniuose ir atitinkamai pavadinti n5–n9 neleguotuose prietaisuose ir d5–d9 

legiruotuose prietaisuose. Visi pagrindiniai pagamintų OLED-ų kriterijai yra 

apibendrinti 4.2 lentelėje. Visuose gautuose prietaisuose užfiksuotos beveik mažos 

įjungimo įtampos, rodančios, kad teigiami ir neigiami krūvininkai iš elektrodų į 

emisinį sluoksnį yra efektyviai injektuojami ir pernešami. Didžiausias 7,3% EQEmax 

ir mažiausias 2% EQEmax gauti prietaisuose n5 ir n6 (4.2 lentelė), taip pat panaši 

tendencija užfiksuota ir legiruotuose prietaisuose (d5–9). Kadangi prietaisai d5 ir d9 

pasižymėjo didesniais EQEmax, atitinkamai 11,8 ir 7,9%, nusprendėme toliau didinti 

OLED-ų prietaisų efektyvumą, tinkamai optimizuodami OLED struktūrą ir 

spinduolių koncentracijas EML sluoksniuose. Optimizuotos OLED struktūros su 

skirtingomis spinduolių 5 ir 9 koncentracijomis mCBP matricoje turėjo HAT-CN 

sluoksnį kaip HIL, NPB ir TCTA kaip HTL ir mCBP kaip EBL. Apskritai dėl 

papildomo prietaiso optimizavimo prietaisuose o1b ir o5b pavyko pasiekti puikius 

18,3 ir 14,1% EQEmax. Šiuos rezultatus galima priskirti pakitusiam krūvininkų 

balansui emisiniame sluoksnyje dėl geresnio krūvininkų judrumo mCBP sluoksnyje. 

 

4.2 lentelė. OLED charakteristikos 

Prietaisas Emisinis sluoksnis 
Vįjungti

, [a] V 

CEmaks 

cd/A 

EQEmaks, 

% 

Λ, 

nm 

Maks 

skaistis, 

cd/m2 

n5 5 4,1 19,4 7,3 495 36000 

n6 6 4,2 3,8 2 490 2800 

n7 7 4,6 6 3,4 474 5050 

n8 8 5 7,8 4,3 476 8243 

n9 9 6 12,1 5,6 480 16988 

d5 5 (20wt.%):mCP 3,4 28 11,8 485 39260 

d6 6 (20wt.%):mCP 4,2 4,8 3,1 470 4415 

d7 7 (20wt.%):mCP 4,1 12,9 6,6 471 10144 

d8 8 (20wt.%):mCP 4,6 12,2 5,6 495 14176 

d9 9 (20wt.%):mCP 4,3 17,5 7,9 481 21110 

o5a 5 (10wt.%):mCBP 3,9 28,3 15,1 466 11831 

o5b 5 (20wt.%):mCBP 4 39,3 18,3 468 17456 

o5c 5 (30wt.%):mCBP 3,9 27,4 12,4 476 19516 

o9a 9 (10wt.%):mCBP 3,8 22,7 11,6 457 5453 

o9b 9 (20wt.%):mCBP 3,9 24,8 14,1 457 19551 

o9c 9 (30wt.%):mCBP 4,3 20,3 10,3 463 17115 

ref 
PFBP2b(10wt.%):

mCBP 
3,8 22,8 11,5 480 13420 

[a] Įjungimo įtampa esant 10 cd m−2 skaisčiui 
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4.4 Mėlynos spalvos TADF spinduolių elementų dekoravimas inkarine grupe, 

siekiant sumažinti kietosios solvatacijos ir konformacijos netvarkos 

padarinius nelegiruotuose ir legiruotuose OLED-uose 

Šiame darbe, siekiant kuo labiau sumažinti daugiakarbazolinių junginių 

konformacijos netvarkos kietoje būsenoje poveikį emisijos charakteristikoms, buvo 

ištirtos penkios naujos efektyvios asimetrinės mėlynos spalvos TADF medžiagos su 

keturiais donoriniais 3,6-di-tret-butilkarbazilfragmentais ir dviem elektronus 

atitraukiančiais pakaitais. Junginių 10–14 molekulinės struktūros pavaizduotos 4.9 

pav. 

 

4.9 pav. Junginių 10–14 molekulinės struktūros 

Junginių sluoksnių ir praskiestų tirpalų UV absorbcijos ir PL emisijos spektrų 

apibendrinta informacija pateikta 4.3 lentelėje. Užfiksuoti beveik panašūs spinduolių 

tirpalų ir sluoksnių sugerties profiliai. Užregistruoti medžiagų 10–14 sluoksnių 

nestruktūrizioti PL spektrai, kurių maksimumai atitinkamai ties 482, 508, 482, 490 ir 

480 nm. Naudojant integruotąją sferą užfiksuotos junginių kietųjų sluoksnių ir tirpalų 

toluene PLQY vertės atmosferos ir vakuumo sąlygomis. Junginių 10–14 degazuotų 

tirpalų toluene PL kvantinio našumo (PLQY) vertės svyravo nuo 7,5 iki 44 %, taip 

pat medžiagos 10 kietojo būsenos PLQY vakuume viršijo 75 %, o tai yra gana didelė 

vertė organinės elektronikos reikmėms (4.3 lentelė). Visose medžiagose pastebėtas 

didesnis bedeguonių tirpalų toluene emisijos intensyvumas, palyginti su deguonies 

prisotintais mėginiais. Jautrumas deguoniui ir emisijos padidėjimas degazavus 

tirpalus rodo, kad emisijoje dalyvauja tripletinė būsena. Junginio 10 bedeguonio 

tirpalo toluene PL intensyvumas buvo maždaug šešis kartus didesnis nei deguonies 

prisotinto praskiesto tirpalo toluene PL intensyvumas. Remiantis anksčiau praneštais 

metodais46,124 ir atsižvelgiant į tai, kad nespindulinis gesimas dažniausiai vyksta iš 
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tripletų energijos lygmenų, norint gauti kRISC buvo panaudoti išmatuoti PLQY bei 

intensyvumo ir eksploatavimo trukmės santykis DF/PF. Junginiai 10 ir 14 pasižymėjo 

tikrai dideliu kRISC, atitinkamai 8 × 105 ir 5.5×106 s-1, tai rodo, kad šie junginiai 

pasižymi gana greitu sukinio apvertimo efektyvumu. Junginių praskiestų tirpalų THF 

fotoliuminescencijos ir fosforescencijos spektrai užregistruoti 77 K temperatūroje. 

Junginių singuletinės ir tripletinės energijų skirtumo (ΔEST) vertės išsidėsto diapazone 

nuo 0,03 iki 0,05 eV, kurios gautos iš iš junginių tirpalų THF PL ir fosforescencijos 

spektrų pradžios, ir tikėtina, kad šis minimalus singuleto-tripleto atotrūkis yra 

erdviškai atskirtų donorinių ir akceptorinių fragmentų molekulinių orbitų rezultatas 

(4.3 lentelė)128,129.  

 

4.3 lentelė. Junginių 10–14 fotofizikinės ir terminės savybės  

Parameteras 10 11 12 13 14 

Td
onset

, °C [a] 439 441 433 449 462 

λabs, nm 278/287/316/328 
278/288/

317/329 

279/287/

318/330 

277/288/

317/330 

278/288/

318/330 

λPL, nm 482 508 482 490 480 

FWHM, nm 86 104 126 94 106 

ΔES1T1, eV 0,03 0,05 0,04 0,04 0,04 

ES1, eV 2,92 2,77 3,04 3,04 2,91 

ET1, eV 2,89 2,72 3,00 3,0 2,87 

PLQY (%) 44/76 12/51 8/4 17/27 13/49 

𝜂
𝑃𝐹

 [b] 0,24 0,16 0,02 0,13 0,07 

𝜂
𝐷𝐹

 [b] 0,52 0,35 0,02 0,14 0,42 

𝜏𝑃𝐹, ns (%) [b] 9(31) 13(32) 23(57) 23(48) 21(15) 

𝜏𝐷𝐹, μs (%) [b] 
2,4 

(69) 

1,5 

(68) 

0,8 

(43) 

1,8 

(52) 

2,9 

(85) 

𝑘𝑃𝐹, s-1 [b] 2,6×107 1,2×107 9,9×105 5,7×106 3,4×106 

𝑘𝐼𝑆𝐶, s-1 [b] 1,8×107 8×105 4,2×105 2,9×106 2,9×106 

𝑘𝐷𝐹, s-1 [b] 2,1×105 2×105 2,1×104 7,6×104 1,4×105 

𝑘𝑅𝐼𝑆𝐶, s-1 [b] 7×105 8×105 3,7×104 1,6×105 1×106 

𝑘𝑅𝐼𝑆𝐶, s-1 8×105 5×105 6,7×104 9,3×104 5,5×106 

 [a] Td
onset – terminės destrukcijos pradžios temperatūra (kaitinimo greitis 20 °C/min 

esant azoto atmosferai), [b] kieti sluoksniai 

 

Norėdami palyginti mūsų mėlynos spalvos TADF junginių EL charakteristikas, 

pagaminome ir ištyrėme nelegiruotus ir legiruotus prietaisus su šiomis struktūromis: 

ITO / HAT-CN (HIL) / NPB (HTL) / TCTA (EBL) / mCBP (ExBL) / 10–14 (emisinis 

sluoksnis) / TPBi (ETL) / LiF:Al (EIL ir katodas) nelegiruotiems ir ITO / HAT-CN / 

NPB / TCTA / mCBP / mCBP: 10–14 (mCBP – matrica) / TPBi / LiF:Al legiruotiems 

prietaisams. Prietaisų sluoksniai ruošti juos vakuuminiu būdu laipsniškai nusodinant 
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nelegiruotuose ir legiruotuose prietaisuose, o legiruotiems emisiniams sluoksniams į 

mCBP matricą legiruoti 10% junginių 10–14. Siekiant pagaminti efektyvius ir 

optimizuotus prietaisus, taip pat pagaminti prietaisai su skirtingomis spinduolio 10 

koncentracijomis (10, 20 ir 30%), jis pasižymėjo geresnėmis fotofizikinėmis ir 

krūvininkų pernašos savybėmis mCBP matricoje. Pagamintų prietaisų EL spektrai 

buvo labai panašūs į junginių sluoksnių PL emisiją ir užregistruoti nestruktūrizuota 

mėlyna emisija su λEL nuo 473 iki 497 nm. OLED n1, kurio emisiniame sluoksnyje 

yra junginys 10, skleidė dangaus mėlynumo emisiją, kurios CIE xy koordinatės yra 

(0,16, 0,27), PEmax – 12,4 lm/W, o EQEmax – 8,4%. Didžiausias prietaiso efektyvumas 

pasiektas d10b, kuriame legiruota 20% junginio 10. Šis prietaisas (d10b) pasižymėjo 

mėlyna 477 nm emisija, didžiausiu srovės efektyvumu 42,6 cd/A ir EQE – 15,9% 

(4.10 pav., b). 

Užfiksuotas mažesnis prietaiso su didesne emiterio koncentracija (30%) efektyvumas 

tikriausiai yra susijęs su eksitonų anihiliacijos ir koncentracijos gesinimo poveikiu141. 

Pagamintas prietaisas su 30% junginio 10 (o10c) pasižymėjo 12,8% EQEmax ir EL 

spektro maksimumu ties 479 nm, kuris, palyginti su kitais dviem prietaisais, yra šiek 

tiek pasislinkęs raudonos spalvos kryptimi (4.10 pav., b). Toliau optimizuoti OLED-

us galima naudojant naujas matricines medžiagas arba funkcinius sluoksnius, nes 

junginiai 10–14 pasižymėjo tikrai aukštais tripletiniais lygmenimis, todėl matricinį 

arba elektronus pernešantį sluoksnį reikėtų pakeisti kitais junginiais, kurių tripletinės 

būsenos yra bent 0,2 eV aukštesnės142. Apibendrinant reikėtų manyti, kad panašios 

EL charakteristikos nelegiruotų ir mCBP legiruotų prietaisų su junginiais 10–14, ypač 

pagamintų prietaisų, kurių sudėtyje yra junginys 10, gali būti mūsų pristatytos 

koncepcijos, t. y. mažos konformacijos netvarkos poveikio TADF junginių emisijos 

charakteristikoms, požymis. Junginio 10 prietaisai pasižymėjo mažiausiu 4 nm 

skirtumu tarp nelegiruotų ir mCBP legiruotų OLED-ų EL spektrų maksimumų. 
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4.10 pav. Vizualizuotos pagamintos OLED struktūros su visų panaudotų medžiagų energinių 

būsenų lygmenimis (a) ir OLED-ų EQE priklausomybė nuo srovės tankio (b) 
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4.5 IŠVADOS 

1. Siekiant atskleisti dviejų naujų fluor- ir trifluormetilpakeistų difenilbikarbazolų 

fotofizikinių, fotoelektrinių, krūvininkų judrio, elektrocheminių parametrų įtaką 

jų elektroliuminescencijos charakteristikoms, jie buvo tiriami daugeliu 

eksperimentinių metodų, įskaitant nuostoviosios būsenos ir laikinės skyros 

emisiją skirtingose temperatūrose, termogravimetrinę analizę, diferencinę 

skenuojamąją kalorimetriją, fotoemisijos spektroskopiją ir lėkio trukmės metodą.  

1.1. Donorinius difenilbikarbazolilpakeistus junginius sumaišius su 

komerciniu akceptoriniu PO-T2T sukurti du išskirtiniai eksipleksai, 

pasižymintys labai dideliu atvirkštinės interkombinacinės konversijos 

(RISC) greičiu, viršijančiu 107 s-1, ir skirti naudoti baltos spalvos OLED-

uose ir deguonies jutikliuose. 

1.2. Sukurti eksipleksai panaudoti kaip aktyviosios medžiagos deguonies 

pajutimui. Pagamintas deguonies jutiklis, turintis žalią eksipleksą, kuris 

pasižymėjo didesniu RISC greičiu, taip pat pasižymėjo nelinijinėmis 

deguonies zondavimo savybėmis (užfiksuotos Stern-Volmer konstantos – 

3,27×10-3 ir 4,7 ppm-1).  

1.3. Gautos eksipleksus formuojančios sistemos panaudotos liejimo iš tirpalo 

metodu formuojamų baltų OLED-ų emisiniuose sluoksniuose, o 

pagaminti prietaisai pasižymėjo elektroliuminescencija, kurios išorinis 

kvantinis efektyvumas (EQE) siekė 6,3%, taip pat labai aukštos kokybės 

balta spalva, kurios CIE xy koordinatės yra (0,384, 0,399), o spalvų 

perteikimo indeksas – 92. 

2. Sukurti stabilūs ir efektyvūs baltos spalvos OLED-ai, jų struktūroje naudojant 

du naujus benzfenono izomerus kaip mėlynos spalvos spinduolius, matricas ir 

moduliatorius eksitonų.  

2.1. Šie du benzfenono junginiai pasižymėjo dideliu terminiu stabilumu, o 

vieno iš jų 5% masės nuostolio temperatūra siekė 428 °C. Junginiuose 

nustatytas didesnis nei 10-4 cm2·(V·s)-1 skylių judris ir tinkamos 

krūvininkų injekcijos charakteristikos (junginių jonizacijos potencialo 

vertės 5,68 ir 5,79 eV). 

2.2. Suprojektavus pagamintų OLED sluoksnius, prietaisuose su vienu 

(oranžinės spalvos) arba dviem (oranžinės ir mėlyno spalvos) termiškai 

aktyvuotosios uždelstosios fluorescencijos (TADF) spinduoliais 

generuojami eksitonai buvo efektyviai perduodami po skylės-elektrono 

rekombinacijos, o dėl didesnio rezonansinės energijos perdavimo 

pagamintuose prietaisuose su dviem TADF emiteriais užfiksuotas beveik 

du kartus didesnis EQE – 9,5%.  

2.3. Prietaisas skleidė aukštos kokybės baltą emisiją, kurios CRI – 80, CIE xy 

koordinatės (0,32, 0,31) ir koreliuojamąja spalvų temperatūra – 4490 K, o 

EQE – 7,1%. 

3. Efektyvūs mėlynos spalvos OLED-ai sukurti naudojant naujus 

daugiakarbazolinius mėlynos spalvos TADF emiterius su dviem nepanašiomis 

akceptorinėmis grupėmis, akceptoriniu benznitrilo fragmentu kaip bendruoju 
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akceptoriumi ir skirtingomis papildomais konjuguotais akceptoriniais 

fragmentais kiekviename junginyje. 

3.1. Diferencinės skenuojamosios kalorimetrijos matavimai parodė, kad visi 

susintetinti TADF emiteriai – amorfiniai junginiai, o termogravimetrinės 

analizės metu nustatytos medžiagų 5% masės nuostolių temperatūros buvo 

nuo 363 iki 457 °C. 

3.2. Užfiksuotos labai skirtingos naujų tirtų junginių TADF savybės ir sukinio 

apsisukimo galimybės, kai RISC greičiai buvo nuo 4,7×104 iki 2,32×106 

s-1, taip pat junginių degazuotuose praskiestuose tirpaluose toluene 

fotoliuminescencijos kvantinio našumo (PLQY) vertės buvo nuo 55 iki 82 

%.  

3.3. Papildomų akceptorinių fragmentų ir akceptorių asimetrijos poveikis buvo 

akivaizdus pagamintų prietaisų su tirtais TADF junginiais emisiniuose 

sluoksniuose elektroliuminescencinėms charakteristikoms. Pagamintų 

nelegiruotų prietaisų EQE svyravo nuo 2 iki 7,3%, o mCP-legiruotų 

prietaisų EQE svyravo nuo 3,1 iki 11,8%. 

3.4. Pagaminti optimizuoti prietaisai, sudaryti su papildomai 

benznitrililpakeistu junginiu ir su papildomai metil-3-

metilbenzoatpakeistu junginiu, pasiekė atitinkamai 18,3 ir 14,1% praktinį 

EQEmax. 

4. Kietosios būsenos tirpimo ir konformacijos netvarkos pasekmių minimizavimas 

nelegiruotuose ir legiruotuose OLED-uose pasiektas įtraukiant kelis efektyvius 

daugiakarbazolinius TADF junginius su keturiais donoriniais (tret-

butilkarbazolil) fragmentais bei dviem akceptoriniais fragmentais, prietaisai 

nuodugniai ištirti ir ištirtas vieno iš akceptorinių fragmentų poveikis naujųjų 

medžiagų optoelektroninėms savybėms. 

4.1. Tirtų junginių jonizacijos potencialų vertės buvo beveik vienodos – nuo 

5,61 iki 5,72 eV. Jų 5% masės nuostolių temperatūra buvo nuo 433 iki 

462 °C, o tai rodo puikų šių daugiakarbazolinių junginių terminį 

stabilumą. 

4.2. Ištirtos medžiagos pasižymėjo gana efektyviu mėlynos spalvos TADF su 

1×106 s−1 RISC greičiu, taip pat buvo užfiksuotas didelis junginio su 

papildomu akceptoriniu pirimidino fragmentu (10) grynojo sluoksnio 

PLQY – 76%. 

4.3. Atliekant laikinės skyros emisijos matavimus, junginys su papildomu 

akceptoriniu pirimidino fragmentu (10) pasižymėjo mažiausiu 0,06 eV 

poslinkiu, o junginys be papildomo akceptorinio fragmento (12) 

pasižymėjo didžiausiu poslinkiu ir dėl to didžiausia konformacijos 

netvarka. 

4.4. Dėl labai mažos netvarkos ir tirpinimo efektų junginių sluoksniuose 

užfiksuoti maždaug vienodi mCBP-legiruotų ir nelegiruotų prietaisų 

elektroliuminescenciniai parametrai (įskaitant EL spektrus). 

4.5. Didžiausias maksimalus EQE – 15,9%, didžiausias PE – 24,1 lm W-1 ir 

didžiausias CE – 42,6 cd A-1 užfiksuoti viename iš pagamintų prietaisų su 
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aukštos kokybės dangaus mėlynos spalvos EL spektru, kurio maksimumas 

buvo ties 477 nm. 
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