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Emitter plays most important role in organic light emitting diode (OLED) 

device so that the liveliest discussion has been made among the topics related OLED. 

Through generations of conventional fluorophore and phosphor, thermally activated 

delayed fluorescent (TADF) emitter get the spotlight because it broke through the 

limitation of light harvesting from different manner in multiplicity of excited state. 

To utilize TADF efficiently, excited triplet state of the emitter should be dealt with 

delicately to meet small energy difference with its excited singlet state. In this 

dissertation, important role of excited triplet state in TADF process from a 

photophysical point of view would be discussed in three series of materials. 

In chapter 2, series of auxiliary functional groups with different electron 
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withdrawing or donating strength are introduced to PXZ-OXD, which is already 

reported material as a TADF emitter. From thorough study, unique trend of 

relationship between excited states stemming from intramolecular charge transfer 

(CT) and local excitation (LE) was found that could not described with conventional 

photophysical model. With 2-level model, without assistance of LE state, fast reverse 

intersystem crossing (rISC) in target material could be described as the energy 

difference between singlet CT state and triplet CT state reduces. From the result, 

efficient bluegreen to green OLED devices could be fabricated. 

In chapter 3, 1,8-naphthalimide is used as acceptor for red TADF emitter and 

two molecular design strategies are applied to make the red TADF emitter more 

efficient in color and brightness. While substitution of donor part in D-A type TADF 

emitter induced dramatic bathochromic shift in emission spectra, radiative decay of 

the emitter has paled into insignificance because of energy gap law in long-

wavelength emitter. Instead, electron withdrawing auxiliary functional group made 

infinitesimal change in emission range but raised rISC rate constant, which led to 

increased external quantum efficiency (EQE) in OLED device. 

In chapter 4, multiresonance (MR) type TADF emitters are proposed, with 

different detail of photophysical mechanism from traditional D-A type TADF 

emitters. Heavy atom effect from sulfur and silicon enhances rISC property which is 

crucial for TADF emitter. 
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Chapter 1. 

Introduction 

1.1. Organic light emitting diodes (OLEDs) 

A display is an information medium that compresses and visualizes information. 

Since the spread of cathode ray tube (CRT) monitors appeared in the 1950s, display 

has been evolved in the direction of full-color implementation, resolution increase, 

enlargement in panel area, and thickness reduction through continuous development. 

As of the 2020s, OLED panels are widely used as a result of their development and 

are in an industrially important position. OLED is an optoelectronic device that 

receives electrons and holes from electrodes and utilizes light generated through the 

energy of excitons generated by the combination of charge carriers the light emitting 

layer containing emitter material.1 

The earliest form of OLED device, announced by C. Tang, has a simple 

structure in which only a light emitting layer exists.2 The device was driven by 

directly injecting, moving, and combining of electrons and holes toward light 

emitting from the emitter. Through these findings, it was confirmed that OLED may 

be possible option for industrial display field. Subsequently, an improved device 

structure model was presented through further research, and accordingly, 

performance was improved rapidly.3,4 First, some studies have shown that the area 

where electron and hole are combined is limited to a specific range, not across all 

over the device. Based on this, charge carrier transporting layers were introduced in 
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addition to the light emitting layer to improve the electrical driving characteristics of 

the device, although it does not directly participate in the light emitting of the device. 

Additionally, a charge carrier injection layer was designed to alleviate the barrier of 

charge carrier movement due to the energy level difference between each electrode 

and the charge carrier transfer layer, and a blocking layer to prevent the charge carrier 

transfer layer from receiving energy generated by the hole and charge. In conclusion, 

the general structure of OLED devices currently manufactured consists of a 

combination of a transparent substrate, a thin organic layer stacked from an anode, 

and a metal cathode, as shown in Figure 1.1. At this time, it is observed that light 

generated from the light emitting layer comes out in the direction of the transparent 

substrate. 

Each element has developed in its own direction to make highly efficient OLED 

devices, including mobility of charge carrier transporting material,5-9 alignment of 

molecular orbital energy or excited state energy,10-12 prohibition of concentration 

quenching mechanisms of emission by applying host-dopant system in emitting 

layer.13-15 Among them, the most actively studied field is the emitter material itself. 

In OLED devices, emitters can directly receive charge carriers to generate light, or 

hosts that form most of a light-emitting layer can receive energy generated through 

the combination of charge carriers to generate light. In order to induce such 

luminescence to emit light of the desired color with high efficiency, studies are 

actively being conducted to identify the mechanism of luminescence or to change 

the chemical structure of the emitter. 
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Figure 1-1. Structure of OLED device. 
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1.2. Thermally Activated Delayed Fluorescence (TADF) 

When the light emitter in the ground state receives energy and is excited, it 

emits energy in the form of light through a series of photophysical processes and 

returns to the ground state. Emitters that have received the energy of photons or the 

binding energy of excitons without the provision of new charge carriers have an 

excited state of which multiplicity called a singlet or triplet depending on the spin 

configuration of the electrons constituting the molecule. When a radiative relaxation 

is caused by a singlet state, it is called fluorescence, while it is caused by a triplet 

state, it is called phosphorescence. Most light emitters have a structure in which light 

emission in one mode of phosphorescence and fluorescence is dominant. 

In the driving situation of OLED devices, electrons and holes with the same 

spin arrangement as electrons are combined to create an exciton. Thus, statistically, 

a singlet excited state accounts for 25% of the totally generated exciton, and a triplet 

excited state accounts for 75%.16-19 In the light emitting layer of the host-dopant 

system, since the subject to which the charge carrier is transported is the host material, 

the emitter, which is the dopant, receives energy from the host. Namely, the 

fluorophore receives an excited singlet state of the host mainly through Fºrster 

resonance energy transfer, and the phosphor receives an excited triplet state of the 

host through Dexter energy transfer. In this process, multiplicity of excited states that 

are not necessarily used for light emission are discarded unless a separate 

multiplicity substitution process is applied, resulting in technical limitations in the 

exciton utilization efficiency. 
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In order to overcome these limitations, multiplicity substitution processes such 

as triplet-triplet annihilation (TTA) and hybridized local and charge transfer (HLCT) 

have been proposed. However, TTA still has the disadvantage of not being able to 

fully utilize excitons in that more than two excited triplet states are substituted with 

a single exited singlet state energetically, and the high-energy excited state of HLCT 

risks disintegrating the bonds of the elements, especially the molecules that make up 

the emission layer. Thus, the demand for a photophysical mechanism to replace an 

excited singlet state and an excited triplet with low energy and by one-on-one has 

emerged. 

To realize the ideal photophysical process, people focused on the energy 

difference of the excited singlet and triplet states of the molecule (ȹEST). A typical 

organic molecule has a ȹEST of approximately 0.5 to 1 eV scale, but in some organic 

molecules this value decreases to 0.2 eV or close to zero. In these organic molecules, 

thermally activated delayed fluorescence (TADF), which has the same emission 

spectrum as fluorescence and lasts much longer than fluorescence, was observed. 

TADF looks similar to phosphorescence in that it utilizes emission with lifetime of 

microsecond scale, not an emission lifetime of ns from general fluorescence from 

excited singlet state, but unlike phosphorescence with a separate emission spectrum 

from fluorescence, the existing emission spectrum of the fluorescence is maintained. 

In addition, the excited triplet state and the singlet state are exchanged one-to-one, 

and the energy is not high, so the limitations of the previously described multiplicity 

substitution process could be overcome. C. Adachi reported that OLED devices 
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using emitter with TADF characteristics overcame the limitations of light emission 

efficiency of existing fluorescent OLEDs.20 Since then, numerous researchers around 

the world have competitively reported OLED devices with excellent light emission 

efficiency using various types of TADF emitters.21-26 

The most important thing to consider to impart TADF properties to the phosphor 

is ȹEST. It is known that ȹEST is theoretically calculated following the equation below, 

ɝὉ ςϽ ‰ ‰
Ὡ

► ►
‰ ‰  Ὠ►Ὠ► 

which is directly proportional to ἂ‰ ȿ‰ ἃ , the orbital overlap integral. 

Therefore, in order to minimize ȹEST, HOMO and LUMO must be separated into 

separate spaces within the molecule. On the other hand, fluorescence itself includes 

molecular orbital change from LUMO to HOMO, which means its transition 

possibility is also proportional to the orbital overlap integral. Therefore, TADF 

emitters should be designed so that spatial separation of HOMO-LUMO occurs to 

an appropriate degree between the two counterparts. 
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1.3. Detailed photophysical mechanism of TADF 

Among the contents mentioned in the previous section, the D-A type of TADF 

phosphor has a lowest excited single and triplet state based on an intramolecular 

charge transfer (ICT) from the donor part to the acceptor part. According to El 

Sayed rules, intersystem crossing (ISC) is difficult to occur between excited states 

with similar types of molecular orbitals, so in order for a material to show an active 

TADF phenomenon, an excited state with a different type of molecular orbital must 

be assisted.27 In conclusion, a 3-level model describing the correlation of these 

three states of 1CT, 3CT, and 3LE is commonly applied to the molecular structure 

design of D-A type TADF phosphors. In detail, an emitter exhibiting TADF 

properties requires (1) the lowest excited triplet state based on LE and at the same 

time small ȹEST, or (2) the lowest excited triplet state based on ICT and reverse 

ISC (rISC) route being preceded by internal conversion between 3CT and 3LE. 

These constraints are generally applied without difficulty to blue TADF phosphors 

with 1CT levels of energy similar to donor and acceptor parts with LE excited states 

located in the ultraviolet region. However, emitters showing excellent TADF 

characteristics are reported even when the lowest excited triplet state is ICT-based 

and the large energy difference between 3CT so that internal conversion toward 3LE 

is difficult to occur where conventional 3-level models do not provide sufficient 

evidence. A recent study has reported that even without the help of the locally 

excited state, rISC between the ICT-based excited singlet and triplet state occurs. 

For this phenomenon, the D-A type TADF phosphor is placed in an environment 
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with appropriate polarity and the energies of 1CT and 3CT are located close enough, 

supported by the vibronic perturbation of the molecule.28-29 Some molecular 

systems to prove these findings have been reported, and the limitations of the 

existing 3-level model have been overcome through a 2-level model describing the 

correlation between the two states of 1CT and 3CT through experimental evidence. 
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1.4. Objectives and outlines of thesis 

From the previous sections, TADF emitters could get attraction from academic 

and industrial area for the ultimate model of emitter for OLED. In fact, researchers 

at the organic emitter field have been reporting new combinations of donor ï 

acceptor or heteroatoms for multiresonance. In addition to this, TADF emitter have 

been used not only as an emitter in the light emitting layer, but also as an assistant 

dopant for conventional fluophore, which is called hyperfluorescence. Versatility of 

TADF emitter justified its importance in the informatic display field. 

Although usage of the excited triplet state is crucial in overall TADF process, 

its scrutinization has a limitation with simple photophysical measurement and needs 

special treatment including time-dependent study and cryogenic measurement, 

which led to lack of description of photophysics of excited triplet state. In this study, 

more detailed study on the essence of excited triplet state of TADF emitter would be 

described with series of materials. 

In Chapter 2, 1,3,4-oxadiazole acceptor and 10H-phenoxazine donor are used 

to make a green-light emitting D-A type TADF material and various auxiliary 

chemical group are introduced to study tendency of TADF process within delicately 

tuned series of materials. Electron-donating dimethylamino group and methoxy 

group, and electron-withdrawing fluoro group, trifluoromethyl group and nitrile 

group are presented to manage ȹEST and intensify rISC process in the material. From 

quantum chemical calculation and rate constant study, possible rISC process that fits 

2-level model are stated. 
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In Chapter 3, 1,8-naphthalimide acceptor is used as acceptor for red-light 

emitting D-A type TADF material. Faster delayed fluorescence could be observed as 

electron-withdrawing trifluoromethyl group applied adjacent to the acceptor core 

with a small bathochromic shift of emission. 

In Chapter 4, chalcogen and boron heteroatoms are used to derive 

multiresonance type TADF and heavy atom effect of sulfur with newly introduced 

tetraphenylsilyl group into the emitter material is suggested. To support model of 

photophysical process in ultraviolet-to-blue-light emitting MR type TADF material, 

quantum chemical calculation, low temperature photoluminescence and time-

dependent radiation decay profile are measured and analyzed. 
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Chapter 2. 

1,3,4-Oxadiazole Acceptor for Efficient Bluegreen-to-

Green TADF Emitter 

 

2.1. Research background 

Emissive performance of organic light emitting diode (OLED) device has been 

receiving the most attention among OLED-related studies. In the earlier days, it was 

proved that the luminescence of organic materials can be utilized in electronic 

devices,1 and the limit of efficiency of conventional fluorescent OLED devices was 

overcome in phosphorescent OLED.2-4 However, due to the emissive mechanism of 

traditional fluorophors and phosphors, only a part of singlet or triplet excitons 

generated in OLED devices could be used, which was a harsh limit to achieving high 

efficiency. In order to solve the issue, groundbreaking fluorophor utilizing thermally 

activated delayed fluorescence (TADF) was proposed.5 In TADF emitters, the lowest 

excited triplet state (T1) can be converted to the lowest excited singlet state (S1) 

through reverse inter-system crossing (rISC), so that all excitons can be utilized for 

luminescence despite being a fluorophor. Based on this point, a variety of high-

efficiency OLED devices using TADF have been reported so far.6-9 

To activate rISC, TADF emitter uses a molecular design in which an electron 

donating moiety (donor, D) and electron withdrawing moiety (acceptor, A) pair is 
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directly connected. The D-A linkage allows the separation of the HOMO and LUMO 

regions in the molecule, thereby reducing the energy difference between S1 and T1 

(ȹEST).10,11 In order to control the characteristics of the emitter, donor and acceptor 

can be changed basically,12 or the -́conjugation of the entire molecule can be 

controlled by introducing a phenyl ring between the donor and acceptor.13 There 

would be also a design strategy to improve the properties of emitters by introducing 

functional groups that can control electronic properties, bulkiness, or rigidity.14-15 

In this chapter, various types of functional groups were added to the 

combination of 1,3,4-oxadiazole donor and 10H-phenoxazine acceptor based on 

2PXZ-OXD and PXZ-OXD, which are excellent D-A type TADF phosphors that 

have already been reported in paper.16  However, detailed photophysical mechanism 

could not be totally described with conventional 3-level model as the energy level of 

the excited states of PXZ-OXD were far from energy from 1,3,4-oxadiazole and 

10H-phenoxazine. By introducing functional groups, performance of the emitter 

could be delicately modified without change its D-A combination. Various 

derivatives could be obtained from the molecular design strategy while maintaining 

the existing synthesis scheme if appropriate precursors exist. Based on the above-

mentioned advantages, it was possible to finely tune emission performance of PXZ-

OXD while maintaining TADF characteristics. In addition, by appling 2-level model, 

consistent description of the TADF characteristics within the series of target 

materials could be performed. 

  



 

17 

2.2. Experimental method 

2.2.1. Materials and synthesis 

All target materials were synthesized in a three-step reaction from 

benzohydrazide derivatives as reported in the references.16 Chemicals for synthesis 

of the target materials were used as purchased from commercial suppliers, without 

further purification. Thin layer chromatography (TLC) plate (silica gel 60 F254, 

Merck Co.) and silica gel 60 (particle size 0.063 ï 0.200mm, Merck co.) were used 

to judge the reaction progress and for column chromatographic purification. 

Chemical structures of the final target materials were assigned by analyzing 

nuclear magnetic resonance (NMR) spectra, mass spectra and elemental analysis 

(EA) data. 1H-NMR data of the target materials were recorded on Avance-300 

(Bruker), and 13C-NMR data were recorded on Avance-500 (Bruker). Mass spectra 

of the target materials were obtained with JMS-T100LP 4G (JEOL). EA of carbon, 

hydrogen and nitrogen of the target materials was executed with Flash2000 

(ThermoFisher Scientific). 

 

Synthesis of PXZ-OXD 

To a dehydrated round-bottomed flask connected with a reflux condenser, a 

mixture of 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole (1.73 g, 5.74 mmol), 10H-

phenoxazine (1.16 g, 6.32 mmol), bis(tri-tert-butylphosphine) palladium(0) as Pd 

catalyst (30 mg, 0.06 mmol), potassium tert-butoxide (1.16 g, 10.34 mmol) and 
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Figure 2-1. Chemical structure of the target materials. 
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anhydrous toluene (20 mL) was refluxed under inert atmosphere filled with Ar for 

24 hours. After the reaction finished, the mixture was cooled down to room 

temperature and the solvent was removed under reduced pressure, followed by 

extraction with brine and dichloromethane. The organic layer was dried with MgSO4 

and concentrated under reduced pressure. The residual solid crude material was 

purified by column chromatography on silica gel using mixture solvent of ethyl 

acetate / n-hexane (v:v 1:5) and recrystallized from mixed solvent of chloroform and 

methanol to afford 10-(4-(5-phenyl-1,3,4-oxadiazol-2-yl)phenyl)-10H-phenoxazine 

(PXZ-OXD) as yellow powder (1.56 g, yield: 67.3 %). 1H NMR (300MHz, CDCl3) 

ŭ: 8.38 (d, J = 8.7 Hz, 2H), 8.20-8.14 (m, 2H), 7.61-7.52 (m, 5H), 6.76-6.66 (m, 4H), 

6.62 (td, J1 = 7.4 Hz, J2 = 2.2 Hz, 2H), 5.99 (dd, J1 = 7.8 Hz, J2 = 1.5 Hz, 2H). 13C 

NMR (125MHz, CDCl3) ŭ: 165.13, 164.10, 144.18, 142.56, 133.96, 132.17, 132.00, 

129.90, 129.39, 127.23, 124.16, 123.97, 123.54, 122.07, 115.94, 113.47. coldspray-

LC-TOF-MS m/z: calculated for C26H17N3O2; 403.13, found; [M+H]+ 404.1880. EA: 

calculated for C26H17N3O2; C 77.41, H 4.25, N 10.42, found; C 75.51, H 4.32, N 9.80. 

 

Synthesis of 4ô-DMAPXZOXD 

2-(4-bromophenyl)-5-(4-dimethylaminophenyl)-1,3,4-oxadiazole was used 

instead of 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole. Pale yellow powder. 1H 

NMR (300MHz, CDCl3) ŭ: 8.35 (d, J = 8.7 Hz, 2H), 8.00 (d, J = 9.3 Hz, 2H), 7.52 

(d, J = 8.4 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H), 6.75-6.58 (m, 6H), 5.99 (dd, J1 = 7.8 

Hz, J2 = 1.5 Hz, 2H), 3.09 (s, 6H). 13C NMR (125MHz, CDCl3) ŭ: 165.84, 163.01, 
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152.69, 144.16, 141.95, 134.05, 131.85, 129.62, 128.63, 124.68, 123.53, 121.96, 

115.87, 113.47, 111.83, 110.86, 40.32. coldspray-LC-TOF-MS m/z: calculated for 

C28H22N4O2; 446.17, found; [M+H]+ 447.2292. EA: calculated for C28H22N4O2; C 

75.32, H 4.97, N 12.55, found; C 73.80, H 4.84, N 12.24. 

 

Synthesis of 4ô-MeOPXZOXD 

2-(4-bromophenyl)-5-(4-methoxyphenyl)-1,3,4-oxadiazole was used instead of 

2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole. Pale yellow powder. 1H NMR 

(300MHz, CDCl3) ŭ: 8.36 (d, J = 8.4 Hz, 2H), 8.11 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 

8.7 Hz, 2H), 7.06 (d, J = 9.0 Hz, 2H), 6.77-6.58 (m, 6H), 5.99 (dd, J1 = 7.8 Hz, J2 = 

1.5 Hz, 2H), 3.91 (s, 3H). 13C NMR (125MHz, CDCl3) ŭ: 165.08, 163.64, 162.73, 

144.17, 142.33, 133.99, 131.94, 129.77, 129.01, 124.33, 123.53, 122.04, 116.44, 

115.92, 114.82, 113.47, 55.73. coldspray-LC-TOF-MS m/z: calculated for 

C27H19N3O3; 433.14, found; [M+H]+ 434.1998. EA: calculated for C27H19N3O3; C 

74.81, H 4.42, N 9.69, found; C 75.44, H 4.32, N 9.71. 

 

Synthesis of 4ô-FPXZOXD 

2-(4-bromophenyl)-5-(4-fluorophenyl)-1,3,4-oxadiazole  was used instead of 2-

(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole. Yellow powder. 1H NMR (300MHz, 

CDCl3) ŭ: 8.37 (d, J = 8.7 Hz, 2H), 8.18 (dd, J1 = 9.0 Hz, J2 = 5.1 Hz, 2H), 7.56 (d, 

J = 8.7 Hz, 2H), 7.26 (d, J = 17.4 Hz, 2H), 6.76-6.66 (m, 4H), 6.62 (td, J1 = 7.3 Hz, 

J2 = 2.0 Hz, 2H), 5.99 (dd, J1 = 8.0 Hz, J2 = 1.4 Hz, 2H). 13C NMR (125MHz, CDCl3) 



 

21 

ŭ: 166.16, 164.32, 164.13, 164.12, 144.18, 142.65, 133.93, 132.02, 129.88, 129.55, 

129.49, 124.01, 123.53, 122.10, 120.31, 120.28, 116.87, 116.69, 115.96, 113.47. 

coldspray-LC-TOF-MS m/z: calculated for C26H16FN3O2; 421.12, found; [M+H]+ 

422.1833. EA: calculated for C26H16FN3O2; C 74.10, H 3.83, N 9.97, found; C 74.93, 

H 3.85, N 9.96. 

 

Synthesis of 4ô-CF3PXZOXD 

2-(4-bromophenyl)-5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazole was used 

instead of 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole. Yellow powder. 1H NMR 

(300MHz, CDCl3) ŭ: 8.39 (d, J = 8.4 Hz, 2H), 8.31 (d, J = 8.1 Hz, 2H), 7.84 (d, J = 

8.1 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 6.77-6.60 (m, 6H), 5.99 (dd, J1 = 7.8 Hz, J2 = 

1.5 Hz, 2H). 13C NMR (125MHz, CDCl3) ŭ: 164.64, 163.95, 144.21, 142.97, 133.89, 

132.09, 130.03, 127.53, 127.18, 126.47, 126.44, 123.72, 123.53, 122.16, 116.00, 

113.47. coldspray-LC-TOF-MS m/z: calc.d for C27H16F3N3O2 471.12, found [M+H]+ 

472.1873. EA: calc.d for C27H16F3N3O2; C 68.79, H 3.42, N 8.91, found; C 68.80, H 

3.40, N 8.86. 

 

Synthesis of 4ô-CNPXZOXD 

4-(5-(4-bromophenyl)-1,3,4-oxadiazol-2-yl)benzonitrile was used instead of 2-

(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole. Red powder. 1H NMR (300MHz, 

CDCl3) ŭ: 8.39 (d, J = 8.7 Hz, 2H), 8.30 (d, J = 8.7 Hz, 2H), 7.87 (d, J = 8.7 Hz, 2H), 

7.58 (d, J = 8.7 Hz, 2H), 6.76-6.67 (m, 4H), 6.62 (td, J1 = 7.4 Hz, J2 = 2.1 Hz, 2H), 
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5.99 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 2H). 13C NMR (125MHz, CDCl3) ŭ: 164.86, 

163.57, 144.21, 143.15, 133.84, 133.19, 132.12, 130.06, 127.80, 127.63, 123.52, 

122.21, 118.05, 116.03, 115.62, 113.48. coldspray-LC-TOF-MS m/z: calc.d for 

C27H16N4O2 428.13, found [M+H]+ 429.1918. EA: calc.d for C27H16N4O2; C 75.69, 

H 3.76, N 13.08, found; C 75.99, H 3.73, N 13.09. 

 

2.2.2. Quantum chemical calculation 

All quantum chemical calculations were carried out using the Gaussian 09 

quantum chemical package. Geometry optimization in the ground state was 

performed using density functional theory (DFT) method with B3LYP functional / 

6-31G(d,p) basis set. Energy levels of the ground state and some excited state with 

singlet or triplet multiplicity were calculated using time-dependent DFT (TD-DFT) 

method with B3LYP functional / 6-31G(d,p) basis set. 

 

2.2.3. Photophysical and electrochemical characterization 

Solution samples for cyclic voltammetry (CV) measurement were prepared as 

concentration of 5 Ĭ 10-3 M in methylene chloride, with 0.1 M TBAHFP as the 

supporting electrolyte. Solution samples for other photophysical characterizations 

were prepared as concentrations of 10-5 M in toluene. Film samples were fabricated 

on quartz substrate using thermal evaporation under vacuum (P < 10-4 Pa), with co-

deposition rate of 1.0 ¡ s-1 in total for the emitter and host material. Quartz substrates 

were rinsed by sonication with detergent-containing deionized water, acetone, and 
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isopropyl alcohol, in the listed order. 

CV was performed on 273A (Princeton Applied Research) using a three-

electrode solution container cell. Three electrodes include an Ag wire in 0.01 M 

AgNO3 solution as a reference electrode, a carbon disc as a working electrode, and 

a Pt wire as a counter electrode. The redox potential of the reference electrode was 

calibrated using ferrocene/ferrocenium (Fc/Fc+) as an internal standard. For steady-

state photophysical studies, UV-1650PC (Shimadzu) for UV-Vis absorption spectra, 

QuantaMaster 40 (Photon Technology International) for room temperature 

photoluminescence spectra, Cary Eclipse fluorescence spectrophotometer (Varian) 

for low temperature photoluminescence spectra were used, respectively. In order to 

remove background data, quartz cuvette filled with toluene, which was the solvent 

for the solution samples, or blank quartz substrate was used for the steady-state 

photophysical studies. Time-dependent photoluminescence decay profiles were 

observed by FluoTime 200 (PicoQuant) and analyzed by time-correlated single 

photon counting technique. 

 

2.2.4. Equations for rate constants 

According to the reference10, equations below were used to calculate rate 

constants related to TADF process. Symbols used for terminologies were described 

as follows: ūPF and ūDF (photoluminescence quantum yield (PLQY) derived from 

prompt and delayed fluorescence), kPF and kDF (rate constant of prompt and delayed 

fluorescence), krS and knrS (rate constant of radiative and nonradiative decay from 
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excited singlet state, to be specific, S1), knrT (rate constant of nonradiative decay from 

excited triplet state, to be specific, T1), ūISC and ūrISC (ISC and rISC efficency), kISC 

and krISC (rate constant of ISC and rISC) 

 

 

 

 

 

After experimental measurement and analysis of photophysical properties, ūPF, 

ūDF, ŰPF and ŰPF could be directly calculated. Other rate constants and efficiencies for 

designated photophysical process were calculated by the formula and confirmed 

whether the values fit the assumption for derivation of the equation. 

 

2.2.4. OLED device fabrication and device test 

OLED devices were fabricated on indium tin oxide (ITO)-patterned glass 

substrate using thermal evaporation under vacuum (P < 10-4 Pa). Detailed structure 

of the device and materials used were described at the discussion section. ITO-

patterned glass substrates were rinsed by sonication with detergent-containing 

deionized water, acetone, and isopropyl alcohol, in the listed order. Sublimation-

grade chemicals were used as purchased from commercial sources without further 
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sublimation, unless specifically mentioned. Target materials were used as emitter and 

sublimed two times before the device fabrication. mCPCN, used for host material, 

was synthesized according to the previously reported method17 and sublimed two 

times before the device fabrication. 

Each layer was deposited continuously following 20 minutes interval in order 

to prevent from intervening of particle formed during deposition and from increasing 

substrate temperature. Deposition rate was 1.0 ¡ s-1 for organic layers, 1.0 ¡ s-1 in 

total for the co-deposited organic layers, 0.1 ¡ s-1 for LiF and 2.0 ¡ s-1 for Al 

electrode, respectively. Customized aluminum masks for organic and inorganic 

material were applied during deposition to make the active layer of 2 mm Ĭ 2mm 

square shape. 

To evaluate performance of the OLED devices, the currentīvoltageīluminance 

(IīVīL) data were collected with Keithley 236 source-measure unit (Tektronix), 

Keithley 2000 multimeter unit (Tektronix) and a calibrated Si photodiode S5227-

1010BQ (Hamamatsu). The luminance and the device efficiencies were calculated 

from the photocurrent measurement data obtained with the Si photodiode. The 

electroluminescence spectra were obtained by using a spectroradiometer CS-2000 

(Konica Minolta). 
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2.3. Results and discussions 

2.3.1. Materials design and synthesis 

Synthesis of target molecules started from commercially available precursors, 

and completed by three steps of reaction including Friedel-Crafts acylation, 

condensation followed by Buchwald-Hartwig amination. Details of overall synthesis 

scheme, methods and structure analysis data were described in Supplementary 

Information. Whole synthetic routes were facile and the products were obtained with 

moderate yield. 

 

2.3.2. Theoretical calculation 

Optimized molecular and orbital geometry, and energy levels were calculated using 

density functional theory (DFT) and time-dependent DFT (TD-DFT). Dihedral 

angles between the phenoxazine donor and oxadiazole acceptor ranged from 77Á to 

90Á for all target molecules. From the torsion close to the right angle between donor 

and acceptor, highest occupied molecular orbitals (HOMOs) and lowest occupied 

molecular orbitals (LUMOs) could be definitely localized at the donor and acceptor, 

respectively, which lead to the small ȹEST value for the materials. Interestingly, 

energy level of LUMOs, localized zone of which extended toward the auxiliary 

functional groups of the molecules, were affected by the electronic properties of the 

groups. Electron donating functional group made the LUMO level shallower (4ô-

DMAPXZOXD and 4ô-MeOPXZOXD) than the reference material (PXZ-OXD), 
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whereas electron withdrawing functional group did the opposite way (4ô-FPXZOXD, 

4ô-CF3PXZOXD and 4ô-CNPXZOXD). As a result, calculated LUMO level had the 

difference up to 0.94eV between 4ô-DMAPXZOXD and 4ô-CNPXZOXD. However, 

difference of calculated HOMO level was significantly reduced (~0.23eV), since the 

orbitals were localized only at the donor moiety for all molecules. Energy levels of 

the lowest excited state of each spin multiplicity were calculated. Since all materials 

have ȹEST less than 0.05 eV, it was expected that TADF could be executed as 

expected from the distribution of HOMO-LUMO. After checking distribution of 

molecular orbital participating into excitation, both S1 state and T1 state were 

originated from intramolecular CT from donor part to acceptor part of the molecule. 

From which, direct ISC or rISC would not effectively according to the 3-level model. 

Next, excited state stemming from LE, which helps ISC or rISC process as a medium 

state, was scrutinized. In all target materials, lowest LE excited state of 10H-

phenoxazine donor was calculated about 2.8 eV with triplet multiplicity. For 1,3,4-

oxadiazole acceptor part, the value differed from 2.60 eV in 4'-DMAPXZOXD to 

3.21 eV in 4'-CNPXZOXD, as auxiliary functional group changes while keeping 

triplet multiplicity. As strong electron withdrawing functional group attached, 

electron density at acceptor part increased which led to higher excited triplet energy 

of LE state from acceptor. 
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Figure 2-2. Optimized structure and distribution of HOMOs and LUMOs of the 

target materials from DFT calculation. 
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Table 2-1. Selective parameters of 1,3,4-oxadiazole-based TADF emitters from 

DFT calculation. 
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2.3.3. Photophysical properties 

Photophysical characteristics of the target materials were evaluated thoroughly. 

From the selected results, role of the auxiliary functional group toward 

photoluminescent and TADF properties could be delineated. First, energy levels of 

HOMOs and LUMOs were experimentally analyzed from UV-Vis absorption spectra 

and cyclic voltammetry graphs. Energy levels of HOMOs, calculated with oxidation 

onset voltage of cyclic voltammetry graph, were about -5 eV for all target materials 

and not related to the type of functional group. However, optical bandgap energy 

from onset wavelength of UV-Vis absorption graph was varied according to the 

functional group, which made different LUMO levels of -2.15 eV and -2.42 eV for 

4'-DMAPXZOXD and 4'-CNPXZOXD, respectively. As the calculation results 

depicted, electron withdrawing auxiliary functional group made LUMO level deeper, 

as the functional group decreased oxadiazole acceptor's electron density, making 

electron potential get lower. 

Overall luminescent characteristics of the target materials were investigated 

through UV-Vis absorption spectra, steady-state photoluminescence (PL) spectra and 

PL quantum yields (PLQYs). In toluene solution, all target materials showed high 

absorbing structured band around 300nm and relatively low absorbing structureless 

band. Especially, the structureless absorbing band could be assigned as 

intramolecular CT absorption since the band slightly moves along with the 

intramolecular CT strength of the compound. Intramolecular CT characteristics had 
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Figure 2-3. (upper) Absorption and emission spectra of target materials in 

toluene solution. (below) Emission spectra of target materials doped in mCPCN 

film. 
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Table 2-2. Photophysical parameters of 1,3,4-oxadiazole-based TADF emitters 

from experiments. 
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major role in the PL spectra, giving structureless graph and emission range varying 

with the intramolecular CT strength. 4ô-DMAPXZOXD with the strongest EDG 

substituted at the acceptor moiety had PL emission peak at 486nm, whilst 4ô-

CNPXZOXD with the strongest EWG had PL emission peak at 533nm. Difference 

up to 47nm in the PL emission peak throughout the series of target materials was 

smaller than in the series of compounds from conventional molecular design strategy, 

which alters core donor or acceptor moiety to totally different chemical group.8,18 In 

the thin film doped in mCPCN as host, the tendency of emission range was kept with 

much lower difference between 4ô-DMAPXZOXD and 4ô-CNPXZOXD. Absolute 

PLQYs of the film samples were measured using integrating sphere, scoring the 

highest value of 86.8% for 4ô-CNPXZOXD. 

To verify the potential of rISC in target compounds, fluorescence and 

phosphorescence spectra in 77K were measured to calculate S1 and T1 levels. All 

spectra showed structureless single-peaked graph, indicating that intramolecular 

charge transfer state rather than locally excited state of donor or acceptor part was 

related to the lowest excited state. Influence of intramolecular CT characteristics on 

S1 and T1 state could be found in tendency of emission range, which is same as in 

the room-temperature PL spectra. ȹEST calculated from onset of fluorescence and 

phosphorescence spectra decreased when stronger electron withdrawing group 

attached, which made ȹEST value of 4ô-CF3PXZOXD and 4ô-CNPXZOXD lower 

than 0.05eV. However, strong electron donating dimethylamino group in 4ô-

DMAPXZOXD made ȹEST increased up to 0.272eV, indicating remarkably reduced  
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Figure 2-4. Low temperature PL spectra of the target materials doped in mCPCN 

film. 
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chance of TADF. 

Delayed fluorescence was directly observed via transient PL decay profile. At 

the low temperature ca. 100K, all thin film samples of target materials didnôt show 

PL decay lifetime about 101 ɛs order or longer, which is commonly known decay 

lifetime of D-A combined TADF compound. However, as the temperature increased, 

some compounds exhibited PL decay lasting more than microsecond time range. 

Lifetime of delayed fluorescence of 4ô-CF3PXZOXD and 4ô-CNPXZOXD didnôt 

exceed 10ɛs, which could be described from efficient rISC by reduced ȹEST value. 

PXZ-OXD and 4ô-FPXZOXD also showed delayed fluorescence with lifetime from 

14.5ɛs to 20.6ɛs, but not conspicuous as abovementioned compounds because of 

increased ȹEST. The delayed fluorescence observed could be concluded as TADF 

from that all delayed fluorescence appeared and got intensified as temperature 

increased. In 4ô-DMAPXZOXD and 4ô-MeOPXZOXD, delayed fluorescence 

wasnôt founded, as expected from low-temperature PL analysis. 

 

2.3.4. Rate constant study 

From lifetime data of transient PL decay graph combined with the measured 

fluorescence performances, rate constant study was carried out following the formula 

in  reference.19 Rate constants and quantum efficiencies of selected photophysical 

transitions are listed at Table S3. Contrary to the expectation that reduced ȹEST in 

electron-withdrawing-group-attached compounds enhances TADF performance so 

that the portion of delayed fluorescence toward PLQY (fDF) increase, calculated fDF 
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Figure 2-5. Time-resolved radiative decay profile of target materials doped in 

mCPCN film in various temperatures. 
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also reduced as ȹEST reduced. This could be elucidated from high rate constant of 

radiative decay in S1 state (krad,S), guiding photoexcited singlet exciton directly to 

prompt fluorescence rather than quantum-mechanically prohibited ISC in spite of 

small energy difference. However, at the same time, tendency of rate constant of 

rISC (krISC) matched with tendency of ȹEST, krISC scoring high as 4.12*105 s-1 in 4ô-

CNPXZOXD while low as 2.37 *105 s-1 in 4ô-FPXZOXD. From the result, small 

ȹEST value played an important role toward photophysical properties in two ways ï 

increasing krad,S and krISC, which predicted that 4ô-CNPXZOXD become a high-

performance TADF emitter for OLED among the target compounds. 
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Table 2-3. Rate constants and other photophysical parameters of 1,3,4-

oxadiazole-based TADF emitters. 
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2.3.5. OLED device performance 

To evaluate electric device performance of the target materials, OLED devices 

were fabricated as a stacked layers of ITO / HAT-CN (5 nm) / TAPC (30 nm) / mCP 

(10 nm) / 6wt.% emitter : mCPCN (20 nm) / TmPyPB (10 nm) / 3TPYMB (50 nm) 

/ LiF (0.7 nm) / Al (100 nm). (ITO: indium tin oxide, served as an anode, HAT-CN: 

1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile, served as a hole-injecting 

material, TAPC: 4,4ô-cyclohexylidenebis[N,Nô-bis(4-methylphenyl)benzenamine], 

served as a hole transporting material, mCP: 1,3-bis(9H-carbazol-9-yl)benzene, 

served as an exciton blocking material,  mCPCN: 9-(3-(9H-carbazol-9-yl)phenyl)-

9H-carbazole-3-carbonitrile, served as a host, TmPyPB: 1,3,5-tri(m-pyridin-3-

ylphenyl)benzene, served as an exciton blocking material, 3TPYMB: tri[3-(3-

pyridyl)mesityl]borane, served as an electron transporting material, LiF as an 

electron injecting material, Al as a cathode) OLED device with the referential PXZ-

OXD as emitter showed maximum EQE of 18.7% and emission spectrum peaking 

at 496nm, which is comparable to the data of 2PXZ-OXD reported in advance.16 

Tendency of the electroluminescence spectrum among the target materials was same 

as in the PL spectrum except 4ô-FPXZOXD; the auxiliary fluorine of 4ô-FPXZOXD 

is weak electron-withdrawing group but electron-rich, making incoming barrier of 

exciton higher and emission range slightly blue-shifted in the electroluminescence 

situation.20 Internal Commission on Illumination (Commission international de 

Iô®clairage, CIE) coordinate of the OLED device with PXZ-OXD was (0.25,0.43), 

and the coordinate of other series of the device didnôt deviated remarkably from the 
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referential one, featuring bluegreen to green emission to the naked eye. EQE of the 

device with 4ô-CNPXOXD recorded up to 21.3%, which was facilitated by efficient 

rISC and high radiation rate constant from the S1 state. Other series of the device 

showed EQE analogous to the PXZ-OXD device, showing potential of oxadiazole 

core as acceptor for the highly efficient TADF emitter when properly modified and 

combined with donor. 
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Figure 2-6. (a) Structure of OLED device. (b) J-V-L curve of the OLED device. 

(c) Electroluminescence spectrum of the OLED device. (d) External quantum 

efficiency graph of the OLED device. 
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Table 2-4. Performance of OLED device using 1,3,4-oxadiazole-based TADF 

emitters. 
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2.4. Conclusions 

In summary, series of PXZ-OXD derivatives with various auxiliary functional 

groups were developed to find role of intramolecular CT characteristics in D-A type 

TADF emitter. Unlike traditional molecular design strategy, auxiliary functional 

group moderated excited energy state and emissive rate constants with suppressed 

spectral shift. From the strategy, 4ô-CNPXZOXD containing strong electron-

withdrawing nitrile group among newly introduced compounds in this work showed 

EQE up to 21% in OLED device. By controlling auxiliary functional groupôs electric 

characteristics properly, D-A type TADF emitter could be enhanced in its rISC 

performance without changing its main donor and acceptor pair. 
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Chapter 3.  

1,8-Naphthalimide Acceptor for Efficient Red TADF 

Emitter 

 

3.1. Research background 

Red-to-Near Infrared (NIR) light-emitting devices have been widely used 

beyond the traditional display industry, for communication, security, and 

bioapplication. However, red emitters have lower limit in luminous efficiency than 

other primary colors of light ï blue and green ï described in energy gap law1. 

Accordingly, there have been numerous studies2-5 on highly emissive red-to-NIR 

emitter from various viewpoints. Phosphors including heavy metal complexes6 show 

efficient red-to-NIR emission through proper combination of core metal and ligand, 

but they also suffer from efficiency roll-off in high-current light emitting devices 

because of harsh quenching tendency of excited triplet states which are related to 

emission. In case of conventional fluorophores, only the excited singlet state is 

involved in luminescence, there is a considerable limitation in terms of internal 

quantum efficiency (IQE) because fluorophore harvests a quarter of electrically 

generated excitons as singlet states. As a breakthrough in exciton harvesting, C. 

Adachi and his colleagues7 introduced thermally activated delayed fluorescence 

(TADF) into light-emitting devices. After the first application in organic light 
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emitting diode (OLED), TADF emitters have been drawn a great attention to realize 

highly luminescent OLEDs. 

In TADF emitter, excited triplet states created from electrical excitation can be 

converted into excited singlet states via reverse intersystem crossing (rISC), which 

overcomes the limit of conventional fluorophores in terms of IQE. From this, 

vigorous studies on overall photophysical process and universal material design 

strategy related to TADF emitter have been done to raise its performance. The 

common knowledge to date is that the TADF emitter need to reduce the energy 

between excited singlet state and triplet state (ȹEST) which is related to the hurdle of 

rISC process, and this could be achieved by designing emitter molecule with a 

twisted linkage of electron donor (D) and acceptor (A). Numerous donors 

represented by amines and acceptors represented by electron withdrawing groups 

and heterocyclic compounds have been reported so far. Among various acceptors, 

pyrazine8, heptaazaphenalene9, and quinoxaline10 have strong electron withdrawing 

ability and are used as the core of efficient red-to-NIR TADF emitters. 

Other than these, highly efficient red-to-NIR TADF emitters based on 

naphthalimide acceptor core have been reported11,12, which include the material with 

electroluminescence (EL) peak at around 600nm and external quantum efficiency 

(EQE) of 30% in the OLED device without any special treatment after device 

fabrication. Although the emitters based on naphthalimide have bright enough 

emission in the device, they are expected to show more potential for deeper red 

emission. Considering a low excited triplet state level of naphthalimide13, deeper red 
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emission could be satisfied by relaxation of excited state from strong intramolecular 

charge transfer (CT) of D-A structure including naphthalimide as acceptor moiety. 

In this chapter, with reference to the reported material, deeper red emission in 

naphthalimide core while maintaining outstanding TADF properties was made by (1) 

making acceptor stronger by applying trifluoromethyl group (-CF3) as an auxiliary 

electron withdrawing group (EWG), or (2) using stronger arylamine donor. All 

TADF emitters, including already-reported PNIDMAC (ñ6AcBIQò in the 

reference11), were fully studied in photophysical characteristics and device 

performances. It was confirmed that the molecular design strategies toward efficient 

red-to-NIR TADF emitter were valid by observing the EL spectrum peak at 600nm 

or longer. From the molecules, maximum EQE of 12.7% was acquired from 

diCF3PNIDMAC and the deepest red emission with emission maximum at 641nm 

was observed from diCF3PNIPXZ. 
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3.2. Experimental method 

3.2.1. Materials and synthesis 

All target materials were synthesized in a two-step reaction from naphthalic 

anhydride. Chemicals for synthesis of the target materials were used as purchased 

from commercial suppliers, without further purification. Thin layer chromatography 

(TLC) plate (silica gel 60 F254, Merck Co.) and silica gel 60 (particle size 0.063 ï 

0.200mm, Merck co.) were used to judge the reaction progress and for column 

chromatographic purification. 

Chemical structures of the final target materials were assigned by analyzing 

nuclear magnetic resonance (NMR) spectra, mass spectra and elemental analysis 

(EA) data. 1H-NMR data of the target materials were recorded on Avance-300 

(Bruker), and 13C-NMR data were recorded on Avance-500 (Bruker). Mass spectra 

of the target materials were obtained with JMS-700 (JEOL) and 6890 series (Agilent). 

EA of carbon, hydrogen and nitrogen of the target materials was executed with 

Flash2000 (ThermoFisher Scientific). 

 

Synthesis of 6-bromo-2-phenyl-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(PNIBr) 

A mixture of 4-bromo-1,8-naphthalic anhydride (5.00 g, 18.05 mmol), aniline 

(2.47 mL, 27.07 mmol) and acetic acid (100 mL) was refluxed for 24 hours. After 

the reaction finished, the mixture was cooled down to room temperature and poured 
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Figure 3-1. Chemical structure and synthetic route of the target materials. 
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into water to precipitate material. Crude precipitate material was filtered and 

recrystallized from mixed solvent of chloroform and methanol to afford the product 

as pale yellow solid (2.68 g, yield: 42.2 %). 1H NMR (300 MHz, DMSO-d6) ŭ: 8.61 

(t, J = 7.5 Hz, 2H), 8.37 (d, J = 9.0 Hz, 1H), 8.28 (d, J = 9.0 Hz, 1H), 7.56-7.47 (m, 

3H), 7.40 (d, J = 9.0 Hz, 2H). 

 

Synthesis of 6-(9,9-dimethylacridin-10(9H)-yl)-2-phenyl-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (PNIDMAC) 

To a dehydrated round-bottomed flask connected with a reflux condenser, a 

mixture of PNIBr (1.25 g, 3.55 mmol), 9,10-dihydro-9,9-dimethylacridine (817 mg, 

3.90 mmol), bis(tri-tert-butylphosphine)palladium(0) (30 mg, 0.06 mmol), sodium 

tert-butoxide (682 mg, 7.10 mmol), and anhydrous toluene (40 mL) was refluxed 

under inert atmosphere filled with Ar for 24 hours. After the reaction finished, the 

mixture was cooled down to room temperature and the solvent was removed under 

reduced pressure, followed by extraction with brine and dichloromethane. The 

organic layer was dried with MgSO4 and concentrated under reduced pressure. The 

residual solid crude material was purified by column chromatography on silica gel 

using mixture solvent of ethyl acetate / n-hexane (v:v 1:5) and recrystallized from 

mixed solvent of chloroform and methanol to afford 6-(9,9-dimethylacridin-10(9H)-

yl)-2-phenyl-1H-benzo[de] isoquinoline-1,3(2H)-dione (PNIDMAC) as orange 

powder (800 mg, yield: 46.9 %). 1H NMR (300MHz, CDCl3) ŭ: 8.87 (d, J = 7.7 Hz, 

1H), 8.69 (d, J = 7.3 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.68 
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(dd, J1 = 8.4 Hz, J2 = 7.3 Hz, 1H), 7.64-7.48 (m, 5H), 7.37 (d, J = 6.9 Hz, 2H), 6.97 

(t, J = 7.5 Hz, 2H), 6.88 (t, J = 7.7 Hz, 2H), 5.99 (d, J = 8.1 Hz, 2H), 1.86 (s, 3H), 

1.78 (s, 3H). 13C NMR (125MHz, CDCl3) ŭ: 164.28, 163.95, 144.74, 140.28, 135.46, 

133.18, 132.58, 131.09, 131.03, 130.87, 130.71, 130.16, 129.69, 129.06, 128.82, 

128.31, 126.94, 126.22, 124.08, 123.33, 121.52, 114.22, 77.47, 77.22, 76.96, 36.27, 

32.98, 32.32 . HRMS m/z: calc.d for C33H24N2O2, 480.18; found, 480.7970. EA: 

calc.d for C33H24N2O2, C 82.48, H 5.03, N 5.83; found, C 82.13, H 4.94, N 5.67. 

 

Synthesis of 2-(3,5-bis(trifluoromethyl)phenyl)-6-bromo-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (diCF3PNIBr) 

A mixture of 4-bromo-1,8-naphthalic anhydride (5.00 g, 18.05 mmol), 3,5-

bis(trifluoromethyl)aniline (4.21 mL, 27.07 mmol), zinc acetate (5.30 g, 28.87 mmol) 

and quinoline (100 mL) was refluxed for 36 hours. After the reaction finished, the 

mixture was cooled down to room temperature and extracted with deionized water 

and dichloromethane. The organic layer was dried with MgSO4 and concentrated 

under reduced pressure. The residual viscous crude material was purified by column 

chromatography on silica gel using dichloromethane as eluent and recrystallized 

from mixed solvent of chloroform and methanol to afford the product as white 

powder (4.32 g, yield: 49.0 %). 1H NMR (300 MHz, DMSO-d6) ŭ: 8.65 (dd, J1 = 

13.5 Hz, J2 = 6.0 Hz, 2H), 8.40 (d, J = 9.0 Hz, 1H), 8.31 (m, 4H), 8.08 (t, J = 9.0 Hz, 

1H). 
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Synthesis of 2-(3,5-bis(trifluoromethyl)phenyl)-6-(9,9-dimethylacridin-10(9H)-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (diCF3PNIDMAC) 

To a dehydrated round-bottomed flask connected with a reflux condenser, a 

mixture of diCF3PNIBr (1.70 g, 3.48 mmol), 9,10-dihydro-9,9-dimethylacridine 

(802 mg, 3.83 mmol), Pd catalyst (50 mg, 0.10 mmol), sodium tert-butoxide (670 

mg, 6.97 mmol), and anhydrous toluene (50 mL) was refluxed under inert 

atmosphere filled with Ar for 24 hours. After the reaction finished, the mixture was 

cooled down to room temperature and the solvent was removed under reduced 

pressure, followed by extraction with brine and dichloromethane. The organic layer 

was dried with MgSO4 and concentrated under reduced pressure. The residual solid 

crude material was purified by column chromatography on silica gel using mixture 

solvent of ethyl acetate / n-hexane (v:v 1:5) and recrystallized from mixed solvent 

of chloroform and methanol to afford 2-(3,5-bis(trifluoromethyl)phenyl)-6-(9,9-

dimethylacridin-10(9H)-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(diCF3PNIDMAC) as orange powder (1.37 g, yield: 63.8 %). 1H NMR (300MHz, 

CDCl3) ŭ: 8.90 (d, J = 7.7 Hz, 1H), 8.71 (d, J = 7.3 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 

8.03 (s, 1H), 7.88 (d, J = 7.7 Hz, 3H), 7.72 (dd, J1 = 8.4 Hz, J2 = 7.3 Hz, 1H), 7.56 

(d, J = 7.7 Hz, 2H), 6.98 (t, J = 7.5 Hz, 2H), 6.88 (t, J = 7.7 Hz, 2H), 5.96 (d, J = 8.2 

Hz, 2H), 1.86 (s, 3H), 1.79 (s, 3H). 13C NMR (125MHz, CDCl3) ŭ: 163.88, 163.54, 

145.53, 140.23, 136.84, 133.67, 133.21, 133.05, 132.94, 132.66, 131.43, 131.30, 

130.86, 130.23, 129.97, 128.49, 127.20, 126.98, 126.87, 126.30, 124.20, 123.41, 

123.14, 123.12, 122.62, 122.03, 121.67, 114.16, 77.48, 77.22, 76.97, 36.30, 32.96, 
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32.32. HRMS m/z: calc.d for C35H22F6N2O2, 616.16; found, 616.5025. EA: calc.d for 

C35H22F6N2O2, C 68.18, H 3.60, N 4.54; found, C 67.92, H 3.61, N 4.42. 

 

3.2.2. Quantum chemical calculation 

All quantum chemical calculations were carried out using the Gaussian 09 

quantum chemical package. Geometry optimization in the ground state was 

performed using density functional theory (DFT) method with B3LYP functional / 

6-31G(d,p) basis set. Energy levels of the ground state and some excited state with 

singlet or triplet multiplicity were calculated using time-dependent DFT (TD-DFT) 

method with B3LYP functional / 6-31G(d,p) basis set. 

 

3.2.3. Photophysical and electrochemical characterization 

Solution samples for cyclic voltammetry (CV) measurement were prepared as 

concentration of 5 Ĭ 10-3 M in methylene chloride, with 0.1 M TBAHFP as the 

supporting electrolyte. Solution samples for other photophysical characterizations 

were prepared as concentrations of 10-5 M in toluene. Film samples were fabricated 

on quartz substrate using thermal evaporation under vacuum (P < 10-4 Pa), with co-

deposition rate of 1.0 ¡ s-1 in total for the emitter and host material. Quartz substrates 

were rinsed by sonication with detergent-containing deionized water, acetone, and 

isopropyl alcohol, in the listed order. 

CV was performed on 273A (Princeton Applied Research) using a three-

electrode solution container cell. Three electrodes include an Ag wire in 0.01 M 
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AgNO3 solution as a reference electrode, a carbon disc as a working electrode, and 

a Pt wire as a counter electrode. The redox potential of the reference electrode was 

calibrated using ferrocene/ferrocenium (Fc/Fc+) as an internal standard. For steady-

state photophysical studies, UV-1650PC (Shimadzu) for UV-Vis absorption spectra, 

QuantaMaster 40 (Photon Technology International) for room temperature 

photoluminescence spectra, Cary Eclipse fluorescence spectrophotometer (Varian) 

for low temperature photoluminescence spectra were used, respectively. In order to 

remove background data, quartz cuvette filled with toluene, which was the solvent 

for the solution samples, or blank quartz substrate was used for the steady-state 

photophysical studies. Time-dependent photoluminescence decay profiles were 

observed by FluoTime 200 (PicoQuant) and analyzed by time-correlated single 

photon counting technique. 

 

3.2.4. Equations for rate constants 

According to the reference,14 equations below were used to calculate rate 

constants related to TADF process. Symbols used for terminologies were described 

as follows: ūPF and ūDF (photoluminescence quantum yield (PLQY) derived from 

prompt and delayed fluorescence), kPF and kDF (rate constant of prompt and delayed 

fluorescence), krS and knrS (rate constant of radiative and nonradiative decay from 

excited singlet state, to be specific, S1), knrT (rate constant of nonradiative decay from 

excited triplet state, to be specific, T1), ūISC and ūrISC (ISC and rISC efficency), kISC 

and krISC (rate constant of ISC and rISC) 
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After experimental measurement and analysis of photophysical properties, ūPF, 

ūDF, ŰPF and ŰPF could be directly calculated. Other rate constants and efficiencies for 

designated photophysical process were calculated by the formula and confirmed 

whether the values fit the assumption for derivation of the equation. 

 

3.2.5. OLED device fabrication and device test 

OLED devices were fabricated on indium tin oxide (ITO)-patterned glass 

substrate using thermal evaporation under vacuum (P < 10-4 Pa). Detailed structure 

of the device and materials used were described at the discussion section. ITO-

patterned glass substrates were rinsed by sonication with detergent-containing 

deionized water, acetone, and isopropyl alcohol, in the listed order. Sublimation-

grade chemicals were used as purchased from commercial sources without further 

sublimation, unless specifically mentioned. Target materials were used as emitter and 

sublimed two times before the device fabrication. mCPCN, used for host material, 

was synthesized according to the previously reported method15 and sublimed two 
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times before the device fabrication. 

Each layer was deposited continuously following 20 minutes interval in order 

to prevent from intervening of particle formed during deposition and from increasing 

substrate temperature. Deposition rate was 1.0 ¡ s-1 for organic layers, 1.0 ¡ s-1 in 

total for the co-deposited organic layers, 0.1 ¡ s-1 for LiF and 2.0 ¡ s-1 for Al 

electrode, respectively. Customized aluminum masks for organic and inorganic 

material were applied during deposition to make the emitting layer of 2 mm Ĭ 2mm 

square shape. 

To evaluate performance of the OLED devices, the currentīvoltageīluminance 

(IīVīL) data were collected with Keithley 236 source-measure unit (Tektronix), 

Keithley 2000 multimeter unit (Tektronix) and a calibrated Si photodiode S5227-

1010BQ (Hamamatsu). The luminance and the device efficiencies were calculated 

from the photocurrent measurement data obtained with the Si photodiode. The 

electroluminescence spectra were obtained by using a spectroradiometer CS-2000 

(Konica Minolta). 
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3.3. Results and discussions 

3.3.1. Materials design and synthesis 

Synthesis of target molecules started from commercially available 4-

bromonaphthalic anhydride, and completed by two steps of reaction including 

condensation followed by Buchwald-Hartwig amination. Details of overall synthesis 

scheme, methods and structure analysis data were described in Supplementary 

Information. Whole synthetic routes were facile and the products were obtained with 

moderate yield. 

 

3.3.2. Theoretical calculation 

Before characterization of the target materials, optimized molecular geometry 

and electronic properties were calculated using Density Functional Theory (DFT) 

and Time-dependent DFT (TD-DFT). Molecular structure of all target materials in 

ground state exhibited twisted linkage of D-A, with dihedral angle of nearly 90ę 

between naphthalimide and arylamine donor, which meets general design strategy of 

TADF molecule. Distribution of frontier molecular orbitals (FMOs) of target 

materials also showed that they were expected to exhibit TADF characteristics, 

where the highest occupied molecular orbitals (HOMOs) were localized at D and the 

lowest unoccupied molecular orbitals (LUMOs) were localized at A (naphthalimide), 

which could lead to reduced ȹEST of molecules low enough to overcome by thermal 

excitation. Particularly, LUMO localized at naphthalimide didnôt extended to 
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Figure 3-2. Optimized structure and distribution of HOMOs and LUMOs of the 

target materials from DFT calculation. 


