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Organic light-emitting diodes (OLEDs) have been attracting great attention as 

next-generation displays due to advantages such as self-emitting, high brightness, 

high contrast ratio, fast response and ultra-thin thickness. The materials used for the 

emitting layer (EML) are the key part of the OLEDs and demand high color purity, 
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high quantum efficiency and easy reproducibility of production. Among them, since 

it is particularly difficult to obtain high color purity and quantum efficiency for blue 

luminescent materials, research on them is further required than other primary colors. 

In this study, the development of fluorescent materials for the blue emission and the 

delayed fluorescence (DF) is discussed, and followed by the structure of color-

tunable OLEDs (CTOLEDs) fabrication. The blue fluorescent materials exhibit 

better color purity and quantum efficiency than conventional blue materials, and the 

delayed fluorescent materials show higher quantum efficiency in a non-doped 

condition without a host material in the EML than those of doped condition. The 

CTOLED using an exciton blocking layer (EBL) is applied to the development of 

ultra-thin carbon nanotube (CNT)-based electrocardiogram (ECG) monitors and 

shows sensitive color change according to heart rate. 

Part I summarizes basic theories for the understanding of the overall 

photophysical phenomena involved in the OLEDs. Understanding the mechanism of 

absorption and emission processes is necessary to analyze the principle of 

electroluminescence, its quantum efficiency and lifetime in an actual device. Also, 

this understanding is helpful to devise novel blue fluorescent materials and delayed 

fluorescent materials for use in OLEDs. 

Part II is a study on the development of the highly efficient blue fluorescent 

emitters without a host material in the EML. It has been known to be difficult to 

develop blue fluorescent materials with the standard blue color coordinates 

corresponding to CIE (0.15, 0.07) and high quantum efficiency, because of the 

inherent high band-gap energy characteristic and the imbalanced charge transporting 

properties. In this study, donor-chromophore-acceptor type blue fluorescent 

materials are developed where hole transport and/or electron transport functional 
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groups are twisted with respect to the plane of the chromophore. These materials 

show high charge balance and prevent the bathochromic shift of emission in the solid 

state. In the first section, four bipolar luminescent molecules (3PAA, IQAA, 3QAA, 

and PTAA) with anisole-anthracene (AA) cores attached to the electron withdrawing 

group such as pyridine, isoquinoline, quinoline and phenanthroline, respectively, are 

designed and synthesized for use as non-doped blue fluorescent materials. Because 

of highly twisted molecular structure, each molecule shows deep-blue to sky-blue 

emission in solution state. The emission of the quinoline-attached 3QAA is shifted 

to the longer wavelength region (bathochromic shift) compared to those of 3PAA 

and IQAA, whereas phenanthroline-attached PTAA emitted relatively longer 

wavelength region than that of 3QAA. These results come from the difference in the 

conjugation length and position of the electron accepting group. In the second section, 

blue fluorescent emitters named T1B and T2B are synthesized by direct coupling of 

triphenylamine with good hole mobility and benzimidazole with good electron 

mobility, for use as deep-blue emitters for efficient non-doped fluorescent OLEDs, 

where the correlation between the device performance and the molecular packing 

density is investigated. Fluorescent OLEDs using sterically bulky T2B as an emitter 

without a host material show deep-blue emissions and higher external quantum 

efficiency (EQE) than that of T1B owing to more efficient inhibition of exciton 

quenching. In the third section, three blue fluorescent materials, named QT, XT, and 

ZT, are developed by combining triphenylamine for good hole mobility, quinoline, 

quinoxaline and quinazoline for good electron mobility, respectively. Non-doped 

OLEDs based on QT, XT, and ZT generate saturated blue to sky-blue EL emission. 

Among them, OLEDs fabricated using QT exhibit the highest efficiency and color 

coordinates close to the standard blue color, and is also used as a host material for 

XT and ZT. In the fourth section, a new indenophenanthrene core structure is 



v 

 

developed to induce a deep blue emission by hybridizing a phenanthrene moiety with 

fluorene. TIP and DIP are synthesized by coupling triphenylamine and 

diphenylamine with good hole mobility to the indenophenanthrene core, respectively. 

DIP-based non-doped OLED devices exhibit higher efficiency compared to TIP-

based devices, as they have well-matched hole and electron density at the same 

driving voltage.  

Part III is a study on the development of high-efficiency materials that produce 

delayed fluorescence without a host material. Thermally activated delayed 

fluorescent (TADF) molecules tend to aggregate easily, through π-π interactions 

arising from their innate hydrophobicity and rigid-planar structures. This 

phenomenon leads to aggregation-caused quenching (ACQ) and exciton 

concentration quenching in the solid state, which is the fatal weakness in OLEDs 

using solid-state emission. To overcome this problem, two materials named AmT 

and AmmT are designed. These two emitters are composed of electron donor 

(acridine) and acceptor (triphenyltriazine) moieties, which are connected at the meta 

positions so that intra- and intermolecular charge transfer (CT) states can be induced 

through exciplex-like interactions between the same emitters. These materials also 

show DF characteristic. AmT-and AmmT-based non-doped OLEDs devices exhibit 

higher external quantum efficiencies than those of doped devices, due to not only the 

formation of excitons by intramolecular interaction, but also by intermolecular 

interaction. 

In part IV, a method for manufacturing wearable ECG monitors is developed 

using a CNT based ultra-thin electronic device and a CTOLEDs based display. A p-

type metal-oxide semiconductor (p-MOS) inverter with four CNT transistors leads 

to successful acquisition of the ECG signals by allowing high amplification. In the 
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CTOLEDs, an ultrathin EBL of bis[2-(diphenylphosphino)phenyl]ether oxide 

(DPEPO) is used to manipulate the balance of charges between two adjacent 

emission layers; blue EML by bis[2-(4,6-difluorophenyl)pyridinato-

C2,N](picolinato) iridium(III) (FIrpic) and red EML by bis(2-phenylquinolyl-

N,C(2′))-iridium(acetylacetonate) (pq2Ir(acac)), which thereby produces different 

colors with respect to applied voltages. These ultrathin fabricated devices support 

superior wearability yielding the conformal integration for the on-skin sensor, with 

high resilience verified through repetitive bending/folding fatigue tests. The 

wearable CTOLEDs integrated with CNT electronics are used to display human 

ECG changes in real-time using tunable colors.  

 

Keywords: Fluorescent organic light emitting device, Bipolar, Blue 

fluorescent material, Delayed fluorescent material, Intermolecular interaction, 

Carbon nanotube, Color tunable organic light emitting device, Wearable sensor 
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Part I. Basics of OLEDs 
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1. Introduction 

1.1. The rise of OLED displays (By J.-F. Tremblay) 

Long the focus of research at academic and corporate labs worldwide, organic 

light-emitting diode (OLED) displays are starting to trickle into the market. 

Although they currently represent only a small slice of the total pie and are so far 

mostly used in mobile phones, OLEDs are poised to rapidly gain market share in the 

coming years. This growth will open up billions of dollars of market opportunity for 

chemical companies that supply materials to the electronics industry. But at the same 

time, such firms are keen to hold on to the business they have with makers of displays 

based on incumbent liquid-crystal display, or LCD, technology. 

 

 

Figure 1.1. Bright future of the OLED display market. 

Note: Mobile phone and TV data available only for 2016. Source: IDTechEx. 

https://cen.acs.org/static/about/staff_landing/biojft.html
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Figure 1.2. How OLEDs work. Source: Universal Display 

 

An OLED can be manufactured using a variety of substrates, including glass, 

plastic, and metal. It consists of several layers of organic materials sandwiched 

between two electrodes. When a voltage is applied across the OLED, a current of 

electrons flows from the cathode to the anode, adding electrons to the emissive layer 

and taking them away or creating electron holes—at the anode. At the boundary 

between these layers, electrons find holes, fall in, and give up a photon of light. The 

color of the light depends on the type of organic molecule in the emissive layer. The 

most advanced OLEDs use electron and hole injection and transport layers to 

modulate electron movement.  
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“OLED displays can be lighter, they can be flexible, and they allow designers 

more leeway with the shape of their devices,” says Guillaume Chansin, senior 

technology analyst at IDTechEx. Theoretically, he adds, OLEDs can be far more 

energy-efficient than the LCDs found in most TVs today. And because they are now 

manufactured on a plastic substrate instead of a glass one, “OLED displays can make 

phone screens shatterproof, or even foldable.” The promise of OLEDs has generated 

much interest among researchers for decades. In an LCD, images are generated by a 

backlight-a light-emitting diode nowadays-that sends light through liquid crystals, 

polarizers, color filters, and several image-enhancing filters. The color black in an 

LCD is created not by turning off the backlight but by electro-orienting the liquid 

crystals to affect the angle at which the passing light hits the polarizers. OLED 

displays are much simpler and thus can be far thinner than LCDs. Instead of a 

backlight, OLEDs feature pixels that individually emit the red, green, and blue lights 

required to form an image. OLEDs consist of organic molecules positioned between 

two electrodes. As current flows from the cathode to the anode, electrons and 

electron holes in the molecules combine, emitting flashes of light. In an OLED 

display, black is created by leaving the corresponding pixels off rather than by 

blocking a backlight. OLED advocates claim that the resulting “true black” is one 

reason OLEDs can display sharper images. And energy is saved, because the parts 

of an OLED display that are dark don’t consume electricity.  

Although the basic concept behind OLEDs is elegant and simple, turning it 

into practice has been another matter entirely. The color blue is a perennial headache 

because the molecules that create it don’t last as long as their red and green 

counterparts. The bonds in the blue molecules tend to break down, partly because 

they are fluorescent rather than phosphorescent and require more electricity to 
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operate. In addition, the charge carriers in blue OLEDs recombine through the 

absorption of ultraviolet light. Moreover, from a performance point of view, the 

energy efficiency of blue OLEDs is also lower than for other colors. 

The cost of making OLED displays is another issue. The core compounds at 

the heart of OLED displays are often made with expensive substances such as 

iridium, a rare metal that sells for nearly $19 per gram. What’s more, the standard 

technique for depositing organic materials on an OLED substrate is a vacuum 

evaporation process in which a mask is laid over a substrate, molecules are deposited, 

the mask is taken off, and the mask is cleaned in a vacuum chamber. Industry insiders 

estimate that the process “wastes” between 70 and 90% of the expensive materials 

coated on the mask.  

In recent years, commitments to OLED production have multiplied. LG 

Display announced a massive $9 billion investment in an OLED TV plant scheduled 

to open in 2018. Numerous reports say Apple is going to source billions of dollars’ 

worth of OLED displays from Samsung for use in future iPhone models. Meanwhile, 

Applied Materials, a supplier of precision manufacturing equipment, disclosed that 

demand for tools to make OLEDs is sharply strengthening in 2016. 

Red and green light are now created with phosphorescent organic compounds 

that have greater quantum efficiency than the fluorescent compounds traditionally 

used in OLEDs. More research still has to be done on phosphorescent blue, DuFour 

says, but “we are hoping for a breakthrough soon.” Ink-jet printing for OLED 

displays is steadily advancing, confirms Christopher Savoie, chief executive officer 

of Kyulux, a developer of OLED display materials based in Fukuoka, Japan. The 

question, he says, is whether materials developers will succeed in designing inks that 

can last long enough for use in a television. “The high energy that blue materials are 
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put through, it creates oxidation, causes all sorts of reactions, breaks bonds,” he says. 

So far, he says, phosphorescent blue materials aren’t commercially available because 

their metallo-organic bonds are relatively weak and achieving long lifetimes is 

difficult. Kyulux has developed fluorescent blue materials that it claims perform 

almost as well as phosphorescent ones. Significantly, Savoie explains, the materials 

that Kyulux offers don’t contain expensive metals such as iridium. Using materials 

that do not contain rare metals reduces the cost of making displays, even with the 

deposition process, Savoie says. 

 

 

Figure 1.3. Examples of emitter molecules that can be used in OLED displays. Credit: 

Kateeva 

 

In response to this need, thermally activated delayed fluorescence (TADF) is 

the most promising exciton harvesting mechanism used in OLED devices. Since the 

first reported OLED based on an organic TADF emitter in 2011 tremendous attention 

in recent years has been devoted to improving their performance (Figure 1.4). One 

important advantage of TADF emitters is that they can be purely organic, thus 

avoiding the problems associated with the use of heavy-metal-based organometallic 

complexes. 
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Figure 1.4. Timeline of developments of TADF-based OLEDs. Reproduced with 

permission. Copyright 2017, Wiley-VCH.1  

 

With OLED technology becoming standard in mobile phones but making only 

hesitant progress in TVs, the display industry is currently at a crossroads, says Uno, 

the IHS analyst. “It all really depends on the adoption rate by companies like Apple,” 

he says. But OLED displays provide such significant advantages over LCDs in terms 

of weight, thinness, robustness, and flexibility that change will happen fast once key 

hurdles are overcome, Uno adds. “If manufacturers can develop a process that 

achieves high yields,” he says, “I am certain the whole display industry will shift to 

OLEDs.” 
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2. Absorption of UV-Vis Light 

2.1. Type of electronic transition in aromatic molecules 

 

 

Figure 1.5. Example of Energy levels of molecular orbitals (HOMO: Highest 

Occupied Molecular Orbitals; LUMO: Lowest Unoccupied Molecular Orbitals) and 

possible electronic transitions. Copyright 2001, Wiley-VCH.2 

 

Figure 1.5 exhibits energy levels of molecular orbitals. An electronic 

transition consists of the promotion of an electron from an orbital of a molecule in 

the ground state to an unoccupied orbital by absorption of a photon. This molecule 

is said to be in an excited state. A σ orbital can be formed either from two s atomic 

orbitals, or from one s and one p atomic orbital, or from two p atomic orbitals having 

a collinear axis of symmetry. The bond formed in this way is called a σ bond. A π 



9 

 

orbital is formed from two p atomic orbitals overlapping laterally. The resulting bond 

is called a π bond. Absorption of a photon of appropriate energy can promote one of 

the π electrons to an antibonding orbital denoted by π*. The transition is then called 

π-π*. A molecule may also possess non-bonding electrons located on heteroatoms 

such as oxygen or nitrogen. The corresponding molecular orbitals are called n 

orbitals. Promotion of a non-bonding electron to an antibonding orbital is possible 

and the associated transition is denoted by n-π*. The energy of these electronic 

transitions is generally in the following order: 

n-π* < π-π* < n-σ* < σ-π* < σ-σ* 

The n-π* transition deserves further attention: upon excitation, an electron is 

removed from the oxygen atom and goes into the π* orbital localized half on the 

carbon atom and half on the oxygen atom. The n-π* excited state thus has a charge 

transfer character, as shown by an increase in the dipole moment of about 2D with 

respect to the ground state dipole moment of C=O (3D). In absorption and 

fluorescence spectroscopy, two important types of orbitals are considered: the 

Highest Occupied Molecular Orbitals (HOMO) and the Lowest Unoccupied 

Molecular Orbitals (LUMO). Both of these refer to the ground state of the molecule. 
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Figure 1.6. Distinction between singlet and triplet states, using formaldehyde as an 

example. Copyright 2001, Wiley-VCH.2 

 

Figure 1.6 depicts the classification of excited states. When one of the two 

electrons of opposite spins (belonging to a molecular orbital of a molecule in the 

ground state) is promoted to a molecular orbital of higher energy, its spin is in 

principle unchanged so that the total spin quantum number (S = ∑ 𝑆𝑖 , with 𝑆𝑖 =

+
1

2
 𝑜𝑟 −

1

2
) remains equal to zero. Because the multiplicities of both the ground and 
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excited states (M = 2S + 1) is equal to 1, both are called singlet state (usually 

denoted S0 for the ground state, and S1; S2; …for the excited states). The 

corresponding transition is called a singlet-singlet transition. When a molecule in a 

singlet excited state may undergo conversion into a state where the promoted 

electron has changed its spin; because there are then two electrons with parallel spins, 

the total spin quantum number is 1 and the multiplicity is 3. Such a state is called a 

triplet state because it corresponds to three states of equal energy. According to 

Hund’s Rule, the triplet state has a lower energy than that of the singlet state of the 

same configuration. However, in aromatic molecules, there is no overlap between 

the σ and π orbitals, the π electron system can be considered as independent of the σ 

bonds. It is worth remembering that the greater the extent of the π electron system, 

the lower the energy of the low-lying π-π* transition, and consequently, the larger 

the wavelength of the corresponding absorption band. 

Experimentally, the efficiency of light absorption at a wavelength λ by an 

absorbing medium is characterized by the absorbance A (λ) or the transmittance T 

(λ), defined as Beer-Lambert Law. (Equation 1.1) 

A(λ) = log
𝐼𝜆

0

𝐼𝜆
= −log𝑇(λ) = ε(λ)𝑙𝑐 (Eq. 1.1) 

where 𝐼𝜆
0  and 𝐼𝜆  are the light intensities of the beams entering and leaving the 

absorbing medium, respectively. And ε(λ) is the molar absorption coefficient (L 

mol-1 cm-1), c is the concentration (mol L-1) of absorbing species and l is the 

absorption path length (cm). The molar absorption coefficient, ε(λ), expresses the 

ability of a molecule to absorb light in a given solvent. In the classical theory, 

molecular absorption of light can be described by considering the molecule as an 
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oscillating dipole, which allows us to introduce a quantity called the oscillator 

strength, which is directly related to the integral of the absorption band as follows: 

𝑓 = 2303
𝑚𝑐0

2

𝑁𝑎𝜋𝑒2𝑛
∫ 𝜀(�̅�)𝑑�̅� =  

4.32×10−9

𝑛
∫ 𝜀(�̅�)𝑑�̅� (Eq. 1.2) 

where m and e are the mass and the charge of an electron, respectively, c0 is the speed 

of light, n is the index of refraction, and �̅�  is the wavenumber (cm-1). f is a 

dimensionless quantity and values of f are normalized so that its maximum value is 

1. 

 

2.2. Selection rule 

 

Scheme 1.1. Spin-orbit coupling. Copyright 2001, Wiley-VCH.2 

 

Transitions between states of different multiplicities are forbidden, i.e. 

singlet–singlet and triplet–triplet transitions are allowed, but singlet–triplet and 

triplet–singlet transitions are forbidden. However, there is always a weak interaction 

between the wavefunctions of different multiplicities via spin–orbit coupling. As a 

result, a wavefunction for a singlet (or triplet) state always contains a small fraction 
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of a triplet (or singlet) wavefunction Ψ = 𝛼1Ψ + 𝛽3Ψ; this leads to a small but non-

negligible value of the intensity integral during a transition between a singlet state 

and a triplet state or vice versa (see Scheme 1.1). In spite of their very small molar 

absorption coefficients, such transitions can be effectively observed.  

Intersystem crossing (ISC): Crossing from the first singlet excited state S1 to 

the first triplet state T1 is possible thanks to spin–orbit coupling. The efficiency of 

this coupling varies with the fourth power of the atomic number, which explains why 

ISC is favored by the presence of a heavy atom. 

 

2.3. The Franck-Condon principle 

According to the Born-Oppenheimer approximation, the motions of electrons 

are much more rapid than those of the nuclei (i.e. the molecular vibrations). 

Promotion of an electron to an antibonding molecular orbital upon excitation takes 

about 10-15 s, which is very quick compared to the characteristic time for molecular 

vibrations (10-10~10-12 s). This observation is the basis of the Franck-Condon 

principle (Figure 1.7): an electronic transition is most likely to occur without changes 

in the positions of the nuclei in the molecular entity and its environment. The width 

of a band in the absorption spectrum of a chromophore located in a particular 

microenvironment is a result of two effects: homogeneous and inhomogeneous 

broadening. Homogeneous broadening is due to the existence of a continuous set of 

vibrational sublevels in each electronic state. Inhomogeneous broadening results 

from the fluctuations of the structure of the solvation shell surrounding the 

chromophore. 
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Figure 1.7. Top: Potential energy diagrams with vertical transitions (Franck-Condon 

principle).Bottom: shape of the absorption bands; the vertical broken lines represent 

the absorption lines that are observed for a vapor, whereas broadening of the spectra 

is expected in solution (solid line). Copyright 2001, Wiley-VCH.2 
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3. Characteristics of Fluorescent Emission 

3.1. Radiative and non-radiative transitions between electronic 

states 

 

Figure 1.8. Perrin-Jablonski diagram and illustration of the relative position of 

absorption, fluorescence and phosphorescence spectra. Source: 

https://micro.magnet.fsu.edu/optics/timeline/people/jablonski.html 

 

The singlet electronic states are denoted S0 (fundamental electronic state), Sn 

and the triplet states, Tn Vibrational levels are associated with each electronic state. 

It is note that absorption is very fast (≈10-15 s) with respect to all other processes 

because of there is no concomitant displacement of the nuclei according to the 
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Franck-Condon principle. Absorption of a photon can bring a molecule to one of the 

vibrational levels of from S0 to above S1. 

Internal conversion (IC) is a non-radiative transition between two electronic 

states of the same spin multiplicity. When a molecule is excited to an energy level 

higher than the lowest vibrational level of the first electronic state, vibrational 

relaxation (and IC if the singlet excited state is higher than S1) leads the excited 

molecule towards the zero vibrational level of the S1 singlet state with a time-scale 

of 10-13~10-11 s.  From S1, IC to S0 is possible but is less efficient than conversion 

from S2 to S1, because of the much larger energy gap between S1 and S0. Therefore, 

IC from S1 to S0 can compete with emission of photons (fluorescence) and ISC to 

the triplet state from which emission of photons (phosphorescence) can possibly be 

observed. 

 

3.2. Fluorescence 

Emission of photons accompanying the S1→S0 relaxation is called 

fluorescence. The 0-0 transition is usually the same for absorption and fluorescence. 

However, the fluorescence spectrum is located at higher wavelengths (lower energy) 

than the absorption spectrum because of the energy loss in the excited state due to 

vibrational relaxation (Figure 1.8). In most cases, the absorption spectrum partly 

overlaps the fluorescence spectrum, i.e. a fraction of light is emitted at shorter 

wavelengths than the absorbed light. In general, the differences between the 

vibrational levels are similar in the ground and excited states, so that the fluorescence 

spectrum often resembles the first absorption band. The gap between the maximum 

of the first absorption band and the maximum of fluorescence is called the Stokes 
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shift (Figure 1.9). This important parameter can provide information on the excited 

states. For instance, when the dipole moment of a fluorescent molecule is higher in 

the excited state than in the ground state, the Stokes shift increases with solvent 

polarity. From a practical point of view, the detection of a fluorescent species is of 

course easier when the Stokes shift is larger. 

 

 

Figure 1.9. Definition of the Stokes shift. Copyright 2001, Wiley-VCH.2 

 

It should be noted that emission of a photon is as fast as absorption of a photon. 

However, excited molecules stay in the S1 state for a certain time before emitting a 

photon or undergoing other de-excitation processes (IC, ISC). Thus, after excitation 

of a population of molecules by a very short pulse of light, the fluorescence intensity 

decreases exponentially with a characteristic time, reflecting the average lifetime of 

the molecules in the S1 excited state. The emission of fluorescence photons described 

is a spontaneous process. 

 

3.3. Solvatochromic Shift 
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Figure 1.10. Examples of positive and negative solvatochromic shifts. Source: 

http://www.chemie.uni-regensburg.de/Organische_Chemie/diaktik/Keusch/D-

pos_sol-e.htm. 

 

Broadening of the absorption and fluorescence bands results from fluctuations 

in the structure of the solvation shell around a solute. Moreover, shifts in absorption 

and emission bands can be induced by a change in solvent nature or composition. 

This phenomenon is called solvatochromic shifts, which is experimental evidence of 

changes in solvation energy (Figure 1.10). In other words, when a solute is 

surrounded by solvent molecules, its ground state and its excited state are more or 

less stabilized by solute-solvent interactions, depending on the chemical nature of 

both solute and solvent molecules. Solute-solvent interactions are commonly 

described in terms of Van der Waals interactions and possible specific interactions 
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like hydrogen bonding. In solution, the solute-solvent interactions result not only 

from the permanent dipole moments of solute or solvent molecules, but also from 

their polarizabilities.  

To describe solvatochromic shifts, an additional energy term relative to the 

solute should be considered. This term is related to the transition dipole moment that 

results from the migration of electric charges during an electronic transition. 

The term ‘polarity’ is used to express the complex interplay of all types of 

solute-solvent interactions, i.e. nonspecific dielectric solute-solvent interactions and 

possible specific interactions such as hydrogen bonding. Therefore, polarity cannot 

be characterized by a single parameter, although the 'polarity’ of a solvent (or a 

microenvironment) is often associated with the static dielectric constant ε 

(macroscopic quantity) or the dipole moment μ of the solvent molecules 

(microscopic quantity). 

 

3.4. Intersystem crossing and subsequent processes 
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Scheme 1.2. De-excitation process from S1. (Fluorescence, phosphorescence, 

delayed fluorescence). Copyright 2001, Wiley-VCH.2 

 

A third possible de-excitation process from S1 is ISC toward the T1 triplet state 

followed by other processes, according to Scheme 1.2. ISC is a non-radiative 

transition between two isoenergetic vibrational levels belonging to electronic states 

of different multiplicities. An excited molecule in the 0 vibrational level of the S1 

state can move to the isoenergetic vibrational level of the Tn triplet state; then 

vibrational relaxation brings it into the lowest vibrational level of T1. ISC may be 

fast enough (10-7~10-9 s) to compete with other pathways of de-excitation from S1 

(fluorescence and IC S1→S0). Crossing between states of different multiplicity is in 

principle forbidden, but spin–orbit coupling (i.e. coupling between the orbital 
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magnetic moment and the spin magnetic moment) can be large enough to make it 

possible. The probability of ISC depends on the singlet and triplet states involved. 

Because of the presence of heavy atoms increases spin-orbit coupling, favors 

efficient ISC. 

 

3.5. Phosphorescence versus non-radiative de-excitation 

In solution at room temperature, non-radiative de-excitation from the triplet 

state T1, is predominant over radiative de-excitation called phosphorescence. The 

transition T1→S0 is forbidden (but it can be observed because of spin-orbit coupling), 

and the radiative rate constant is thus very low. During such a slow process, the 

numerous collisions with solvent molecules favor ISC and vibrational relaxation in 

S0. On the contrary, at low temperatures and/or in a rigid medium, phosphorescence 

can be observed. The lifetime of the triplet state may, under these conditions, be long 

enough to observe phosphorescence on a time-scale up to seconds, even minutes or 

more. The phosphorescence spectrum is located at wavelengths higher than the 

fluorescence spectrum (Figure 1.8) because the energy of the lowest vibrational level 

of the triplet state T1 is lower than that of the singlet state S1. 

 

3.6. Delayed fluorescence 

Thermally activated delayed fluorescence (TADF) Reverse intersystem 

crossing T1→S1 can occur when the energy difference between S1 and T1 is small 

and when the lifetime of T1 is long enough. This results in emission with the same 

spectral distribution as normal fluorescence but with a much longer decay time 

constant because the molecules stay in the triplet state before emitting from S1. This 
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fluorescence emission is thermally activated, consequently, its efficiency increases 

with increasing temperature. It is also called delayed fluorescence of E-type because 

it was observed for the first time with eosin. It hardly occur in aromatic hydrocarbons 

because of the relatively large difference in energy between S1 and T1. 

Triplet–triplet annihilation In concentrated solutions, a collision between 

two molecules in the T1 state can provide enough energy to allow one of them to 

return to the S1 state. Such a triplet–triplet annihilation thus leads to a delayed 

fluorescence emission (also called delayed fluorescence of P-type because it was 

observed for the first time with pyrene). The decay time constant of the delayed 

fluorescence process is half the lifetime of the triplet state in dilute solution, and the 

intensity has a characteristic quadratic dependence with excitation light intensity. 

 

3.7. Lifetimes 

 

Scheme 1.3. The rate constants for the various at excited state. Reproduced with 

permission. Copyright 2017, IOP publishing group.3 
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The rate constants for the various processes will be denoted as follows at 

scheme 1.3. Where kF is the rate constant for radiative deactivation S1→S0 with 

emission of fluorescence, kIC
S is the rate constant for IC S1→S0, and kisc is the rate 

constant for ISC. Regarding the two latter non-radiative pathways of de-excitation 

from S1, it is convenient to introduce the overall non-radiative rate constant knr
S such 

that knr
S = kIC

S + kisc. For deactivation from T1, kPH is rate constant for radiative 

deactivation T1→S0 with emission of phosphorescence and kIC
T: rate constant for 

non-radiative deactivation (reverse intersystem crossing) T1→S0. 

TADF relies on a small singlet–triplet energy gap (ΔEST) defined as the gap 

between the T1 and S1. When ΔEST is sufficiently small taken usually as <0.1 eV, 

thermal upconversion from the T1 to the S1 by reverse intersystem-crossing (RISC) 

becomes possible.4 For the TADF, kRISC is the rate constant of RISC and the kTADF is 

the rate constant of the delayed fluorescence for additional singlet exciton after RISC 

process. 

where τS and τT lifetime of excited state S1 and T1, are given by  

τS =
1

𝑘F+𝑘nr
S  (Eq. 1.3) 

τT =
1

𝑘PH+𝑘nr
T  (Eq. 1.4) 

delayed fluorescence lifetime, τd has been found to decrease with either an increasing 

of kISC or of kRISC. In particular τd can be expressed mathematically as 

1

𝜏d
= 𝑘nr

T + (1 −
𝑘ISC

𝑘F+𝑘nr
S +𝑘ISC

) 𝑘RISC (Eq. 1.5) 

For organic molecules, the lifetime of the singlet state ranges from tens of 

picoseconds to hundreds of nanoseconds, whereas the triplet lifetime is much longer 

(microseconds to seconds). However, such a difference cannot be used to make a 
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distinction between fluorescence and phosphorescence because some inorganic 

compounds (for instance, uranyl ion) or organometallic compounds may have a long 

lifetime. Monitoring of phosphorescence or delayed fluorescence enables us to study 

much slower phenomena. 

 

3.8. Quantum Yields 

The fluorescence quantum yield ΦF is the fraction of excited molecules that 

return to the ground state S0 with emission of fluorescence photons. In other words, 

the fluorescence quantum yield is the ratio of the number of emitted photons to the 

number of absorbed photons. ΦF can be expressed mathematically as 

𝛷F =
𝑘F

𝑘F+𝑘nr
S +𝑘ISC

= 𝑘F𝜏S (Eq. 1.6) 

The quantum yields of intersystem crossing (ΦISC) and phosphorescence (ΦPH) are 

given by 

𝛷ISC =
𝑘ISC

𝑘F+𝑘nr
S +𝑘ISC

= 𝑘ISC𝜏S (Eq. 1.7) 

𝛷PH =
𝑘PH

𝑘PH+𝑘nr
T 𝛷ISC (Eq. 1.8) 

Using the radiative lifetime, as previously defined, the fluorescence and delayed 

fluorescence quantum yield can also be written as 

𝛷F =
𝜏S

𝜏r
 (Eq. 1.9) 

τr is radiative lifetime from S1 to S0.  

For TADF materials, quantum efficiency of prompt (ΦPF) and delayed fluorescent 

component (ΦDF) via RISC process should be considered separately. 
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𝛷PF = 𝛷F =
𝑘F

𝑘F+𝑘nr
S +𝑘ISC

= 𝑘F𝜏S (Eq. 1.10) 

𝛷DF = ∑ (∅ISC∅RISC)k𝛷PF =∞
𝑘=1

∅ISC∅RISC

1−∅ISC∅RISC
𝛷PF (Eq. 1.11) 

where ΦISC and ΦRISC are the intersystem crossing efficiency and reverse intersystem 

crossing efficiency, respectively, which can be expressed by the follow equations 

𝛷ISC =
𝑘ISC

𝑘F+𝑘nr
S +𝑘ISC

=
𝑘ISC

𝑘PF
 (Eq. 1.12) 

∅RISC =
𝑘RISC

𝑘RISC+𝑘nr
T  (Eq. 1.13) 

Experimentally, the fluorescence efficiency of PF (ΦPF) and DF (ΦDF) are 

distinguished from the total photoluminescence quantum yields (PLQY) by 

comparing the integrated intensity of their components in the transient 

photoluminescence spectra, according to their different luminescent lifetime.5  

 

3.9. Calculation of measured lifetime  

 

Figure 1.11. (a) Radiative decay lifetime graph based on experimental results and (b) 

calculated lifetimes and their ratios (tn : lifetime, An : Amplitude). 
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Determination of the lifetimes requires the fitting of a multi-exponential decay 

expression to each experimental curve. Some fitting parameters are shared among 

these curves, so a global fitting routine is required. “Origin” program is used for its 

advanced non-linear fitting capabilities (Figure 1.11). 

 

 

Figure 1.12. Process of luminescence lifetime measurement by fitting through 

experimental results. (a) transform from experimental results to the graph (dark data 

correction), (b) normalization of obtained graph, (c) convert from the normalized 

graph to log style, (d) non-linear fit or fit exponential of at the analysis term, (e) 

select single, double or triple exponential and (f) fitting. 

 

When luminescence shows two or more lifetimes, their respective lifetimes 

and portions calculate as follows (Figure 1.12),  
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first, click on the data file from the experiment, open it in the Origin program, fit 

the dark state and get a normalized graph. In the Project Explorer window, select the 

Built-In Function folder. Next, with graph active, go to the Analysis → Fitting → 

Nonlinear Curve Fit menu item and select the fit exponential or NLFit dialog box 

and select single, double or triple exponential decay. Lastly, fit the residual 

parameter close to zero. The summary of the calculated fit curve is automatically 

converted to a new table file (Figure 1.11(b)). 
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4. Intra- and Intermolecular Photophysical process 

4.1. Intramolecular Charge Transfer 

 

Figure 1.13. The ground and excited state potential energy surface for the D-A 

molecular system which is showing red-shifted emission from the intramolecular 

charge transfer (ICT) state with a small barrier (ΔE) between LE and ICT state. The 

environmental effect of solvent polarity stabilized the ICT state. Copyright 2001, 

Wiley-VCH.2 

 

Molecules that exhibit intramolecular electron transfer are large conjugate 

organic π-systems with acceptor (A) and donor (D) subunits linked by a formally 

single bond. The photoexcitation of D-A molecules is followed by an electron 

transfer from D to A. Much experimental evidence has been accumulated in favor of 

photoinduced electron transfer as a key process in the photophysics of a large number 
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and variety of DA compounds. These molecules can be classified into different 

families with respect to the angular orientation of the D and A moieties. Intrinsic 

factors, controlling the electron transfer in excited states, seem to be determined by 

the reaction medium. The most important issues related to the photophysics of such 

compounds are the electronic structure and the conformation of excited charge 

transfer states. Information on their photophysical properties can be obtained from 

the analysis of the charge transfer absorption and emission phenomena.  

Excitation of a D-A system induces the motion of an electron from one orbital 

to another. If the initial and final orbital is separated in space, the electronic transition 

is accompanied by an almost instantaneous change in the dipole moment of the D-A 

system in the same molecule. When an electron-donating group (e.g. -NH2, -N(CH3)2, 

-CH3O) is conjugated to an electron-withdrawing group (e.g. >C=O, -C≡N), the 

dipole moment can be increased substantially. Consequently, the Franck-Condon 

(FC) state (ππ*) reached by electronic excitation is not in equilibrium with the 

surrounding solvent molecules. Solvent molecules rotate during the lifetime of the 

excited state until the solvation shell is in thermodynamic equilibrium with the 

molecule. A relaxed intramolecular charge transfer state is then reached (Figure 

1.13). Such a solvent relaxation explains the increase in the red-shift of the 

fluorescence spectrum as the polarity of the solvent increases. The system which 

shows two fluorescence bands in solutions is a very good model for study of 

experimental and theoretical calculations to understand structures and reactivities of 

the electronically excited molecules. 

 

4.2. Formation of Excimers and Exciplexes 
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Excimers are dimers in the excited state (the term excimer results from the 

contraction of ‘excited dimer’). They are formed by collision between an excited 

molecule and an identical unexcited molecule 

M∗ + M11 ⇄ (MM)∗1   (Eq. 1.14) 

The symbolic representation (MM)* shows that the excitation energy is delocalized 

over the two moieties. Exciplexes are excited-state complexes (the term exciplex 

comes from ‘excited complex’). They are formed by collision of an excited molecule 

(electron donor or acceptor) with an unlike unexcited molecule.  

D∗ + A11 ⇄ (DA)∗1  (Eq. 1.15) 

A∗ + D11 ⇄ (DA)∗1  (Eq. 1.16) 

The formation of excimers and exciplexes are diffusion-controlled processes. The 

photophysical effects are thus detected at relatively high concentrations of the 

species so that a sufficient number of collisions can occur during the excited-state 

lifetime. Temperature and viscosity are of course important parameters. 

 

[Excimer] 

Many aromatic hydrocarbons such as naphthalene or pyrene can form 

excimers. The fluorescence band corresponding to an excimer is located at 

wavelengths higher than that of the monomer and does not show vibronic bands 

(Figure 1.14). 
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Figure 1.14. Excimer formation, with the corresponding monomer and excimer 

bands. Copyright 2001, Wiley-VCH.2 

 

These features can be explained on the basis of energy surfaces as shown in 

Scheme 1.4a. The lower monotonous curve represents the repulsive energy between 

the two molecules in the ground state. The upper curve, which is relative to two 

molecules (one of them being in the ground state), exhibits a minimum 

corresponding to the formation of an excimer in which the two aromatic rings are 

facing at a distance of about 3~4 Å . In contrast to the monomer band, the excimer 

band is structureless because the lowest state is dissociative and can thus be 

considered as a continuum. 
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Scheme 1.4. Energy level diagram of a) excimer and b) exciplex formation. 

Copyright 2001, Wiley-VCH.2 

 

[Exciplex] 

Interactions between electronically excited species M* and ground-state 

molecules N lead to charge transfer interactions and excitation exchange interactions, 

and hence to the formation of stabilized complexes M*N. Exciplexes have a large 

binding energy between molecules (5~20 kcal mol-1), and exhibit partial charge 

character on each molecule. 

Scheme 1.4b shows a potential energy diagram of exciplex formation and 

emission. Here, monomer M* is located far from monomer N, and the transition 

energy is the same as for monomer M*. Monomer M* is then located close to 

monomer N, and the binding energy between M* and N increases due to charge 

transfer interactions, resulting in a U-shaped potential (upper surface). The ground 

state energy increases as the distance between the molecules decreases due to the 

lack of substantial attractions between M and N (lower surface). Thus, there are a 

few MN ground state complexes and no associated optical absorption due to 

instabilities of the ground state complexes. Exciplex emission occurs vertically, 
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according to the Franck–Condon principle, from the excited state minimum to the 

repulsive ground state. Thus, ground state MN complexes dissociate rapidly 

following emission, resulting in a short lifetime. For this reason, exciplex emission 

is red-shifted with a long decay lifetime, and is featureless because of the short 

lifetime and indefinite vibrational character of the ground state. 

 

4.3. Energy transfer 

 

Figure 1.15. Types of interactions involved in non-radiative transfer mechanisms.  

 

The interactions due to intermolecular orbital overlap, which include electron 

exchange and charge resonance interactions, are of course only short range (Figure 

1.15). Non-radiative transfer of excitation energy requires some interaction between 

a donor molecule and an acceptor molecule, and it can occur if the emission spectrum 

of the donor overlaps the absorption spectrum of the acceptor, so that several 

vibronic transitions in the donor have practically the same energy as the 

corresponding transitions in the acceptor. Such transitions are coupled are resonance 
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(Figure 1.16). It is classified that either excitation energy transfer or electronic 

energy transfer (EET) or resonance energy transfer (RET).  

 

 

Figure 1.16. Energy level scheme of donor and acceptor molecules showing the 

coupled transitions in the case where vibrational relaxation is faster than energy 

transfer (very weak coupling) and illustration of the integral overlap between the 

emission spectrum of the donor and the absorption of the acceptor. Copyright 2001, 

Wiley-VCH.2 

 

Energy transfer can result from different interaction mechanisms. The 

interactions may be Coulombic and/or due to intermolecular orbital overlap. The 

Coulombic interactions consist of long-range dipole-dipole interactions (Förster’s 
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mechanism) and short-range multi-polar interactions. The interactions due to 

intermolecular orbital overlap, which include electron exchange (Dexter’s 

mechanism) and charge resonance interactions, are of course only short range 

(Figure 1.15). It should be noted that for singlet-singlet energy transfer (1D* + 1A → 

1D + 1A*), all types of interactions are involved, whereas triplet-triplet energy 

transfer (3D* + 1A → 1D + 3A*) is due only to orbital overlap.  

 

 

Figure 1.17. Schematic representation of the (A) Coulombic and (B) exchange 

mechanisms of excitation energy transfer (CI: Coulombic interaction, EE: electron 

exchange). Copyright 2001, Wiley-VCH.2 

 

The Coulombic term corresponds to the energy transfer process in which the 

initially excited electron on the donor D returns to the ground state orbital on D, 

while simultaneously an electron on the acceptor A is promoted to the excited state 

(Figure 1.17A). The exchange term (which has a quantum-mechanical origin) 
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corresponds to an energy transfer process associated with an exchange of two 

electrons between D and A (Figure 1.17B). 

For allowed transitions on D and A the Coulombic interaction is predominant, 

even at short distances. For forbidden transitions on D and A (e.g. in the case of 

transfer between triplet states 3D* + 1A → 1D + 3A*, in which the transitions T1→S0 

in D* and S0→T1 in A are forbidden), the Coulombic interaction is negligible and 

the exchange mechanism is found, but is operative only at short distances (< 10Å ) 

because it requires overlap of the molecular orbitals. In contrast, the Coulombic 

mechanism can still be effective at large distances (up to 80~100 Å ).  

 

4.4. Dipole-dipole mechanism (Förster resonance energy 

transfer) 

Förster derived the following expression for the transfer rate constant from 

classical considerations as well as on quantum-mechanical grounds, 

𝑅0
6 =

9000(ln 10)𝜅2𝜙D
0

128𝜋5𝑁𝐴𝑛4 ∫ 𝐼D(𝜆)
∞

0
𝜀A(𝜆)𝜆4d𝜆 (Eq. 1.17) 

where κ2 is the orientational factor, 𝜙D
0  is the fluorescence quantum yield of the 

donor in the absence of transfer, n is the average refractive index of the medium in 

the wavelength range where spectral overlap is significant, 𝐼D(𝜆) is the fluorescence 

spectrum of the donor normalized so that ∫ 𝐼D(𝜆)
∞

0
d𝜆 = 1, and 𝜀A(𝜆) is the molar 

absorption coefficient of the acceptor. Equation 1.17 shows that R0, and 

consequently the transfer rate, is independent of the donor oscillator strength but 

depends on the acceptor oscillator strength and on the spectral overlap. Therefore, 

provided that the acceptor transition is allowed (spin conservation) and its absorption 
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spectrum overlaps the donor fluorescence spectrum, the following types of energy 

transfer are possible:  

D∗ + A11 ⇄ D1 + A∗1  (singlet-singlet energy transfer) 

D∗ + A∗31 ⇄ D1 + A∗∗3  (higher triplet). 

This type of transfer requires overlap of the fluorescence spectrum of D and the T-T 

absorption spectrum of A 

D∗ + A13 ⇄ D1 + A∗1  (triplet-singlet energy transfer).  

This type of transfer leads to phosphorescence quenching of the donor. 

D∗ + A∗33 ⇄ D1 + A∗∗3  (higher triplet).  

This type of transfer requires overlap of the phosphorescence spectrum of D* and 

the T-T absorption spectrum of A. 

 

4.5. Exchange mechanism (Dexter energy transfer) 

Because the energy rate does not imply the transition moments in the 

exchange mechanism, triplet-triplet energy transfer is possible:  

D∗ + A13 ⇄ D1 + A∗3  

It is worth mentioning that triplet-triplet energy transfer can be used to populate the 

triplet state of molecules in which ISC is unlikely. When D and A are identical 

D∗ + D13 ⇄ D1 + D∗3 , triplet–triplet annihilation (TTA) leads to a delayed 

fluorescence, called P-type delayed fluorescence because it was first observed with 

pyrene. Part of the energy resulting from annihilation allows one of the two partners 

to return to the singlet state from which fluorescence is emitted, but with a delay 
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after staying in the triplet state. In crystals or polymers, the annihilation process often 

takes place in the vicinity of defects or impurities that act as energy traps. 

 

4.6. Aggregation induced emission (AIE) 

 

Figure 1.18. Fluorescence photographs of solutions/suspensions of DDPD (10 mM) 

in THF/water mixtures with different water contents. 

 

Luminescence is often weakened or quenched at high concentrations, a 

phenomenon widely known as “concentration quenching”. A main cause for the 

quenching process is mechanistically associated with the “formation of aggregates”,6 

which is probably why the concentration quenching effect has frequently been 

referred to as “aggregation-caused quenching” (ACQ).  
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Scheme 1.5. (a) Planar luminophoric molecules such as perylene tend to aggregate 

as discs pile up, due to the strong π-π stacking interactions between the aromatic 

rings, which commonly turns “off” light emission. (b) Non-planar luminogenic 

molecules such as hexaphenylsilole (HPS) behave oppositely, with their light 

emissions turned “on” by aggregate formation, due to the restriction of the 

intramolecular rotation (RIR) of the multiple phenyl rotors against the silole stator 

in the aggregate state. 

 

An example of the ACQ effect is shown in Figure 1.18. The dilute solution 

(10 mM) of N,N-dicyclohexyl-1,7-dibromo-3,4,9,10-perylenetetra-carboxylic 

diimide (DDPD) in THF is highly luminescent. Its emission is weakened when water 

is added into THF, because the immiscibility of DDPD with water increases the local 

luminophore concentration and causes DDPD molecules to aggregate. When the 

water content is increased to > 60 vol%, the solvating power of the THF/water 

mixture becomes so poor that most of the DDPD molecules become aggregated. As 
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a result of the aggregate formation, the light emission of DDPD is completely 

quenched. The DDPD molecule contains a disc-like perylene core. In the DDPD 

aggregates, the perylene rings may experience strong π-π stacking interactions. This 

prompts the formation of such detrimental species as excimers, thus leading to the 

observed ACQ effect (Scheme 1.5). 

The ACQ effect is ‘‘common to most aromatic hydrocarbons and their 

derivatives’’.6 A structural reason for the ubiquity of the ACQ effect is because 

conventional luminophores are typically comprised of planar aromatic rings (e.g., 

perylene). Since organic luminescence is mainly dictated by electronic conjugation, 

a popular structural design strategy has been to increase the extent of π-conjugation 

by melding more aromatic rings together. The resulting bigger plates can indeed 

luminesce more efficiently in the solutions but concurrently their ACQ effects 

become severer because the chances for such large luminophores to form excimers 

or exciplexes are also increased. 

In 2001, Tang et al. discovered an uncommon luminogen system, in which 

aggregation worked constructively, rather than destructively as in the conventional 

systems.7-8 They found that a series of silole derivatives were non-emissive in dilute 

solutions but became highly luminescent when their molecules were aggregated in 

concentrated solutions or cast into solid films. Since the light emission was induced 

by aggregate formation, the process is called "aggregationinduced emission" (AIE).7 

Hexaphenylsilole (HPS) is among the first silole derivatives, from which the 

AIE phenomenon was unearthed. Structural scrutinization reveals that unlike 

conventional luminophores such as the disc-like planar perylene, HPS is a 

propellershaped non-planar molecule (Scheme 1.5). In a dilute solution, six phenyl 

rotors in an HPS molecule undergo dynamic intramolecular rotations against its 
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silacyclopentadiene or silole stator, which non-radiatively annihilates its excited 

state and renders its molecule non-luminescent. In the aggregate states, the HPS 

molecules cannot pack through a π-π stacking process due to its propeller shape, 

while the intramolecular rotations of its aryl rotors are greatly restricted owing to the 

physical constraint. This restriction of intramolecular rotations (RIR) blocks the non-

radiative pathway and opens up the radiative channel. As a result, the HPS molecules 

become emissive in the aggregate state.9 

According to proposed mechanism, the RIR process is responsible for the AIE 

effect. At the molecular level, Covalent bonds used to internally set off the RIR 

process for fasten the aryl rotors. In response to both the external and internal 

controls, the luminogens become emissive, thus offering experimental evidence to 

support AIE's mechanistic hypothesis.9 Guided by the mechanistic understanding, 

Tang group has synthesized different kinds of luminogenic molecules with a 

structural feature of one conjugated stator carrying multiple aromatic peripheral 

rotors, such as polyarylated ethenes, butadienes, pyrans, fulvenes and arylenes.10-14 

All the luminogens show AIE activity, with emission colour covering the entire 

visible region and luminescence efficiency reaching unity.
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Part II. Development of Non-doped Blue Fluorescent 

Materials for OLEDs 
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Background 

1. Blue fluorescent materials 

 

Figure 2.1 CIE 1976 chromaticity diagram. Source: http://hyperphysics.phy-

astr.gsu.edu/hbase/vision/die.html. 

 

Extensive research has been carried out to promote OLEDs into commercial 

applications as flat-panel displays and solid-state lighting resources.15-16 A full-color 

display requires red, green, and blue emission of relatively equal stability, efficiency, 

and color purity. In full-color OLEDs, the blue emitter can not only effectively 

reduce power consumption of the devices but also be utilized to generate light of 

other colors by energy cascade to lower energy fluorescent or phosphorescent 

dopants. However, the performance of a blue emitting device is often inferior to that 

of green and red devices for the intrinsic wide band gap of the blue emitting material. 
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The development of high efficiency blue OLEDs, in particular deep-blue OLEDs, is 

a pressing concern to realize commercial applications in display and solid-state 

lighting. 

Given that electro-phosphorescence based on phosphors approaches a 100% 

internal quantum efficiency in theory by harvesting both singlet and triplet excitons, 

a great deal of effort has been devoted to develop efficient phosphors that can emit 

colors covering the whole visible region. Green, yellow and red phosphorescent 

OLEDs (PhOLEDs) have achieved at very high efficiency with admirable device 

lifetime during the past decades; however, the design of efficient blue phosphors still 

remains a formidable challenge as discussed in recent review.17 On the one hand, it 

is very difficult to realize efficient deep blue phosphorescent emission, which is 

defined as having a Commission Internationale de L’Eclairage (CIE) y coordinate 

value < 0.15 along with an (x + y) value < 0.30 (Figure 2.1), due to the net result of 

an increasing energy gap and a reduction in the corresponding emission quantum 

yield. On the other hand, stability and longevity of the blue phosphorescent devices 

to date falls short of the requirement for applications. 

Recently, a new concept to fabricate white OLEDs by combining blue 

fluorescent emitters with green, red and/or orange phosphorescent emitters has been 

promoted by Leo et al.18 This approach allows the harvesting of both the fluorescence 

from the host of blue emitters and the complementary phosphorescence from the 

triplet dopants simultaneously to generate white emission. In this context, highly 

efficient blue fluorescent materials have been considered as a promising alternative 

to promote the commercialization of OLEDs. But the performance of blue emitting 

devices is often retarded by the intrinsic wide band gap of blue emitting materials, 

which makes it hard to inject charges into emitters. Solving this problem is a 
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materials related issue. Significant efforts have been made to design versatile blue 

fluorescent materials aiming at further improving device efficiency, chromaticity 

and lifetime. The output is very prosperous.  

To obtain high efficiency, electroluminescent devices normally require 

sophisticated configurations with several functional organic layers sandwiched 

between the anode and cathode to facilitate charge injection and transportation as 

well as effective exciton confinement. In this regard, tedious and complicated device 

fabrication processes are far too cost-effective to compete with other contemporary 

flat-display technologies. In order to simplify the device structure, many 

multifunctional materials possessing luminescent and charge injection/transporting 

characteristics have been developed. The utilization of simple devices with high 

efficiency can help reduce the overall cost. 

There are two kinds of blue fluorescent OLEDs: (i) one is fabricated by doping 

blue fluorescent dyes in host matrix to suppress the fluorescence quenching. This 

doping system may intrinsically suffer from the limitation of efficiency and stability, 

aggregation of dopants and potential phase separation; (ii) the other is achieved by 

using non-doped blue fluorescent emitters, which has been demonstrated to be an 

efficient strategy to get rid of phase separation and concentration quenching; but, 

there is still the problem of charge injection and transportation arising from the 

intrinsic wide band gap of blue emitting materials. This chapter will firstly introduce 

some typical blue fluorescent dopants in brief. Then, some non-doped blue 

fluorescent emitters are discussed, which are mainly pure hydrocarbon materials 

with reduced intermolecular interactions in the solid state. Finally, blue fluorescent 

emitting materials endowed with hole-, electron-, or bipolar-transporting properties 

will be discussed comprehensively.  
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2. Doped blue fluorescent materials 

 

Figure 2.2. Some typical blue fluorescent dopant materials 

 

Figure 2.2 displays the chemical structures of the commonly used blue 

fluorescent dopants. These blue fluorescent materials need to be doped into a wide 

band-gap host material to reduce concentration quenching in the emission layer 

(EML). During operation, the singlet excitons formed in the host under electrical 

excitation can be transferred to the dopant via Förster energy transfer. Förster energy 

transfer is a Coulombic interaction between the host exciton and the dopant, which 

is a fast (~10-12 s) and long-range process (up to 10 nm). Efficient Förster energy 

transfer requires that the emission spectrum of a host to overlap significantly with 

the absorption spectrum of a dopant (Figure 2.3). Besides, the doping concentrations 

required for optimal device performance are usually lower than 3%, which means 

sophisticated control during device fabrication and may cause performance variation. 
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Figure 2.3. Schematic representation of host–dopant approach for the realization of 

blue fluorescent OLEDs; FRET = Förster resonance energy transfer.  

 

Simultaneously, the use of a wide band-gap host usually hinders the charge 

injection and causes a high driving voltage. To address this issue, most of the host–

dopant devices tend to have multilayer configurations with hole- and electron-

injection/ transporting layers to facilitate charge transfer into the EML. Kido et al. 

optimized the charge balance of blue fluorescent OLEDs with two hole-transporting 

layers and five electron transporting layers to achieve a high external quantum 

efficiency of 8.2%.19 The performance is encouraging, while the device fabrication 

is rather tedious. 

 

3. Non-doped blue fluorescent materials 

Although the host-dopant system can produce high efficiency, the intrinsic 

phase separation could deteriorate the performance severely during operation. 

Besides, it requires the additional design of suitable hosts which further complicate 
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the evaluation of blue emitters. The use of non-doped emitters would be more 

pragmatic for their application.  

Tremendous efforts have been made to investigate various kinds of blue 

fluorescent emitters, such as anthracene, fluorene, di(styryl)arylene, and pyrene 

derivatives to improve their electroluminescence (EL) properties. For instance, 9,10-

diphenylanthracene (DPA), promoted by Adachi et al., is often quoted as a reference 

during the measurements of PLQY for its near unity fluorescence quantum efficiency 

in dilute solution.20 However, its fluorescence in the solid state can be easily 

quenched due to aggregation.  

Intrigued by the good PL properties of anthracene in solution, much effort has 

been devoted to developing anthracene derivatives as deep-blue emitters with 

reduced luminescent quenching in films. At the start, the modification strategy was 

to attach aryl groups to the 9,10-position of anthracene to reduce the intermolecular 

interactions. In addition, alkyl units such as methyl and tert-butyl were introduced to 

the 2,3,6,7-position to further suppress the troublesome crystallization. The well-

known blue materials of 9,10-di(2-naphthyl)anthracene (ADN) and 2-methyl-9,10-

di(2-naphthyl)-anthracene (MADN) were developed in succession by Tang and 

Chen et al.21-22 These compounds exhibited improved thermal and morphological 

properties but failed to qualify for self-host emitters. When applied as non-doped 

emitters, the EL spectra were broad and featureless due to the close packing in thin 

film. 
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Figure 2.4. Reported non-doped blue fluorescent materials. 

 

To pursue non-planar molecular structures in anthracene derivatives, the 

introduction of more rigid and bulky substituents such as tetraphenylsilane seems to 

be a rational strategy. Kwon et al. reported a blue fluorescent material of BTSA 

composed of anthracene as the core and triphenylsilylphenyl as a side unit (Figure 

2.4).23 BTSA showed a high glass transition temperature (Tg) of 168 ℃, higher than 

those of DPAVBi (64 ℃) and MADN (120 ℃). Theoretical calculations revealed 

that the tetrahedral molecular skeleton twisted towards the anthracene backbone with 

an angle of 80°. The resulting non-coplanar structure was supposed to inhibit the 

intermolecular interactions. Besides, BTSA maintained the photophysical properties 

of the anthracene core due to the disrupted π-conjugation. Density functional theory 

(DFT) calculations indicated that the electron densities of the HOMO (highest 

occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) were 

mainly located on the anthracene unit. A device based on BTSA as an emitter 

achieved a current efficiency of 1.3 cd A-1 with CIE coordinates of (0.148, 0.09). 

The incorporation of tetraphenylsilane into anthracene derivatives could 

easily suppress intermolecular interactions in the solid state to obtain non-doped blue 
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emitters. However, the devices fabricated from these materials usually turn on at 

voltages as high as 6~7 V, and thus result in low power efficiency. It was caused by 

the hampered charge injection due to the large band gap (> 2.90 eV) and the disturbed 

charge transport because of the breakdown of the π system. 

An alternative approach for non-doped blue anthracene emitters is to 

conjugate aryl groups to the 9,10-position of the anthracene unit. Using 

tetraphenylethylene as the substituent, Shu et al. observed a higher film-state PLQY 

of 0.89 (relative to DPA) for TPVAn than the value of 0.06 measured in dilute 

solution.24 This phenomenon was attributed to the restricted intramolecular rotation 

of the phenyl peripheries in the solid state. In dilute solution, the twisting of the 

double bond of the 4-(1,2,2-triphenylvinyl)phenyl group might facilitate an approach 

between the excited and ground states of TPVAn and cause efficient internal 

conversion (IC), which was insufficient in the solid state due to the inhibition from 

the rigid environment. Meanwhile, the non-planarity of this molecular structure 

effectively diminished the degree of intermolecular π-π stacking and reduced the 

fluorescence quenching. The TPVAn-based non-doped devices displayed high 

performance: a maximum current efficiency of 5.3 cd A-1 and a maximum power 

efficiency of 2.8 lm W-1 as well as deep-blue emission with CIE coordinates of (0.14, 

0.12). In addition, a white OLEDs with a maximum current efficiency of 13.1 cd A-

1 was fabricated using TPVAn as a host for an orange fluorophore. 

Simple 1,3,5-triphenylbenzene could also be attached to the 9,10-positions of 

anthracene to generate the non-doped deep-blue emitter TAT. Park et al. 

demonstrated a maximum external quantum efficiency of 7.18% with CIE 

coordinates of (0.156, 0.088) at 10 mA cm-2 by using TAT as emitter.25 It seems that 

the integration of geometrically bulky aryl groups to emission centers could easily 
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form blue emitters with reduced close packing and consequent high fluorescent 

quantum yield in films. With this in mind, more pure hydrocarbon groups with steric 

hindrance were selected and incorporated into the anthracene core to obtain non-

doped blue emitters. 

Bulky spirobifluorene as a building block has been widely used in 

optoelectronic materials due to its steric hindrance effect. Kwon et al. reported that 

linking the t-butylated spirobifluorene moieties to the 9,10-position of anthracene 

could obtain a deep-blue emitter TBSA.26 It was anticipated that the introduction of 

a spiro center into a defined low molecular structure could allow the formation of a 

thermally stable amorphous film. Owing to the non-coplanar structure, TBSA 

showed good thermal stability with a high thermal-decomposition temperature (Td, 

corresponding to a 5% weight loss) of 420 ℃ and a high Tg of 207 ℃. A non-doped 

multilayer device based on TBSA exhibited a current efficiency of 3.0 cd A-1 and 

power efficiency of 1.2 lm W-1 at a brightness of 300 cd m-2. Since the nonplanar 

molecular structure prevented the close packing in films, the EL spectrum of TBSA 

was identical with that of PL with CIE coordinates of (0.15, 0.11). 

Replacing the periphery spirofluorene moieties with fluorene units, Shu et al. 

designed a deep-blue emitter BFAn.27 The presence of the sterically congested 

fluorene groups imparted BFAn with a high Td of 510 ℃ and a Tg of 227 ℃. As 

biphenyl groups were used as linkages, the calculated PLQY (Φ) was as high as 0.93 

(using Φ = 0.90 of DPA in cyclohexane as a calibration standard). Meanwhile, the 

mitigation of the close packing in the solid state had not yet been clarified. A device 

featuring BFAn as a neat emitter exhibited a good external quantum efficiency of 

5.1% and current efficiency of 5.6 cd A-1 with CIE coordinates of (0.15, 0.12). 
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Besides anthracene, fluorene derivatives have also been widely investigated 

as blue emitters due to their high PLQYs and good thermal stabilities. However, the 

long-wavelength emissions observed in fluorene-based devices, possibly due to the 

photo- or electro-oxidized cleavage of C9-substituted alkyl pendant group(s), result 

in poor color purity and have inhibited their application. To solve this problem, 

Wong et al. designed the ter(9,9-diarylfluorene) TDAF1,28 in which the C9-aryl 

substituents provide hindrance on interchromophore packing. TDAF1 exhibited a 

high film-state PLQY of 0.90 and a high Tg up to 204 ℃. The corresponding device 

achieved a high external quantum efficiency of 5.3% with CIE coordinates of (0.158, 

0.041). 

 

3.1. Non-doped multifunctional blue fluorescent materials 

It is mentioned above that the EL performances of blue materials often suffer 

from the retarded charge injection and transportation in the emission layer. High 

efficiencies of blue OLEDs are usually obtained through optimizing the charge 

balance in multilayer devices. In terms of the materials, an emission layer featured 

with improved charge injection and transport characteristics could effectively 

elevate the device performances as discussed in our recent review.29 Therefore, 

except for good thermal stabilities and the capability to suppress close-packing in 

the solid state, desirable blue emitters had better possess good charge carrier 

transport ability to provide more balance in hole and electron fluxes in simple device 

structure. In this context, hole and/or electron transport units have been incorporated 

into the blue parent to design multifunctional blue emitters. 
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3.2. P-type non-doped blue fluorescent emitting materials 

 

Figure 2.5. P-type non-doped blue fluorescent materials. 

 

The triarylamine group is well-known for its good hole-transporting ability 

via the radical cation species with high stability. They have been incorporated into 

molecules to improve hole-injection and -transporting properties, and to increase 

bulky volumes and thermal stability.  

Intrigued by the luminescent properties of anthracene and charge-transporting 

abilities of triarylamine, Tao et al. reported the anthracene derivative PAA end-

capped with triphenylamine for efficient hole transportation (Figure 2.5).30 The 

PAA-based non-doped device exhibited efficient blue emission with a maximum 

current efficiency up to 7.9 cd A-1. Furthermore, given the facile hole-injection from 

the anode to the emission layer due to the well-matched HOMO level, the power 

efficiency was as high as 6.8 lm W-1. But the emission color was greenish-blue with 

CIE coordinates of (0.15, 0.30).  
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In order to improve the color purity, Park et al. attached triphenylamine and 

1,3,5-triphenylbenzene to the 9,10-position of anthracene to form the asymmetric 

compound TATa.31 The corresponding non-doped device realized a maximum 

efficiency of 6.07 cd A-1 with CIE coordinates of (0.149, 0.177). Compared with 

symmetrical 1,3,5-triphenylbenzene substituted TAT, the PL emission of TATa is 

red-shifted to the sky-blue region, which might be caused by intramolecular charge 

transfer from the strong electron-donor triphenylamine to the anthracene core. 

According to these results, it would be rational to use a meta- and/or ortho-linkage 

instead of the paralinkage between the donor and anthracene core with phenyl ring 

as spacer, which could relieve the intramolecular charge transfer and then reduce the 

bathochromic shift. 

Inspired by the application of tetraarylbimesityls for aminebased hole-

transporting materials, Moorthy et al. reported the diarylaminobiphenyl-

functionalized bimesityl 1 with diarylaminosubstituted biphenyls linked to a unique 

3-dimensional bimesitylene core, which were found to exhibit bright blue emission 

in the solid state.32 It could simultaneously function as a hole-transporting and 

emissive material as demonstrated by simple non-doped bilayer devices with 

external quantum efficiency up to 4.23% and CIE coordinates of (0.15, 0.09). The 

carbazole-fluorene hybrids have been explored as host materials for phosphorescent 

OLEDs, but the reports using the hybrids as deep-blue emitters are still rare. Tao et 

al. designed and prepared a p-type blue emitter, 9,9-bis-(3-(9-phenyl-carbazoyl))-

2,7-dipyrenylfluorene (DCDPF).33 A device using DCDPF as the non-doped emitter 

exhibited pure-blue emission with a peak at 458 nm and CIE coordinates of (0.15, 

0.15). The maximum efficiency of the device was 4.4 cd A-1 (3.1 lm W-1). It proves 
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that the introduction of carbazole units at the 9-position of fluorene is an effective 

way to avoid molecular aggregation and the associated red shift in emission. 

Since the spiro-linkage could suppress the photo/thermal oxidation of the 9-

position of the fluorene unit to the undesired ketonic defect, Jiang et al. reported a 

carbazole-cored laddertype molecule BLHPC.34 The carbazole moiety improve the 

hole injection and transportation of ladder-type materials, and the spiro-

configuration effectively impede the intermolecular π-π interactions and 

consequently lead to the amorphous morphology of a ladder-type molecule. The 

almost 100% fluorescence quantum yield of BLHPC in CH2Cl2 solution indicated 

that non-radiative decay pathways were completely suppressed by restricting bond 

rotation in such confined and rigid backbones. Noticeably, BLHPC revealed a very 

stable emission upon heat treatment. Though the emission color was located in the 

sky-blue region, a maximum current efficiency of 1.46 cd A-1 was achieved with a 

simple device configuration. 

 

3.3. N-type non-doped blue fluorescent emitters 



57 

 

 

Figure 2.6. N-type non-doped blue fluorescent materials 

 

As mentioned above, most of the developed blue materials exhibit large 

energy gaps and low electron affinities (EAs), leading to inefficient electron 

injection into the blue emitters. Poor electron injection can be compensated by using 

an additional electron-transporting/hole-blocking layer as well as a low work-

function cathode, such as Ca or Li. However, these approaches suffer from 

complicated fabrication processes or the poor environmental stability of the active 

metals. Therefore, it is desirable to design blue-emitting materials with high EA 

values, facilitating electron-injection and -transport. 



58 

 

Park et al. developed deep blue emitting materials with indenopyrazine as an 

electron-accepting group to facilitate electron-injection and -transport (Figure 2.6).35 

Though the films of indenopyrazine suffered fromfluorescence quenching due to the 

π-π stacking, the problem was overcome by the substitution of alkyl groups at the 6 

and 12 position of the indenopyrazine ring and of various aromatic side groups at the 

2 and 8 position. Consequently, a non-doped device based on TP-EPY was found to 

exhibit a maximum external quantum efficiency of 4.6% and color purity of (0.154, 

0.078) as well as a narrow emission band with 47 nm of full width at half maximum 

(FWHM). 

Like pyrazine, other electron-withdrawing groups such as quinoline, 

imidazole, 1,3,4-oxadiazole and phosphine oxide etc. have been utilized to design 

novel n-type blue emitters. Jenekhe et al. reported several highly emissive n-type 

conjugated oligoquinolines.36 The compounds emitted blue fluorescence in solution 

with high quantum yields (73~94%). The oligoquinolines had reversible 

electrochemical reduction, and high EAs (2.68~2.81 eV). Devices based on B2PPQ 

as the blue emitter gave the best performance with a high brightness (19,740 cd m-2 

at 8.0 V), high efficiency (7.12 cd A-1) and external quantum efficiency of 6.56% at 

1175 cd m-2 with CIE coordinates (0.15, 0.16).  

Liu et al. designed a series of n-type imidazole derivatives as deep-blue 

emitters.37 Non-doped devices based on PPIP gave pure-blue light with CIE 

coordinates of (0.15, 0.14). The PPIP-based device can reach not only a high 

external quantum efficiency of 6.31% but also a high power efficiency of 7.30 lm 

W-1. Furthermore, the power efficiency remains as high as 4.94 lm W-1 at a practical 

brightness of 200 cd m-2. When using TPIP or APIP as the emissive layer, the 

devices also exhibited high external quantum efficiencies of more than 5%. The 
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superiority of phenanthroimidazole attracted considerable attention. Ma et al. 

developed two blue-emitting compounds based on phenanthro[9,10-d]imidazole 

group.38 The double-layered device based on BPPI (identical to that of PPIP 

reported by Liu et al.) achieved a higher luminance and a lower turn-on voltage than 

the multi-layered device with an independent electron injection layer. The results 

suggest that the phenanthroimidazole unit is an excellent building block for tuning 

the carrier injection properties as well as blue emission. For the first time, Zhang et 

al. introduced an indolizine group to construct a blue emitter (BPPI-2) for OLEDs.39 

The indolizine derivative BPPI-2 exhibited a high quantum yield and sufficient high 

triplet energy to act as a red or yellow-orange phosphorescent host. The non-doped 

blue device displayed an external quantum efficiency of 3.16% with CIE coordinates 

of (0.15, 0.07).  

Until recent years, phosphine oxide derivatives have been the subject of 

electron-transport materials for optoelectronic devices. Shu et al. designed a very 

efficient n-type deep-blue emitter POAn, which comprised of electron-deficient 

triphenylphosphine oxide and a 2-tert-butylanthracene core.40 The aryl substituents 

at the 9- and 10-positions of the anthracene have highly twisted configurations, with 

torsion angles of 89.1° with respect to the plane of the central anthracene unit. In 

addition to serving as an n-type blue light-emitting material, POAn also facilitates 

electron injection from the Al cathode to itself. The simple bilayer device using 

POAn as emitter and electron-transporting materials exhibited a maximum external 

quantum efficiency of 4.3% with CIE coordinates of (0.15, 0.07). For a device 

without an electron-transport layer or alkali fluoride, the device based on POAn 

displayed the best performance of such deep-blue OLEDs. 
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3.4. Bipolar non-doped blue fluorescent materials 

 

Figure 2.7. Biphenyl anthracene based bipolar materials 

 

After the bipolar material was reported by incorporating triphenylamine and 

oxadiazole unit initially by Chen et al.,41 a bipolar phosphor emitter including both 

an anode and an electron transition region effectively stabilized exciton formation 

and balanced hole and electron charge in the light emitting layer has been found. 

In order to integrate three active components (hole-transporting, electron-

transporting, and light-emitting moieties) into a single molecule, Zhu et al. designed 

blue fluorescent emitters with hole- (triphenylamine and carbazole) and electron-

transporting (oxadiazole) moieties appended to the 9,10-position of the anthracene 

core through meta-linkage (Figure 2.7).42 A simple bilayer device using compound 

4 as the hole-transporting and emitting-layer exhibited a maximum power efficiency 

of 2.0 lm W-1 and CIE (x, y) of (0.16, 0.10). The well-matched energy level between 



61 

 

anode and compound 4 as well as the intrinsic good charge transport abilities resulted 

in very low driving voltage (2.7 V). DFT calculations revealed that the electron 

density distribution of the HOMO and LUMO orbitals of 4 were localized 

predominantly on the anthracene chromophore, which implied that chemical 

modification did not alter the photophysical properties of anthracene core. 

Tian et al. reported another series of bipolar blue emitters by introducing the 

hole-transporting triphenylamine and electron-transporting benzimidazole moieties 

into the 9,10-position of anthracene through para-linkage (Figure 2.7).43 A single 

layer device based on B4 exhibited a current efficiency of 3.33 cd A-1 with CIE 

coordinates of (0.16, 0.16) and a maximum brightness of 8472 cd m-2 at 8.7 V.  

 

 

Figure 2.8. Bipolar-type non-doped blue fluorescent materials 
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Dimesitylboryl moieties with nonplanar molecular structures have been 

exploited as building blocks for electron-transporting materials. Shirota et al. 

presented an amorphous emitting material of PhAMB-1T by incorporating the 

triphenylamine and dimesitylboryl moieties.44 A device based on PhAMB-1T 

achieved a power efficiency of 1.1 lm W-1 and an external quantum efficiency of 0.8% 

at the luminance of 300 cd m-2 with blue-green emission. To improve the color purity, 

Kuo et al. designed a series of arylborane-containing carbazole bipolar blue 

fluorophores by a different bridge.45 A device based on CzPhB achieved a maximum 

external quantum efficiency of 4.3% with CIE coordinates (0.15, 0.09). Kang et al. 

designed phenylquinoline-carbazole derivatives as bipolar deep-blue fluorescent 

emitters.46 The energy levels could be easily adjusted by the introduction of different 

electron-donating and electron-withdrawing groups onto carbazoylphenylquinoline. 

A non-doped deep-blue device using PhQ-CVz as the emitter acquired a maximum 

external quantum efficiency of 2.45% with CIE coordinates of (0.156, 0.093). 

Utilizing the donor-π-acceptor approach, Tong et al. designed several deep-

blue phenanthroimidazole derivatives.47 The photophysical properties and EL 

performances could be tuned by linking the spacer and topology between the 

electron-donating triphenylamine and electron-accepting phenanthroimidazole. A 

non-doped device based on TPA-BPI showed turn-on voltages as low as 2.8 V, high 

efficiency (2.63 cd A-1, 2.53 lm W-1, 3.08%), with small efficiency roll-off at high 

current densities, and stable deep-blue emissions with CIEy < 0.10.  

Ma et al. demonstrated that the intercrossed-excited-state existed in a twisting 

donor–acceptor molecule, TPA-PPI, through a combined photophysical and DFT 

investigation.48 A non-doped device with TPA-PPI as the emitter reached a 

maximum current efficiency of 5.0 cd A-1, and a maximum external quantum 
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efficiency of 5.0%, corresponding to an internal quantum efficiency of >25%, 

breaking through the limit of efficiency for fluorescence-based EL devices. The 

effective utilization of the excitation energy arising from the intercrossed excited-

state (local exciton and charge transfer) is thought to contribute to the improved 

efficiency. This new insight provides us with an effective strategy to construct highly 

efficient deep-blue emitters.  

Different to the linear linking methodology, Hung et al. utilized an 

“intramolecular annulations” concept to design blue emitter In2Bt.49 The rigid and 

coplanar distyryl-p-phenylene backbone was flattened by two different bridging 

atoms of carbon and sulfur. The compound exhibited high Tg (192 ℃) and bipolar 

charge transport properties with similar hole and electron mobilities in the range of 

10-4~10-5 cm2 V-1 s-1. A non-doped device with In2Bt as the emitter gave a maximum 

current efficiency of 0.86 cd A-1, a maximum power efficiency of 0.76 lm W-1 with 

CIE coordinates of (0.16, 0.08). 

Designing of bipolar blue emitters with high triplet energy is especially very 

difficult. Since an extended π-conjugation and strong charge-transfer character in the 

bipolar skeleton would significantly reduce the triplet energy, many groups have 

been devoted to solving the dilemma. 
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Figure 2.9. Bipolar-type non-doped blue fluorescent materials with high triplet 

energy.  

 

Wu et al. reported a convenient synthesis of highly emissive compounds 

containing benzimidazole and arylamine units.50 The triplet energies of 5 and 6 were 

measured to be 2.2 and 2.3 eV, which might render them able to act as appropriate 

hosts for orange/red phosphorescent complexes. The deep-blue EL performances of 

5 and 6 in non-doped single-layer devices were comparable with those of multilayer 

devices due to the effective bipolar carrier transport.  

Through the ortho-linkage of electron-donating triphenylamine units and the 

electron-accepting oxadiazole units, Tao et al. developed a simple strategy for 

designing bipolar fluorescent molecules.51 The twisted molecule of 7 showed a blue-

shifted emission, less intramolecular charge-transfer, and a higher triplet energy 

level compared to its para-structured analogue 8. The triplet energies of 7 and 8 were 

determined to be 2.46 and 2.35 eV, respectively. Non-doped blue light-emitting 

devices based on the two materials achieved a maximum current efficiency of 3.1 cd 

A-1. By utilizing the dual roles of 7 and 8 as both efficient blue emitters and hosts for 
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red phosphorescence, white OLEDs were successfully fabricated with a maximum 

current efficiency of 7.9 cd A-1 with CIE value of (0.39, 0.31). The results 

demonstrated a simple single-doped way to realize two-color based WOLEDs by use 

of the dual roles of the bipolar blue fluorescent emitters. 

Wong et al. reported a bipolar material CPhBzIm with two electron-accepting 

N-phenylbenzimidazole units linked to the C3 and C6 positions of an electron-

donating carbazole unit.52 The non-coplanar conformation of CPhBzIm provided a 

steric bulk, resulting in stable amorphous thin films and a pronounced solid state 

PLQY of 69%. The compound CPhBzIm also exhibited a high triplet energy of 2.48 

eV, and bipolar charge transport ability. A non-doped deep-blue device achieved an 

external quantum efficiency of 3% with CIE coordinates of (0.16, 0.05). 
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Section 1. Blue Fluorescent Emitters for Non-doped Organic 

Light-emitting Diodes Based on an Anisole-Anthracene Core 

with Various Electron Withdrawing Pyridine Derivatives 

 

 

 

 

 

 

 

Abstract 

Four blue luminescent materials with anisole-anthracene core attached to 

electron withdrawing group as pyridine, quinoline and phenanthroline were designed 

and synthesized for use as non-doped blue fluorescent emitting materials. Among 

them, a non-doped device using 3-(10-(4-methoxyphenyl)anthracen-9-yl)quinoline 

as the emitting material exhibited a maximum EQE of 1.45% with CIE color 

coordinates of (0.15, 0.10). These results indicate that aryl substituents attached at 

the C9- and/or C10 positions of anthracene core are highly twisted by the steric 

hindrance and as a result of can easily emit blue fluorescence. 

 

Keywords: Anthracene, non-doped system, fluorescent organic light-emitting 

diodes, blue emitter. 
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1. Introduction 

Organic electroluminescent devices have attracted much scientific and 

commercial interest because of their potential applications in full-color displays and 

large-area, flexible, light-weight light sources53 ever since Tang and VanSlyke 

introduced an efficient organic light emitting diodes (OLEDs).54 Full-color displays 

require red, green, and blue emissions of relatively equal stability, efficiency, and 

color purity. Although significant improvements in OLEDs performance have been 

achieved over the past decades, further improvement are still required. 

In the early days, the fluorescent emitting layer (EML) of the OLEDs device 

was constructed by introducing a host-dopant system (doping system).19, 55-56 By 

controlling intermolecular interactions through the doping system, high-efficiency 

luminescence characteristics were obtained through preventing concentration 

quenching and color purity control. Although doping systems can produce high 

efficiency, inherent phase separation could seriously decline performance during 

operation.54 In addition, a scrupulous design of the appropriate host is required 

depending on the energy gap and charge balance of the dopant material. A non-doped 

system has the advantage of a simple device structure that employs only a single 

emitting material without using a complicated host-dopant codeposition process.57-

61 Relatively little attention has been paid to the synthesis of deep-blue emitters 

because EQEs > 2% and CIEy < 0.10 in the deep-blue non-doped system are difficult 

to obtain simultaneously. Therefore, it is still challenging to design deep-blue 

emitters for reliable device performance.  

Anthracene derivatives have been extensively studied and developed as light 

emitting materials in OLEDs due to their attractive photoluminescence (PL) and 

electroluminescence (EL) properties.62-70 Anthracene derivatives have been widely 
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used as building blocks for conjugated small molecules, polymers, oligomers, and 

dendrimers with good optoelectronic properties.71-73 Anthracene derivatives 

comprise of multifunctional properties like light emitting layer23, 42, hole transport 

layer74-75, electron transport layer,76-77 or dopant.78 As an EML, fluorescent spectra 

color of anthracene derivatives can be easily tuned from blue to green by importing 

different groups at the C9- and C10 positions. For example, pyridine derivatives of 

anthracenes used electron transport and host materials to minimize operational 

voltages and consequently show much better device performance.60 When a 

comparison is made with non-doped device structures such as carbazole, purine and 

fluorene, anthracene based derivatives exhibited higher electroluminescent 

performances.79-82 

In this study, we report on the synthesis and characterization of anisole-

anthracene (AA) derivatives for bipolar blue non-doped emitting materials for 

OLEDs. Four AA derivatives attached with strong electron withdrawing groups  like 

pyridine, quinoline and phenanthroline at the opposite position C10 of the anisole-

containing anthracene showed deep blue emissions. Among them, a non-doped 

OLED device using 3-(10-(4-methoxyphenyl)anthracen-9-yl)quinoline  (3QAA) as 

an emitting material without a host shows a maximum EQE of 1.45% with CIE color 

coordinates of (0.15, 0.10) 

 

2. Materials and methods 

2.1. Materials 

All solvents and materials were used as received from commercial suppliers 

without further purification. Synthetic routes to anisole-anthracene derivatives are 
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outlined in scheme 1. All product was purified by temperature gradient vacuum 

sublimation. 

 

2.2. Synthetic procedure 

9-(4-methoxyphenyl)anthracene (2). 9-bromoanthracene (2.64 g, 11.89 

mmol), (4-methoxyphenyl)boronic acid (4.45 g, 23.78 mmol), 2 mol L-1 potassium 

carbonate (in H2O, 60 mL) and tetrakis(triphenylphosphine)palladium (0.69 g, 0.59 

mmol) in toluene (60 mL) and ethanol (5 mL) were heated to reflux in a nitrogen 

atmosphere for 24 h. After the reaction mixture was concentrated in vacuo, the 

resulting mixture was extracted with dichloromethane. The organic layer was 

washed with water and brine and dried using anhydrous sodium sulfate. The filtrate 

was concentrated in vacuo to give a crude mixture, which was purified by column 

chromatography (SiO2, hexane) afford the 9-(4-methoxyphenyl)anthracene (2.7 g, 

80.0%) as white solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.48 (s, 1H), 8.04 (d, J 

= 8.24 Hz, 2H), 7.72 (d, J = 8.68 Hz, 2H), 7.48-7.44 (dd, J = 2.4, 2.4 Hz, 2H), 7.37-

7.35 (m, 4H), 7.12 (d, J = 8.68 Hz, 2H), 3.95 (s, 3H). 

9-bromo-10-(4-methoxyphenyl)anthracene (3). 9-(4-methoxyphenyl) 

anthracene (5.00 g, 17.58 mmol) and N-bromosuccinimde (3.75 g, 21.10 mmol) were 

sealed in a round bottom flask and dried under reduced pressure. Add 200 mL of 

chloroform and stir with heating for 2 hours. The reaction is terminated by TLC and 

the solvent is removed. Then, recrystallize using acetone and methanol solvent. The 

recrystallized solvent was filtered to obtain 4.66 g (73.0%) of 9-bromo-10-(4-

methoxyphenyl) anthracene. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.61 (d, J = 9.16 

Hz, 2H), 7.71 (d, J = 8.68, 2H), 7.61~7.57 (dd, J = 7.76, 7.86 Hz, 2H), 7.40~7.36 

(dd, J = 9.16, 8.68 Hz, 2H), 7.32 (d, J = 8.68, 2H), 7.12 (d, J = 8.72, 2H), 3.95 (s, 
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3H). 13C-NMR (300 MHz, CDCl3): δ (ppm) 160.0, 137.5, 132.1, 131.2, 130.2, 130.1, 

127.7, 127.4, 126.8, 125.3, 122.4, 113.8, 55.4. 

3-(10-(4-methoxyphenyl)anthracen-9-yl)pyridine (3PAA). 9-bromo-10-

(4-methoxyphenyl)-anthracene (2.00 g, 5.51 mmol), pyridin-3-yl boronic acid (0.75 

g, 6.06 mmol), 2 M potassium carbonate (in H2O, 10 mL), 

tetrakis(triphenylphosphine)palladium (0.64 g, 0.55 mmol)in toluene (100 mL) and 

ethanol (10 mL) were heated to reflux in a nitrogen atmosphere for 24 h. After the 

reaction mixture was concentrated in vacuo, the resulting mixture was extracted with 

dichloromethane. The organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 

mixture, which was purified by column chromatography (SiO2, hexane:ethyl acetate 

= 9:1) afford the  3-(10-(4-methoxyphenyl)anthracen-9-yl)pyridine (1.29 g, 65.0%) 

as yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.27 (d, J = 7.6 Hz, 1H), 7.88 

(d, J = 7.5 Hz, 1H), 7.80 (d, J = 6.2 Hz, 2H), 7.67 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 

10 Hz, 1H), 7.49~7.36 (m, 7H), 7.29, 7.18 (d, J = 9 Hz, 2H), 6.77 (d, J = 8.7 Hz, 

1H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 159.2, 148.3, 139.4, 138.4, 138.1, 134.0, 

132.3, 130.7, 130.2, 129.8, 128.3, 127.3, 126.8, 126.1, 125.7, 125.1, 123.6, 55.4. 

4-(10-(4-methoxyphenyl)anthracen-9-yl)isoquinoline (IQAA). 9-bromo-

10-(4-methoxyphenyl)-anthracene (2.00 g, 5.51 mmol), isoquinolin-4-yl boronic 

acid (1.01 g, 6.06 mmol), 2 M potassium carbonate (in H2O, 10 mL), 

tetrakis(triphenylphosphine)palladium (0.64 g, 0.55 mmol)in toluene (100 mL) and 

ethanol (10 mL) were heated to reflux in a nitrogen atmosphere for 24 h. After the 

reaction mixture was concentrated in vacuo, the resulting mixture was extracted with 

dichloromethane. The organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 
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mixture, which was purified by column chromatography (SiO2, hexane:ethyl acetate 

= 9:1) afford the  3-(10-(4-methoxyphenyl)anthracen-9-yl)pyridine (1.62 g, 65.0%) 

as yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.40 (d, J = 7.5 Hz, 1H), 8.27 

(d, J = 7.5 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 8.00 (d, J = 8 Hz, 2H), 7.52~7.35 (m, 

10H), 6.88 (d, J = 7.8 Hz, 1H), 6.77 (d, J = 8.7 Hz, 1H), 6.58 (d, J = 4 Hz, 1H). 

3-(10-(4-methoxyphenyl)anthracen-9-yl)quinoline (3QAA). 9-bromo-10-

(4-methoxyphenyl)-anthracene (2.00 g, 5.51 mmol), quinolin-3-yl boronic acid (1.05 

g, 6.06 mmol), 2 M potassium carbonate (in H2O, 10 mL), 

tetrakis(triphenylphosphine)palladium (0.64 g, 0.55 mmol)in toluene (100 mL) and 

ethanol (10 mL) were heated to reflux in a nitrogen atmosphere for 24 h. After the 

reaction mixture was concentrated in vacuo, the resulting mixture was extracted with 

dichloromethane. The organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 

mixture, which was purified by column chromatography (SiO2, hexane:ethyl acetate 

= 9:1) afford the  3-(10-(4-methoxyphenyl)anthracen-9-yl)quinoline (1.7 g, 75.0%) 

as yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 9.02 (s, 1H), 8.31 (m, 2H), 

7.93 (d, J = 8 Hz, 1H), 7.85 (t, J = 7.2 Hz, 1H), 7.80~7.77 (m, 2H), 7.69~7.62 (m, 

3H), 7.42~7.22(m, 6H), 7.15 (d, J = 8.4 Hz, 2H), 3.96 (s, 3H). 13C-NMR (100 MHz, 

CDCl3): δ (ppm) 160.9, 152.8, 138.3, 138.2, 132.3, 132.2, 130.7, 130.4, 130.2, 129.9, 

129.3, 128.9, 128.0, 127.9, 127.4, 127.3, 126.2, 125.7, 125.1, 121.8, 114.0, 113.9, 

55.4. 

2-(10-(4-methoxyphenyl)anthracen-9-yl)-1,10-phenanthroline (PTAA). A 

1.6 M solution of n-butyllithium in hexane (6.90 mL, 11.02 mmol) was slowly added 

to a solution of 9-bromo-10-(4-methoxy-phenyl)anthracene (2.00 g, 5.51 mmol) in 

100 mL of diethyl ether at 0 ℃. The solution was allowed to stir for 60 min at 0 ℃. 
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A suspension of 1,10-phenanthroline (0.66 g, 3.67 mmol) in 50 mL of toluene was 

added. The solution first became yellow and then turned dark violet. The mixture 

was stirred for 48 h at room temperature. After the addition of water (50 mL) the 

layers were separated and the aqueous layer was extracted three times with 

dichloromethane (3 × 10 mL). The combined organic extracts were stirred with 20 g 

of activated MnO2 for 2 h. The mixture was dried with magnesium sulfate and 

filtered. After evaporation of the filtrated the resulting solid was separated by column 

chromatography (SiO2, dichloromethane) afford the 2-(10-(4-

methoxyphenyl)anthracen-9-yl)-1,10-phenanthroline (1.40 g, 55.0%) as yellow 

solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 9.09 (d, J = 3.6 Hz, 1H), 8.42 (d, J = 8 

Hz, 1H), 8.26 (d, J = 8 Hz, 1H), 7.26 (t, J = 8 Hz, 2H), 7.73 (d, J = 8.6 Hz, 2H), 7.50 

(m, 1H), 7.46 (m, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.29~7.19 (m, 6H), 7.14 (dd, J= 8.4 

Hz, 2.8Hz, 1H), 3.97 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 159.06, 139.26, 

138.0, 136.1, 132.5, 132.2, 131.0, 130.2, 130.0, 128.9, 128.0, 127.5, 127.1, 126.6, 

126.5, 126.5, 126.2, 125.3, 124.9, 123.9, 123.0, 122.5, 113.9. 

 

2.3. General methods 

1H- and 13C-NMR spectra were recorded using an Agilent 400 MHz Varian 

spectrometer in CDCl3. 1H-NMR chemical shifts in CDCl3 were referenced to CHCl3 

(7.27 ppm). 13C-NMR chemical shifts in CDCl3 were reported relative to CHCl3 

(77.23 ppm). UV-visible spectra were recorded on a Beckman DU650 

spectrophotometer. Fluorescence spectra were recorded on a Jasco FP-6500 

spectrophotometer. Fluorescent quantum yields in the solid films were recorded on 

an Otsuka electronics QE-2000 spectrophotometer. Mass spectra were obtained 

using matrix-assisted laser desorption-ionization time-of-flight mass spectrometry 
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(MALDI-TOF-MS) from Bruker. High-resolution masses were measured by either 

fast atom bombardment (FAB) or electron ionization (EI) using a JEOL HP 5890. 

Analytical thin-layer chromatography was performed using Kieselgel 60F-254 plates 

from Merck. Column chromatography was carried out on Merck silica gel 60 

(70~230 mesh). Decomposition temperatures (Td) and glass transition temperatures 

(Tg) were obtained by thermogravimetric analysis (TGA, Q-5000-IR) and 

differential scanning calorimetry (DSC, DSC-Q-1000), respectively. The TGA and 

DSC analyses were performed at a heating rate of 10 ℃ min-1 under a nitrogen 

atmosphere. The Tg was determined from the third heating scan. The electrochemical 

properties of AA derivatives were studied using cyclic voltammetry (CV) in CH2Cl2 

solutions (1.00 mM) with 0.1 M tetra-n-butylammonium hexafluorophosphate 

(TBAPF6) as the supporting electrolyte. A glassy carbon electrode was employed as 

the working electrode and referenced to a Ag reference electrode. All potential 

values were calibrated against the ferrocene/ferrocenium (Fc/Fc+) redox couple. The 

onset potential was determined from the intersection of two tangents drawn at the 

rising and background current of the cyclic voltammogram. 

 

2.4. Theoretical calculations 

The optimized geometries and frontier molecular orbital energy levels for DIP 

and TIP were obtained using density functional theory (DFT) calculations with 

Gaussian ’09. The geometries were optimized using the Becke 3-parameter Lee-

Yang-Parr (B3LYP) functional with the 6-31G(d)-level atomic basis set. 

 

2.5. Device fabrication & characterization 
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N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB), 

4,4′,4″-tris(N-carbazolyl)triphenylamine (TCTA), and 1,3,5-tris(N-

phenylbenzimidazol-2-yl)benzene (TPBI) were purchased from commercial sources 

and used without purification. The fabrication of OLEDs was conducted by the high-

vacuum (2  10-6 Torr) thermal evaporation of the organic materials onto indium tin 

oxide (ITO)-coated glass (sheet resistance: 15 Ω/square; Applied Film Corp.). Glass 

substrates with patterned ITO electrodes were washed with isopropyl alcohol and 

then cleaned by O2 plasma treatment. The OLED devices were fabricated with a 

configuration of ITO/NPB/TCTA/3QAA/TPBI/LIF/Al. NPB and TCTA (hole 

transporting layers), TPBI (electron transporting layer), LiF (electron injection layer), 

and Al electrodes were deposited sequentially on the substrate. The emission 

properties were determined using a PR-650 SpectraScan SpectraColorimeter as a 

source meter. The current-voltage characteristics were measured using a 

programmable electrometer equipped with current and voltage sources (Keithley 

2400). 

 

3. Results and Discussions 

3.1. Theoretical calculations 
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Figure 1. Optimized geometries and calculated molecular orbital density maps 

obtained from DFT calculations of Anisole-anthracene derivatives performed at the 

B3LYP/6-31G(d) level of theory. 

 

Optimized geometries and frontier molecular orbital energy levels for AA 

derivatives were obtained from DFT calculations at the B3LYP/6-31G(d) level using 

Gaussian ’09. As shown in Figure 1, the electron donating anisole moiety is highly 

distorted from the anthracene due to the closed hydrogen-hydrogen interaction 

between anisole and anthracene. The calculated results show that the dihedral angle 

connecting the anisole and anthracene is twisted about 90°. The acceptor moieties of 

pyridine, quinoline and phenantholine are also distorted about 90° with anthracene 

due to the hydrogen-hydrogen interaction. The introduction of the twisted structure 

of the anisole and accepting moieties inhibited the aggregation of AA derivatives in 

neat film. The highest occupied molecule orbitals (HOMOs) and lowest unoccupied 

molecule orbitals (LUMO) of AA derivatives are localized on the anthracene moiety. 



76 

 

The DFT-calculated HOMO and LUMO energies are similar except PTAA, which 

are destabilized HOMO and LUMO energy levels due to the phenanthroline acceptor 

moiety.  

 

3.2. Synthesis 

The synthetic routes to AA derivatives are illustrated in Figure 2. The 

synthesis of 9-bromo-10-(4-methoxyphenyl) anthracene (3) was started from (4-

methoxyphenyl)boronic acid with 9-bromoanthracene. Next, bromine attached 

pyridine, quinoline and isoquinoline reacted with compound 3 using the Suzuki cross 

coupling reaction, while phenanthrene moiety attached to compound 3 using anionic 

reaction with n-butyllithium and MnO2. Furthermore, synthesized molecules were 

characterized by 1H-NMR and 13C-NMR. These four blue emitting materials were 

purified further by train sublimation under reduced pressure (<10-4 Torr). 

 

Figure 2. Synthetic routes of AA derivatives. 
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3.3. Photophysical properties 

Table 1. UV and PL properties of AA derivatives in dichloromethane (10-5 M). 

 1PAA IQAA PTAA 3QAA 

UV  
(nm) 

259, 356,  
374, 395 

258, 356,  
375, 395 

259, 358,  
375, 395 

259, 358,  
376, 397 

PL λmax  

(nm) 
423 422 472 438 

 

 

Figure 3. Photophysical properties of anisole-anthracene derivatives in 

dichloromethane (10-5 M). 

 

Photophysical properties of four AA derivatives are summarized in Table 1. 

Figure 3 shows the normalized UV-vis absorbance and PL spectra of AA derivatives 

in dichloromethane solution. In solution, four AA derivatives exhibited similar 

absorbance characteristics as the isolated anthracene units. All absorption spectra 

has three major bands, with similar absorption peaks in the range of 259 to 397 nm. 
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These characteristic electronic patterns can be attributed to n-π* and π-π* transitions. 

Absorption bands at 330 ~ 400 nm come from π-π* transitions of the substituted aryl 

groups on the anthracene core83 where the PL emission spectra of these anthracene 

derivatives were sufficiently overlapped with UV-Vis absorption. Upon excitation 

approximately at 375 nm, the PL spectra of AA derivatives in dichloromethane 

solution were found to exhibit deep blue to sky blue emission with the peak maxima 

at 423 to 472 nm. Compared to maximum emission peak of compound 3PAA (423 

nm) or IPAA (423 nm), PTAA (472 nm) showed red-shifted emission due to 

stronger electron withdrawing phenanthroline group containing one more nitrogen 

than pyridine and quinoline groups. Among them, 3QAA has a suitable PL emission 

at approximately 438 nm for blue OLEDs. Therefore, electrochemical, thermal and 

device characteristics of 3QAA were studied. 

 

3.4. Electrochemical properties of 3QAA 

 

Figure 4. Electrochemical properties of 3QAA. 
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To investigate the electrochemical properties of 3QAA, cyclic voltammetry 

(CV) measurement was carried out. Consequently, the result was used to determine 

the HOMO energy level of the compound. The HOMO energy level was calculated 

from the onset of the oxidation potentials with respect to the energy level of ferrocene. 

As shown in Figure 4, 3QAA exhibited irreversible oxidation in dichloromethane at 

room temperature. Because oxidation potential (Eox) of 3QAA was estimated to be 

1.57 V, HOMO energy of 3QAA was calculated to be 5.77 eV. The energy band gap 

(Egap) of 3QAA was obtained from absorption onset to be 3.01 eV. The LUMO 

energy level was estimated to be 2.76 eV using the following equation Egap = (EHOMO 

+ ELUMO). 3.01 eV of energy gap and appropriable HOMO and LUMO show that 

3QAA is suitable for blue OLEDs used as an emitting layer. 

 

3.5. Thermal properties of 3QAA 

 

Figure 5. (a) TGA and (b) DSC graphs of 3QAA. 

 

The thermal properties of 3QAA were investigated using TGA and DSC 

(Figure 5). 3QAA exhibits high thermal stability at a decomposition temperature (Td, 
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corresponding to 5% weight loss) of 346 °C and no Tg, which means that 3QAA has 

amorphous characteristic. Because a practical OLED device further requires 

excellent heat-resistance and durability, it means that the homogeneous, isotropic 

and easily processable characteristics of amorphous material are useful for an OLED 

device.  

 

3.6. Electroluminescence properties 

 

Figure 6. EL performances of 3QAA based doped and non-doped blue OLEDs. 
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Table 2. Electroluminescent characteristics of 3QAA based OLEDs 

Doping 
concentration 

Von
a 

(V) 
EQEmax

 

(%) 
C.E.max

b 
(cd/A) 

P.E.max
c 

(lm/W) 
ELmax 
(nm) 

CIEd  
(x,y) 

ADN:3wt% 
3QAA 

3.3 0.62 0.46 0.35 440 (0.15, 0.09) 

100% 3QAA 3.5 1.45 1.26 0.75 448 (0.15, 0.10) 

a Turn-on voltage at 1 cd/m2, b current efficiency, c power efficiency, d at maximum EQE. 

 

OLED devices were fabricated using 3QAA as a non-doped deep-blue 

fluorescent emitter in the emitting layer (EML). The device configuration was 

ITO/NPB (40 nm)/TCTA (20 nm)/3QAA or ADN:3wt% 3QAA (30 nm)/TPBI 

(15 nm)/LiF (1 nm)/Al (100 nm). Figure 6a shows the current density-voltage 

characteristics of the OLED devices containing doped and non-doped condition of 

3QAA used as the EML. In addition, the performances of the OLEDs are 

summarized in Table 1. Both of the devices had low turn-on voltages (at a luminance 

of 1 cd/m2) at 3.3 and 3.5 V, respectively, possibly originating from the small 

injection barriers in the devices. The current density of the doped EML based device 

was higher than that of the non-doped EML based device at the same voltage. 

Meanwhile, the luminance values of the non-doped EML based device was higher 

than that of the doped EML based device at the same current density, as shown in 

Figure 6b. The quantum efficiency-current density of two devices is plotted in Figure 

6c. The non-doped EML based device shows a better maximum EQE of 1.45% 

compared to that of 0.62 % of the doped EML based device. Figure 6d shows the 

normalized EL spectra of the doped and non-doped EML based devices with 

maximum peak wavelengths at 440 and 448 nm, respectively. EL emission of the 

non-doped EML based device originates from the singlet exciton of 3QAA without 



82 

 

any other emission from the adjacent layers whereas the ADN doped EML based 

device expected that originates from the ADN used as the host material.84 The CIE 

coordinates of the ADN doped and non-doped EML based devices are (0.15, 0.09) 

and (0.15, 0.10), respectively. The low efficiency of the ADN doped EML based 

device show that the ADN is an inefficient host material for 3QAA. Therefore, the 

generated exciton of host ADN does not transfer to the dopant 3QAA. 

 

4. Conclusion 

Bipolar luminescent molecules with anisole-anthracene cores attached to 

electron withdrawing group like pyridine, quinoline and phenanthroline were 

designed and synthesized for use as non-doped blue fluorescent emitting materials. 

Because of the highly twisted molecular structure, each molecule shows deep-blue 

to sky-blue emissions in solution. A non-doped device using 3QAA as the emitting 

material exhibited a maximum EQE of 1.45% with CIE color coordinates of (0.15, 

0.10). These results indicate that aryl substituents at the C9- and/or C10 positions of 

anthracene core have a limited conjugation effect; therefore, using an anthracene 

core is an easy way to make blue EL emission.  
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Section 2. Efficient deep-blue emitters based on triphenylamine-

linked benzimidazole derivatives for non-doped fluorescent 

organic light-emitting diodes 

 

 

 

 

 

Abstract 

Two triphenylamine-substituted benzimidazole derivatives were 

synthesized for use as efficient deep-blue emitters in non-doped fluorescent 

organic light-emitting diodes (FLOLEDs). The molecular design of 4′,4′′-

(1H-benzo[d]imidazole-1,2-diyl)bis(N,N-diphenylbiphenyl-4-amine) (T2B) 

to limit the molecular packing density enabled T2B-based devices to suppress 

the exciton quenching by a bulky three-dimensional structure. Non-doped 

FLOLEDs fabricated using T2B as a blue emitter exhibited an external 

quantum efficiency of 4.67% with color coordinates of (0.15, 0.08). 

 

Keywords: Deep-blue emitter, fluorescent organic light-emitting diodes, non-

doped system, packing density 
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1. Introduction 

Deep-blue fluorescent organic light-emitting diodes (FLOLEDs) possessing 

high efficiency and pure Commission Internationale de l’Eclairage (CIE) 

chromaticity coordinates are a prerequisite for full-color displays and lighting 

devices. There have been many studies on improving the device performance by 

optimally designing the emitters using doped or non-doped systemsiu.30, 85-86 

Nonetheless, owing to the intrinsic wide bandgap nature of deep-blue emitters, only 

a few examples of high-performance deep-blue FLOLEDs have been reported, in 

contrast to red and green fluorescent devices.87-90 

Doping of emitters into host materials in the emitting layer (EML) was mainly 

involved for the development of high-efficiency deep-blue FLOLEDs. Chen et al. 

reported an external quantum efficiency (EQE) of 2.3% with CIE coordinates of 

(0.15, 0.11) based on mono(styryl)amine-based deep-blue dopants in FLOLEDs.91 

FLOLED devices fabricated using a 9-anthracene-spirobenzofluorene derivative as 

the host and a diphenylamine-substituted spirobenzofluorene derivative as the 

dopant showed an EQE of 5.4% with CIE coordinates of (0.13, 0.15).92 Deep-blue 

FLOLEDs based on spirocyclic aromatic hydrocarbon derivatives and purine 

derivatives exhibited CIE coordinates of (0.16, 0.08) with 1.1 cd/A and CIE 

coordinates of (0.15, 0.06) with an EQE of 3.1%, respectively.81, 93  

A non-doped system has an advantage of a simple device structure that 

employs only a single emitting material without using a complicated host–dopant 

codeposition process.57-61 However, in this type of system, excimers are usually 

induced by intermolecular interactions between emitters, or excitons are readily 

quenched, resulting in a red-shift of the CIE coordinates and/or low quantum 

efficiency because the emitters tend to be closely packed in the EML.94 Relatively 
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little attention has been paid to the synthesis of deep-blue emitters because EQEs >2% 

and CIEy <0.10 in the deep-blue non-doped system are difficult to obtain 

simultaneously. Therefore, it is still challenging to design deep-blue emitters for 

reliable device performance.  

In this study, we synthesized deep-blue fluorescent-emitting materials, N,N-

diphenyl-4′-(1-phenyl-1H-benzo[d]imidazol-2-yl)biphenyl-4-amine) (T1B) and 

4′,4′′-(1H-benzo[d]imidazole-1,2-diyl)bis(N,N-diphenylbiphenyl-4-amine) (T2B), 

for the development of highly efficient, non-doped FLOLEDs with deep-blue CIE 

coordinates, where the correlation between the device performance and the 

molecular packing density was investigated. FLOLEDs using sterically bulky T2B 

as an emitter without a dopant showed deep-blue emissions with a CIEy of 0.08 and 

an EQE of 4.67% at 100 cd/m2, which is better than the values obtained from T1B 

owing to more efficient inhibition of exciton quenching. 

 

2. Materials and methods 

2.1. Materials. 

N-phenyl-o-phenylenediamine, 1-fluoro-2-nitrobenzene, 4-

bromobenzaldehyde, 4-(diphenylamino)phenylboronic acid, 

tetrakis(triphenylphosphine) palladium, and sodium carbonate were purchased from 

Aldrich and used without purification. 

 

2.2. Synthetic procedure. 
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2-(4-Bromophenyl)-1-phenyl-1H-benz[d]imidazole (B1). Acetic acid (20 

mL) was added to a flask containing N-phenyl-o-phenylenediamine (1.50 g, 8.14 

mmol) and 4-bromobenzaldehyde (1.66 g, 8.96 mmol). After the mixture was 

refluxed for 12 h, distilled water was added and the organic layer was extracted with 

dichloromethane. The organic layer was washed with sodium bicarbonate and brine 

and dried using anhydrous sodium sulfate. The filtrate was concentrated in vacuo to 

give a crude mixture, which was then subjected to column chromatography on silica 

gel using ethyl acetate and hexane (v/v 1:20) as the eluent. Analytically pure 2-(4-

bromophenyl)-1-phenyl-1H-benz[d]imidazole was isolated as a white solid (1.39 g, 

49%). 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J=8.4 Hz, 1H), 7.53~7.42 (m, 7 H), 

7.35~7.21 (m, 5H). 13C NMR (CDCl3, 100 MHz) δ 151.21, 142.90, 137.25, 136.75, 

131.55, 130.84, 130.01, 128.90, 128.77, 127.37, 124.04, 123.58, 123.15, 119.90, 

110.48. MALDI-TOF MS: calcd for C19H13BrN2 348.03, found 349.20. 

N-(4-bromophenyl)-N′-2-nitroaniline. A mixture of 1-fluoro-2-

nitrobenzene (5.00 g, 35.436 mmol), 4-bromoaniline (12.19 g, 70.87 mmol), and 

potassium fluoride (2.57 g, 44.30 mmol) was heated at 170–180 °C for 72 h. The 

resulting mixture was extracted with dichloromethane, and the organic layer was 

washed with water and brine and dried using anhydrous sodium sulfate. The filtrate 

was concentrated in vacuo and was then subjected to column chromatography on 

silica gel using dichloromethane as the eluent. The resulting red solid was 

recrystallized from methanol to afford N-(4-bromophenyl)-N′-(2-nitrophenyl)amine 

as orange needles (3.10 g, 30%). 1H NMR (400 MHz, CDCl3) δ 9.37 (s, 1H), 8.19 

(d, J = 8.6 Hz, 1H), 7.51 (d, J = 8.6 Hz, 2H), 7.37 (t, J = 7.8 Hz, 1H), 7.24~7.14 (m, 

3H), 6.80 (t, J = 7.4 Hz, 1H). 13C NMR (CDCl3, 100 MHz) δ 142.36, 137.93, 135.73, 
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133.50, 132.80, 126.74, 125.70, 118.40, 118.04, 115.94. MALDI-TOF MS: calcd for 

C12H9BrN2O2 291.98, found 290.37. 

N-(4-Bromophenyl)-1,2-phenylenediamine. A suspension of N-(4-

bromophenyl)-N′-(2-nitrophenyl)amine (2.00 g, 6.85 mmol) and stannous chloride 

dihydrate (7.73 g, 34.25 mmol) in ethanol was refluxed for 24 h. The reaction 

mixture was concentrated in vacuo and neutralized with aqueous sodium bicarbonate 

solution. The resulting solution was extracted with ethyl acetate, dried using 

anhydrous sodium sulfate, and concentrated in vacuo to afford the crude product. 

The product was isolated by column chromatography on silica gel using ethyl acetate 

and hexane (v/v 1:3) as the eluent (1.78 g, 99%). 1H NMR (400 MHz, CDCl3) δ 7.26 

(d, J = 11.4 Hz, 2H), 7.08~7.01 (m, 2H), 6.80~6.73 (m, 2H), 6.58 (d, J = 8.2 Hz, 2H), 

5.16 (s, 1H), 3.71 (s, 2H). 13C NMR (CDCl3, 100 MHz) δ 144.53, 142.12, 132.04, 

127.70, 126.28, 125.26, 119.17, 116.62, 116.22, 110.95. MALDI-TOF MS: calcd for 

C12H11BrN2 262.01, found 262.32. 

1,2-bis(4-bromophenyl)-1H-benzo[d]imidazole (B2).      Acetic acid (20 mL) 

was added to a flask containing N-(4-bromophenyl)-1,2-phenylenediamine (1.0 g, 

5.43 mmol) and 4-bromobenzaldehyde (1.21 g, 6.51 mmol). After the mixture was 

refluxed for 12 h, distilled water was added and the organic layer was extracted with 

dichloromethane. The organic layer was washed with aqueous sodium bicarbonate 

solution and brine and dried using anhydrous sodium sulfate. The filtrate was 

concentrated in vacuo to give a crude mixture, which was then subjected to column 

chromatography on silica gel using ethyl acetate and hexane (v/v 1:6) as the eluent 

to afford analytically pure 1,2-bis(4-bromophenyl)-1H-benzo[d]imidazole (1.11 g, 

47%). 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 7.8 Hz, 1H), 7.63 (d, J = 7.9 Hz, 

2H), 7.43 (dd, J = 8, 12 Hz, 4H), 7.34 (t, J = 7 Hz, 1H), 7.32~7.16 (m, 4H). 13C NMR 
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(CDCl3, 100 MHz) δ 151.09, 142.95, 136.91, 135.78, 133.29, 131.74, 130.83, 128.87, 

128.57, 124.29, 123.82, 123.40, 122.65, 120.08, 110.22. MALDI-TOF MS: calcd for 

C19H12Br2N2 425.94, found 427.23. 

N,N-diphenyl-4'-(1-phenyl-1H-benzo[d]imidazol-2-yl)biphenyl-4-amine 

(T1B). A mixture of compound B1 (0.70 g, 2.00 mmol), 4-

(diphenylamino)phenylboronic acid (0.70 g, 2.40 mmol), 

tetrakis(triphenylphosphine)palladium (0.12 g, 0.10 mmol), and aqueous sodium 

carbonate (2 M, 10 mL) in tetrahydrofuran (40 mL) and methanol (10 mL) was 

heated to reflux in a nitrogen atmosphere for 24 h. After the reaction mixture was 

concentrated in vacuo, the resulting mixture was extracted with dichloromethane. 

The organic layer was washed with water and brine and dried using anhydrous 

sodium sulfate. The filtrate was concentrated in vacuo to give a crude mixture, which 

was then subjected to column chromatography on silica gel using dichloromethane 

and hexane (v/v 1:1) as the eluent to afford analytically pure N,N-diphenyl-4′-(1-

phenyl-1H-benzo[d]imidazol-2-yl)biphenyl-4-amine as a yellow solid (0.78 g, 76%). 

1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.52 

(d, J = 8 Hz, 4H), 7.45 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 7.8 Hz, 2H), 7.27~7.23 (m, 

8H), 7.10 (dd, J = 8.8, 2 Hz, 6H), 7.02 (t, J = 7.2 Hz, 2H). 13C NMR (CDCl3, 100 

MHz) δ 152.18, 147.65, 147.51, 141.39, 137.29, 137.09, 133.66, 129.89, 129.79, 

129.28, 128.57, 127.62, 127.47, 127.24, 124.53, 123.62, 123.28, 123.09, 122.98, 

119.75, 110.38. MALDI-TOF MS: calcd for C37H27N3 513.22 g/mol, found 513.26 

g/mol. HRMS (FAB+) [M+H: C37H28N3]: calcd for 514.2283, found 514.2283. Anal. 

Calcd. For C37H27N3: C, 86.52; H, 5.30; N, 8.18. Found: C, 86.05; H, 5.18; N, 8.11. 

4',4''-(1H-benzo[d]imidazole-1,2-diyl)bis(N,N-diphenylbiphenyl-4-amine) 

(T2B). Using an approach similar to that used for the synthesis of T1B by the Suzuki 



89 

 

coupling reaction, a white powder was obtained (0.65 g, 74%). 1H NMR (400 MHz, 

CDCl3) δ 7.89 (d, J = 8.4 Hz, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 

7.52 (dd, J = 8.4, 2 Hz, 4H), 7.46 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 

7.34~7.23 (m, 11H), 7.17~7.09 (m, 12H), 7.03 (q, J = 8.4 Hz, 4H). 13C NMR (CDCl3, 

100 MHz) δ 152.19, 147.85, 147.65, 147.51, 147.48, 143.09, 141.40, 140.81, 137.32, 

135.59, 133.67, 133.17, 129.83, 129.34, 129.28, 128.20, 127.78, 127.72, 127.63, 

126.28, 124.61, 124.52, 123.62, 123.28, 123.21, 123.08, 122.99, 119.78, 110.46. 

MALDI-TOF MS: calcd for C55H40N4 756.33 g/mol, found 756.77 g/mol. HRMS 

(FAB+)[M+H: C55H41N4]: calcd for 757.3331, found 757.3331. Anal. Calcd. For 

C55H40N4: C, 87.27; H, 5.33; N, 7.40. Found: C, 86.72; H, 5.28; N, 7.30. 

 

2.3. Measurements. 

1H and 13C NMR spectra were recorded using an Agilent 400 MHz Varian 

spectrometer in CDCl3. 1H NMR chemical shifts in CDCl3 were referenced to CHCl3 

(7.27 ppm) and 13C NMR chemical shifts in CDCl3 were reported relative to CHCl3 

(77.23 ppm). UV-visible spectra were recorded on a Beckman DU650 

spectrophotometer. Fluorescence spectra were recorded on a Jasco FP-6500 

spectrophotometer. The fluorescent quantum yield in the solid film was recorded on 

an Otsuka electronics QE-2000 spectrophotometer. For time-resolved PL 

spectroscopy, we employed excitation light sources as a femtosecond pulsed 

Ti:sapphire laser for a prompt component and a nanosecond pulsed Nd:YAG laser 

for a delayed component, and a monochromator-attached photomultiplier tube was 

used as an optical detection system. Mass spectra were obtained using matrix-

assisted laser desorption-ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) from Bruker. High-resolution masses were measured by either 
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fast atom bombardment (FAB) or electron ionization (EI) using a JEOL HP 5890 

series. Analytical thin-layer chromatography was performed using Kieselgel 60F-

254 plates from Merck. Column chromatography was carried out on Merck silica gel 

60 (70~230 mesh). All solvents and reagents were commercially available and used 

without further purification unless otherwise noted. Decomposition temperatures (Td) 

and glass transition temperatures (Tg) were obtained using Q-5000-IR 

thermogravimetric analysis (TGA) and DSC-Q-1000 differential scanning 

calorimetry (DSC), respectively. The TGA and DSC analyses were performed at 

10 °C min-1 under a nitrogen atmosphere. Tg was determined from the third heating 

scan. The electrochemical properties of T1B and T2B were studied using cyclic 

voltammetry (CV) in CH2Cl2 solutions (1.00 mM) with 0.1 M tetra-n-

butylammoniumhexafluorophosphate (TBAPF6) as the supporting electrolyte. A 

glassy carbon electrode was employed as the working electrode and referenced to a 

Ag reference electrode. All potential values were calibrated against the 

ferrocene/ferrocenium (Fc/Fc+) redox couple. The onset potential was determined 

from the intersection of two tangents drawn at the rising and background current of 

the cyclic voltammogram.  

 

2.4. Computational calculation. 

The optimized geometries and frontier molecular orbital energy levels for 

T1B and T2B were obtained using density functional theory (DFT) calculations with 

the Gaussian ’09 program package. The geometries were optimized using the Becke 

3-parameter Lee-Yang-Parr (B3LYP) functional with the 6-311G-level atomic basis 

set. 

 



91 

 

2.5. Deep-blue FLOLEDs fabrication and electro-optical 

characterization. 

N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine (NPB), 4,4′,4′′-tris(N-

carbazolyl)triphenylamine (TCTA), and 1,3,5-tris(N-phenylbenzimidazol-2-

yl)benzene (TPBI) were purchased from commercial sources and used without 

purification. Fabrication of organic light-emitting diodes (OLEDs) was conducted 

through high-vacuum (2×10-6 Torr) thermal evaporation of the organic materials 

onto indium tin oxide (ITO)-coated glass (sheet resistance: 15 Ω/square; Applied 

Film Corp.). Glass substrates with patterned ITO electrodes were washed with 

isopropyl alcohol and then cleaned through O2 plasma treatment. OLED devices 

were fabricated with a configuration of ITO/NPB/TCTA/T1B or T2B/TPBI/LIF/Al. 

NPB and TCTA as hole transporting layers, TPBI as an electron transporting layer, 

LiF and Al electrodes were deposited on the substrate in the order of sequence. The 

emission properties were determined using a PR-650 SpectraScan 

SpectraColorimeter as a source meter. Current-voltage characteristics were 

measured using a programmable electrometer equipped with current and voltage 

sources (Keithley 2400). 

 

3. Results and Discussion 

3.1. Computational calculation. 
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Figure 1. DFT calculations of T1B and T2B were performed at B3LYP/6-311G level: 

(a) chemical structures, (b) three-dimensional optimized geometries, and (c) HOMO 

and LUMO electron density map. 

 

To predict the optimized geometries and frontier molecular orbital energy 

levels for T1B and T2B, DFT calculations were carried out with the B3LYP/6-311G 

level using Gaussian ’09. The highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) distributions of T1B and T2B are 

shown in Figure 1. The HOMO of T1B and T2B was localized on the triphenylamine 

(TPA) unit, whereas the LUMO of T1B and T2B was dispersed over the 

benzimidazole (BI) unit. DFT analysis indicates that the HOMO and LUMO energy 

levels of T1B and T2B are similar (5.23 eV and 1.60 eV, respectively, for T1B; 5.21 

eV and 1.58 eV, respectively, for T2B).95 
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DFT analysis of the molecular conformation revealed that the phenyl ring at 

the 1-position of BI was twisted with respect to the BI plane, with a dihedral angle 

of 27.9°, whereas the phenyl ring at the 2-position of BI was twisted with respect to 

the BI plane with a dihedral angle of 59.3°. Furthermore, the conjugation length of 

T2B was similar to that of T1B because the phenyl moiety at the 2-position of BI 

was almost perpendicular to the TPA moiety, thereby increasing the steric bulkiness 

in T2B as compared to T1B. In general, bulky, nonplanar structures suppress the 

molecular packing through steric hindrance, thus decreasing charge carrier transport 

and excimer formation. Therefore, relative bulky structure in T2B makes it possible 

to have higher efficiency than T1B.47, 82, 95-96 

 

3.2. Synthesis 

 

Figure 2. Synthetic routes of T1B and T2B. 
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   The synthetic routes and molecular structures of T1B and T2B are 

illustrated in Figure 2. T1B and T2B comprise two main components: TPA as the 

donor moiety and BI as the acceptor moiety; these two components were connected 

through a phenyl linkage by the Suzuki coupling reaction.97-98 In T1B, the TPA unit 

was directly linked to the para position of the 2-phenyl moiety of 1,2-

diphenylbenzimidazole. However, in T2B, the two TPA units were attached to the 

para positions of the two pendant phenyl moieties of 1,2-diphenylbenzimidazole, 

which would suppress exciton quenching by limited molecular packing owing to the 

more bulky three-dimensional structure. Synthetic yields of the Suzuki reactions 

leading to T1B and T2B were 76% and 74%, respectively, after purification by 

column chromatography and vacuum sublimation. T1B and T2B were characterized 

by 1H NMR, 13C NMR, and low- and high-resolution mass spectrometry. 

 

3.3. Thermal properties 

 

Figure 3. TGA thermograms of T1B and T2B (inset: DSC analysis of T1B and T2B). 
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The thermal properties of T1B and T2B were investigated with TGA and DSC 

(Figure 3). Td, defined as the temperature at which 5% mass loss occurs, was 

measured by TGA. The Td values of T1B and T2B were 362 and 475 °C, respectively, 

whereas their Tg values were 97 and 137 °C, respectively. Tg of T2B was increased 

by 40 °C by the additional TPA unit. This indicates that a T2B emitter would be 

much better than a T1B emitter in terms of thermal stability.99 

 

3.4. Photophysical properties 

 

Figure 4. UV-vis absorption and photoluminescence (PL) spectra of (a) T1B and (b) 

T2B. (Dashed lines perpendicular to the x-axis correspond to λmax of PL spectra.) 
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Figure 4 depicts the normalized UV-vis absorbance (at 300 K) and 

photoluminescence (PL) spectra (at 300 K and 77 K) of T1B and T2B. The 

absorption bands around 300 nm for T1B and T2B originate from the TPA-centered 

n-π* transition.95 The absorption bands around 350 nm are attributed to the 

intramolecular charge-transfer transition from the electron-donating TPA moiety to 

the electron-accepting BI moiety.95, 100-101 The absorption edges of the UV-vis spectra 

were found to be 420 nm, which corresponds to the optical bandgap of 2.95 eV. From 

the optical bandgap and the HOMO energy level of 5.33 eV estimated from CV, 

LUMO energy level was calculated to be 2.38 eV (Figure 5) 

 

 

Figure 5. Cyclic voltammogram of T1B and T2B. 
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The PL λmax peaks of T1B and T2B were observed around 440 nm without 

any vibration peaks. Although an extra TPA unit was introduced at the para position 

of the pendant 2-phenyl group in T2B, the emission spectra of T1B and T2B display 

the identical maxima in both the solution and the solid states. These results 

demonstrate that the additional TPA moiety connected to the para position of the 

pendant 2-phenyl group does not contribute to the extension of the conjugation 

length.47 The nonplanar structures of T1B and T2B facilitate their use as emitters in 

non-doped deep-blue FLOLEDs owing to the efficient inhibition of π-π stacking in 

the film state by vapor deposition.  

 

 

Figure 6. Transient PL decay lifetime of T1B and T2B (a) prompt and (b) delayed 

fluorescence. 
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On going from singlet (300 K) to triplet (77 K) states in PL spectra, a red-shift 

of 80 for T1B and 79 nm for T2B is observed, indicating the energy gap between 

the lowest excited singlet state and the lowest excited triplet state (ΔEST) of 0.44 and 

0.43 eV, respectively. It has been known that a small ΔEST in aromatic organic 

compounds would facilitate the reverse intersystem crossing (RISC) even without 

heavy metals.2, 5, 102-103 These ΔEST values predict that the surrounding thermal 

energies may enable RISC in T1B and T2B, which could contribute to the increased 

device efficiency over the intrinsic limitations of fluorescent device performances. 

We investigated the emission lifetime of T1B and T2B by using transient PL decay 

measurement in order to evaluate the possibility of RISC in terms of delayed 

fluorescence (Figure 6). In general, PL decay lifetime is divided into prompt 

fluorescence (fast decay component) and delayed fluorescence (slow decay 

component). PL decay lifetime of T1B and T2B are 1.72 ns and 1.75 ns for prompt 

fluorescence, and 8.33 μs and 8.52 μs for delayed fluorescence, respectively. 

Therefore, it is clear from this data that the delayed fluorescence originates from the 

RISC process despite the relatively large of ΔEST in T1B and T2B. 

The photoluminescence quantum yields (PLQY) of T1B and T2B in solution 

were measured to be 0.72 and 0.66, respectively, using 9,10-di(naphth-2-

yl)anthracene (ADN, 0.57) as a reference at room temperature.104 The PLQY of 

T1B and T2B are 0.50 and 0.60 in the solid state, respectively. The reduction value 

of T1B PLQY is 30.6 %, whereas only 9.1 % for T2B. These results indicated that 

T2B suppress exciton quenching by limited molecular packing owing to the structure 

hindrance compared to T1B. 
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3.5. Electroluminescence properties. 

 

Figure 7. Device performance of deep-blue FLOLEDs with T1B and T2B. (a) 

current density–voltage characteristics (inset: energy level diagram of the 

FLOLEDs), (b) luminance–voltage characteristics, (c) quantum efficiency–

luminance characteristics and (d) electroluminescence spectra. 

 

Non-doped FLOLEDs were fabricated using T1B and T2B as deep-blue 

fluorescent emitters in the EML, with a device configuration of ITO/NPB (40 

nm)/TCTA (20 nm)/EML (T1B or T2B, 40 nm)/TPBI (20 nm)/LiF (1 nm)/Al (100 

nm). Two different blue FLOLEDs, one using T1B and the other using T2B as a 

deep-blue emitter, were fabricated and the performance of each device was evaluated 

(Table 1). 
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Table 1. Electroluminescence (EL) device performance of T1B and T2B. 

At 
100 cd/m2 

Current 
density 

(mA/cm2) 

Quantum 
efficiency (%) 

CIE (x, y) 
EL λmax 

(nm) 

T1B 5.12 3.05 0.15, 0.08 452 

T2B 3.13 4.67 0.15, 0.08 452 

 

Figure 7(a) shows current density–voltage characteristics of deep-blue 

fluorescent devices with T1B and T2B. The current density of the device with T1B 

was higher than that of the device with T2B, whereas the luminance values of the 

two devices with T1B and T2B emitters are similar at the same driving voltage as 

shown in Figure 7(b). The current density mainly depends on the differences in the 

energy levels of the organic thin layers in OLEDs.23, 105-106 Despite little difference 

in the energy levels of both deep-blue emitters, there is a discrepancy in the current 

densities at the same voltage. It is known that efficient packing of semiconductor 

molecules usually facilitates better current flow through the devices.95 Thus, the 

alternation of the packing densities in the solid films derived from the structurally 

different T1B and T2B would result in different current densities; the current density 

of the device with the structurally less bulky T1B was higher than that of the device 

with the structurally more bulky T2B. These results are consistent with our 

simulation using DFT calculations. Unlike the current density characteristics of 

T1B- and T2B-based devices, similar luminance values of the two devices indicate 

that exciton formation and light emission are more efficient in T2B-based devices 

(Figure 7(b)). 
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Figure 8. Luminance-current density characteristics of T1B and T2B as deep-blue 

fluorescent emitters in the EML with a device configuration of ITO/NPB (40 

nm)/TCTA (20 nm)/EML (T1B or T2B, 40 nm)/TPBI (20 nm)/LiF (1 nm)/Al (100 

nm). 

 

Quantum efficiency–luminance of two devices was plotted in Figure 7(c) 

based on current density and luminance of devices. The T2B-based device shows a 

better maximum EQE of 4.67% compared with that of 3.05 % of the T1B-based 

device at 100 cd/m2. In the case of T2B-based devices, EQE is about 1.4 times higher 

than the theoretical maximum EQE of about 3.3%, assuming that the EL quantum 

efficiency is the same as the PL quantum efficiency of 66%. Relatively high EQEs 

of the T1B- and T2B-based devices are attributed to thermally activated delayed 

fluorescence (TADF) by RISC that converts triplet excitons into singlet excited 

states.5-6 Recent researches proposed that two possible mechanisms for such an 
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unusual increase in EQE are the triplet–triplet annihilation (TTA) and the TADF.56, 

107 For the TTA, the luminance is known to increase more than linearly along with 

the increase of current density108, whereas in terms of TADF gradient slope appears 

a linear increase or less in luminance-current density curve (characteristics)103 and/or 

a fluorescent molecule has sufficient spatially separated HOMO and LUMO.5 In this 

research, the gradient slope of the luminance showed linearly at very low current 

density, and then the change in the luminance appeared with the tendency of 

saturation at high current density in Figure 8. Consequently, enhanced efficiency by 

delayed fluorescence is not from TTA but from TADF. In addition, as expected from 

the molecular packing density of DFT simulations, the T2B-based device has 

relatively fewer sites for exciton recombination with respect to molecular 

concentrations, resulting in a smaller exciton density as compared to the T1B-based 

device. However, concentrated excitons caused by more efficient packing would be 

more easily quenched in T1B. Therefore, the device performance based on T2B is 

superior to that of T1B-based devices. 

Figure 7(d) shows normalized EL spectra of the deep-blue fluorescent devices. 

A blue emission with a peak wavelength at 452 nm, which originated from the singlet 

excitons of blue emitters without any other emission from the adjacent layers, was 

observed in all devices. The EL spectra are essentially stable against changes in the 

molecular structure.  

 

4. Conclusion 

Two triphenylamine-attached benzimidazole derivatives (T1B and T2B) were 

designed and synthesized for use as deep-blue emitters in efficient non-doped 
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FLOLEDs. The fluorescent devices fabricated using T2B exhibited a high EQE of 

4.67%, which is 1.4 times higher than the theoretical maximum EQE of 3.3%, along 

with the CIE coordinates of (0.15, 0.08). Considering the high color purity of the 

blue emission, T2B affords high EQE among the non-doped FLOLEDs. This study 

demonstrates a good example of the fact that the limited molecular packing density 

of the emitter suppresses the exciton quenching, thereby increasing the EQE in the 

non-doped FLOLEDs. 
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Section 3 Development of multifunctional materials for OLEDs 

using triphenylamine-quinoline, quinoxaline and quinazoline 

hybrid compounds for deep blue fluorescent emitters and host 

materials 

 

 

 

 

 

Abstract 

Three bipolar materials by triphenylamine donor attached quinoline, 

quinoxaline and quinazoline acceptor: N,N-diphenyl-4-(quinolin-2-yl)aniline (QT), 

N,N-diphenyl-4-(quinoxalin-2-yl)aniline (XT) and N,N-diphenyl-4-(quinazolin-4-

yl)aniline (ZT) were synthesized for blue fluorescent emitting materoals. Among 

them, QT based blue OLEDs show maximum EQE of 4.0% and 3.1%, with a CIE 

color coordinates of (0.146, 0.079) and (0.153, 0.054), in non-doped and doped in 

mCBP using as host material, respectively. Furthermore, QT exhibits excellent host 

performance with comparable to mCBP host in XT and ZT using as a dopant based 

devices. 

 

Keywords: Multifunctional material, bipolar property, quinoline, quinoxaline, 

quinazoline. 
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1.  Introduction 

Since low-voltage, bright, and efficient organic light-emitting diodes (OLEDs) 

were realized by Tang’s report on tris(8-hydroxyquinoline)aluminum (Alq3)-based 

multilayer devices thirty years ago54, OLEDs have been developed for many 

possibilities as future displays, from smart phones to large flat panel displays.15-16  

The emitting materials were used only for an unipolar property like hole 

transporting (HT)30-34 or electron transporting (ET)35-40 in early OLEDs. These 

materials show the irreversible behaviors of electrochemical reactions and instability 

in cationic or anionic environments. For these reasons, unipolar emitting materials 

act not only as fluorescence quenchers, but also as charge traps, causing a significant 

decrease in the luminescence efficiency.97, 109 Therefore, emitting materials have 

evolved to possess bipolar property to permit for the formation of both stable cation 

and anion radicals that both HT and ET characteristics and matching the energy level 

for charge injection with adjacent layers.43-48 Since the charge-carrier transport in 

small molecules is a linkage of redox processes between the neutral molecules and 

the corresponding radical ions, electron-donating and electron-withdrawing moieties 

should have the potential ability to injection and transport both carriers. The most 

widely adopted strategy for obtaining bipolar properties is to incorporate donor-

acceptor combinations in the same molecule, facilitating inject and transport of both 

holes and electrons. An improved performance and operational stability have been 

demonstrated in devices using bipolar materials as the light emitting layer.  

Recently, bipolar non-doped blue-emitting materials (CIEy < 0.10) based on 

organic molecules with balanced carrier-transport properties have drawn 

considerable attention due to their facile synthesis and low cost.49-50, 52 Aimed at 

developing efficient hosts for green and blue OLEDs as well as using them as non-
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doped deep-blue fluorescent emitters, we designed and synthesized three bipolar 

materials by triphenylamine donor attached quinoline, quinoxaline, and quinazoline 

acceptor: N,N-diphenyl-4-(quinolin-2-yl)aniline (QT), N,N-diphenyl-4-

(quinoxalin-2-yl)aniline (XT) and N,N-diphenyl-4-(quinazolin-4-yl)aniline (ZT). 

The three synthesized compounds show bipolar characteristic behavior because the 

N atom in the triphenylamine (TPA) unit acts as an electron-rich core while the N 

atom in the quinoline, quinoxaline, and quinzaline unit acts as an electron 

withdrawing core. Their energy levels for the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) are tuned by the 

number and orientations of nitrogen atoms, improving bipolarity and control 

emission color. QT based blue OLEDs show maximum EQEs of 4.0% and 3.1%, 

with CIE color coordinates of (0.146, 0.079) and (0.153, 0.054), in non-doped and 

doped in mCBP using as host material, respectively. Meanwhile, QT exhibits 

excellent host performance comparable to mCBP host in XT and ZT using dopant 

based devices. 

 

2. Materials and general methods 

2.1. Materials 

All solvents and materials were used as received from commercial suppliers 

without further purification. Synthetic routes to QT, XT, and ZT are outlined in 

Scheme 1. The two final products (QT, XT, and ZT) were purified by temperature 

gradient vacuum sublimation. 

 

2.2. Synthetic procedure 
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N,N-diphenyl-4-(quinolin-2-yl)aniline (QT). A mixture of A mixture of 2-

chloroquinoline (0.70g, 4.28 mmol), 4-(diphenylamino)phenylboronic acid (1.36 g, 

4.71 mmol), tetrakis(triphenylphosphine)palladium (0.25 g, 0.21 mmol), and 

aqueous sodium carbonate (2 M, 15 mL) in tetrahydrofuran (60 mL) and methanol 

(15 mL) was heated to reflux in a nitrogen atmosphere for 24 h. After the reaction 

mixture was concentrated in vacuo, the resulting mixture was extracted with 

dichloromethane. The organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 

mixture, which was then subjected to column chromatography on silica gel using 

ethylacetate and hexane (v/v 1:9) as the eluent to afford analytically pure N,N-

diphenyl-4-(quinolin-2-yl)aniline as a yellow solid (1.29 g, 81%). 1H NMR (300 

MHz, CDCl3): δ (ppM) 8.19 (d, J = 8.6 Hz, 2H), 8.07 (d, J = 8.6 Hz, 2H), 7.83 (m, 

J = 7.2 Hz, 2H), 7.73 (t, J = 7.2 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 7.31 (t, J = 8.0 Hz, 

5H), 7.20 (t, J = 9.0 Hz, 5H), 7.09 (t, J = 7.2 Hz, 2H). 13C NMR (CDCl3, 75 Hz): δ 

(ppm) 160.98, 156.85, 147.34, 136.79, 129.68, 129.32, 128.50, 127.40, 127.11, 

126.90, 125.99, 124.86, 123.38, 123.03, 118.65. 

N,N-diphenyl-4-(quinoxalin-2-yl)aniline (XT). A mixture of A mixture of 

2-chloroquinoxaline (0.60g, 3.65 mmol), 4-(diphenylamino)phenylboronic acid 

(1.16 g, 4.01 mmol), tetrakis(triphenylphosphine)palladium (0.21 g, 0.18 mmol), and 

aqueous sodium carbonate (2 M, 12 mL) in toluene (30 mL) and ethanol (12 mL) 

was heated to reflux in a nitrogen atmosphere for 24 h. After the reaction mixture 

was concentrated in vacuo, the resulting mixture was extracted with dichloromethane. 

The organic layer was washed with water and brine and dried using anhydrous 

sodium sulfate. The filtrate was concentrated in vacuo to give a crude mixture, which 

was then subjected to column chromatography on silica gel using dichloromethane 
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and hexane (v/v 1:2) as the eluent to afford analytically pure N,N-diphenyl-4-

(quinoxalin-2-yl)aniline as a yellow solid (0.66 g, 48%). 1H NMR (300 MHz, CDCl3): 

δ (ppm) 9.30 (s, 1H), 8.12 (dd, J = 7.8, 6.3 Hz, 4H), 7.75 (m, 2H), 7.33 (t, J = 8.0 

Hz, 4H), 7.21 (t, J = 8.0 Hz, 6H), 7.12 (t, J = 7.2 Hz, 2H). 13C NMR (CDCl3, 75 Hz): 

δ (ppm) 151.37, 149.95, 147.02, 143.12, 141.09, 130.25, 129.45, 129.35, 129.27, 

129.03, 129.00, 128.47, 125.25, 123.86, 122.44.  

N,N-diphenyl-4-(quinazolin-2-yl)aniline (ZT). A mixture of A mixture of 

4-chloroquinazoline (0.80g, 4.86 mmol), 4-(diphenylamino)phenylboronic acid 

(1.99 g, 5.35 mmol), tetrakis(triphenylphosphine)palladium (0.28 g, 0.24 mmol), and 

aqueous sodium carbonate (2 M, 16 mL) in toluene (40 mL) and ethanol (16 mL) 

was heated to reflux in a nitrogen atmosphere for 24 h. After the reaction mixture 

was concentrated in vacuo, the resulting mixture was extracted with dichloromethane. 

The organic layer was washed with water and brine and dried using anhydrous 

sodium sulfate. The filtrate was concentrated in vacuo to give a crude mixture, which 

was then subjected to column chromatography on silica gel using ethylacetate and 

hexane (v/v 1:9) as the eluent to afford analytically pure N,N-diphenyl-4-

(quinoxalin-2-yl)aniline as a yellow solid (0.84 g, 46%). 1H NMR (300 MHz, CDCl3): 

δ (ppm) 9.35 (s, 1H), 8.29 (d, J = 8.3 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.93 (t, J = 

7.1 Hz, 1H), 7.73 (d, J = 8.6 Hz, 2H), 7.65 (t, J = 8.1 Hz, 1H), 7.35 (t, J = 8 Hz, 5H), 

7.23 (d, J = 8.5 Hz, 5H), 7.14 (t, J = 7.2 Hz, 2H). 13C NMR (CDCl3, 75 Hz): δ (ppm) 

167.82, 154.12, 150.15, 146.93, 133.80, 131.39, 129.51, 128.47, 127.66, 127.30, 

126.24, 125.42, 125.31, 124.05, 122.93, 121.63. 

 

2.3. General methods 
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1H- and 13C-NMR spectra were recorded using an Agilent 400 MHz Varian 

spectrometer in CDCl3. 1H-NMR chemical shifts in CDCl3 were referenced to CHCl3 

(7.27 ppm). 13C-NMR chemical shifts in CDCl3 were reported relative to CHCl3 

(77.23 ppm). UV-visible spectra were recorded on a Beckman DU650 

spectrophotometer. Fluorescence spectra were recorded on a Jasco FP-6500 

spectrophotometer. Fluorescent quantum yields in the solid films were recorded on 

an Otsuka electronics QE-2000 spectrophotometer. Analytical thin-layer 

chromatography was performed using Kieselgel 60F-254 plates from Merck. 

Column chromatography was carried out on Merck silica gel 60 (70~230 mesh). The 

electrochemical properties of QT, XT, and ZT were studied using cyclic 

voltammetry (CV) in CH2Cl2 solutions (1.00 mM) with 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. A 

glassy carbon electrode was employed as the working electrode and referenced to a 

Ag reference electrode. All potential values were calibrated against the 

ferrocene/ferrocenium (Fc/Fc+) redox couple. The onset potential was determined 

from the intersection of two tangents drawn at the rising and background current of 

the cyclic voltammogram. 

 

2.4. Theoretical calculations 

The optimized geometries and frontier molecular orbital energy levels for QT, 

XT and ZT were obtained using density functional theory (DFT) calculations with 

Gaussian ’09. The geometries were optimized using the Becke 3-parameter Lee-

Yang-Parr (B3LYP) functional with the 6-31G(d)-level atomic basis set. 
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2.5. Device fabrication & characterization 

N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB), 

4,4′-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC), and 

1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) were purchased from 

commercial sources and used without purification. The fabrication of OLEDs was 

conducted by the high-vacuum (2  10-6 Torr) thermal evaporation of the organic 

materials onto indium tin oxide (ITO)-coated glass (sheet resistance: 15 Ω/square; 

Applied Film Corp.). Glass substrates with patterned ITO electrodes were washed 

with isopropyl alcohol and then cleaned by O2 plasma treatment. The OLED devices 

were fabricated with a configuration of ITO/NPB/TAPC/EML/TPBI/LIF/Al. NPB 

and TAPC (hole transporting layers), TPBI (electron transporting layer), LiF 

(electron injection layer), and Al electrodes were deposited sequentially on the 

substrate. The emitting layer (EML) of non-doped devices are consist of 100% of 

QT, XT and ZT, whereas doped devices were consist of 20% of QT, XT and ZT as 

dopant materials, and mCBP or QT using as host materials. The emission properties 

were determined using a PR-650 SpectraScan SpectraColorimeter as a source meter. 

The current-voltage characteristics were measured using a programmable 

electrometer equipped with current and voltage sources (Keithley 2400). 

 

3. Results and discussion 

3.1. Synthesis 
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Scheme 1. Synthetic routes of QT, XT, and ZT. 

 

The synthetic routes for QT, XT, and ZT are illustrated in Scheme 1. Each 

compound is comprised of two main components: TPA as the donor moiety and 

quinoline, quinoxaline, and quinazoline as the acceptor moiety. Synthetic yields of 

the Suzuki reactions leading to QT, XT, and ZT were 81%, 48% and 46%, 

respectively, after purification by column chromatography and vacuum sublimation. 

Finally, the synthesized compounds were characterized by 1H NMR and 13C NMR. 

 

3.2. Theoretical calculations 
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Figure 1. Optimized structures and calculated highest occupied molecular orbital and 

lowest occupied molecular orbital density maps obtained from DFT calculations of 

QT, XT, and ZT, performed at the B3LYP/6-31G(d) level. Electron densiteis of (a) 

LUMO and (b) HOMO with the (c) structure of each molecule. 

 

To predict the optimized geometries and frontier molecular orbital energy 

levels for QT, XT, and ZT, DFT calculations were carried out at the B3LYP/6-

31G(d) level using Gaussian ’09. The highest occupied molecular orbital (HOMO) 
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and lowest unoccupied molecular orbital (LUMO) distributions of QT, XT and ZT 

are shown in Figure 1. The HOMOs of each compound were mainly localized on the 

TPA unit, whereas the LUMOs were mainly dispersed over each acceptor unit. DFT 

analysis indicates that QT has wider calculated band gap energy than those of XT 

and ZT. Stable LUMO of XT and ZT are predicted to be affected by strong 

withdrawing effect of an additional N atom in each acceptor moiety (1.76, 2.12 and 

2.02 eV for QT, XT, and ZT, respectively). However, because additional N atom in 

acceptor moiety affect not only LUMO but also HOMO of XT and ZT, DFT 

calculation results show that electronic distribution of HOMOs are distributed from 

the donor moieties to some part of acceptor moieties.74, 110 Thus, HOMOs of XT and 

ZT are also more stable than that of QT (5.19, 5.32 and 5.39 eV for QT, XT, and 

ZT, respectively). On the basis of the combination site, two nitrogens of XT are 

located so that one is at the ortho position while the other is at the deactivated meta 

position, respectively. Meanwhile, both N atoms of ZT is located at the activated 

ortho and para positions.111 Due to the π conjugation induced by lone-pair electrons 

of those nitrogen atoms, ZT predicts a smaller bandgap energy than XT. However, 

the opposite result was shown by theoretical calculation due to the acceptor part of 

ZT being more distorted than that of XT. The DFT analysis of the molecular 

conformation revealed that the dihedral angle between phenyl and 2-position of 

quinoxaline of XT is twisted about 15.6°, whereas the dihedral angle between phenyl 

and 4-position of quinazoline of ZT is twisted about 41.7°. 

 



114 

 

 

Figure 2. UV-Vis absorbance and photoluminescence of (a) QT, (b) XT, and (c) ZT 

in dichloromethane (10-5 M) (Black lines with open square symbols: absorption 

spectra, Black lines with closed square symbols: normalized photoluminescence at 

300 K, green lines with closed triangle symbols: normalized photoluminescence at 

77 K after 20 msec delay). Solatvochromic shift of (d) QT, (e) XT and ZT in various 

solvents (10-5 M). 
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Table 1. Physical properties of QT, XT and ZT. 

 
UV-Visa 

(nm) 
FLa 
(nm) 

PHa 
(nm) 

ΔEST 
(eV) 

Φa 
Eg

b
 

(nm) 
HOMOCV 

(nm) 
LUMOcal 

(nm) 

QT 
248, 291, 

370 
442 511 0.66 0.78 3.09 5.35 2.26 

XT 
251, 296, 

399 
504 547 0.59 0.85 2.86 5.39 2.53 

ZT 290, 379 445 517 0.31 0.83 3.01 5.42 2.41 

a 10-5 M in dichloromethane solution, b calculated from absorption edge.  

 

Figure 2 shows the UV-Vis absorbance and photoluminescence of each 

synthesized molecule and the photophysical data is summarized in Table 1. The 

absorption bands under 250 nm originate from the π-π* transition of the acceptor 

unit and around 290 ~ 300 nm for each compound originate from the TPA-centered 

n-π* transition. The absorption bands between 370 and 400 nm for each compound 

originate from the intramolecular charge-transfer transitions from the TPA donor to 

the N-contained acceptor.42 We also examined the PL solvatochromic shift of QT, 

XT, and ZT using various solvent at RT. Each material shows red shifted PL spectra 

increasing the dielectric constant. This indicates that their emissive S1 states are 

dependent on the dielectric constant of solvent polarity where each molecule has 

bipolar characteristics.109 The photoluminescence quantum yields (PLQYs) of QT, 

XT, and ZT in dichloromethane solution were measured to be 0.78, 0.85 and 0.83, 

respectively, using an integrating sphere. 
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Figure 3. Cyclic voltammogram of QT, XT, and ZT. 

 

The optical bandgaps of QT, XT, and ZT were determined by the absorption 

edges of the UV-Vis spectra which correspond to 3.09, 2.86, and 3.01 eV, 

respectively. From the optical bandgap and the HOMO energy levels 5.35, 5.39 and 

5.42 eV for QT, XT, and ZT, respectively, estimated from CV in Figure 3, the 

LUMO energy levels were calculated to be 2.26, 2.53 and 2.41 eV for each 

compound, respectively. The PL λmax of QT, XT, and ZT were observed at 442, 504 

and 445 nm in dichloromethane solution at 300 K (FL), respectively, which show 

the similar tendency as the theoretical results mentioned above. The PL λmax of each 

compound at a low temperature (77 K, PH) show 511, 547, and 517 nm, respectively. 

It is noted that QT and XT show structural emission dominated by the triplet of 

locally excited (LE) state characteristics, whereas ZT shows broad emission 

dominated by the triplet of a charge transfer (CT) state characteristic.102 As 
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mentioned above in the theoretical calculation part, ZT has more distortion between 

donor and acceptor than for XT and ZT. These structural features determine the state 

that is mainly affected in the emissive state. Therefore, ZT show smaller singlet-

triplet energy gap (ΔEST) than those of QT and XT due to the triplet CT state 

dominant excited state.  

 

 

Figure 4. PL spectra of QT, XT, and ZT in neat and doped film (20 wt% in the 

mCBP). (Open symbols: 20 wt% doped in the mCBP, closed symbols: neat film) 

 

PL spectra of QT, XT, and ZT in neat and doped film (20 wt% in the mCBP) 

also analyzed (Figure 4). QT, XT, and ZT exhibit PL λmax at 434, 473 and 471 nm 

in the doped film, respectively, as well as 452, 509, and 491 nm in neat film, 

respectively, red-shifted to those of the doped condition state. These results are 

presumed to be π-π stacking or intermolecular aggregation in the neat condition. 
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Figure 5. Device performance of non-doped FLOLEDs with QT, XT, and ZT. (a) 

Current density-voltage characteristics (inset: device structure of the FLOLEDs), (b) 

luminance-voltage characteristics, (c) quantum efficiency-luminance characteristics 

and (d) electroluminescence spectra.  

 

Three different non-doped FLOLEDs were fabricated and performed using 

QT, XT, and ZT as an EML without a host, respectively, with a device configuration 

of ITO/NPB (50 nm)/TAPC (10 nm)/EML (QT, XT, and ZT, 30 nm)/TPBI (40 

nm)/LiF (1 nm)/Al (100 nm) (Figure 5, Table 2). The current density and luminance 

of the device with XT is the highest value among the three devices at the same 

driving voltage, as shown in Figure 5(a) and (b). Meanwhile, the quantum efficiency 

of the device with XT is the lowest value than other conditions at the same luminance 
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(Figure 5(c)). It is known that efficient packing of semiconductor molecules usually 

facilitates better current flow through the devices.95 Thus, an alternation of the 

packing densities in the solid films derived from the structurally different QT, XT, 

and ZT would result in different current densities. Because the structure of non-

doped nature with relatively less distorted XT is better packed than that of ZT, it 

results in better current density and luminance at the same driving voltage. However, 

the maximum luminance and quantum efficiency of the ZT-based device is higher 

than those of XT-based device, which means that the higher packing density of the 

XT-based device causes more exciton quenching than for the ZT-based device at the 

same current density. These results are consistent with our simulation using DFT 

calculations and indicate that the electroluminescent (EL) performance of the ZT-

based device is more efficient than that of the XT-based device. The QT-based 

device shows saturated blue EL emission of 452 nm with a CIE color coordinate of 

(0.146, 0.079) and exhibits a maximum EQE of 4.0%. 

 

Table 2. EL Perfomance of QT, XT, and ZT based devices 

EML 
Von

a 
(V) 

EQEmax 
(%) 

Luminancemax 

(cd/m2) 
λmax

b 
(nm) 

CIEb 
(x, y) 

A 3.2 4.0 4559 452 0.146, 0.079 

B 3.2 2.6 8188 492 0.177, 0.439 

C 3.2 4.1 11440 484 0.154, 0.357 

D 3.4 3.1 3019 444 0.151, 0.054 

E 3.6 2.6 12300 488 0.159, 0.379 

F 3.2 3.3 10350 476 0.145, 0.247 

G 3.2 3.4 7285 484 0.157, 0.356 

H 3.2 4.1 13090 480 0.147, 0.295 

EL Device configuration of ITO/NPB (50 nm)/TAPC (10 nm)/EML (A~H, 30 nm)/TPBI (40 
nm)/LiF (1 nm)/Al (100 nm), condition of EML A: QT, B:XT, C:ZT, D: mCBP:QT = 4:1, E: 
mCBP:XT = 4:1, F: mCBP:ZT = 4:1, G: QT:XT = 4:1, H: QT:ZT = 4:1, a at 1 cd/m2, bat maximum 
EQE. 
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Figure 6. Device performance of mCBP doped FLOLEDs with QT, XT, and ZT. (a) 

Current density-voltage characteristics (inset: energy level diagram of FLOLEDs), 

(b) luminance-voltage characteristics, (c) quantum efficiency-luminance 

characteristics and (d) electroluminescence spectra.  

 

To further investigate the potential application of these blue-emitting 

compounds, we fabricated doped OLED devices with the structure ITO/NPB (50 

nm)/TAPC (10 nm)/EML (30 nm)/TPBI (40 nm)/LiF/Al (100 nm), where QT 

(device D), XT (device E), and ZT (device F) were used as the dopant materials in 

the mCBP host. The performance of devices D~F is also summarized in Table 2. As 

shown in Figure 6d, all the resulting EL spectra showed blue shifted emission peak 

around 444 to 488 nm compared to the A~C devices, which corresponded well with 
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the PL spectra in doped film (Figure 4). More specifically, EL spectra of QT-based 

doped device D exhibited saturated deep-blue emission with CIE coordinates of 

(0.151, 0.054). All of these dopant-based devices showed excellent EL efficiencies. 

It is noted that the current density-voltage characteristics and their corresponding 

luminance of XT and ZT were observed to be approximately similar. This means 

that the exciton quenching due to molecular packing is inhibited by mCBP host 

material in doped EML compared to non-doped environment. 

 

 

Figure 7. Device performance of XT and ZT-based FLOLEDs using QT as a host 

material. (a) Current density-voltage characteristics, (b) luminance-voltage 

characteristics, (c) quantum efficiency-luminance characteristics and (d) 

electroluminescence spectra. 
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Deep blue emitted QT was then employed as the host material for XT and ZT 

based fluorescent OLEDs. Device structures are ITO/NPB (50 nm)/TAPC (10 

nm)/QT: 20% XT or ZT (30 nm)/TPBI (40 nm)/LiF/Al (100 nm). In the device 

using QT as the host, the XT and ZT-based devices showed similar emission 

wavelengths and CIE color coordinates, but showed higher efficiency than those of 

the device using mCBP as the host. This means that QT can act not only as a blue 

fluorescent emitter, but also as a host of materials for sky-blue to green dopant 

materials (Figure 7). 

 

4. Conclusion 

In summary, three bipolar materials were comprised by triphenylamine donor 

attached quinoline, quinoxaline and quinazoline acceptor where QT, XT, and ZT 

have been synthesized and investigated. Each material-based non-doped OLED 

performs saturated blue to sky-blue EL emissions with appropriate efficiency. In 

doped devices using mCBP as the host material, the QT-based device shows a deep-

blue EL emission with a low CIE coordinate of y = 0.054 and EQE of 3.1%. 

Furthermore, QT is capable of acting as a host material in using XT and ZT as 

dopant materials. QT has been used not only as an emitter for non-doped blue 

OLEDs with high efficiency, but also as a host material for highly efficient sky-blue 

to green OLEDs. We successfully present multifunctional blue fluorophores that can 

exhibit high-efficiency blue emissions and be employed as high performance hosts. 
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Section 4 Extremely deep-blue fluorescent emitters with CIEy ≤ 

0.04 for non-doped organic light-emitting diodes based on an 

indenophenanthrene core  

 

 

 

 

 

 

 

Abstract 

The fluorescent molecules 7,7-dimethyl-N,N-diphenyl-7H-indeno[1,2-a] 

phenanthren-9-amine (DIP) and 4-(7,7-dimethyl-7H-indeno[1,2-a]phenanthren-9-

yl)-N,N-diphenylaniline (TIP), with indenophenanthrene cores and attached 

arylamine structures, were synthesized for use as extremely deep blue fluorescent 

emitting materials. A non-doped device using DIP as an emitting material exhibited 

a maximum external quantum efficiency of 3.27% and had Commission 

Internationale de l’Eclairage (CIE) color coordinates of (0.158, 0.040).  

 

Keywords: Deep-blue emitter, non-doped system, fluorescent organic light-

emitting diodes, indenophenanthrene; charge balance. 
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1. Introduction 

Full-color displays and white lighting require three primary color emissions 

(red, green, and blue (RGB)) of relatively equal stability, efficiency, and color 

purity.55 In particular, extremely deep-blue-emitting materials play an important role 

in the development of efficient organic light-emitting diodes (OLEDs) because the 

deep blue emission is more energy efficient than a normal blue color when strong 

microcavity structures are chosen to enhance color purity.112 

Current deep-blue emitters are based on chromophores consisting of flat 

aromatic compounds such as anthracene, fluorene, and pyrene, which show high 

electroluminescence efficiencies. The 9-alkylated fluorene moiety is expected to be 

a good electroluminescent backbone for blue-emitting materials because of its 

excellent fluorescence properties and excellent morphological, thermal, and 

electrochemical stabilities.25, 113 However, in most planar aromatic compounds 

utilized for emitting materials, excimers or exciplexes are usually formed by 

intramolecular or intermolecular interactions between the emitters, resulting in 

bathochromic shifts of the Commission Internationale de l’Eclairage (CIE) 

chromaticity coordinates and low quantum efficiencies; this occurs because the 

emitters tend to be closely packed and aggregated in the emitting layer.75, 85, 114 To 

overcome these problems, bulky side groups or spiro moieties were introduced to 

reduce packing between the molecules and limit the emission quenching, and this 

should enhance the purity and stability of the blue emissions, along with the 

photoluminescence (PL) quantum efficiency.25, 115-116 However, the introduction of 

bulky side groups or spiro moieties in flat blue emitters sometimes results in an 

unexpected bathochromic shift of the emitters in the solid state.117-118 Therefore, an 

alternative way of developing deep blue emitters is required. 
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Deep-blue fluorescence OLEDs based on spirocyclic aromatic hydrocarbon 

derivatives and purine derivatives exhibit CIE coordinates of (0.16, 0.08) with a 

maximum current efficiency of 1.1 cd/A and CIE coordinates of (0.15, 0.06) with an 

external quantum efficiency (EQE) of 3.1%, respectively.81, 93 In addition, deep-blue 

emitters based on twisted asymmetric anthracene derivatives with triphenyltriazine- 

or triphenylamine-substituted xylene units have been reported to exhibit EQEs of 

4.62 and 6.6% with CIE coordinates of (0.154, 0.049) and (0.145, 0.068), 

respectively.113, 119 Nevertheless, there have been few reports concerning color-pure, 

deep-blue fluorescent materials with CIE y-values around 0.04 and EQEs greater 

than 3% in non-doped devices.120  

In this study, we designed and synthesized two extremely deep-blue emitting 

materials based on an indenophenanthrene core for non-doped blue OLEDs with 

excellent color purity: 7,7-dimethyl-N,N-diphenyl-7H-indeno[1,2-a]phenanthren-9-

amine (DIP) and 4-(7,7-dimethyl-7H-indeno[1,2-a]phenanthren-9-yl)-N,N-

diphenylaniline (TIP). Because phenanthrene is less conjugated than anthracene,121 

we designed an indenophenanthrene core by hybridizing a phenanthrene moiety with 

fluorene to induce a deep blue emission.122 The non-doped OLED device using DIP 

as an emitting material had a maximum EQE of 3.27% with CIE color coordinates 

of (0.158, 0.040), and is therefore better than the device fabricated using the TIP 

emitter in terms of the EQE and CIE color coordinates because of the better charge 

balance. 

2. Materials and general methods 

2.1. Materials 
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All solvents and materials were used as received from commercial suppliers 

without further purification. Synthetic routes to DIP and TIP are outlined in Figure 

2. The two final products (DIP and TIP) were purified by temperature gradient 

vacuum sublimation. 

 

2.2. Synthetic procedure 

1-((Z)-2-(2-Bromophenyl)-1-ethenyl)-2-iodobenzene (2). To a cooled (0 °C) 

suspension of (2-bromobenzyl)triphenylphosphonium bromide (1) (33.000 g, 

64.425 mmol) in tetrahydrofuran (THF, 350 mL), potassium tert-butoxide (8.434 g, 

75.163 mmol) in THF (50 mL) was added. After 30 min, 2-iodobenzaldehyde 

(12.457 g, 53.688 mmol) in THF (100 mL) was added over 1 h. The reaction was 

left to warm to room temperature (RT) and was stirred for 24 h. Then, water (100 mL) 

was added. The aqueous phase was separated and extracted with diethyl ether 

(3  300 mL). The combined organic extracts were dried (MgSO4), concentrated in 

vacuo, and purified by column chromatography (SiO2, hexane) to yield an 

inseparable 9:1 mixture of (Z)- and (E)-isomers (18.7 g, 48.566 mmol, 90.5%) as a 

pale-yellow oil. 1H NMR of (Z)-isomer (300 MHz, CDCl3): δ (ppm) 7.87 (dd, J = 

7.9, 1.1 Hz, 1H), 7.57 (dd, J = 7.3, 1.8 Hz, 1H), 7.11~6.93 (m, 5H), 6.89 (td, J = 7.7, 

1.9 Hz, 1H), 6.76 (d, J = 11.8 Hz, 1H), 6.68 (d, J = 11.8 Hz, 1H). 13C NMR of (Z)-

isomer (75 MHz, CDCl3): δ (ppm) 140.9, 139.2, 137.0, 135.4, 132.8, 131.1, 130.8, 

130.6, 129.0, 128.9, 128.0, 127.1, 124.3, 100.0. HRMS (FAB+): [M + H: C14H10BrI] 

383.9011, found 383.9018. 

1-Bromophenanthrene (3). A solution of stilbene 2 (9:1 mixture of (Z)- and 

(E)-isomers, 15.1 g, 39.217 mmol), tributyltin hydride (13.697 g, 47.060 mmol), and 

azobisisobutyronitrile (AIBN) (1.288 g, 7.843 mmol) in toluene (200 mL) was 
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heated at 90 °C for 16 h in nitrogen atmosphere and then cooled to RT. Additional 

tributyltin hydride (2.283 g, 7.843 mmol) and AIBN (0.258 g, 1.569 mmol) were 

added, and the reaction was heated for a further 8 h at 90 °C. After cooling to RT 

and concentration in vacuo, the resulting mixture was extracted with excess 

dichloromethane. The organic layer was washed successively with water and brine 

and dried using anhydrous sodium sulfate, which was filtered through celite and 

potassium fluoride. The product mixture was purified by column chromatography 

(10% KF/SiO2, hexane) to afford 1-bromophenanthrene (8.4 g, 32.668 mmol, 83.3%) 

as a white solid. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.68 (d, J = 8.2 Hz, 2H), 8.23 

(d, J = 9.2 Hz, 1H), 7.95~6.89 (m, 2H), 7.86 (d, J = 9.2 Hz, 1H), 7.73~7.62 (m, 2H), 

7.50 (dd, J = 8.2, 7.9 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ (ppm) 132.2, 132.1, 

130.9, 130.8, 130.1, 128.9, 128.7, 127.4, 127.3, 127.0, 125.5, 123.9, 123.1, 122.5. 

HR-Mass (EI+): calcd for C14H9Br 255.9888, found 255.9886. 

Phenanthren-1-ylboronic acid (4). 1-Bromophenanthrene (3) (3.0 g, 11.667 

mmol) was dissolved in dry THF (100 mL) under an atmosphere of nitrogen. This 

solution was cooled to -78 ℃, followed by the dropwise addition of n-butyllithium 

(2.5 M in hexane, 11.667 mL, 29.168 mmol). This mixture was stirred for 1 h and 

then treated with trimethylborate (6.539 mL, 58.336 mmol). After stirring at RT for 

15 h, the reaction mixture was added to an aqueous solution of HCl (1 N) and stirred 

for 2 h. The aqueous phase was separated and extracted with dichloromethane 

(3  50 mL). The combined organic extracts were dried using sodium sulfate, 

concentrated in vacuo, and purified by column chromatography (SiO2, 

dichloromethane:methanol = 9:1) to afford phenanthren-1-ylboronic acid (1.8 g, 

8.105 mmol, 69.5%) as a white solid. 1H NMR (300 MHz, acetone-d6): δ (ppm) 8.88 

(dd, J = 8.4, 5.4 Hz, 2H), 8.51 (d, J = 9.0 Hz, 1H), 7.97 (d, J = 7.2 Hz, 2H), 7.82 (d, 
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J = 9.0 Hz, 1H), 7.71~7.60 (m, 3H). 13C NMR (75 MHz, acetone-d6): δ (ppm) 135.0, 

132.8, 131.8, 130.6, 128.3, 127.7, 126.5, 126.4, 126.3, 125.7, 124.0, 122.7. HR-Mass 

(EI+): calcd for C14H11BO2 222.0852, found 222.0848. 

Methyl 5-bromo-2-(phenanthren-1-yl)benzoate (5). A mixture of methyl 5-

bromo-2-iodobenzoate (3.849 g, 11.259 mmol), phenanthren-1-ylboronic acid (4) 

(3 g, 13.510 mmol), 2 M aqueous potassium carbonate (30 mL), and 

tetrakis(triphenylphosphine)palladium (0.651 g, 0.563 mmol) in THF (100 mL) and 

methanol (30 mL) was heated at reflux in a nitrogen atmosphere for 24 h. After the 

reaction mixture had been concentrated in vacuo, the resulting mixture was extracted 

with dichloromethane. The organic layer was washed with water and brine and dried 

using anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a 

crude mixture that was purified by column chromatography (SiO2, 

dichloromethane:hexane = 1:4) to afford methyl 5-bromo-2-(phenanthren-1-

yl)benzoate (3.5 g, 8.945 mmol, 79%) as a white solid. 1H NMR (300 MHz, CDCl3): 

δ (ppm) 8.80 (d, J = 12.6 Hz, 2H), 8.22 (s, 1H), 7.88 (d, J = 7.8 Hz, 1H), 7.77 (dd, J 

= 5.1, 1.8 Hz, 1H), 7.73~7.60 (m, 4H), 7.40 (dd, J = 7.8, 1.5 Hz, 2H), 7.32 (d, J = 

8.1 Hz, 1H), 3.41 (s, 3H). 13C NMR (75 MHz, CDCl3): δ (ppm) 166.4, 140.7, 139.0, 

134.6, 133.5, 133..1, 131.7, 130.3, 130.2, 130.0, 128.5, 127.2, 126.8, 126.7, 125.7, 

123.9, 122.9, 122.4, 121.5, 52.1. HR-Mass (EI+): calcd for C22H15BrO2 390.0255, 

found 392.0257. 

2-(5-Bromo-2-(phenanthren-1-yl)phenyl)propan-2-ol (6). To a solution of 

methyl 5-bromo-2-(phenanthren-1-yl)benzoate (5) dissolved in dry THF (120 mL) 

under a nitrogen atmosphere, a solution of methylmagnesium bromide solution in 

diethyl ether (1.4 M, 14.85 mL, 21.162 mmol) was slowly added. The mixture was 

heated at reflux for 4 h. After the reaction mixture had been concentrated in vacuo, 
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the resulting mixture was extracted with dichloromethane. The organic layer was 

washed with water and brine and dried using anhydrous sodium sulfate. The filtrate 

was concentrated in vacuo to give a crude mixture that was purified by column 

chromatography (SiO2, ethyl acetate:hexane = 1:20) to afford the 2-(5-bromo-2-

(phenanthren-1-yl)phenyl)propan-2-ol (2.7 g, 6.900 mmol, 75%) as a white solid. 1H 

NMR (300 MHz, CDCl3): δ (ppm) 8.77 (d, J = 5.1 Hz, 2H), 8.03 (d, J = 1.8 Hz, 1H), 

7.89 (d, J = 4.5 Hz, 1H), 7.88~7.62 (m, 4H), 7.52~7.47 (m, 2H), 7.33 (d, J = 9.3 Hz, 

2H), 7.03 (d, J = 8.1 Hz, 1H), 1.39 (s, 3H), 1.22 (s, 3H). 13C NMR (75 MHz, CDCl3): 

δ (ppm) 149.5, 140.4, 1367, 134.2, 131.7, 131.0, 130.5, 130.2, 129.6, 129.4, 128.6, 

128.0, 127.2, 126.9, 125.4, 125.0, 122.9, 122.5, 122.1, 73.7, 32.3, 31.7. found 392.0, 

HR-Mass (EI+): calcd for C23H19BrO 390.0619, found 390.0622. 

9-Bromo-7,7-dimethyl-7H-indeno[1,2-a]phenanthrene (7). 

Concentrated sulfuric acid (4.5 mL) was added to a stirred solution of 2-(5-bromo-

2-(phenanthren-1-yl)phenyl)propan-2-ol (6) (2.7 g, 6.918 mmol) in acetic acid 

(139 mL) at 100 ℃, After stirring for 3 h at 100 ℃, the mixture was poured into 

water and extracted with dichloromethane. The organic layer was washed with water 

and brine and dried using anhydrous sodium sulfate. The filtrate was concentrated in 

vacuo to give a crude mixture that was purified by column chromatography (SiO2, 

hexane) to afford 9-bromo-7,7-dimethyl-7H-indeno[1,2-a]phenanthrene (1.8 g, 

4.830 mmol, 70.0%) as a white solid. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.76 (t, 

J = 5.4 Hz, 2H), 8.63 (d, J = 9.3 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.74 (d, J = 8.7 

Hz, 1H), 7.97~7.91 (m, 2H), 7.71~7.59 (m, 4H), 1.59 (s, 6H). 13C NMR (75 MHz, 

CDCl3): δ (ppm) 157.0, 152.7, 130.2, 128.6, 127.9, 126.9, 126.7, 126.5, 126.2, 124.7, 

123.0, 122.3, 120.9, 120.7, 46.6, 26.9. HR-Mass (EI+): calcd for C23H17Br 372.0514, 

found 372.0514. 
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7,7-Dimethyl-N,N-diphenyl-7H-indeno[1,2-a]phenanthren-9-amine 

(DIP). To a mixture of 9-bromo-7,7-dimethyl-7H-indeno[1,2-a]phenanthrene (7) 

(2.65 g, 7.099 mmol), diphenylamine (1.561 g, 9.229 mmol), and palladium acetate 

(0.111 g, 0.497 mmol) in dry toluene (80 mL) under an N2 atmosphere, a solution of 

tri-tert-butylphosphine (0.287 g, 1.420 mmol) and potassium tert-butoxide (3.187 g, 

28.389 mmol) in toluene (20 mL) was added. The mixture was heated to reflux under 

nitrogen. After 12 h, the reaction mixture was concentrated in vacuo, and the 

resulting mixture was extracted with dichloromethane. The organic layer was 

washed successively with water and brine and dried using anhydrous sodium sulfate. 

The filtrate was concentrated in vacuo to give a crude mixture, which was purified 

by column chromatography (SiO2, hexane) to afford 7,7-dimethyl-N,N-diphenyl-7H-

indeno[1,2-a]phenanthren-9-amine (2.15 g, 4.658 mmol, 66%) as a bright yellow 

solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.66 (d, J = 8.4 Hz, 1H), 8.61 (d, J = 8.4 

Hz, 1H), 8.56 (d, J = 9.2 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 

7.79 (d, J = 9.6 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.52 (t, J 

= 7.2 Hz, 1H), 7.26~7.18 (m, 6H), 7.12~7.05 (m, 4H), 6.98 (t, J = 7.2 Hz, 2H), 1.43 

(s, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) 157.0, 152.7, 130.2, 128.6, 127.9, 

126.9, 126.7, 126.5, 126.2, 124.7, 123.0, 122.3, 120.9, 120.7, 46.6, 26.9. HR-Mass 

(EI+): calcd for C35H27N 461.2143, found 461.2147. 

4-(7,7-Dimethyl-7H-indeno[1,2-a]phenanthren-9-yl)-N,N-

diphenylaniline (TIP). A mixture of 9-bromo-7,7-dimethyl-7H-indeno[1,2-

a]phenanthrene (7) (1.5 g, 4.018 mmol), 4-(diphenylamino)-phenylboronic acid 

(1.4 g, 4.822 mmol), tetrakis(triphenylphosphine)palladium (0.232 g, 0.201 mmol), 

and aqueous sodium carbonate (2 M, 20 mL) in THF (100 mL) and methanol (20 mL) 

was heated to reflux in a nitrogen atmosphere for 24 h. After the reaction mixture 
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had been concentrated in vacuo and the resulting mixture extracted with 

dichloromethane, the organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 

mixture, which was purified by column chromatography (SiO2, 

dichloromethane:hexane = 1:9) to afford 4-(7,7-dimethyl-7H-indeno[1,2-

a]phenanthren-9-yl)-N,N-diphenylaniline (1.4 g, 2.604 mmol, 64.8%) as a yellow 

solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.73 (d, J = 8.4 Hz, 3H), 8.40 (d, J = 7.6 

Hz, 1H), 7.94~7.87 (m, 3H), 7.76 (d, J = 8.4 Hz, 1H), 7.73 (s, 1H), 7.69~7.65 (m, 

2H), 7.62~7.56 (m, 4H), 7.29 (t, J = 8.0 Hz, 4H), 7.16 (t, J = 8.8 Hz, 4H), 7.02 (t, J 

= 7.6 Hz, 3H) 1.52 (s, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) 155.5, 152.7, 

147.6, 147.2, 139.0, 138.9, 134.3, 133.3, 131.3, 130.0, 129.3, 128.5, 127.8, 127.6, 

126.8, 126.3, 125.7, 124.4, 124.4, 124.0, 123.9, 123.6, 122.9, 122.7, 122.3, 121.0, 

120.8, 46.5, 27.1. HR-Mass (FAB+): calcd for C41H31N 537.2457, found 537.2457. 

 

2.3. General methods 

1H- and 13C-NMR spectra were recorded using an Agilent 400 MHz Varian 

spectrometer in CDCl3. 1H-NMR chemical shifts in CDCl3 were referenced to CHCl3 

(7.27 ppm). 13C-NMR chemical shifts in CDCl3 were reported relative to CHCl3 

(77.23 ppm). UV-visible spectra were recorded on a Beckman DU650 

spectrophotometer. Fluorescence spectra were recorded on a Jasco FP-6500 

spectrophotometer. Fluorescent quantum yields in the solid films were recorded on 

an Otsuka electronics QE-2000 spectrophotometer. Mass spectra were obtained 

using matrix-assisted laser desorption–ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) from Bruker. High-resolution masses were measured by either 

fast atom bombardment (FAB) or electron ionization (EI) using a JEOL HP 5890. 
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Analytical thin-layer chromatography was performed using Kieselgel 60F-254 plates 

from Merck. Column chromatography was carried out on Merck silica gel 60 (70–

230 mesh). Decomposition temperatures (Td) and glass transition temperatures (Tg) 

were obtained by thermogravimetric analysis (TGA, Q-5000-IR) and differential 

scanning calorimetry (DSC, DSC-Q-1000), respectively. The TGA and DSC 

analyses were performed at a heating rate of 10 ℃ min-1 under a nitrogen atmosphere. 

The Tg was determined from the third heating scan. The electrochemical properties 

of DIP and TIP were studied using cyclic voltammetry (CV) in CH2Cl2 solutions 

(1.00 mM) with 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) as 

the supporting electrolyte. A glassy carbon electrode was employed as the working 

electrode and referenced to a Ag reference electrode. All potential values were 

calibrated against the ferrocene/ferrocenium (Fc/Fc+) redox couple. The onset 

potential was determined from the intersection of two tangents drawn at the rising 

and background current of the cyclic voltammogram. 

 

2.4. Theoretical calculations 

The optimized geometries and frontier molecular orbital energy levels for DIP 

and TIP were obtained using density functional theory (DFT) calculations with 

Gaussian ’09. The geometries were optimized using the Becke 3-parameter Lee-

Yang-Parr (B3LYP) functional with the 6-311G-level atomic basis set. 

 

2.5. Device fabrication & characterization 

N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB), 

4,4′,4″-tris(N-carbazolyl)triphenylamine (TCTA), and 1,3,5-tris(N-
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phenylbenzimidazol-2-yl)benzene (TPBI) were purchased from commercial sources 

and used without purification. The fabrication of OLEDs was conducted by the high-

vacuum (2  10-6 Torr) thermal evaporation of the organic materials onto indium tin 

oxide (ITO)-coated glass (sheet resistance: 15 Ω/square; Applied Film Corp.). Glass 

substrates with patterned ITO electrodes were washed with isopropyl alcohol and 

then cleaned by O2 plasma treatment. The OLED devices were fabricated with a 

configuration of ITO/NPB/TCTA/DIP or TIP/TPBI/LIF/Al. NPB and TCTA (hole 

transporting layers), TPBI (electron transporting layer), LiF (electron injection layer), 

and Al electrodes were deposited sequentially on the substrate. The emission 

properties were determined using a PR-650 SpectraScan SpectraColorimeter as a 

source meter. The current–voltage characteristics were measured using a 

programmable electrometer equipped with current and voltage sources (Keithley 

2400). 

 

3. Results and discussion  

3.1. Theoretical calculation 

 

Optimized geometries and frontier molecular orbital energy levels for DIP 

and TIP were obtained from DFT calculations at the B3LYP/6-311G level using 

Gaussian ’09. As shown in Figure 1, the indenophenanthrene moiety is slightly 

distorted from the perfect planarity because of the syn-pentane-like interactions 

between the hydrogen at the C5 position and the hydrogen at the C14 position of 

DIP and the C13 position of TIP. The calculated results show that the dihedral angle 

connecting the C5-C4-C9-C14 of DIP is twisted about 1.7°, and the dihedral angle 
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connecting the C5-C4-C8-C14 of TIP is 2.4°, respectively. In TIP, the dihedral 

angle between additional phenyl ring and indenophenanthrene moiety is 37.1°. The 

introduction of the twisted structure of the diphenylamine and triphenylamine 

moieties inhibited the aggregation of DIP and TIP in the non-doped film.  

 

 

Figure 1. Optimized structures and calculated highest occupied molecular orbital and 

lowest occupied molecular orbital density maps obtained from DFT calculations of 

DIP and TIP, performed at the B3LYP/6-311G level of theory.  
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The highest occupied molecule orbitals (HOMOs) of DIP and TIP are 

localized on the diphenylamine and triphenylamine moieties along with the fluorene 

moiety of indenophenanthrene, while the lowest unoccupied molecular orbitals 

(LUMOs) of DIP and TIP are dispersed over the indenophenanthrene core.47 The 

DFT-calculated HOMO and LUMO energies are similar, at 5.23 and 1.60 eV for 

DIP and 5.21 and 1.58 eV for TIP, respectively.123 

 

3.2. Synthesis 

 

Figure 2. Synthetic routes to DIP and TIP. 

 

The synthetic routes to DIP and TIP are illustrated in Figure 2. The synthesis 

of 9-bromo-7,7-dimethyl-7H-indeno[1,2-a]phenanthrene (7) was started from 1-

bromophenanthrene (3).124 Methyl 5-bromo-2-(phenanthren-1-yl)benzoate (5) was 

obtained using a Suzuki cross-coupling reaction between phenanthren-1-ylboronic 
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acid (4) and methyl 5-bromo-2-iodobenzoate. Next, Grignard methylation followed 

by Friedel-Craft cyclization under acidic conditions afforded compound 7. DIP and 

TIP consist of two main components: either diphenylamine or triphenylamine as the 

hole-transporting moiety and indenophenanthrene as the emissive moiety; these two 

components were connected by the Buchwald cross-coupling and the Suzuki cross-

coupling reactions, respectively.125 DIP and TIP were characterized by 1H-NMR, 

13C-NMR, and low- and high-resolution mass spectrometry. These two blue emitting 

materials were purified further by train sublimation under reduced pressure (<10-

4 Torr). 

 

3.3. Thermal properties 

 

Figure 3. DSC and TGA graphs of DIP and TIP 

 

The thermal properties of DIP and TIP were investigated using DSC and 

TGA (Figure 3). DIP and TIP exhibit high thermal stability with a decomposition 
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temperature (Td, corresponding to 5% weight loss) of 326.9 and 354.4℃, 

respectively, and a Tg of 90.3 and 112.8℃, respectively. TIP is more thermally stable 

than DIP because of the additional phenyl linker moiety.61 

 

3.4. Photophysical properties 

 

Figure 4. UV-vis absorption and PL spectra of DIP (black squares) and TIP (red 

circles). (Dashed lines and open symbols: UV-vis absorption; solid lines and open 

symbols: PL spectra in toluene; and solid lines and filled symbols: PL spectra in the 

film state.) 

 

Figure 4 shows the normalized UV-vis absorbance and PL spectra of DIP and 

TIP (Table 1). All absorption bands between 330 and 400 nm for DIP and TIP 

originate from the intramolecular charge-transfer transitions from the arylamine to 

indenophenanthrene moiety. The absorption band shape of the brominated 
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indenophenanthrene (7), an intermediate synthetic compound, is similar compared 

to those of DIP and TIP (Figure 5). In toluene, the PL λmax peaks of DIP and TIP 

were observed around 420 nm. Compared to the solution state, the emission maxima 

of DIP and TIP in the solid state show a slight bathochromic shift of about 10 nm, 

indicating that the aggregation effect is rarely observed in the solid states of DIP and 

TIP. Despite the extra phenyl unit introduced in TIP, the PL emission spectra in 

solution and solid states of DIP and TIP are very similar.123 These results 

demonstrate that the additional phenyl ring of TIP does not contribute to the 

extension of the conjugation length because of the distorted dihedral angle (37.1°) 

between the additional phenyl ring and the indenophenanthrene moiety.  

 

 

Figure 5. UV-vis absorption (open squares) and PL spectra (filled squares) of 9-

bromo-7,7-dimethyl-7H-indeno[1,2-a]phenanthrene (7). 
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Table 1. Thermal and photophysical properties of DIP and TIP 

 
Td/Tg 

(℃) 

λabs
a
 

(nm) 
λPL

a
 

(nm) 
λPL

b
 

(nm) 
Φfl 

Eg
c
 

(eV) 
HOMOd/LUMOe 

(eV) 

DIP 326.9/90.3 364, 382 415 426 0.77a, 0.44b 3.1 5.3, 2.2 

TIP 354.4/112.8 358, 370 413, 429 428 0.90a, 0.52b 3.1 5.4, 2.3 

a 10 μM in toluene. b Neat film. c Onset absorption wavelength in toluene. d CV 

oxidation potential in dichloromethane (Fc/Fc+ as reference: 4.7 eV). e Deduced from 

HOMO and Eg. 

 

The fluorescence quantum yields (Φfl) of DIP and TIP were measured to be 

0.77 and 0.90, respectively, using 9,10-di(naphth-2-yl)anthracene (ADN, Φfl = 0.57) 

as a reference at room temperature (Table 1).104 And the fluorescence quantum yields 

(Φfl) of solid DIP and DIP are 0.44 and 0.52, respectively. 

 

 

Figure 6. Cyclic voltammograms of DIP and TIP. 
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The absorption onsets of the UV-vis spectra of DIP and TIP were both found 

to be 400 nm, which corresponds to an optical bandgap of 3.1 eV. From the optical 

bandgap and the HOMO energy levels of 5.3 and 5.4 eV for DIP and TIP, 

respectively, estimated from the CV measurements, the LUMO energy levels were 

calculated to be 2.2 and 2.3 eV for DIP and TIP, respectively (Figure 6, Table 1). 

 

3.5. Electroluminescence properties 

 

Figure 7. Device performance of the deep-blue OLEDs containing DIP and TIP. (a) 

The current density-voltage characteristics (inset: energy level diagram of the 

devices), (b) luminance–voltage characteristics, (c) quantum efficiency–current 

density characteristics, and (d) electroluminescence spectra. 

 



141 

 

Table 2. The performance of the non-doped deep blue devices containing DIP and 

TIP as the emitting layers. 

EML 
Von

a 
(V) 

EQEmax 
(%) 

EQEb 
(%) 

LEmax
c 

(cd A-1) 
PEmax

d 
(lm W-1) 

ELmax
b 

(nm) 
CIEb 
(x, y) 

FWHMb 
(nm) 

DIP 3.2 3.27 3.25 1.11 0.89 424 (0.158, 0.040) 44 

TIP 3.2 1.77 1.70 1.00 0.83 428 (0.158, 0.069) 52 

a Turn-on voltage at 1 cd/m2, b At 10 mA/cm2. 

 

 

Figure 8. Device performance of the deep-blue OLEDs containing DIP and TIP. (a) 

luminance efficiency, (b) power efficiency. 

 

OLED devices were fabricated using DIP or TIP as a non-doped deep-blue 

fluorescent emitter in the emitting layer (EML). The device configuration was 

ITO/NPB (40 nm)/TCTA (20 nm)/EML (DIP or TIP, 30 nm)/TPBI (15 nm)/LiF 

(1 nm)/Al (100 nm). Figure 7(a) shows the current density-voltage characteristics of 

the OLED devices containing DIP and TIP used as the EML, and the performances 

of the OLEDs are summarized in Table 2 and Figure 8. Both of the devices had low 

turn-on voltages (at a luminance of 1 cd/m2) at 3.2 V, possibly originating from the 

small injection barriers in the devices. The current density of the TIP-based device 
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was higher than that of the DIP-based device at the same voltage, whereas the 

luminance values of the DIP-based devices was higher than that of the TIP-based 

device at the same current density, as shown in Figure 7(b). The current density 

mainly depends on the differences in the energy levels of the thin organic layers in 

OLEDs.126 These results indicate that the electroluminescent (EL) performance of 

the DIP-based device is more efficient than that of the TIP-based device. The 

quantum efficiency-current density of two devices is plotted in Figure 7(c). The DIP-

based device shows a better maximum EQE of 3.27% compared to that (1.77%) of 

the TIP-based device. Figure 7(d) shows the normalized EL spectra of the DIP and 

TIP-based devices with maximum peak wavelengths at 424 and 428 nm, 

respectively, which originates from the singlet exciton of each emitter without any 

other emission from the adjacent layers. The CIE coordinates of the DIP and TIP-

based devices are (0.158, 0.040) and (0.158, 0.069), respectively. The much smaller 

y-coordinate value of the DIP-based device results from its narrower EL spectrum 

(the full width at half maximum (FWHM) of 44 nm) compared to the TIP-based 

device (the FWHM of 52 nm).127 
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Figure 9. Current density versus driving voltage characteristics of the hole-only 

(open symbols) and electron-only devices (solid symbols) based on DIP (squares) 

and TIP (circles). 

 

For the investigation of the carrier balance of the DIP and TIP-based devices, 

hole-only and electron-only devices were also fabricated. The configuration of the 

hole-only devices was ITO/NPB (40 nm)/TCTA (20 nm)/DIP or TIP (30 nm)/NPB 

(5 nm)/Al (100 nm), and the electron-only devices had an ITO/TPBI (5 nm)/DIP or 

TIP (30 nm)/TPBI (15 nm)/LiF (1 nm)/Al (100 nm) structure. NPB (LUMO: 2.3 eV) 

on the cathode side of the hole-only devices and TPBI (HOMO: 6.3 eV) on the anode 

side of the electron-only devices were utilized to block electron injection from Al 

(4.3 eV, corresponding to a large energy barrier of 2.0 eV) and hole injection from 

ITO (4.8 eV, corresponding to a large energy barrier of 1.5 eV), respectively. Figure 

9 shows the current density-voltage curves of hole-only and electron-only devices of 

DIP and TIP, respectively. Both the hole and electron carrier densities of the TIP-
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based device are higher than carrier density of the DIP-based device at the same 

voltage. However, in the case of the TIP-based device, the hole density is lower in 

comparison with electron density at the same voltage, whereas, in the case of the 

DIP-based device, the hole and electron densities are well matched at the same 

voltage. This phenomenon can be explained by the differences in the HOMO and 

LUMO energy levels between DIP and TIP. Because of the higher HOMO energy 

level of 5.3 eV of DIP and 5.4 eV of TIP than that (5.7 eV) of TCTA, neither have 

a hole injection barrier from the hole transport layer (HTL) to the EML. In contrast, 

the LUMO energy levels of DIP and TIP are 2.1 and 2.2 eV, respectively, indicating 

that electron injection from the electron transport layer (ETL) to the EML of TIP is 

easier than to that of DIP. Despite the small difference in the energy levels of both 

deep-blue emitters, there is a discrepancy in the current densities at the same voltage 

(Figure 7(a)). 

Thus, the DIP-based device is more efficient than the TIP-based device 

because of the relatively better hole and electron charge balance. Although more 

excitons were generated from the TIP-based device than the DIP-based device, the 

excess electron injection caused exciton-polaron quenching, arising from the hole 

and electron imbalance. Therefore, the DIP-based device exhibited higher efficiency 

than the TIP-based device.123, 128 These results agree with the energy level diagrams 

of devices using DIP and TIP as EMLs (Figure 7(a) inset) 

 

4. Conclusion 

Novel luminescent molecules with indenophenanthrene cores attached to 

either triphenylamine or diphenylamine moieties were designed and synthesized for 
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use as extremely deep blue fluorescent emitting materials. Because the DIP-based 

OLED device has a well-matched hole and electron density at the same voltage, the 

DIP-based device exhibited a higher efficiency than the TIP-based device. A non-

doped device using DIP as the emitting material exhibited a maximum EQE of 3.27% 

with CIE color coordinates of (0.158, 0.040). The introduction of the 

indenophenanthrene moiety reported in this study suggests a new strategy for the 

molecular design of highly efficient non-doped deep blue OLED materials. 
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Part III. Development of Non-doped Thermally 

Activated Delayed Fluorescent Materials for OLEDs 

  



148 

 

Background 

1. Delayed fluorescent from singlet exciton 

 

Figure 3.1. The transition process of photogenerated excitons for fluorescence (1 → 

2 → 5), phosphorescence (1 → 2 → 3 → 6 → 7) and thermally activated delayed 

fluorescence (1 → 2 → 3 → 4 → 5) in organic molecules. 1: absorption, 2 and 6: 

internal conversion (IC), 3: intersystem crossing, 4: reverse intersystem crossing, 5: 

fluorescence, 7: phosphorescence. Copyright 2017, The Royal Society of 

Chemistry.129 

 

OLEDs have been utilized in next-generation flat-panel displays and solid-

state lighting technologies due to the variable advantages which have been attracting 

the attention from both academic and industrial communities. The luminescent 

materials that are employed in OLED devices include small molecular materials and 

polymeric materials, which can be synthesized by using different synthetic strategies. 

Therefore, since Tang and VanSlyke reported the first OLED device in 1987, many 
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organic luminescent materials with advanced device performances have been 

reported, which has significantly promoted the progress of OLEDs.  

In general, the electroluminescence (EL) quantum efficiency is the most 

essential parameter for an OLED device and in particular the EQE, which is defined 

as the ratio of the number of emitted photons outside the device to the apparent 

number of charges injected into the device. It is well known that exciton formation 

under electrical excitation typically results in 25% singlet and 75% triplet excitons. 

As mentioned above, only the radiative transition process of singlet excitons from 

the S1 state to the S0 state can be utilized for emitting light, i.e., fluorescence, which 

is quantum mechanically allowed. Therefore, in organic fluorescent materials, the 

electrically generated 75% triplet excitons are emitted as heat rather than light. Even 

if the photoluminescence quantum efficiency (PLQY) of conventional fluorescent 

molecules can reach nearly 100%, in theory, the EQE maximum value may only 

reach roughly 5% due to the light out-coupling efficiency of ~20% in the OLED 

device. Therefore, in order to increase the efficiency of OLED devices, it is 

necessary to break the theoretical upper limit of quantum efficiency and utilize the 

non-emissive triplet exciton as much as possible. The study of harvesting both singlet 

and triplet excitons for EL is attractive for the enhancement of OLED device 

efficiency. Several strategies based on emissive molecules with special 

photophysical characteristics have been introduced to “turn on” these non-emissive 

triplet excitons for emission in OLEDs. 

The most successful type of materials for higher OLED efficiencies are 

phosphorescent emitters that are based on organic metal complexes, which emit from 

the T1 state to the S0 state. In phosphorescent molecules, both the intersystem 

crossing (ISC) of singlet excitons from the S1 state to the T1 state and the transition 
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of triplet excitons from the T1 state to the S0 state are dramatically enhanced by the 

spin-orbit coupling from heavy metal atoms. Thus, both triplet and singlet excitons 

can be finally harvested for phosphorescence, resulting in nearly 100% internal 

quantum efficiency of the device. With respect to green and red host-dopant 

PHOLED systems, high external quantum efficiency (EQE) values of over 20% can 

be attained, and even values of over 30% can also be reached in some systems. 

However, the metals that are used in these emissive organic metal complexes are 

confined to a few noble metals, such as Iridium and Platinum. In addition, due to the 

limited global resources of these noble metals they are rather expensive, leading to 

the currently higher cost of OLED products compared to their LCD counterparts. 

Development of phosphorescent blue emitting materials have become a bottleneck 

due to the low color purity, low efficiency and inefficient operation lifetimes for 

commercial applications. 

 

 

Figure 3.2. Triplet exciton harvesting process of a) TTA, b) HLCT and c) TADF. 

Copyright 2017, The Royal Society of Chemistry.129 
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In pursuit of cheaper luminescent materials and developing state-of-the-art 

emitter materials for OLED applications, several other strategies to harvest the 75% 

triplet excitons for luminescence, such as triplet-triplet annihilation (TTA), 

hybridized local and charge-transfer state (HLCT) and thermally activated delayed 

fluorescence (TADF), have also been utilized. Among them, TADF-based materials 

for OLEDs have attracted more attention and have experienced the most rapid 

progress in recent years. 

 

1.1. TTA 

The process to harvest triplet excitons by TTA utilizes a bimolecular process 

of two triplet excitons (Figure 3.2a). Because triplet excitons are lived longer than 

singlet excitons, bimolecular interactions can easily occur. In the TTA process, two 

excited molecules in the triplet states combine their energy to produce one excited 

molecule in a high-lying singlet state, whose energy is close to twice that of the 

original triplet one. Then, the generated additional singlet excitons emit delayed 

fluorescence (DF) with a long lifetime and contribute to the light output of the OLED 

device. In general, this P-type (first observed for pyrene) DF can be described by the 

following two-process reaction.130 

T1 + T1 → TX → S1 + S0 → 2S0 + ℎ𝜐 (Eq. 3.1) 

Where T1, S1 and S0 stand for the lowest triplet excited state, the lowest singlet 

excited state and the ground state, respectively. In this process, the two adjacent 

molecules in the triplet excited state recombine to generate a singlet excited molecule 

and another molecule in the ground state, in which a long-lived DF can be observed 

when the singlet exciton releases its energy radiatively. It differs from the prompt 
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fluorescence (PF) process, in which the lifetime of such DF is much longer and 

approximately half that of the triplet exciton in dilute solution.2, 131 However, the 

efficiency of generating singlet excitons by TTA is only 37.5% at maximum 

depending on the up-conversion ratio. Thus, it is worth noting that the theoretical 

maximum of exciton utilization for luminescence is 62.5% for TTA-based OLEDs. 

To obtain an efficient TTA process, concentrated triplet excitons in a device are 

essential, which results in inevitable device efficiency roll-off. 

 

1.2. HLCT 

Another successful utilization of non-emissive triplet excitons is in harvesting 

the hot triplet excitons in a HLCT state (Figure 3.2b). Located Excitons in the upper 

excited state called hot excitons are higher than the S1 and T1.132 In some cases, the 

exchange between these singlet and triplet hot excitons may also occur through the 

reverse intersystem crossing (RISC) in the HLCT state. In this manner, all the non-

emissive triplet excitons may be converted into emissive singlet excitons, which can 

enhance the internal quantum efficiency of OLED devices. 

Some principles for designing HLCT materials have been proposed, in which 

the molecule should ideally contain electron donor (D) and electron acceptor (A) 

units. After excitation of such a molecule is accompanied with a large dipole moment 

which HOMO and LUMO are separated. In order to obtain a more stable state, the 

molecule should adjust and twist its geometry between the D and A moieties. In this 

situation, when the bond between D-A in the molecule is weakened, some materials 

show the HLCT state depending on the angle of twist in the ratio of local excited 

(LE) and charge transfer (CT) state.48, 133 The LE state provides high efficiency 

fluorescence emission, while the charge transfer CT state possesses a weak bonding 
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energy of the exciton, which promotes the RISC process of hot triplet excitons. In 

fact, the HLCT state is not a mixture of LE and CT states but a pure excited state and 

can be verified by a single exponential of the fluorescence lifetime of the material in 

different polar solvents. The molecular dipole moment exhibits a slow decrease in 

low polarity solvents and a rapid increase in high polarity solvents, which is a 

characteristic of the HLCT state. 

Theoretically, a HLCT device can achieve 100% exciton utilization efficiency 

when all non-luminescent triplet excitons are transferred to singlet ones via RISC. 

However, it is difficult to directly observe both DF and breakthrough of the singlet 

exciton ratio of 25% in the HLCT apparatus. Also, the proposed RISC process 

involving hot excitons at higher energy excited levels only shown from indirect 

experimental evidence. On the other hand, according to Kasha’s rule, the majority 

of the excited molecules tend to preferentially occupy the S1 or T1 states instead of 

the upper excited states. Thus, it is difficult that the internal conversion (IC) process 

to T1 state of the hot triplet excitons is blocked in HLCT molecules. The construction 

and synthesis of a molecular system with a HLCT excited state structure is very 

challenging and also hard to verify. 

 

1.3. TADF 

The most promising and efficient approach to harvest triplet excitons 

involving the RISC process is the utilization of TADF emitters. This endothermic 

up-conversion of the RISC process from the T1 to S1 state can be thermally activated 

when the energy gap (ΔEST) between the participating S1 and T1 states is small and 

the lifetime of the T1 excitons is long enough (Figure 3.2c).4, 134-135 The RISC up-

conversion will result in emission with the almost same spectral distribution as PF 
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but with a much longer decay time. In a TADF emitter, such RISC up-conversion 

can be easily activated by the thermal motion of the molecule, at sufficient 

temperatures (>300 K). It allows all of the excitons that are generated upon electrical 

excitation in an OLED to eventually produce light through singlet decay, leading to 

a great breakthrough of the exciton statistical limit in fluorescent materials from 25% 

to 100%. (Despite the development of highly efficient TADF emitters involving 

metal-organic complexes, pure organic TADF-based materials are more promising 

for practical applications due to the relative ease in molecular structure modification.) 

Due to the continued efforts of researchers from around the world, OLEDs fabricated 

from pure organic TADF materials display colors covering the whole visible region 

and compete with PHOLEDs in terms of efficiency. 

 

 

Figure 3.3. Photoluminescence (a) and electroluminescence (b) processes in TADF 

molecules. kr
S and kDF are the rate constants of PF and DF process, respectively; kISC 
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and kRISC are the ISC and RISC rate constants, respectively; knr
S and knr

T are the non-

radiative decay constants of S1 and T1 respectively; ΦPF, ΦDF, ΦRISC, and ΦISC 

represent the prompt fluorescence efficiency, TADF efficiency, reverse intersystem 

crossing efficiency, and intersystem crossing efficiency, respectively. Copyright 

2014, Wiley-VCH.1  
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2. About TADF 

2.1. Key process of TADF 

Two distinct unimolecular mechanisms exist for thermally activated delayed 

fluorescence (Figure 3.3): PF and DF. 136-137 In the PF mechanism of singlet excitons, 

the emission occurs almost immediately (within several nanoseconds) after the 

excitation with a fast decay from the S1 to S0 state. In the DF mechanism, triplet 

excitons have to be converted into luminescent singlet excitons for the PF process 

via a RISC mechanism; the additional process before fluorescence emission delays 

the luminescent process, leading to an increased fluorescent lifetime up to several 

microseconds. 

When TADF materials are optically excited (Figure 3.3a), triplet excitons are 

formed after an efficient ISC process and both PF and DF can be observed with two 

different fluorescent lifetimes although they have the same spectral distribution as 

normal fluorescence. In devices, four important processes for TADF emission should 

be mentioned (Figure 3.3b): (1) singlet and triplet excitons are formed after 

electron/hole recombination in a singlet-to-triplet ratio of 1:3; (2) the high exciton 

states are transferred to the lowest exciton states (S1 or T1) via quick vibrational 

relaxation and IC; (3) the accumulated triplet excitons at T1 are back transferred to 

S1 via RISC process with the aid of thermal activation; (4) the singlet excitons at S1 

formed either initially after electronic excitation or back-transferred from T1 are 

radiatively deactivated to S0 following the PF mechanism for fluorescent emissions 

with different luminescence lifetimes of PF and DF. Some key parameters, such as 

rate constant of ISC (kISC) and RISC (kRISC) as well as ΔEST, should be taken into 

strict consideration. Theoretically, the decay rate of S1 and T1 after removing the 
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excitation source can be written in Equation 3.2 and 3.3 under consideration of all of 

their decay channels as illustrated in Figure 3.3. 

d[S1]

d[t]
= −(𝑘r

S + 𝑘nr
S + 𝑘ISC)[S1] + 𝑘RISC[T1] (Eq. 3.2) 

d[T1]

d[t]
= −(𝑘nr

T + 𝑘RISC)[T1] + 𝑘ISC[S1] (Eq. 3.3) 

The solution of these differential equations can be expressed in a 

biexponential form as 

[S1] = C1exp(𝑘PFt) + C2exp(𝑘DFt) (Eq. 3.4) 

where, 

𝑘PF, 𝑘DF =
𝑘r

S + 𝑘nr
S + 𝑘ISC + 𝑘nr

T + 𝑘RISC

2
× 

(1 ± √1 −
4(𝑘r

S+𝑘nr
S +𝑘ISC)(𝑘nr

T +𝑘RISC)−4𝑘ISC𝑘RISC

(𝑘r
S+𝑘nr

S +𝑘ISC+𝑘nr
T +𝑘RISC)

) (Eq. 3.5) 

when there are negligible deactivation channels from T1, the values of kr
S, knr

S and 

kISC are significantly larger than those of knr
T and kRISC. As a result, kPF and kDF can 

be approximated by the following formulas: 

𝑘PF = 𝑘r
S + 𝑘nr

S + 𝑘ISC (Eq. 3.6) 

𝑘DF = 𝑘nr
T + (1 −

𝑘ISC

𝑘r
S+𝑘nr

S +𝑘ISC
) 𝑘RISC (Eq. 3.7) 

Quantum efficiencies of ΦPF, ΦDF, ΦISC and ΦRISC are written as: 

∅PF =
𝑘r

S

𝑘r
S+𝑘nr

S +𝑘ISC
=

𝑘r
S

𝑘PF
 (Eq. 3.8) 

∅DF = ∑ (∅ISC∅RISC)k∅PF =∞
𝑘=1

∅ISC∅RISC

1−∅ISC∅RISC
∅PF (Eq. 3.9) 
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∅ISC =
𝑘ISC

𝑘r
S+𝑘nr

S +𝑘ISC
=

𝑘ISC

𝑘PF
 (Eq. 3.10) 

∅RISC =
𝑘RISC

𝑘RISC+𝑘nr
T  (Eq. 3.11) 

Experimentally, the fluorescence efficiency of PF (ΦPF) and DF (ΦDF) are 

distinguished from the total photoluminescence quantum yields (PLQY) by 

comparing the integrated intensity of their components in the transient 

photoluminescence spectra, according to their different luminescent lifetime.5 The 

two fluorescent lifetimes (τPF and τDF) can be revealed by fitting the decay curve of 

the time-resolved PL spectrum. Then their rate constants (kPF and kDF) can be 

obtained experimentally using Equation 3.12 and 3.13. 

𝑘PF =
∅PF

𝜏PF
 (Eq. 3.12) 

𝑘DF =
∅DF

𝜏DF
 (Eq. 3.13) 

From Equation 3.6 to 310, both PF and DF processes are strongly related to 

the ISC, which is a non-radiative transition between two iso-energetic vibrational 

levels belonging to electronic states of different multiplicities.137 Assuming that the 

non-radiative rate constants of the triplet state (knr
T) are significantly lower than kRISC 

when T1 is relatively stable, the quantum yield of the RISC is almost 100% (ΦRISC ≈ 

1), and thus, the kISC can be obtained from Equation 3.9 and 3.10. 

𝑘ISC =
∅DF

∅PF+∅DF
𝑘PF (Eq. 3.14) 

The rate of the intersystem crossing (kISC) was reported to be in the order of 

106~1011 s-1 in TADF molecules.4, 138-139 
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The key process in the TADF phenomenon is the facilitated RISC (T1→S1) 

when the energy difference between S1 and T1 is small and T1 is stable enough. 

Because RISC is a non-radiative transition from the lower vibrational level of T1 to 

the higher one of S1 in an excited molecule, the DF efficiency (ΦDF) and its transient 

lifetime (τDF) are highly dependent on the RISC rate constant (kRISC). According to 

Equation 3.7, 3.9, 3.10 and 3.11, kRISC can be determined as follow: 

𝑘RISC =
𝑘DF∅RISC

1−∅ISC∅RISC
=

𝑘DF𝑘PF

𝑘ISC

∅DF

∅PF
 (Eq. 3.15) 

From Equation 3.15, the rate of the reverse intersystem crossing (kRISC) in 

TADF molecules is generally in the order of 103~106 s-1 in TADF molecules, which 

is usually lower than kISC.4, 138-139 

RISC is temperature sensitive process. The dependence of the rate constant of 

RISC (kRISC) on temperature can be expressed in a Boltzmann distribution relation. 

(Equation 3.16) 

𝑘RISC ∝ exp
∆𝐸ST

𝑘B𝑇
 (Eq. 3.16) 

where kB is the Boltzmann constant and T is the temperature. However, in most 

fluorescent materials TADF is negligible because of their large ΔEST, within the 

range of 0.5-1.0 eV, which is more than an order of magnitude greater than the 

thermal energy per particle at room temperature.140 The ΔEST can be defined as 

follows the equation. (Equation 3.19). 

𝐸S = 𝐸 + 𝐾 + 𝐽 (Eq. 3.17) 

𝐸T = 𝐸 + 𝐾 − 𝐽 (Eq. 3.18) 

∆𝐸ST = 𝐸S − 𝐸T = 2𝐽 (Eq. 3.19) 
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where E is the orbital energy, K is the electron repulsion energy and J is the exchange 

energy.141 Hence, ΔEST which is the difference between ES and ET, is equal to the 

twice of J (equation 3.5). At S1 or T1, the unpaired two electrons are mainly 

distributed on the frontier orbitals of the HOMO and LUMO, respectively, with the 

same J value regardless of the different spin states. Therefore, J of these two 

electrons at HOMO and LUMO can be calculated by equation 3.20.142 

𝐽 = ∫ ∫ ∅𝐿(1)∅𝐻(2) (
𝑒2

𝑟1−𝑟2
) ∅𝐿(2)∅𝐻(1)𝑑𝑟1𝑑𝑟2 (Eq. 3.20) 

where ΦH and ΦL represent the HOMO and LUMO wave functions, respectively; e 

is the electron charge. From Equation 3.6, it is clear that a small ΔEST can be resulted 

via a small overlap integral of <ΦH|ΦL>, i.e., via spatial wave function separation of 

HOMO and LUMO.143-144 

Besides the ΔEST and kRISC, a relatively large radiative rate constant (kr) of the 

singlet exciton transition from the S1 state to the S0 state is also important to get 

efficient TADF emission. However, because of large kr and small ΔEST are conflicted, 

molecular structures should be designed carefully to realize them simultaneously. 

For example, some ketone derivatives possess a relatively small ΔEST but only 

exhibit phosphorescence at low temperature instead of DF at room temperature 

because of the large kr of their T1 excitons.145 On the other hand, due to their special 

conjugation break that results from the twisted central carbonyl group, several 

diphenyl ketones with different donor groups attached to the phenyl ring exhibit 

interesting dual emission and white light emission with TADF properties.146 

 

2.2. Design principles of organic TADF molecules 
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Figure 3.4. Design principles for D-A type TADF molecules. Copyright 2017, The 

Royal Society of Chemistry.129 

 

As mentioned above, TADF characteristics depend on a small ΔEST to aid the 

RISC from the triplet to the singlet excited state. A relatively large kr of S1 excitons 

is a requirement for obtaining a high EL efficiency. However, as large kr and small 

ΔEST are conflicting, fine molecular design is required to realize them 
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simultaneously for efficient TADF OLEDs. It has been found that the electron-

donating and electron-accepting interactions from intramolecular or intermolecular 

charge transfer can realize small ΔEST by reducing the overlap of the HOMO and 

LUMO of the molecules. To date, the reported organic TADF materials can be 

divided into two categories: (1) pure organic D-A molecular systems and (2) organic 

exciplex systems with two individual donor and acceptor materials. 

The design principles of the pure D-A type TADF materials so far summarized 

are as follows (Figure 3.4). To achieve small ΔEST, D-A molecular structure with a 

twist between the donor and acceptor moieties, caused by bulky substituents or a 

spiro-junction is needed. And densely combining donors and acceptors as well as 

strengthening the rigidity of the molecular structure to enhance radiative 

luminescence efficiency is needed for high kr. On the other hand, for increasing the 

radiative decay rate from the S1 to S0 states with small ΔEST, two approaches have 

been found. One is way to increase the overlap density (ρ10) distribution between the 

electronic wave functions of the ground state, in which the S1 state can promote 

S1→S0 radiative decay to improve the PLQY of the TADF emitter.147 Another 

approach is to suppress a decrease in radiative decay rate for fluorescence (kf) with 

lowering ΔEST through large delocalization of molecular orbitals with well-separated 

HOMO and LUMO levels.148 

Recently, several new design strategies for efficient TADF molecules have 

been presented in the literature. From a structural point of view, for separation of 

HOMO and LUMO for small ΔEST, several new molecular design methods have 

been presented, including physical separation of D and A units,149 X-shaped 

molecular structures,150 dual D/A units, and multiple resonance effect.151 Also, in 

view of the luminescence characteristics, some novel TADF materials have been 
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proposed, such as asymmetric structures with two different donors152 to construct 

TADF materials showing novel properties (including aggregation induced emission 

(AIE) or dual emission). 
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3. Development of TADF emitters 

 

Figure 3.5. Chemical structure of PIC-TRZ. 

 

The first purely organic TADF emitter PIC-TRZ (Figure 3.5) was reported in 

2011 by Adachi et al.103 Limited by its PLQY of 39% in doped thin film (6 wt% in 

mCP) and only 32% triplet utilization efficiency, the device using PIC-TRZ as an 

dopant shows an EQE of 5.3%. With the explosion of interest in the development of 

TADF emitters, there have been more than 100 new compounds reported. Numerous 

other TADF devices show an EQE of greater than 20%. 

 

3.1. Blue TADF emitters 
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Figure 3.6. Summary of CIEs of blue TADF OLEDs. Copyright 2014, Wiley-VCH.1 

 

Blue emitters define under around 500 nm in electroluminescence peak 

wavelength (EL λmax). The distribution of CIE coordinates for the OLEDs reported 

in this section is shown in Figure 8.6.  

 

 

Figure 3.7. Chemical structures of sulfone-based blue TADF emitters. 
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In 2012, Adachi et al. reported the very first class of deep-blue TADF emitters 

(1-3) (Figure 3.7) based on diphenylsulfone as the acceptor.4 The best device within 

the study shows an EQE of 9.9% and CIE coordinates of (0.15, 0.07) with 3 used as 

the emitter. The authors suggested that in order to achieve a small ΔEST, the energy 

gap between the lower energy triplet donor-centered locally excited π-π* state (3LE) 

and the higher-energy triplet charge-transfer state (3CT) must be small. This 

hypothesis was verified by the appearance of delayed fluorescence when the medium 

of the emitter was changed from nonpolar hexane to polar methanol, where the 3CT 

is significantly stabilized, evidenced by the positive solvatochromic shift. Under 

these conditions reverse internal conversion (RIC) occurs from 3LE to 3CT, followed 

by efficient RISC to 1CT. Nevertheless, it is particularly challenging to design deep-

blue TADF emitters that adhere to this ordering of excited states because of the high 

intrinsic energies of charge-transfer singlet and triplet states. Control of the 

conjugation length (e.g., through sterics153 or substitution pattern154-155) and the 

choice of donor are important in this regard. However, Dias et al. proposed another 

plausible mechanism of RISC in this type of molecule.156 They performed a detailed 

photophysical study on a series of emitters and found that, for emitters with ΔEST 

greater than 0.3 eV, RISC is still possible and may even be very efficient. The 

presence of heteroatom lone pairs form an important “hidden” 3n-π* state 

sandwiched between the higher 3CT and the lower 3LE state. Thus, up-conversion 

happens in an even more complex cascade manner: 3LE → 3nπ* → 3CT → 1CT. 

In another publication by the same group, a structurally similar blue TADF 

emitter DMAC-DPS  showed an EQE of 19.5%.102 The choice of the 

dimethylacridan donor results in a higher 3LE state than 3CT state, producing a small 

ΔEST of 0.08 eV. The methyl groups on the acridan moiety of DMAC-DPS prevent 
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intermolecular interactions in its neat film. Moreover, the Stokes shift of the emitter 

is sufficiently large to prevent self-quenching by Forster resonance energy transfer 

(FRET). As a result, both PLQYs and delayed component emission lifetimes of 

DMAC-DPS in neat (88%) and doped film (80%) are fairly similar. Among the 

original diphenylsulfone-based deep-blue TADF emitters, DMAC-DPS is the most 

promising due its smallest ΔEST and high solid state PLQY. This suggests the use of 

acridan donors is preferable to using carbazole or diphenylamine donors. This can 

be attributed to the electron richness of the acridan donor, which promotes greater 

HOMO and LUMO separation, along with its highly rigid structure, which 

contributes to reducing non-radiative decay paths from the excited state. 

 

 

Figure 3.9. Chemical structures of benzophenone-based blue TADF emitters. 

 

A benzophenone-type acceptor can also be used in the design of blue TADF 

emitters. Lee et al. fabricated two blue devices using Cz2BP and CC2BP as the blue 

emitters (Figure 3.9).135 CC2BP, with an extended carbazole donor system, exhibits 
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a smaller ΔEST than Cz2BP by 0.07 eV. This also enhances the donor strength in 

CC2BP compared with Cz2BP and results in a significant redshifted emission (31 

nm). Rajamalli et al. reported two novel TADF emitters based on a benzoylpyridine 

acceptor DCBPy and DTCBPy (Figure 3.9).157 The only difference between these 

two emitters is the presence of tert-butyl groups in the DTCBPy. Given their modest 

electron-donating nature, DTCBPy shows a small redshift in emission wavelength 

by only 4 nm. Intramolecular through-space interaction between the ortho-carbazole 

donor and the benzoylpyridine acceptor is believed to induce efficient TADF. The 

interaction also suppresses intermolecular aggregation in the solid state, and thus the 

PLQY in the solid state is greatly enhanced in doped film (up to 90%) compared 

with solution. Compared with the Cz2BP and CC2BP series, DCBPy and DTCBPy 

have redshifted emission due to the enhanced acceptor strength conferred by the 

pyridine group in these molecules, which is evidenced by their deeper LUMO levels. 

 

 

Figure 3.10. Chemical structures of 1,3,5-triazine-based blue TADF materials 

 

1,3,5-triazine is one of the most common acceptors used for blue TADF 

emitters. In 2015, Kim et al. reported two blue TADF emitters DCzTrz and 

DDCzTrz with the only difference being two additional carbazole moieties attached 

to the phenyl ring in a meta fashion in DDCzTrz. (Figure 3.10) As “meta linkages” 
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limit conjugation length, the two emitters have similar emission energies and ΔEST. 

This approach effectively limits the conjugation length of the whole molecule as the 

number of π-conjugated systems keeps increasing in order to avoid redshifts in the 

emission and lowering of the triplet energy level.154-155, 158 In particular, this device 

shows an LT80 (the time required for the luminance to drop to 80% of its initial value) 

of 52 h, which is approximately three times longer than the common blue 

phosphorescent materials. The carbazole and triazine moieties are robust and the 

nearly planar structure of the molecule gives the peripheral carbazole moiety further 

stabilization through conjugation with the triazine, and the nature of charge transfer 

makes the excited state resemble a pair of positive carbazole and negative triazine 

polarons. These two reasons contribute positively to the device stability. Tsai et al. 

reported a sky-blue TADF emitter DMAC-TRZ. (Figure 3.10) Acridan, being a 

stronger donor than carbazole, redshifts the DMAC-TRZ compared with carbazole-

based triazine TADF emitters. Interestingly, the emitter also demonstrates an 

excellent EQE of 20% in the absence of a host. Indeed, the PLQYs of the emitter in 

doped thin film (90%) and neat film (83%) are very similar, which is attributed to 

the methyl groups on the acridan unit that serve via sterics to suppress intermolecular 

interactions. Sun et al.159 reported a potent deep-blue TADF emitter DTPDDA 

whose device performance reaches an outstanding EQE of 22.3% with CIE 

coordinates of (0.15, 0.20). (Figure 3.10) Silicon was chosen for its rigid tetrahedral 

configuration, which, due to its size, effectively suppresses nonradiative decay 

pathways and enhances the morphological stability of the molecule.  
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Figure 3.11. Chemical structures of cyano-based blue TADF materials 

 

Cyano-based acceptors are some of the most common building blocks used 

for blue TADF emitters. The first of these reported by Adachi et al. is 2CzPN (Figure 

3.11), which generated a skyblue device with a decent EQE of 8.0% and EL λmax at 

≈ 480 nm.139 Lee et al. prepared two derivatives of 2CzPN by replacing carbazole 

with benzofurocarbazole and benzothienocarbazole (Figure 3.11).160 These 

derivatives have higher PLQYs but similar emission energies (94.6% and 94.0%, 

respectively compared with 47% for 2CzPN probably due to the higher rigidity of 

benzofurocarbazole and benzothienocarbazole donors in addition to more efficient 

RISC processes. Li et al. compared two TADF emitters 26IPNDCz and 35IPNDCz 

to study the effect of the nitrile substituent position on the photophysical properties 

and device performance.161 With ortho substitution, the dihedral angle between the 

dicyanobenzene acceptor and the 3,3′-bicarbazolyl donor in 26IPNDCz (69°) is 

larger than 35IPNDCz (50°) due to the steric interactions between the nitriles and 

the donor moiety. Thus, a reduced exchange integral between the HOMO and the 
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LUMO is realized in 26IPNDCz, resulting in a smaller ΔEST, evidenced by the 

markedly shorter delayed component lifetime (9.2 μs) than that of 35IPNDCz (145 

μs). The larger dihedral angle in 26IPNDCz also limits the conjugation length, 

resulting in a slightly blue-shifted emission compared with 35IPNDCz. 

 

 

Figure 3.12. Chemical structures of boron-based blue TADF emitters. 

 

Boronbased TADF emitters PXZ-Mes3B, 2DAC-Mes3B and DAC-Mes3B 

use triarylboron as the acceptor (Figure 3.12).162 PXZ-Mes3B demonstrated the most 

red-shifted emission of the three emitters in the study due to its strong 

electrondonating power of phenoxazine moiety. In general, most of boron-based blue 

TADF emitters show small ΔEST (< 0.18 eV), probably because of the strong LUMO 

localization effect induced by the boron atom. Additionally, the majority of these 

emitters exhibit excellent PLQYs in the solid state (87~100%). These results suggest 

that boron-based TADF scaffold is a potent avenue for blue TADF emitters. 

 

3.2. Green-Yellow TADF emitters 
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Figure 3.13. Summary of CIEs of green to yellow TADF OLEDs. Copyright 2014, 

Wiley-VCH.1 

 

Green to yellow emitters define between 500 to 580 nm in 

electroluminescence peak wavelength (EL λmax). The distribution of CIE coordinates 

for the OLEDs reported in this section is shown in Figure 3.13. A vast majority of 

green-to-yellow TADF emitters contain cyano-based acceptors. (Figure 3.14) Since 

initial report of Adachi group, 4CzIPN has become the representative green TADF 

emitter and has been frequently used in photophysical,138, 163 mechanistic,164-167 host28, 

168-173 and device-optimization studies.174-178 Lee et al. modified 4CzIPN by adding 

solubilizing tert-butyl groups in t4CzIPN an emitter.179 Taneda et al. prepared a 

highly efficient TADF material 3DPA3CN, which demonstrates both 100% PLQY 

and 100% efficiency of triplet utilization via RISC.180 Nakagawa et al. reported a 

yellow TADF emitter spiro-CN based on a spirobifluorene scaffold, which was 
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chosen for its excellent thermal and color stability.5 A very small ΔEST of 57 meV 

was achieved due to the well separated diphenylamine donor and cyano acceptor 

groups on the two different fragments of the spirobifluorene unit. The group reported 

another similarly structured green TADF emitter ACRFLCN in which the spiro 

acridine moiety is used to separate the donor amine and acceptor nitrile groups.142 

Kawasumi et al. reported two TADF emitters TPA-QNX(CN)2 and TPA-

PRZ(CN)2 based on an unusual triptycene scaffold in which a small ΔEST is realized 

by installing the diphenylamine donor and dicyanoquinoxaline or dicyanopyrazine 

acceptors on different arms of the propeller triptycene, which communicate with 

each other electronically by homoconjugation (i.e., a through-space interaction).149  

 

 

Figure 3.14. Chemical structures of cyano-based green TADF materials. 
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Cyano-based green TADF emitters can be divided into two classes: i). a 

monomeric series with ortho steric hindrance to realize HOMO and LUMO 

separation (4CzIPN, t4CzIPN, 3DPA3CN, and 4CzCNPy); ii) a homoconjugation 

series that relies on through-space interactions to realize HOMO and LUMO 

separation (Spiro-CN, ACRFLCN, TPAPRZ(CN)2, and TPA-QNX(CN)2. 

Monomeric emitters are already very potent green TADF emitters with small ΔEST 

(<0.1 eV) and high solid-state PLQYs (81.8~100%). On the other hand, HOMO and 

LUMO separation can be elegantly achieved by homoconjugation, but those emitters 

in general suffer from lower PLQYs compared with monomeric emitters. This 

reflects that homoconjugation limits orbital overlap too substantially, such that the 

transition dipole moment is significantly weakened, negatively impacting emission 

efficiency. 

 

 

Figure 3.15. Chemical structures of 1,3,5-triazine-based green TADF materials. 

 

Numerous green TADF emitters contain a 1,3,5-triazine acceptor. (Figure 

3.15) PXZ-TRZ is a green TADF emitter built upon a phenoxazine donor.181 

Although the molecule may seem largely planar at first sight, the dihedral angle 

between the donor and acceptor is indeed as high as 74.9°, based on the crystal 
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structure, which effectively localizes the HOMO and LUMO. Changing the 

phenoxazine (PXZ) to phenothiazine (PTZ) results in a dual intramolecular charge-

transfer (ICT) emission due to two different conformations of the phenothiazine in 

the ground state.182 The former has a large ΔEST of 1.14 eV while the latter has a 

much smaller ΔEST of 0.18 eV, and, therefore, only the latter conformation produces 

TADF.  

DACT-II realizes a simultaneous 100% emission and RISC efficiency, thus 

giving a state-of-art green device with an impressive EQE of 29.6%.183 The excellent 

photophysical properties of DACT-II are a consequence of the fine tuning of the 

dihedral angle (α) between the central carbazole and the bridging phenyl ring so that 

the oscillator strength (ƒ) and the ΔEST can be both optimized (ƒ and ΔEST both 

increase with increasing conjugation). The former is responsible for the large 

radiative decay rate (kr), and hence boosts the PLQY, while the latter is linked to the 

efficiency of the RISC process. Therefore, while PXZ-TRZ, with a large dihedral 

angle of 74.9° between the donor and the bridge, shows a PLQY of 66%, the PLQY 

of DACT-II reaches 100%. This result may seems that the torsional angle between 

the donor and the phenyl bridge plays a crucial role in the balance between PLQY 

and ΔEST. 
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Figure 3.16. Chemical structures of 1,3,4-oxadiazole-, 1,2,4-triazole-based green 

TADF materials. 

 

1,3,4-Oxadiazole and its derivatives are also commonly found in green TADF 

emitters. Lee et al. prepared a series of emitters (PXZ-OXD, PXZ-TAZ, 2PXZ-

OXD, and 2PXZ-TAZ) based on phenoxazine as the donor and 1,3,4-oxadiazole 

and 1,2,4-triazole as the acceptor (Figure 3.16).184 In their study, the D-A-D type 

molecules (2PXZ-OXD and 2PXZ-TAZ) were found to show higher PLQYs along 

with a more efficient RISC process compared to D-A type analogs (PXZ-OXD and 

PXZ-TAZ). 

 

3.3. Orange-Red TADF emitters 
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Figure 3.17. Summary of CIEs of orange to red TADF OLEDs. Copyright 2014, 

Wiley-VCH.1 

 

The distribution of CIE coordinates for the OLEDs reported in this section is 

shown in Figure 3.17. Compared with the number of reported blue and green 

counterparts, red TADF emitters are underexplored. An early orange TADF emitter, 

4CzTPN-Ph, reported by Adachi et al. achieved a remarkable EQE of 11.2% with 

ELmax at ≈ 590 nm (Figure 3.18).4 The same research team then compared two series 

of anthraquinone-based orange-to-red TADF emitters based on D-A-D (a1–a4) and 

D-Ph-A-Ph-D (b1–b4) molecular scaffolds, with the key difference being the 

presence of an additional phenyl bridge separating the donor and the acceptor(Figure 

3.18).185  It was found that increased separation between the donor and the acceptor 

conferred by the phenyl bridge in the b series results in a higher transition dipole 

moment and thus an enhanced radiative rate constant, kr. The phenyl bridge has a 



178 

 

negligible effect on ΔEST and it was verified by their higher PLQYs. On the other 

hand, the N-C stretching and twisting observed in D-A-D molecules helps to lower 

the ΔEST but at the same time reduces kr and enhances knr due to increased vibronic 

coupling between the excited and ground states. 

 

Figure 3.18. Chemical structure of 4CzTPN-Ph and anthraquinone-based orange-

to-red TADF materials. 

 

3.4. Bimolecular TADF system 
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Figure 3.19. Chemical structures of donor (blue) and acceptor (red) materials used 

in TADF exciplexs. 

 

Delayed fluorescence can also be realized from exciplex formation utilizing 

the intermolecular excited state between electron-donating and electron-accepting 

molecules. In principle, the exciplex is well known as a charge transfer state and its 

emission occurs as a result of electron transition from the LUMO of an accepter to 

the HOMO of a donor. There are mainly located on the donor and acceptor molecules 
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in exciplexes, respectively, which are very close triplet and singlet levels as a result 

of spatially separated HOMO and LUMO levels. In comparison to intramolecular 

excited states in monomolecular TADF materials, the intermolecular excited state of 

an exciplex system can provide a smaller ΔEST. After the pioneering work regarding 

exciplex emitters for TADF by Adachi et al. many highly efficient delayed 

fluorescence exciplex systems have been reported in the last few years.186-187 High 

performance OLEDs utilizing exciplexes have also been demonstrated. Two 

representative ways to form TADF exciplex systems have been developed. The first 

common way is to mix hole-transport type donor materials with electron-transport 

type acceptor materials. The second way is to blend with D-A type bipolar materials 

to form an exciplex, including TADF materials, which generates an intermolecular 

CT excited state. (As for the TADF exciplex, a high kRISC does not necessarily lead 

to efficient harvesting of the triplet exciplex if it occurs with a high nonradiative 

transition rate (knr) (Figure 3.19).)  
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Section 1. Highly Efficient Non-doped Thermally Activated 

Delayed Fluorescent Organic Light-emitting Diodes Using 

Intra- and Intermolecular Exciplex System by a meta-linked 

Acridine-Triazine Conjugate 

 

Abstract 

Exciton quenching or concentration quenching occurs due to intermolecular 

interactions between emitters when their intermolecular distance approaches. 

Alternative design is necessary to prevent intermolecular quenching in a solid 

environment of OLEDs. Herein, we designed emitters AmT and AmmT in which the 

donor and acceptor moieties are connected at the meta position so that intra- and 

intermolecular charge transfer (CT) states can be induced through exciplex-like 

interactions. With AmT or AmmT being closer to each other, intermolecular CT 

excitons are formed more favourably, which results in higher photoluminescence 

quantum yield (PLQY) of each emitter in the neat film than in the doped films. 

Photophysical analysis and single crystal x-ray structure revealed that AmmT is 

more uniformed and tightly packed in the solid state, leading to more efficient 

formation of induced intermolecular CT excitons than AmT. EL device using AmmT 

as an emitter without a host exhibits an EQE over 18%, which is better than the value 

of AmT, owing to higher intermolecular CT exciton formation via increased 

intermolecular interactions 

Keywords: intramolecular charge transfer, intermolecular charge transfer, 

thermally activated delayed fluorescence, exciplex, non-doped OLEDs 
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1. Introduction 

Since the report in 1987 by Tang and Vanslyke, organic light-emitting diodes 

(OLEDs)54 have continued to draw attention because of their many possible 

applications in future displays, from smart phones to large flat panel displays.188 

Previously, the fluorescent emitting layer (EML) of OLED devices was constructed 

using a host-dopant system (doping system).19, 56, 189 Controlling intermolecular 

interactions through the doping system made it possible to achieve high-efficiency 

luminescence characteristics by preventing concentration quenching and controlling 

the color purity. However, the device performance of the doping system would 

seriously deteriorate during operation because of inherent phase separation.189 In 

addition, a scrupulous design of the appropriate host is required based on the energy 

gap and charge-transporting characteristics of the dopant material. Therefore, 

developing non-doped (or host-free) emitters is desirable because the non-doped 

system has a simple device structure that employs only a single emitting material 

without using a complicated host-dopant co-deposition process. 

Recently, there have been continuous efforts to overcome the limitations of 

fluorescence-based OLED devices by harvesting long-lived triplet excitons through 

thermally activated delayed fluorescence (TADF) utilizing additionally generated 

singlet excitons without using heavy atoms.4, 103 This approach can provide 100% 

internal quantum efficiency (IQE) because the triplet can be converted to a singlet 

because of the small energy difference between the singlet and triplet states (ΔEST), 

which leads to efficient reverse intersystem crossing (RISC). TADF molecules, 

which consist of isolated donor and acceptor moieties, have intramolecular charge 

transfer (ICT) characteristics and emit light by charge transfer (CT) processes with 
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a high IQE.190-191 This makes it possible to overcome the efficiency problems of 

fluorescent materials. 

However, TADF molecules can easily aggregate through π–π interactions that 

arise from their innate hydrophobicity and rigid planar structures and lead to 

aggregation-caused quenching (ACQ) and exciton concentration quenching in the 

solid state.102, 142, 191 These phenomena cause fatal weakness in OLEDs using solid 

state emission. To overcome these problems, the doping system was reintroduced 

into EML of TADF OLED devices, despite the aforementioned drawbacks.183 An 

alternative method to avoid ACQ is to use aggregation-induced emission (AIE).192-

193 An external quantum efficiency (EQE) of approximately 10% was obtained in an 

OLED device using non-doped EML materials that caused AIE and TADF.194 

However, there are a few reports of highly efficient OLED devices using AIE-TADF 

systems. 

Since the report by Kim et al. in 2012, there have been many reports on TADF 

using intermolecular CT complexes based on two different materials (exciplex 

system).195-196 One can easily achieve appropriate charge balance and reduce the 

quenching process by lowering the charge carrier and exciton density in the EML 

using exciplex systems.197-198 Above all, exciplex systems should provide a small 

ΔEST. However, exciplex systems require careful consideration of the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies of the donor and acceptor, respectively, and it is difficult to match 

the ratio of the donor and acceptor materials when fabricating the device.186, 199 

Therefore, we developed a non-doped TADF system based on a single molecule 

exciplex with the advantages of the exciplex system and the non-doped TADF. 
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In this study, we designed two emitting materials that have delayed 

fluorescence (DF) character by their intra- and intermolecular interactions; 10-(3-

(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (AmT) 

and 10-(3'-(4,6-diphenyl-1,3,5-triazin-2-yl)-[1,1'-biphenyl]-3-yl)-9,9-dimethyl-

9,10-dihydroacridine (AmmT). AmT and AmmT consist of an acridine (Ac) donor 

and a triphenyltriazine (TRZ) acceptor, and have phenyl and biphenyl linkers that 

are connected to the donor and the diphenyltriazine moiety of the acceptor, 

respectively, through a meta linkage. Calculated structures of AmT and AmmT 

show that the electron distributions of the HOMO and LUMO are almost separated, 

providing small exchange energies and almost the same singlet and triplet energy 

levels. Because of the meta-positioned phenyl and biphenyl moieties, ICT-induced 

absorption bands of AmT and AmmT were not observed, and the resulting low 

oscillator strength should lead to poor luminescence. However, a strong emission 

with a large Stokes shift was observed in the neat film of AmT or AmmT; it 

originated from the intermolecular CT state (like exciplex) corresponding to the 

difference between the HOMO of the emitter donor moiety and the LUMO of the 

emitter acceptor moiety. This phenomenon results from the more favorable 

formation of an intermolecular exciplex in the neat film than in solution because of 

the reduced intermolecular distances in the neat film. In addition, AmT and AmmT 

show DF. Photophysical and single crystal X-ray structural analyses confirmed that 

intermolecular CT-induced DF can occur more effectively in AmmT because 

AmmT molecules are more uniformly and tightly packed in the neat film than AmT. 

OLEDs using AmmT as an emitter without a host showed an EQE above 18%, 

which is better than the EQE value of AmT-based OLEDs, because of the more 

efficient formation of intermolecular exciplexes of AmmT. This is the first example 
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of TADF molecules utilizing intermolecular CT excitons (exciplex) between donor-

acceptor-type emitter molecules of a single species. 

 

2. Materials and general methods 

2.1. Materials 

All solvents and materials were used as received from commercial suppliers 

without further purification.  

 

2.2. Synthetic procedure 

9,9-dimethyl-9,10-dihydroacridine (1, Ac). 1 was prepared according to the 

literature procedures.200 The compound 1 (3.80 g, 70%) was obtained as yellowish 

powder. 1H NMR (400 MHz, CDCl3, δ): 7.37 (dd, J = 7.7, 1.3 Hz, 2H), 7.09 (ddd, J 

= 7.7, 7.4, 1.3 Hz, 2H), 6.91 (ddd, J = 7.7, 7.4, 1.3 Hz, 2H), 6.67 (dd, J = 7.7, 1.3 Hz, 

2H), 6.10 (s, 1H), 1.57 (s, 6H); 13C NMR (100 MHz, CDCl3, δ): 138.6, 129.3, 16.9, 

125.6, 120.7, 113.5, 36.3, 30.7. 

10-(3-iodophenyl)-9,9-dimethyl-9,10-dihydro acridine (2). 9,9-dimethyl-

10H-acridine (1) (3.80 g, 18.15 mmol), 1,3-diiodobenzene (17.97 g, 54.47 mmol), 

Cu powder (0.77 g, 12.11 mmol), potassium carbonate (10.03 g, 72.63 mmol) were 

introduced into nitrogen atmosphere. The mixture was heated to reflux under 

nitrogen in dry 1,2-dichlorobenzene (200 mL). After 2 days, the reaction mixture 

was concentrated in vacuo and extracted with dichloromethane. The organic layer 
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was washed with water and brine, and dried using anhydrous sodium sulfate. The 

filtrate was concentrated in vacuo to give a crude mixture, which was purified by 

column chromatography (SiO2, DCM : hexane = 1 : 9) afford the compound 2 (3.6 

g, 48.2%) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 7.84 (dd, J = 7.2, 1.6 Hz, 

1H), 7.70 (s, 1H), 7.44 (dd, J = 7.2, 1.6 Hz, 2H), 7.36~7.34 (m, 2H), 6.95 (m, 4H), 

6.23 (dd, 8, 1.2 Hz, 2H), 1.67 (s, 6H); 13C NMR (100 MHz, CDCl3, δ): 142.5, 140.5, 

140.4, 137.4, 132.2, 131.0, 130.1, 126.4, 125.3, 120.9, 114.0, 95.3, 35.9, 31.3. 

(3-(9,9-dimethylacridin-10(9H)-yl)phenyl)boronic acid (3). 10-(3-

iodophenyl)-9,9-dimethyl-10H-acridine (2) was dissolved in dry THF (100 mL) 

under a nitrogen atmosphere. This solution was cooled to -78 ℃ followed by the 

dropwise addition of 2.5 M n-butyl lithium solution in hexane (4.38 mL, 10.94 

mmol). This mixture was stirred for 1 hour at which time trimethylborate (1.57 mL, 

16.41 mmol) was added. After stirring at room temperature for 15 hours, the reaction 

mixture was added to an aqueous solution of HCl (1 N) and stirred for 2 hours. The 

aqueous phase was separated and extracted with dichloromethane (3  50 mL). The 

combined organic extracts were dried using sodium sulfate, concentrated in vacuo 

and purified by column chromatography (SiO2, dichloromethane : methanol = 20 : 

1) afford the compound 3 (1.20 g, 66.8%) as a yellow sticky liquid. 1H NMR (400 

MHz, CDCl3, δ): 8.10 (s, 1H), 7.91 (d, J = 7.2 Hz, 1H), 7.70 (s, 1H), 7.65 (t, J = 7.6 

Hz, 1H), 7.35 (d, J = 8 Hz, 2H), 6.95~6.89 (m, 4H), 6.21 (d, J = 7.2 Hz, 2H), 5.19 

(br s, 2H), 1.68 (s, 6H); 13C NMR (100 MHz, CDCl3, δ): 140.9, 138.4, 134.2, 133.5, 

130.5, 129.9, 126.4, 126.3, 125.3, 125.2, 120.5, 114.0, 35.9, 30.1. 
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2-(3-Bromo-Phenyl)-4,6-Diphenyl-1,3,5-Triazine (4). Aluminum 

trichloride (6.1 g, 45.57 mmol) was dissolved in 100 mL 1,2-dichlorobenzene. 

Thionylchloride (1.10 mL, 1.81 g, 13.67 mmol), 3-bromobenzoylchloride (6.01 mL, 

10 g, 45.57 mmol), and benzonitrile (9.8 mL, 95.03 mmol) were added in the solution. 

The mixture was stirred for 20 hours at 100 ℃. After cooling to room temperature, 

ammonium chloride (4.9 g, 91.61 mmol) was added to the reaction and stirred for 3 

hours at 100 ℃ again. After cooling to room temperature, the reaction mixture was 

poured into 350 mL methanol and stirred for 1 hour. The solid product was filtered 

and washed with hot ethanol. After drying under reduced pressure at 60 ℃, the 

compound 4 (7.1 g, 40%) was obtained as a white solid. 1H NMR (500 MHz, CDCl3, 

δ): 7.37 (t, J = 8.0 Hz, 1H), 7.51~7.59 (m, 6H), 7.67 (d, J = 8.0 Hz, 1H), 8.61 (d, J = 

8.0 Hz, 1H), 8.68 (d, J = 7.1 Hz, 2H), 8.80 (s, 1H); 13C NMR (125 MHz, CDCl3, δ): 

122.8, 127.4, 128.6, 128.9, 130.0, 131.7, 32.6, 135.2, 135.8, 138.2, 170.2, 171.6. 

9,9-dimethyl-10-phenyl-9,10-dihydroacridine (PhAc). To a solution of 9,9-

dimethyl-10H-acridine (1) (0.30 g, 1.43 mmol) in dry toluene (5 mL) was added 

potassium carbonate (0.59 g, 4.30 mmol) and bromobenzene (0.25 g, 1.58 mmol). 

The reaction mixture was purged with nitrogen for 30 min, and then palladium (II) 

acetate (32 mg, 0.14 mmol) and tri-tert-butylphosphine tetrafluoroborate (50 mg, 

0.172 mmol) was added. The reaction mixture was stirred at 110 ℃ for 12 hours 

under nitrogen. After the reaction mixture was concentrated in vacuo, was diluted 

with dichloromethane and water, extracted organic layer, washed with water and 

brine solution and dried using anhydrous sodium sulfate. The filtrate was 
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concentrated in vacuo to give a crude mixture, which was purified by column 

chromatography on silica gel eluted with hexane only to afford the PhAc (0.24 g, 

80.0%) as a white solid. 1H NMR (300 MHz, CDCl3, δ): 7.66~7.61 (m, 2H), 7.53 (d, 

J = 6.9 Hz, 1H), 7.47 (d, J = 7.5 Hz, 2H), 7.35 (d, J = 7.5 Hz, 2H), 7.00~6.92 (m, 

4H), 6.26 (d, J = 7.8 Hz, 2H), 1.70 (s, 6H); 13C NMR (75 MHz, CDCl3, δ): 141.2, 

141.0, 131.4, 130.9, 130.0, 128.2, 126.4, 125.2, 120.5, 114.0, 36.0, 31.3.  

2,4,6-Triphenyl-1,3,5-triazine (TRZ). Benzonitrile (1.00 g, 9.72 mmol) was 

added to trifluoromethane sulfonic acid (4.95 g, 32.96 mmol) cooled to 0 °C in an 

ice-bath and stirred for 30 min. The mixture was further stirred at room temperature 

overnight. Water (50 mL) was added, and the resulting mixture was neutralized with 

sodium hydroxide. Then, a mixture of chloroform and acetone (1:1 (v/v), 50 mL) 

was added. The organic layer was separated and the aqueous layer was extracted 

with the same mixed solvents. The combined organic layers were washed with brine, 

dried over magnesium sulfate, and concentrated in vacuo. 2,4,6-triphenyl-1,3,5-

triazine (0.80 g, 80.0%) was obtained as a white solid. 1H NMR(300 MHz, CDCl3, 

δ): 7.58 (m, 9H), 8.77 (d, 6H); 13C NMR(75 MHz, CDCl3, δ): 128.6, 129.0, 132.5, 

136.2, 171.6. 

10-(3-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-

dihydroacridine (AmT). 9,9-dimethyl-10H-acridine (1) (1.50 g, 7.42 mmol), 2-(3-

Bromo-Phenyl)-4,6-Diphenyl-[1,3,5]-Triazine (4) (3.46 g, 8.90 mmol), palladium 

acetate (0.12 g, 0.52 mmol), Tri-tert-butylphosphine tetrafluoroborate (0.43 g, 1.48 
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mmol) and potassium tert-butoxide (1.66 g, 14.83 mmol) were introduced into a 

dried 250 mL two-neck round bottom flask under an atmosphere of nitrogen. Dry 

toluene (70 mL) was added and heated to reflux under nitrogen atmosphere for 12 

hours. The reaction mixture was concentrated in vacuo and extracted with 

dichloromethane. The organic layer was washed with water and brine and dried using 

anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a crude 

mixture, which was purified by column chromatography (SiO2, hexane) afford the 

AmT (2.23 g, 58.2%) as a yellow solid. 1H NMR (400 MHz, CDCl3, δ): 8.95 (ddd, 

J = 8, 1.4, 1.4 Hz, 1H), 8.79~8.74 (m, 5H), 7.85 (t, J = 8 Hz, 1H), 7.87~7.50 (m, 9H), 

6.97 (qd, J = 5.6, 1.2 Hz, 4H), 6.36 (dd, J = 8, 1.6 Hz, 2H), 1.76 (s, 6H); 13C NMR 

(100 MHz, CDCl3, δ): 171.8, 170.9, 141.7, 140.8, 139.4, 136.0, 135.6, 132.7, 132.1, 

131.4, 130.0, 129.0, 129.0, 128.9, 128.7, 126.5, 125.4, 120.7, 114.1, 31.5; HRMS 

(ESI) m/z [EI +]: calcd for C36H28N4, 516.2314; found, 516.2311. 

10-(3'-(4,6-diphenyl-1,3,5-triazin-2-yl)-[1,1'-biphenyl]-3-yl)-9,9-

dimethyl-9,10-dihydroacridine (AmmT). (3-(9,9-dimethylacridin-10(9H)-

yl)phenyl)boronic acid (3) (1.60 g, 4.86 mmol), 2-(3-Bromo-Phenyl)-4,6-Diphenyl-

[1,3,5]-Triazine (4) (1.89 g, 4.86 mmol), tetrakis(triphenylphosphine)palladium 

(0.28 g, 0.24 mmol) and aqueous sodium carbonate (2 M, 5 mL) in toluene (60 mL) 

and ethanol (5 mL) were heated to reflux in a nitrogen atmosphere for 24 h. After 

the reaction mixture was concentrated in vacuo, the resulting mixture was extracted 

with dichloromethane. The organic layer was washed with water and brine, and dried 

using anhydrous sodium sulfate. The filtrate was concentrated in vacuo to give a 

crude mixture, which was purified by column chromatography (SiO2, ethyl acetate : 
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hexane = 1 : 25) afford the AmmT (1.6 g, 55.6%) as white solid. 1H NMR (400 MHz, 

CDCl3, δ) δ (ppm) 9.03 (s, 1H), 8.78~8.76 (m, 5H), 7.88 (dd, J = 22.4, 7,2 Hz, 2H), 

7.78 (t, J = 8 Hz, 1H), 7.73 (s, 1H), 7.66~7.54 (m, 7H), 7.48 (dd, J = 7.6, 1.2 Hz, 

2H), 7.39 (d, J = 8 Hz, 1H), 6.98 (m, 4H), 6.43 (dd, J = 7.6, 1.2 Hz, 2H), 1.72 (s, 

6H); 13C NMR (100 MHz, CDCl3, δ): 171.7, 143.7, 141.8, 140.9, 140.6, 136.9, 136.1, 

135.1, 132.6, 131.4, 131.1, 130.4, 130.1, 130.1, 129.3, 129.0, 128.7, 128.3, 127.5, 

127.0, 126.4, 125.2, 120.6, 114.1, 31.1; HRMS (ESI) m/z [EI +]: calcd for C42H32N4, 

529.2627; found, 592.2628. 

 

2.3. General methods 

1H- and 13C-NMR spectra were recorded using an Agilent 400 MHz Varian 

spectrometer in CDCl3. 1H-NMR chemical shifts in CDCl3 were referenced to CHCl3 

(7.27 ppm). 13C-NMR chemical shifts in CDCl3 were reported relative to CHCl3 

(77.23 ppm). Mass spectra were obtained using matrix-assisted laser desorption–

ionization time-of-flight mass spectrometry (MALDI-TOF-MS) from Bruker. High-

resolution masses were measured by either fast atom bombardment (FAB) or 

electron ionization (EI) using a JEOL HP 5890. Analytical thin-layer 

chromatography was performed using Kieselgel 60F-254 plates from Merck. 

Column chromatography was carried out on Merck silica gel 60 (70–230 mesh). 

Decomposition temperatures (Td) and glass transition temperatures (Tg) were 

obtained by thermogravimetric analysis (TGA, Q-5000-IR) and differential scanning 

calorimetry (DSC, DSC-Q-1000), respectively. The TGA and DSC analyses were 

performed at a heating rate of 10 ℃ min-1 under a nitrogen atmosphere. The Tg was 

determined from the second heating scan.  
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2.4. Quantum Chemical Calculations  

All quantum chemical calculations were performed using the Gaussian ’09 

program package. Gas-phase geometry optimizations for the lowest excited singlet 

and triplet states were carried out using time-dependent density functional theory 

calculations at the B3LYP/6-31G(d) level. 

 

2.5. Photophysical measurements  

UV-visible spectra were recorded on a Beckman DU650 spectrophotometer. 

Fluorescence spectra were recorded on a Jasco FP-6500 spectrophotometer. 

Fluorescent quantum yields in the solid films were recorded on an Otsuka electronics 

QE-2000 spectrophotometer. A photoluminescence decay kinetic profiles were 

obtained by monitoring emission from a sample excited at 266 nm pulses having a 

duration time of 6 ns from a Q-switched Quantel Brilliant Nd:YAG laser. 

Photoluminescence was wavelength-selected using a Kratos GM 200 double 

monochromator of 0.2 m, detected using a Hamamatsu R928 PMT, and digitized 

using a Lecroy Wavepro 950 oscilloscope of 1 GHz. Low-temperature 

measurements were conducted using a cryostat (Iwatani Industrial Gases, CRT-006-

2000) with application of an InGa alloy as an adhesive to ensure good thermal 

conductivity between the silicon substrate and the sample holder. 

 

2.6. Electrochemical measurements 

Using cyclic voltammetry (CV) in CH2Cl2 solutions (1.00 mM) with 0.1 M 

tetra-n-butylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte. A glassy carbon electrode was employed as the working electrode and 
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referenced to a Ag reference electrode. All potential values were calibrated against 

the ferrocene/ferrocenium (Fc/Fc+) redox couple. The onset potential was 

determined from the intersection of two tangents drawn at the rising and background 

current of the cyclic voltammogram. 

 

2.7. Single crystal X-ray structure analysis 

AmT (CCDC 1545856) and AmmT (CCDC 1546113) crystallographic data 

are summarized in the Supporting Information. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

3. Results and discussion 

3.1. Synthesis 

 

Scheme 1. Synthetic routes of AmT and AmmT 

http://www.ccdc.cam.ac.uk/data_request/cif
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The synthetic routes of AmT and AmmT are illustrated in Scheme 1. 9,9-

Dimethyl-9,10-dihydroacridine (Ac, 1) and 2-(3-bromophenyl)-4,6-diphenyl-1,3,5-

triazine (4) were synthesized according to previous methods.200-201 10-(3-

Iodophenyl)-9,9-dimethyl-9,10-dihydroacridine (2) was obtained using the Ullmann 

cross coupling reaction between compound 1 and 1,3-diiodobenzene. (3-(9,9-

dimethylacridin-10(9H)-yl)phenyl)boronic acid (3) was synthesized by reacting 

compound 2 with trimethyl borate at -78 ℃. AmT and AmmT were prepared by 

Buchwald cross coupling between compounds 1 and 4 and by Suzuki cross coupling 

using compounds 3 and 4, respectively. AmT and AmmT were characterized by 1H 

NMR, 13C NMR, and low- and high-resolution mass spectrometry. These two 

compounds were purified further by train sublimation (twice) under a reduced 

pressure (<10-4 Torr). 

 

3.2. DFT calculation and single crystal X-ray diffraction 
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Figure 1. Molecular structures, HOMO and LUMO distribution and calculated 

singlet and triplet energy levels based on TD-DFT at the B3LYP/6-31G(d) level. 

 

Figure 1 depicts the molecular structures and theoretical simulation of AmT 

and AmmT. The optimized geometries and electron density distributions of the 

frontier molecular orbitals were investigated using time-dependent density 

functional theory calculations at the B3LYP/6-31G(d) level using Gaussian ’09. The 

HOMOs of AmT and AmmT are located on the Ac donors, whereas the LUMOs are 

distributed over the TRZ acceptors. The HOMO of AmT is extended slightly to the 

neighboring phenyl of the TRZ acceptor while its LUMO is extended over TRZ.  

There is a small orbital overlap between the HOMO and LUMO of AmT in the 

connecting phenyl moiety of TRZ, as shown in Figure 1. In contrast, the calculated 
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structure of AmmT shows totally separated electron distributions of the HOMO and 

LUMO because of an additional meta-linked phenylene moiety. Thus, AmT shows 

a small ΔEST value of 0.015 eV, whereas that of AmmT is even lower (0.002 eV). 

Single crystal X-ray diffraction analysis of AmT and AmmT (grown from a 

dichloromethane-cyclopentane mixed solvent) reveals that the torsion angles 

between the Ac donor and the phenyl linker of AmT and AmmT are 79° and 81°, 

respectively. In addition, the dihedral angle between the two benzene rings of the 

biphenyl group in AmmT is 31°, providing additional twisting (Figure S1)202 Details 

of the single-crystal structures of AmT and AmmT are given in Table S1. 

 

 

Figure 2. Packing patterns of AmT (left, d1 = 3.455 Å , d2 = 3.137 Å ) and AmmT 

(right, d1 = 3.494 Å , d2 = 3.122 Å ). 
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Figure 2 shows the packing patterns of AmT and AmmT in single crystals. 

For AmT, alternating pairs of adjacent TRZ moieties are partially stacked with 

distances of 3.455-3.512 Å . However, all pairs of adjacent planar TRZ moieties in 

AmmT are parallel, and their -surfaces partially overlap with alternating distances 

of 3.452 and 3.494 Å ; these properties would be beneficial for charge transport. 

Closely packed AmmT molecules in the crystal structure are expected to provide a 

more efficient environment for intermolecular interactions, thereby increasing the 

efficiency of exciplex (exciton) formation. 

 

3.3. Photophysical properties 

 

Figure 3. (a) UV (10 μM in dichloromethane) and PL spectra (10 μM in toluene) of 

AmT and AmmT, (b) PL spectra at low temperature (LT, 77 K, 10 μM in 2-

methyltetrahydrofuran): open symbol with line - LT FL, closed symbol with line - 

PH.  

 

The photophyscial properties of AmT and AmmT were analyzed using 

ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopies, and 

transient PL decay measurements. At room temperature (300 K), each compound 
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shows almost the same UV-Vis absorbance around 270 nm, which is attributed to 

the π-π* absorption band from the Ac donor and the TRZ acceptor in the 

dichloromethane solution (Figure 3(a)).182, 203 Both materials do not exhibit any 

absorption bands above 300 nm because of the ICT from the Ac to the TRZ. This is 

because the resonance effect was suppressed by the meta-positioned donor and 

acceptor moieties. However, the two compounds exhibit dim, broad emission with a 

large Stokes shift in toluene. The triplet energy levels of AmT and AmmT were 

identified in the PL spectra at low temperature (77 K) (Figure 3(b)). The low 

temperature fluorescence and phosphorescence (20 ms time delay) spectra of AmT 

show λmax values at 514 and 484 nm, respectively. AmmT shows the same low 

temperature fluorescence and phosphorescence spectra at 468 nm. The structureless 

fluorescence and phosphorescence emission spectra of AmT and AmmT at low 

temperature indicate that their emissions are dominated by the CT state, which means 

that the T1 states of AmT and AmmT originate from the 3CT state. We examined 

the PL solvatochromic shift of AmT and AmmT using various solvents at room 

temperature (Figure S2). Both materials show that the PL spectra are red-shifted, and 

the PL intensities decrease as the dielectric constant of the solvents increases. This 

indicates that their emissive S1 states are dependent on the dielectric constant of the 

solvent. 

Because of the extremely low luminescence of the dilute CH2Cl2 solution (10 

μM) of AmT and AmmT at room temperature, we wanted to investigate the 

luminescence characteristics according to the state of aggregation in 

tetrahydrofuran/water mixtures (Figure S3).204 The PL intensities are very weak 

when the water fraction (fw) is low. When the fw is larger than 70%, the PL intensities 

of each molecule increase rapidly, indicating AIE-like behavior.   
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Figure 4. PL spectra of spin-coated films of Ac, PhAc, TRZ, and (a) a mixture of Ac 

and TRZ (1:1 mol ratio) compared to neat film of AmT and (b) a mixture of PhAc 

and TRZ (1:1 mol ratio) compared to neat film of AmmT. PL peaks at 500 nm are 

2nd harmonic wavelength of excitation about Ac, PhAc and TRZ. PL peaks at 600 

nm are 2nd harmonic wavelength of excitation about AmT and AmmT. 

 

As shown in Figure 3(a), AmT and AmmT do not show ICT absorption bands. 

However, the large solvatochromic shift observed in AmT and AmmT is likely due 

to CT from the Ac donor to the TRZ acceptor. This was supported by additional 

photophysical experiments using Ac and 9,9-dimethyl-10-phenyl-9,10-

dihydroacridine (PhAc) as the donors of AmT and AmmT, respectively, and TRZ 

as the acceptor. Figure 4 shows PL spectra of Ac:TRZ (1:1 molar ratio, film) and 

PhAc:TRZ (1:1 molar ratio, film) along with those of Ac, PhAc, and TRZ films. The 

PL spectra of Ac, PhAc, and TRZ are almost the same with a maximum wavelength 

of 400 nm. The PL spectrum of the 50 mol% Ac:TRZ film is similar to that of the 

Ac or TRZ film; however, that of the 50 mol% PhAc:TRZ film is significantly red-

shifted compared to that of the PhAc or TRZ film. In particular, the PL spectrum of 

the 50 mol% PhAc:TRZ film is similar to that of the AmmT neat film. Cyclic 
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voltammetry (CV) measurements revealed that the HOMO energy levels of Ac and 

PhAc are 5.12 and 5.30 eV, respectively, and the LUMO energy level of TRZ is 2.48 

eV (Figure S4). These results indicate that the emission of AmT results from the 

formation of an intramolecular exciplex-like formation between the HOMO of Ac 

and the LUMO of TRZ, and the emission of AmmT comes mostly from the 

intermolecular exciplex-like system between the HOMO of PhAc and the LUMO of 

TRZ. 

 

 

Figure 5. UV and PL spectra of neat and doped (20 wt% in DPEPO host) films of (a) 

AmT (b) AmmT. PL peaks at 600 nm are 2nd harmonic wavelength of excitation. 

Transient PL decay spectra in doped (20% in DPEPO) and neat films at 300 K of (c) 

AmT (d) AmmT. 
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The photophysical properties of AmT and AmmT in neat and doped films (20 

wt% in Bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) were also 

investigated at room temperature (Figure 5). The λmax absorption peaks of AmT are 

276 and 283 nm in the neat and doped films, respectively, and those of AmmT 

appear at 283 and 284 nm, respectively; the peaks are slightly red-shifted compared 

to those in the solution state because of aggregation in the solid state. The estimated 

emission onset of the PL spectra of AmT in both the neat and doped films was 456 

nm, which corresponds to the optical bandgap of 2.72 eV. In contrast, the measured 

emission onset values of the PL spectra of AmmT in the neat and doped films were 

443 and 427 nm, respectively, which correspond to optical bandgaps of 2.80 and 

2.91 eV, respectively. The LUMO energy levels of AmT and AmmT in the neat 

film are 2.81 and 2.68 eV, respectively, which were calculated from the optical 

bandgap and the HOMO energy levels of 5.53 and 5.48 eV for AmT and AmmT, 

respectively, estimated from the CV in a dichloromethane solution (Figure S4(a)). 

The PL λmax values of AmT in the neat and doped films are 519 and 522 nm, 

respectively. The PL λmax values of AmmT in the neat and doped films are 509 and 

480 nm, respectively. The PL quantum yields of the neat and doped films (measured 

using integrating spheres) are 0.52 and 0.27 (AmT), respectively, and 0.69 and 0.20 

(AmmT), respectively. The higher PL quantum yields of AmT and AmmT in the 

neat film than those in the doped film indicate that the CT exciton that forms in the 

neat film is better than that of the doped film because of the decreased intermolecular 

distances in the neat film. This suggests that a crucial factor that affects the 

luminance of AmT and AmmT is the formation of CT excitons by intermolecular 

interactions, not the AIE phenomenon by restricting the intramolecular rotation.205 

The higher PL quantum yield of AmT in the doped film than that of AmmT in the 

doped film indicates that the intramolecular exciplex formation of AmT is better 
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than that of AmmT. However, the PL quantum yield of AmmT in the neat film is 

much higher than that of AmT in the neat film because formation of an 

intermolecular exciplex is more favorable for AmmT than for AmT. 

 

3.4. Transient PL decay measurements 

Figures 5 (c) and (d) also depict the transient PL decay curves of the neat and 

doped films of AmT and AmmT at room temperature, and show double-exponential 

decay profiles, confirming the existence of the DF. The prompt component is 

assigned to an intra- and intermolecular exciplex, and the delayed component is 

attributed to (identical) DF occurring via the RISC process. The neat and doped films 

of AmT have prompt fluorescence decay times (τPF) of 93 and 79 ns, respectively, 

and the delayed fluorescence decay time (τDF) of 5.80 and 4.32 μs, respectively. The 

neat and doped films of AmmT exhibit τPF values of 59 and 72 ns, respectively, and 

τDF values of 1.76 and 4.01 μs, respectively. The τPF and τDF values of the neat film 

of AmmT are smaller than those of the doped film of AmmT, suggesting a more 

efficient radiative decay in the neat film than in the doped film. The PL quantum 

yields of AmmT contributed by a prompt component (ΦPF) and delayed component 

(ΦDF) were estimated from the decay lifetime and its amplitude (Table S2) as 0.16 

and 0.53 in the neat film, respectively, while the values of ΦPF and ΦDF of AmmT 

are 0.04 and 0.16, respectively, in the doped film. However, the values of ΦPF and 

ΦDF of the AmT neat film are 0.16 and 0.36, respectively, and those of the AmT 

doped film are 0.08 and 0.19, respectively. Regardless of prompt or delayed 

fluorescence, the PL quantum yields of the AmmT neat film are 3 to 4 times higher 

than those of the AmmT doped film because of the decreased intermolecular 
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distances, whereas the AmT neat film showed PL quantum yields that were twice 

the value of those for the doped film of AmT. 

We investigated the temperature dependence of the transient PL decay of 

AmT and AmmT measured from 78 to 300 K. The DF increases with temperature, 

indicating that AmT and AmmT exhibit strong TADF characters in both the neat 

and doped films (Figure S5). The RISC rate values (kRISC) were estimated using the 

equations provided in the supplementary notes, and the calculated ΔEST values in the 

neat and doped films were 33.6 and 34.4 meV for AmT, and 56.5 and 31.7 meV for 

AmmT, respectively, from the Arrhenius plots of kRISC between 125 and 250 K, as 

shown in Figure S6. The values of kRISC for the doped films of AmmT did not show 

a clear temperature dependence. This is because formation of the intermolecular 

(exciplex) CT excitons for the doped film of AmmT is less efficient than that of the 

neat film (because of the relatively long distances between AmmT molecules in the 

doped film). 

 

3.5. Electroluminescence properties 
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Figure 6. EL characteristics of AmT- and AmmT-based devices using non-doped 

system. (a) current density-voltage characteristics (inset: energy level diagram of the 

each device), (b) Luminance-voltage characteristics (inset: device structure), (c) 

quantum efficiency-luminance characteristics and (d) EL spectra. 

 

Non-doped devices were fabricated using AmT and AmmT as emitters in the 

EML with the following device configuration: glass substrate/indium tin oxide/N,N'-

di(1-naphthyl)-N,N'-diphenyl-(1,1-biphenyl)-4,4'-diamine (NPB) (30 nm)/4,4'-

cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) (30 nm)/AmT 

or AmmT (20 nm)/DPEPO (10 nm)/2,2',2''-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBI) (40 nm)/LiF (1 nm)/Al (100 nm). The following components 

were deposited on the substrate in sequential order: NPB and TAPC as hole 
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transporting layers, DPEPO with a deep HOMO energy level and high triplet energy 

(3.1 eV) as a hole blocking and an exciton confinement layer, TPBI as an electron 

transporting layer, an LiF as an electron injection layer, and Al cathode. Two 

different OLEDs were fabricated, and the performance of each device was evaluated 

(Table S3). Figure 6(a) shows the current density-voltage characteristics of each 

device with AmT and AmmT. The current density of the device with AmT is higher 

than that of the device with AmmT, whereas the luminance values and turn-on 

voltage of each device are similar at the same driving voltage as shown in Figure 

6(b). Although AmmT-based devices show worse current density-voltage 

characteristics than AmT-based devices, the similar luminance values and turn-on 

voltages of the two devices indicate that AmmT-based devices generate 

intermolecular exciplexes more efficiently because of the high packing density of 

AmmT molecules in the non-doped environment; thus, AmmT-based devices 

produce light emission better than AmT-based devices. Quantum efficiency-

luminance characteristics of two devices were plotted in Figure 6(c). AmmT-based 

devices show a maximum EQE of 18.66%, which is much higher than that of AmT 

based-devices (5.30%). Shorter τPF and τDF values of AmmT than those for AmT 

could explain the higher EQE of AmmT-based devices than AmT-based devices. 

To understand the reasons for high efficiency of non-doped devices, we 

fabricated additional devices using 20 wt% AmT and AmmT doped into DPEPO in 

the EML (Figure S7). AmT- and AmmT-doped devices show maximum EQEs of 

4.19% and 3.28%, respectively, supporting that the formation of an intermolecular 

CT exciton is a major contributor to the high efficiency of non-doped devices. The 

EQE of AmmT-based non-doped devices is about 3.5 times higher than that of 

AmT-based devices, and about 3.6-5.4 times higher than the theoretical maximum 
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EQE of approximately 3.45% to 5.18% (out-coupling efficiency = 0.2-0.3), 

assuming that the EL quantum efficiency is the same as the PL quantum efficiency 

of 0.69. Figure 6(d) shows normalized EL spectra obtained using non-doped devices. 

Inherent EL emission λmax values of the AmT- and AmmT-based devices were 

observed at 524 and 504 nm, respectively, without any other emission from the 

adjacent layers. 

Donor-acceptor-type TADF materials do not generally emit fluorescence by a 

Förster resonance energy transfer (FRET) mechanism because they have a small 

overlap between absorption and emission (large Stokes shift).206 Therefore, the effect 

of concentration quenching by FRET (of singlet excitons in the luminescence 

process) of AmT and AmmT is also negligible. In contrast, concentration quenching 

by electron-exchange interactions (for triplet excitons) is partially considered. 

Recently, Yasuda and co-workers reported that concentration quenching of TADF 

molecules was dominated by electron-exchange interactions for triplet excitons 

using the Dexter energy-transfer (DET) model.207 The maximum EQE of 18.66% in 

the AmmT-based device suggests that the exciton quenching in the neat film of 

AmmT is mainly caused by the DET process, but it is insignificant compared to the 

CT excitons generated by intermolecular interactions, as shown by the experimental 

results of the neat and doped films. 

 

4. Conclusion 

In conclusion, we developed TADF molecules (AmT and AmmT) for highly 

efficient non-doped OLEDs utilizing intra- and intermolecular CT excitons, which 

are composed of meta-linked Ac donor and TRZ acceptor molecules. Intermolecular 
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CT excitons of AmT and AmmT are generated more favorably under non-doped 

conditions than in solution or under doped conditions because of their spatial 

proximity. This means that efficient formation of CT excitons results from 

intermolecular interactions, rather than by AIE. AmT and AmmT are the first TADF 

molecules based on intermolecular CT exciplexes between donor-acceptor-type 

emitter molecules of a single species. While AmT shows more efficient 

intramolecular CT exciton formation than AmmT, the neat film of AmmT forms an 

intermolecular CT state-induced exciplex better than AmT because of the packing 

benefits and relatively shorter radiative lifetime of AmmT. As a result, EL devices 

that use AmmT as an emitter without a host exhibit an EQE over 18%. A single 

molecule exciplex-based TADF system using intra- and intermolecular CT excitons 

could be useful for developing high efficiency non-doped OLEDs. 
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5. Supplementary data 

5.1. Supporting Tables and Figures 

Table S1. Summary of crystal structure of AmT and AmmT. 

 
AmT 

(CCDC 1545856) 

AmmT 

(CCDC 1546113) 

Empirical formula C36H28N4 C42H32N4 

Formula weight 516.62 592.71 

Temperature (K) 295.9(8) 295.9(2) 

Wavelength (Å )   

Crystal system Orthorhombic Orthorhombic 

Space group Pbca Pbca 

a (Å ) 13.7631(7) 17.1361(10) 

b (Å ) 11.4154(9) 8.1119(7) 

c (Å ) 34.944(4) 45.473(5) 

α (°) 90 90 

β (°) 90 90 

γ (°) 90 90 

Volume (Å 3) 5490.0(8) 6321.0(9) 

Z 8 8 

Density (calculated) 
(g/cm3) 

1.250 1.234 

Absorption coefficient 
(mm-1) 

0.575 0.568 

F(000) 2176.0 2496.0 

Reflections collected 15633 39350 

Independent reflections 5703 [R(int) = 0.0285] 6598 [R(int) = 0.0946] 

2Θ range for data 
collection (°) 

5.058 to 153.236 5.16 to 157.4 

Goodness-of-fit on F2 0.991 0.983 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0438, wR2 = 
0.1115 

R1 = 0.0819, wR2 = 
0.1981 

R indices (all data) 
R1 = 0.0693, wR2 = 

0.1280 
R1 = 0.1585, wR2 = 

0.2641 
Largest diff. peak and 

hole (e.Å -3) 
0.12 and -0.18 0.24 and -0.24 
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Table S2. Summary of transient PL decay data of neat and doped film of AmT and 

AmmT at 300 K under nitrogen. 

Conditions/ 
Compounds 

τ1  (μs) τ2 (μs) A1
a) A2

a) RPF
b) RDF

c) 

Neat film of AmT 0.093 5.804 2.606 0.092 0.312 0.688 

Doped film of AmTd) 0.079 4.322 3.024 0.132 0.294 0.706 

Neat film of AmmT 0.059 1.761 3.328 0.372 0.229 0.771 

Doped film of 
AmmTd) 

0.072 4.013 0.921 0.061 0.212 0.788 

a) Ai is the pre-exponential for lifetime; b) RPF is component ratio for prompt 

fluorescence, RPF = τ1A1/(τ1A1 + τ2A2); c) RDF is component ratio for delayed 

fluorescence, RDF = τ2A2/(τ1A1 + τ2A2); d) 20 wt% doped in DPEPO host. 

 

 

 

 
Table S3. Device performance based on AmT and AmmT. 

Device condition 
Von

a) 
[V] 

EQEmax
b) 

[%] 
C. E.max

c) 
[cd A-1] 

P. E.max
d) 

[lm W-1] 
λmax 

[nm] 
CIE (x, y) 

Doped AmTe) 5.8 4.19 9.02 3.83 500 (0.24, 0.39) 

Doped AmmTe) 4.1 3.28 5.67 2.97 476 (0.18, 0.27) 

Non-doped AmT 3.4 5.68 15.04 5.76 524 (0.33, 0.54) 

Non-doped AmmT 3.6 18.66 45.13 37.31 504 (0.24, 0.49) 

a) Turn-on voltage at 1 cd m−2; b) maximum external quantum efficiency; c) maximum 

current efficiency; d) maximum power efficiency; e) 20 wt% doped in DPEPO. 
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Figure S1. Single crystal structures of AmT (left, CCDC 1545856) and AmmT (right 

1546113). 

 

 

 

Figure S2. PL spectra of (a) AmT and (b) AmmT in various solvent (10-5 M). 
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Figure S3. PL spectra in THF/water mixtures with different water fractions (fw) of 

(a) AmT (b) AmmT. PL Peak at 600 nm is 2nd harmonic wavelength of excitation. 

 

 

Figure S4. Cyclic voltammetry of (a) AmT and AmmT, (b) Ac, (c) PhAc and (d) 

TRZ in dihloromethane. 
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Figure S5. Temperature-dependent transient decay spectra of neat film and doped 

film (20 wt% in DPEPO) of AmT and AmmT. 
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Figure S6.  Arrhenius plot of the reverse ISC rate from the triplet to the singlet state 

of AmT and AmmT in neat and doped (20 wt% in the DPEPO) film. 
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Figure S7. EL characteristics of DPEPO doped AmT and AmmT based devices 

(doping concentration: 20 wt%). (a) current density-voltage characteristics (inset: 

energy level diagram of the each device), (b) Luminance-voltage characteristics 

(inset: device structure), (c) quantum efficiency-luminance characteristics and (d) 

EL spectra. 
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5.2. Supplementary notes 187, 207 

The PL quantum efficiency of prompt fluorescence (ΦPF) is 

expressed by 

 

𝑘PF = 𝑘r
S + 𝑘nr

S + 𝑘ISC (1) 

𝑘DF = 𝑘nr
T + (1 −

𝑘ISC

𝑘r
S + 𝑘nr

S + 𝑘ISC

) 𝑘RISC (2) 

∅PF =
𝑘r

S

𝑘r
S + 𝑘nr

S + 𝑘ISC

=
𝑘r

S

𝑘PF
 (3) 

∅DF = ∑(∅ISC∅RISC)𝑛

∞

𝑛=1

∅PF (4) 

∅ISC =
𝑘ISC

𝑘r
S + 𝑘nr

S + 𝑘ISC

 (5) 

By assuming (i) kRISC >> kr
T, knr

T and ΦRISC is almost 1, 

solving supplementary equations (1) ~ (5) 

𝑘ISC =
∅DF𝑘PF

∅PF + ∅DF
 (6) 

𝑘RISC =
𝑘PF𝑘DF

𝑘ISC

∅DF

∅PF
 (7) 

kISC and kRISC were estimated from Supplementary 

equations (6) and (7) 
 

  

 

  



 

 

 

 

 

Part IV. Flexible and Stretchable Bio-Electronic 

Devices Integrated with Color Tunable Organic 

Light-emitting Diodes 
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Background 

1. Flexble and stretchable bio-electronic devices 

1.1. Introduction 

Rapid advances in the design of ultrathin electronic/optoelectronic devices, 

sensors208-210 and actuators,211-212 and soft biocompatible/bioresorbable encapsulating 

layers213-214 have broadened the scope of flexible/stretchable electronics from 

foldable displays  and curved solar panels to new classes of soft bioelectronics 

systems that interface with the complex geometries, curved surfaces, and time 

dynamic tissues of the human body.215-217 

A wide range of biological signals, including electrophysiological (e.g., 

electroencephalogram (EEG), electrocardiogram (ECG)),218-219 physiological (e.g., 

pulse, temperature),220-221 thermal (e.g., thermal conductivity, temperature 

distribution),221-222 mechanical (e.g., strain, pressure),220, 223 and biochemical (e.g., 

glucose, pH) information,224-225 continuously emanate from the human body. Each 

of these signals contains important clinical cues about normal bodily functions and 

the manifestation and progression of various diseases.226-228 There are significant 

challenges, however, in our ability to access target tissues/organs for high quality 

signal capture due to the rigid and bulky characteristics of conventional medical 

systems. 

To achieve soft, stretchable bioelectronics requires novel approaches in 

material designs: i) strain minimization via nanoscale processing of established 

materials and ii) synthesis of new functional nanomaterials. Once bulk rigid 

materials are thinned and oriented into nano-structures, they become deformable. 

For example, the flexural rigidity of silicon nano-membranes (Si NMs) (≈2 nm) is 
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fifteen orders of magnitude smaller than that of silicon (Si) wafers (≈200 μm).229 A 

hybrid of top-downprocessed nanomaterials and bottom-up-synthesized 

nanomaterials can create further multi-functionalities/high-performances without 

sacrificing the mechanical deformability. These chemically-synthesized 

nanomaterials exhibit unique electrical,230-231 optical,232-233 and electrochemical234 

properties that their bulk counterparts do not possess.  

In the following, recent state of the art in soft, flexible and stretchable 

electronics/optoelectronics being employed in biomedicine for implantable, 

minimally invasive, and wearable applications are summarized. There is also present 

a brief introduction of nanostructured materials and related engineering technologies 

with emphasis on the nanometer-size designs for reliable performances under 

mechanical deformations. Finally, detailed description of flexible and stretchable 

sensors and actuators for skin-mounted and implanted systems are provided. 

 

1.2. Bio-integrated flexible and strechable systems 
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Figure 4.1. Bio-integrated flexible and stretchable systems. Schematic illustration of 

bio-integrated electronics in development today across a broad range of biomedical 

applications. Minimally invasive and implantable devices include 

electrophysiological sensors (ECoG, ECG), angioplasty tools, prosthetic eye/skin, 

and optoelectronic nerve stimulator, etc. Wearable bioelectronics include 

physiological sensors (pressure, strain, temperature sensors) integrated with 

transdermal drug delivery devices and data storage devices. Continuous monitoring 

and real time feedback therapy are performed in conjunction with the wireless 

communication. Energy supply module is an essential component to bioelectronics 

systems for mobile and personalized healthcare. Reproduced with permission.235-236 

Copyright 2008, Copyright 2014, Nature Publishing Group. 

 

Figure 4.1 shows examples of bio-integrated electronics/optoelectronics using 

flexible and stretchable devices. Electrophysiological signals from the brain (e.g., 

EEG, electrocorticography (ECoG)) consist of complex neural activity patterns, 
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which provide insight into normal brain function as well as neurological disorders, 

including epilepsy, dementia, Parkinson’s disease, and restless leg syndrome (left 

top). Similarly, electrophysiological signals from the heart are coordinated by similar 

electrical signals, which provide critical insight into normal cardiac function as well 

as dysfunctions such as arrhythmias (center bottom). These biological signals 

emanate from soft and distributed cells and tissues, which are orders of magnitude 

smaller than the medical systems being applied to probe them. Novel microscale and 

nanoscale sensor designs, in arrayed formats, are thus required for measuring these 

fine signals. Sensor material properties, geometry (i.e., surface area), and conformal 

interfacial contact govern the sensing properties of these systems (e.g., signal to 

noise ratio). Furthermore, the mechanical properties of individual sensors must be 

closely matched with those of target organ tissues.  

Additional circuits, sensors (e.g., strain gauges, thermal flux sensors), and 

actuators (LEDs, pacing/ablation electrodes) have been designed with these design 

considerations in order to enable conformal integration with soft and curvilinear 

organs. A few noteworthy examples include vision prosthesis systems consisting of 

stretchable photodiode arrays for image detection235 and injectable flexible LED 

arrays for optogenetic applications237 (left top). Minimally invasive systems have 

also exploited the soft, stretchable mechanical properties of bio-integrated 

electronics/opto-electronics. Instrumented balloon catheters integrated with 

stretchable electrodes and sensors have recently been demonstrated238 to provide 

sensing and feedback therapy during cardiac mapping and ablation239 procedures. 

Endovascular stents instrumented with flexible sensors and microelectronics for 

monitoring blood hemodynamics and the physical properties of arteries have also 
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been recently shown to provide sensing capability onboard an otherwise purely 

mechanical system.240 

Wearable bio-integrated systems consist of a similar class of 

flexible/stretchable sensors and electronics as in minimally invasive and implantable 

applications; however, these skinbased sensors and electronics have a different set 

of electrical, mechanical, and optical constraints during monitoring, storing, 

analyzing, and transferring of data from the surface of human skin (right top).241 

Artificial skin instrumented with sensors and actuators, constitutes another important 

branch of skin electronics for advanced prosthetics applications (left middle).236 

Transdermal drug delivery using nanoparticles loaded with pharmacological agents 

and activated with heat or electric field has been demonstrated in combination with 

these skin-based monitoring capabilities (right bottom),241 thereby achieving both 

therapy and diagnostic capabilities onboard the same system. In the following 

sections, we review recent advances in these flexible and stretchable bioelectronic 

systems at the materials, device designs, and systems level. 

 

1.3. Nanomaterials, assembly, and device designs for flexible and 

stretchable electronics 
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Figure 4.2. Nanomaterials, assembly, and device designs for flexible and stretchable 

electronics. a) Representative forms of nanomaterials: iron oxide nanoparticles (0D; 

left top), GaAs vertical NWs (1D; right top), vertical aligned carbon nanotube (CNT) 

(1D; left bottom), and Si NM (2D; right bottom). Reproduced with permission.242-245 

Copyright 2004, Nature Publishing Group, Copyright 2014, American Chemical 

Society. Copyright 2014, Wiley-VCH, Copyright 2012, Wiley-VCH, respectively. 

b) Representative assembly method for nanomaterials. Langmuir-Blodgett assembly 

of nanoparticles (left top), contact printing of vertical growth Si NWs (right top), 

spraying coating of CNT (left bottom), and Si NMs stacked by transfer printing (right 

bottom). Reproduced with permission.223, 246-248 Copyright 2003, American Chemical 

Society, Copyright 2008, American Chemical Society, Copyright 2011, Nature 

Publishing Group, Copyright 2010, National Academy of Sciences USA, 

respectively. c) Device design strategies for flexible/stretchable electronics. 

Ultrathin (left top), neutral mechanical plane (NMP) (right top), wavy (left bottom), 

and fractal (right bottom) structures enhance the system-level deformability. 

Reproduced with permission.208, 249-251 Copyright 2012, Nature Publishing Group, 

Copyright 2008, AAAS, Copyright 2013, Nature Publishing Group, Copyright 2014, 

Nature Publishing Group, respectively. 
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Figure 4.2a shows representative forms of nanomaterials (0D, 1D, and 2D) for 

flexible and stretchable devices. The nanoscale dimensions of the materials 

dramatically decrease flexural rigidity of devices while acting as electrodes, 

transport channels, and light-emitting/photon-absorption materials. Zero 

dimensional nanoparticles (NPs; left top) have unique properties due to quantum 

confinement and large surface area.242, 252  One dimensional carrier transport is more 

efficient in nanowires (NWs; right top)243
 and carbon nanotubes (CNTs; left 

bottom)244
 compared to transport properties in NPs. The aligned configurations 

and/or percolated networks form electronic devices with robust interconnections in 

channels and electrodes. Two dimensional NMs (right bottom)245
 show enhanced 

charge transport characteristics in planar device structures. The decreased rigidity 

owing to nanoscale dimensions helps mitigate the risks of mechanical failures under 

flexing/stretching cycles.  

In the large area array of micro-/nanodevices, the uniformity of device 

performance is a key requirement. When nanoscale materials are uniformly 

fabricated/synthesized and assembled/integrated with the thickness range of less 

than a few micrometers, the ultrathin architecture of assembled layers decreases 

flexural rigidity253 and minimizes induced strain.229 Figure 2b shows examples for 

the assembly of 0D, 1D, and 2D materials. Langmuir-Blodgett (LB) technique 

utilizes an air-water interface to assemble a uniform, large area monolayer of 

nanomaterials (left top).246 Repeating the LB process can form double or triple 

monolayers. The dry contact printing is another effective method to align vertically 

grown NWs (right top).247 Contacting and sliding transfer NWs onto the receiver 

substrate. Dispersed 1D nanomaterials in a solution, such as CNTs, can be spray-
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coated (left bottom),223 creating a uniform random network of CNTs over large areas. 

2D NMs are transfer printed using elastomeric stamps (right bottom).248 

In addition to the intrinsic flexibility of nanomaterials, advanced device 

design strategies have been used to enhance system-level deformations, as shown in 

Figure 4.2c. The induced strains are linearly and inversely proportional to thickness 

and bending radii, respectively. Reducing device thickness, therefore, decreases 

induced strains at the same bending radius (left top).249 Locating active regions 

between top and bottom layers of the same structures, i.e., in the neutral mechanical 

plane (NMP) region where compressive and tensile strains are compensated, 

mitigates risks of mechanical fractures (right top).250 Buckling enables not only 

bending but also stretching through elongation and contraction of wavy structures 

(left bottom).208, 254 Large scale stretchability is obtained via fractal/serpentine 

structures (right bottom).251 These novel device structures enable new classes of 

wearable/implantable systems. 

 

1.4. Flexible and Stretchable Bioelectronics Systems Using 

Established Materials 

Soft bio-integrated electronic/optoelectronic systems require high quality 

materials, novel processes, and unconventional design strategies to achieve high 

performance as well as flexibility and stretchability. Several different classes of 

sensors, associated circuits, and power modules in ultrathin, deformable formats to 

achieve differentiated mechanical properties from existing conventional electronics 

were introduced in this section. These systems are applied in non-invasive, 
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minimally-invasive and implantable applications where diagnostic monitoring and 

therapeutic actuation are required. 

 

 

Figure 4.3. Epidermal electronics. a) Multiplexed, flexible strain-gauge array using 

an interlocked structure of Pt-coated polymer fibers. The difference of the electrical 

resistance between on and off contact (Roff – Ron) is measured as a function of applied 

pressures. Reproduced with permission.255 Copyright 2012, Nature Publishing 

Group. b) Flexible polymer transistor sensors using micro-structured PDMS as a gate 

dielectric layer (left). The highly sensitive pressure sensor attached on the wrist 

monitors pulse waves from the radial artery (right). Reproduced with permission.221 

Copyright 2013, Nature Publishing Group. c) Stretchable motion sensor based on the 

organic transistor array detects finger motions (bottom). The device is attached by 

the PVA adhesive gel (top). Reproduced with permission.256 Copyright 2014, Nature 

Publishing Group. d) The stress-strain response of the soft composite with a 

triangular lattice geometry: experimental (blue line) and computational (line with 

squares) data (left). Optical image of a skin-laminated ECG sensor on the forearm. 

The inset shows ECG signals measured by using the devices (right). Reproduced 

with permission.257 Copyright 2015, Nature Publishing Group. e) IR camera image 
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and corresponding temperature sensor measurement data (inset) of a palm under 

resting state and after stimulus. Reproduced with permission.221 Copyright 2013, 

Nature Publishing Group. f) An integrated epidermal electronic system with multiple 

sensors (strain, temperature, ECG, EMG sensor) and other functional units (LED, 

RF coil/diode, antenna). Reproduced with permission.210 Copyright 2011, AAAS. 

 

[Epidermal electronics] 

Strain and/or pressure sensors are widely employed in skinbased devices to 

detect motions (e.g., activity, tremor), cardiac signals (e.g., heartbeat, pulse shape), 

blood pressures, respiration conditions, and mechanical properties of skin. Figure 

4.3a shows flexible strain gauges composed of vertical polymer rod structures coated 

with platinum.255 Resistance changes in the interlocked conducting arrays allow 

detection of changes in pressure, shear force, and torsion. The high sensitivity of the 

hair-like sensor arrays allows capture of faint signals, like pulse from the wrist.255 

Figure 4.3b highlights another unique engineering approach for sensing pressure 

perturbations on human skin.220 The micro-structured, soft gate dielectric of an 

organic transistor (left) has a measurable channel conductance, which can be 

modulated with an applied external pressure,258 such as pulse wave signals measured 

from radial artery (right). 

Further improvements in the signal to noise ratio can be achieved by reducing 

the bending stiffness and thickness of the system, or alternatively, by enhancing 

adhesion of the device to the skin. Ultrathin devices below tens of micrometers in 

thickness with gel-type adhesives, for example, have high sensitivity (Figure 

4.3c).256 Another strategy to achieve reduced stiffness is to adopt serpentine pattern 

designs. Mechanically optimized serpentine geometries, such as the optimized arc 
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angle in the 2D serpentine filament,251 can help soft network composites to match 

with the mechanical property of human epidermis (Figure 4.3d left).257 These design 

improvements provide better conformal contact, which gives rise to reduced 

effective impedance and noise for ECG measurements (right). Strategies that 

minimize stiffness are also applied for devices that spatially map (Figure 4.3e), 

hydration221 and the elastic mechanical properties of skin.259 

A representative example combines these multiple sensing modalities and 

device design strategies to yield a functional epidermal electronics system (Figure 

4.3f).210 Other functional units integrated in the system include a display component 

(LED) and wireless communication units (RF coil and high frequency diode). 

Although these skin-based devices are successfully applied for physiological and 

electrophysiological sensing, thermal mapping, and wound healing measurement,260 

high capacity ultrathin batteries, wireless communication218 via radio frequency 

connectivity, and other optoelectronic functionality are required to achieve practical 

utility in clinical applications. The multifunctional epidermal electronic system can 

be fabricated over large area by simply cutting and transferring electronic devices 

onto target substrates.261 

[Strechable optoelectronic devices] 
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Figure 4.4. Stretchable optoelectronic devices. a) An optical camera images of a μ-

ILED array in a flat (0°) and twisted (360° and 720°) state (left). An in vivo animal 

experiment demonstration of the light-emitting suture (right). Reproduced with 

permission.262 Copyright 2010, Nature Publishing Group. b) An optical camera 

image of a photodetector array inspired by an arthropod eye (left). An illustration of 

a fly is captured by the photodetectors and rendered on a hemispherical surface 

(right). Reproduced with permission.263 Copyright 2013, Nature Publishing Group. 

 

Although optoelectronic device research, including photodetector, 

phototransistor, and LED technologies are widely implemented in biomedical 

applications (e.g. light-based mechanical sensors,264 visual prosthesis,265 and 

optogenetics,266 conventional optoelectronic devices have limitations due to the 

mechanical mismatch between soft, curvilinear human body and rigid optoelectronic 
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devices. Soft, stretchable optoelectronics for stimulation and sensing provide new 

possibilities for phototherapy and optogenetics research, while solving these issues. 

Figure 4.4a left, for example, shows images of stretchable LED arrays, undergoing 

twisting (360° and 720°).262 The stretchable micro-LED array can be mounted on 

various substrates including elastomeric ones for various medical-related 

functionalities. As a representative example, micro-LED arrays on an inflatable 

balloon catheter easily gain access to the target sites inside the human body, such as 

endovascular and endocardial surfaces, and enable light-based sensing and therapies 

in vivo. Moreover, light-based stimulation of skin wounds using micro-LED arrays 

mounted on sutures can help accelerate healing processes (right). The close 

proximity between the LEDs and target tissue maximizes photon absorption over a 

given surface area. Photodetector arrays are in a similar ultrathin and stretchable 

format and are now being applied for ocular prosthesis. A hemispherical 

photodetector array inspired by the arthropod’s eye is shown in Figure 4.4.b left.263 

The microlens and hemispherical design provide wide field of view and minimize 

image distortions, respectively (right). 
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2. Color-tunable devices 

High efficiency and chromaticity tunable OLEDs are striking for numerous 

applications. However, it is difficult to achieve both chromaticity tunability and high 

efficiency simultaneously. In recent years, several efforts have been made to devise 

the chromaticity-tunable OLEDs. For example, employment of color temperature 

tunable emitters, variant dopant concentrations267, employment of appropriate host 

materials with suitable work function268, shifting the ultra-thin yellow emissive layer 

position in a blue matrix of complementary emitter-based white OLED devices269, 

and employment of nano CMLs.270-271  

 

2.1. Effect of CML on chromaticity tuning 

Among these, the nano CML approach is considered to be the most favorable 

because of its numerous superlative characteristics, such as carrier regulation 

function, ability to confine the excitons within the specific emissive layer, and choice 

of materials for CML. For example, Forrest’s group reported a chromaticity tunable 

OLED device by inserting a 5-nm BCP layer as an exciton-blocking layer. The CIE 

coordinates of chromaticity-tunable OLEDs varied from (0.35, 0.36) to (0.37, 

0.40).272 Xie’s and Li’s groups reported a chromaticity-tunable hybrid OLED device 

by varying the CML thickness from 0 to 8 nm, where CBP is used as a nano CML. 

The resultant devices exhibited color coordinates from (0.24, 0.24) to (0.36, 0.40).273 

Liu et al. reported a color-tunable OLED device by using a 16-nm CML between the 

blue and yellow emissive layers. The resultant device exhibited a current efficiency 

of 77.4, 70.4, and 33.7 cd A-1, respectively, for blue, white, and yellow emission. 

Furthermore, they also found that as the CML thickness varied from 8 to 24 nm, the 
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emissive zone shifted towards the blue emissive layer because of the maximum 

number of holes blocked at the CML/blue emissive layer interface. Resultant 

chromaticity coordinates ranged from (0.23, 0.32) to (0.38, 0.41) as luminance 

increased from 1000 to 5800 cd m-2.274 

 

 

Figure 4.5. Chromaticity and color-temperature characteristics of the sunlight-style 

OLED (a) emission track on CIE 1931 chromaticity space matches closely to the 

daylight locus between 2500 and 8000 K; (b) color temperature changes from 2300 

to 9700 K and brightness from 20 to 5900 cd m−2 as the voltage increased from 3 to 

9 V; (c) EL-spectra at various applied.275  

 

In 2009, Jou’s group reported a sunlight-style chromaticity-tunable OLED 

device by employing a 3-nm CML of TPBi between green and red EMLs. This 

device exhibited an emission track that closely matches with the daylight locus on 
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CIE 1931 space (Figure 4.5a). As shown in Figure 4.5c, the EL-spectra of device 

initially shows a predominantly red-emission spectrum at 3 V with CIE coordinates 

of (0.48, 0.42), turns to pure white (0.33, 0.33) at 5.5 V, and becomes bluish white 

(0.28, 0.29) at 9 V.275 

 

 

Figure 4.6. The effect of CML thickness on the device emission tracks, in terms of 

CIE coordinates.276 

 

As shown in Figure 4.6, varying the thickness of CML from 0 to 6 nm, the 

emission gradually changes from the red-emission region to the blue-emission 

dominated region. Its corresponding chromaticity span gradually increases as the 

thickness increases, and achieves a maximum at 3 nm. Moreover, as much as the 

CML thickness increased from 3 to 4.5 or 6 nm, the color coordinates showed a 

strong blue shift. At 3 nm, the entire emission span is sufficiently wide enough to 

cover that of daylight, and its emission track matches most closely with the daylight 

locus. In addition, there exists a chromic-shift turning-point in the vicinity of 4.5 nm, 



232 

 

below which all the emissions show a hypsochromic shift, while there is a 

bathochromic shift above that level. At 4.5 nm, the device shows emission straying 

around hypsochromic and bathochromic shift at varying voltages.276  

 

2.2. Effect of CML on CT tuning 

The color temperature of light plays a crucial role in human physiology and 

psychology.277-283 Numerous medical studies reported that white light sources with 

an intense blue emission (5000~6000 K) may cause some serious health issues, such 

as irreversible retinal damage, physiological disorders, and increasing risk of various 

cancers resulting from the suppression of melatonin secretion.284 High color 

temperature white light stimulates the secretion of cortisol, a hormone that keeps 

people awake and active.279 In contrast, a low color temperature light mildly 

suppresses the nocturnal secretion of oncostatic melatonin, which would help people 

relax after dusk and sleep well at night.280-281, 283 Devising new lighting sources with 

a very low color temperature to minimize melatonin suppression is hence no less 

urgent or less significant than realizing an even higher lighting efficiency. Low color 

temperature OLEDs can be realized by maximizing the long wavelength (red) 

emission and minimizing the short wavelength (blue) emission counterpart. Lately, 

it has been confirmed that an engineered nano CML played a crucial role in 

regulating the charge carrier (holes and electrons) injection Lighting for the human 

circadian.285 Jou’s group reported a candlelight-style OLED device with a color 

temperature of 1920 K by using a TPBi nano CML.286 Jou’s group also reported an 

OLED device with a color temperature of 1880 K and a power efficiency of 36 lm 

W-1 (current efficiency of 54 cd A-1), at 100 cd m-2, by employing a 3-nm BSB:Spiro-

2CBP (2:1) blend CML between the blue and orange red emissive layers.285 Most 
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recently, our group also reported a candlelight emission with fluorescent tube 

efficacy and color temperature of 2279 K at 100 cd m-2.287 

Moreover, it has also been found that the nano CML played a crucial role in 

realizing the tunable color temperature.275, 288-289 Devising a light source with tunable 

color temperature hence becomes imperative in order to obtain high-quality lighting. 

In 2009, Jou’s group invented the first sunlight-style color temperature-tunable 

OLED device by employing a 3 nm TPBi as CML. The resultant sunlight-style 

OLED device exhibited a power efficiency of 7.0 lm W-1 (at 100 cd m-2) with a color 

temperature ranging from 2300 and 9700 K (Figure 4.5b).275 Subsequently, Jou’s 

group further enhanced the performance of the sunlight-style OLED device by using 

electro-phosphorescent emitters and double nano CMLs. The resultant device 

showed a power efficiency of 30 lm W-1 with color temperature ranges from 1900 to 

3100 K.276 
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Figure 4.7. Energy level diagram of the studied devices with different CMLs and 

their EL spectra.289 

 

As shown in Figure 4.7, three electron-transporting materials, BCP, TPBi, and 

TmPyPB, were investigated as CMLs in OLED devices to realize the large color 

temperature span. When TmPyPB is employed as a nano CML, the resultant OLED 

device exhibited the largest color temperature span of 3700 K. This may be attributed 

to the fact that TmPyPB possessed the highest hole-injection barrier (0.5 eV) and 

triplet energy (2.8 eV), effectively modulating the flux of holes and confining the 

triplet excitons within the blue emissive layer. In addition, TmPyPB also showed 
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relatively higher electron mobility than the BCP and TPBi counterparts, leading 

more excitons to be generated on the blue emissive layer as the operation voltage 

increased from 4 to 8 V (Figure 4.7). 

 

 

Figure 4.8. (a) Energy-level diagram of Device IV incorporating double CMLs; (b) 

the resulting EL-spectra of double CML device.289 

 

As shown in Figure 4.8, the color temperature of device with TmPyPB-based 

nano CML can further reduce to 1500 K by introducing an additional TmPyPB 

between two sky-blue emissive layers. The resultant double nano CML-based device 

exhibited a power efficiency of 25 lm W-1 with a color temperature ranging from 

1500 to 4200 K as operation voltage increased from 4 to 9 V.289  

Most recently, Jou’s group also reported an OLED device with tunable color 

temperature from 1580 to 2600 K by using a TPBi CML. The resultant device 

exhibited the color temperature between dusk-hue (2500 K) and candlelight (1900 

K). The color temperature of the OLED device is further tuned from 5200 to 2360 
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K, which covers daylight-like illumination, by simply adjusting the emissive layer 

thickness ratio.288 

Unlike numerous favorable functions, a CML may also possess some 

limitations such as driving voltage enhancement and fabrication complexity in 

OLED devices. For example, the driving voltage of the sunlight-style OLED device 

increased from 4.3 to 4.5 as CML thickness increased from 3 to 5 nm.271 Jou’s group 

observed that the driving voltage increased from 4.1 to 4.7 V as the thickness of 

BSB:Spiro-2CBP blend CML increased from 3 to 6 nm.285 In contrast, host-free 

deep-blue and chromaticity-tunable OLED devices had not displayed any 

considerable enhancement in driving voltages when the hole-transporting TAPC and 

bipolar Spiro-2CBP materials are used as CML, respectively.288, 290 Hence, the 

driving voltage enhancement can be successfully controlled by using an optimized 

thickness of suitable carrier modulation material. 
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Section 1 Wearable Electrocardiogram Monitor Using Carbon 

Nanotube Electronics and Color-Tunable Organic Light-

Emitting Diodes 

 

Abstract 

With the rapid advances in wearable electronics, the research on carbon-based 

and/or organic materials and devices has become increasingly important, owing to 

their advantages in terms of cost, weight, and mechanical deformability. Here, we 

report an effective material and device design for an integrative wearable cardiac 

monitor based on carbon nanotube (CNT) electronics and voltage-dependent color-

tunable organic light-emitting diodes (CTOLEDs). A p-MOS inverter based on four 

CNT transistors allows high amplification and thereby successful acquisition of the 

electrocardiogram (ECG) signals. In the CTOLEDs, an ultrathin exciton block layer 

of bis[2-(diphenylphosphino)phenyl]ether oxide is used to manipulate the balance of 

charges between two adjacent emission layers, bis[2-(4,6-difluorophenyl)pyridinato-

C2,N](picolinato)iridium(III) and bis(2-phenylquinolyl-N,C(2′))-

iridium(acetylacetonate), which thereby produces different colors with respect to 

applied voltages. The ultrathin nature of the fabricated devices supports extreme 

wearability and conformal integration of the sensor on human skin. The wearable 

CTOLEDs integrated with CNT electronics are used to display human ECG changes 

in real-time using tunable colors. These materials and device strategies provide 

opportunities for next generation wearable health indicators.  

1. Introduction 
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The recent advances in flexible and stretchable electronics have triggered 

significant technological progress in wearable electronics and/or optoelectronics.210, 

291-294 Noninvasive health monitoring and therapy devices have particularly 

benefitted from such technological evolution. Some examples include wearable 

biomedical electronic patches,241, 295 soft optogenetic devices,296-297 thermal therapy 

devices,298-299 and electronic skins.236, 300-301 These achievements were mainly 

accompanied by aggressive research on inorganicsbased ultrathin devices,262, 302-303 

and they are expected to create huge synergies with the recent innovations in 

wearable electronics.304-306 However, the use of inorganic materials in wearable 

electronics poses several challenges in terms of sensing reliability and device 

stability, as their intrinsically brittle nature can result in mechanical breakdown after 

repetitive deformations occurring from the daily actions of the human body. 

Although the nanoscale assembly and integration of inorganic materials provides 

potential solutions,307-309 intrinsically soft materials are attracting attention owing to 

their mechanical stability.310-311 

Organic materials have thus been considered strong candidates for wearable 

electronics/optoelectronics.312-316 To utilize the well-established materials, facilities, 

and know-hows in the organic industry is another important advantage. For wearable 

electronic applications, networks of single-walled carbon nanotubes (CNTs) are 

promising semiconducting materials due to their excellent electrical properties, good 

uniformity, and robust performance under intense mechanical stresses/strains.317-320 

In particular, remarkable advances have been made in the field of high-performance 

CNT electronics based on solution-processed semiconducting CNTs, showing 

outstanding device-to-device uniformity in the medium scale, high on/off ratios and 

carrier conductance, and scalability down to a few micrometers.321-323 
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Herein, we report a wearable electrocardiogram (ECG) monitor based on an 

ultrathin electrode and a p-MOS CNT signal ampifier. The integration of sensors and 

amplifiers enables continuous detection of the ECG signals, which are associated 

with diagnosis of clinical cardiac conditions such as arrhythmia and ischemia.324
 In 

addition, the developed  devices can be conformally attached to the skin, providing 

high reliability against severe mechanical deformations on skin, as proven through 

the cyclic mechanical deformation tests. We integrated our wearable electronics with 

an ultrathin voltage-dependent color-tunable organic light-emitting diode (CTOLED) 

for the colorimetric display of the retrieved ECG signals. An interlayer approach has 

been developed for color tuning the OLEDs, which involves the use of an ultrathin 

exciton-blocking layer (EBL) between two emitting layers (EMLs) for blue and red 

colors. By optimizing the material and thickness of the EBL, the wearable OLEDs 

exhibit ECG-dependent color changes from dark red, to pale red, to white, to sky 

blue, and finally to deep blue. The ultrathin design enables the CTOLEDs to conform 

to the curvilinear and dynamic surface of human skin and to exhibit excellent 

stability and reliability after repeated deformations.  

 

2. Results and Discussion 
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Figure 1. (a) Schematic illustration of the real-time wearable cardiac-monitoring 

system. The ECG signals are measured by (b) a stretchable Au electrode and then 

amplified by (c) a p-MOS CNT inverter for the high signal-to-noise ratio. The 

retrieved ECG signals are displayed via synchronized color changes of (d) the 

wearable CTOLED. 

 

Significant efforts have been devoted toward developing more comfortable 

and softer wearable platforms for monitoring and displaying heart activities to help 

in the diagnosis and treatment of cardiac diseases.325-326 In this regard, we developed 

skin-mounted electrophysiology devices and signal amplifiers for real-time ECG 

monitoring. Figure 1a depicts a schematic illustration of our wearable cardiac-

monitoring platform composed of an ultrathin ECG sensing electrode, a p-MOS 

CNT signal amplifier (hereinafter referred as p-MOS inverters or amplifiers), and a 

voltage-dependent CTOLED. For sensing ECG signals, a wearable electrode based 
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on a serpentine-shaped thin Au film (Figure 1b) is used. The retrieved signals are 

amplified by a p-MOS inverter, which comprises four transistors that employ dense 

networks of CNTs as their channel material (Figure 1c). After signal processing 

using a data acquisition unit (DAQ)/PC (not shown in the schematics), a voltage-

dependent CTOLED displays the signals in real-time through color changes (Figure 

1d). The ultrathin (less than approximately 3 μm) form factor of the system enables 

conformal integration on human skin. The detailed description of the fabrication 

processes for each unit is included in the Methods section.  

 

 

Figure 2. (a) Optical microscopic image of the p-MOS inverter (top) and 

corresponding schematic circuit diagram (bottom). (b) AFM image of the CNT 

channel showing a dense network of well-percolated CNTs. (c) Transfer curves of 

the CNT transistors with two different channel dimensions, at the applied drain 
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voltage of -5 V. (d) Output curves of the CNT transistors with two different channel 

dimensions, at various gate voltages. (e) Accumulated transfer characteristics of 

CNT transistors measured from 10 different p-MOS inverters (40 curves). (f) On-off 

ratio at Vd = -5 V. (g) Voltage transfer characteristics of the p-MOS inverter with 

various biasing conditions (VDD fixed to -10 V). (h) Signal gain of the inverter with 

respect to VIN under various biasing conditions (VDD fixed to -10 V). (i) 

Characteristic curve of the p-MOS inverter. Several parameters (VOH, VOL, VIL, VIH, 

VM) are indicated on the plot. (j) Noise margins of the p-MOS inverter as a function 

of VSS. (k,l) ECG signals measured from the human wrist (k) before amplification 

and (l) after amplification using the p-MOS inverter.  

 

The wearable signal amplifiers are built using p-MOS inverters based on four 

p-type CNT transistors; the actual device image and circuit design are shown in 

Figure 2a, top and bottom, respectively. The networked CNT channel is prepared 

from a solution of semiconducting CNTs (>99% purity; NanoIntegris Inc., USA), 

using the same method used in our previous report but with longer deposition time.318 

The atomic force microscopy (AFM) image in Figure 2b shows wellpercolated 

networks of CNTs with high surface coverage, wherein the estimated unit density of 

a CNT network is approximately 50-60 tubes/μm2. Given the physical dimensions 

of the channel (10 and 100 μm in length, 300 μm in width) and the densities of the 

CNTs, an electrically conductive path can be firmly established between the source 

and drain. Figure 2c,d shows the typical transfer and output curves, respectively, of 

the CNT transistors that constitute the p-MOS amplifier at an applied drain voltage 

of -5 V. The accumulated characteristic curves in Figure 2e are measured from 10 
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separate samples and show uniform electrical performances with average on/off ratios higher 

than 104
 for both the 10 and 300 μm channel-length devices (Figure 2f). 

Figure 2g plots the output voltages (VOUT) of the amplifier with respect to the 

input voltages (VIN) under various bias conditions (VSS, VDD). The gain of the 

amplifier increases with VSS, and the maximum gain (VM) is approximately 80 at a 

VIN of approximately -4.6 V and VSS of -10 V (Figure 2h). Further characteristics of 

the p-MOS inverter, including noise margins, are also calculated and presented in 

Figure 2i,j. The high- and low-state noise margins (NMH and NML, respectively) with 

respect to different VSS were calculated as NMH = VOH – VIH and NML = VIL − VOL, 

respectively, where VOH, VIH, VIL, and VOL denote the output high voltage, input high 

voltage, input low voltage, and output low voltage, respectively. The results 

demonstrate the reliable and robust operation of the ultrathin and soft p-MOS 

inverter. 

The ECG signals are measured from human wrists by using wearable ECG 

sensors, with and without integration of the CNT amplifier for comparison (Figure 

2k,l). Specifically, ECG sensors are worn on both wrists, and the potential 

differences between the two electrodes (ECG signals) are measured. The as-

measured signals are amplified using the p-MOS inverter, and then, the noise is 

eliminated using high/low-pass filters (0.079/19.4 Hz). The ECG signals are 

measured from a healthy male subject (32 years old), First using a pure ECG sensor 

alone, and then using our p-MOS inverter as the signal amplifier.326
 It can be 

estimated that the ECG signals are amplified by the p-MOS inverter with an effective 

gain of 60 or higher. It is observed that distinguishable ECG signals can be measured 

when the amplifier is used (Figure 2l), whereas a noise-like signal is acquired when 

the amplifier is not used (Figure 2k). 
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Figure 3. (a) Schematic illustration of the cross-sectional structure of a CTOLED. 

The magnified image shows the cross-sectional TEM image of an EBL sandwiched 

between two EMLs. (b) Chemical structures and brief roles of each layer of the 

CTOLED. (c) Energy band diagram of the CTOLED estimated using ultraviolet 

photoelectron spectrometry (thickness not drawn to scale). (d) Cross-sectional TEM 

image of the CTOLED. (e) Magnified TEM image showing the detailed cross-

sectional structure of the CTOLED (red box in (d)). (f) High-resolution TEM image, 

magnified from the blue box in (e). (g,h) Schematic illustrations of the color-tuning 

mechanism (g) with and (h) without the EBL. 
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The measured ECG signals can be displayed in a colorimetric manner by using 

wearable CTOLEDs. The CTOLEDs are fabricated using an EBL (DPEPO) 

sandwiched between two emitting materials: a blue phosphorescent layer of bis[2-

(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic) doped in a 

4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) layer and an undoped red 

phosphorescent layer of bis(2-phenylquinolyl-N,C(2′))-

iridium(acetylacetonate)(pq2Ir(acac)). Figure 3a schematically illustrates the device 

structure of the CTOLED (total thickness of ∼366 nm), which consists of ITO (100 

nm), N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB, 70 

nm), CBP/10% FIrpic (70 nm), bis[2-(diphenylphosphino)-phenyl]ether oxide 

(DPEPO, 5 nm); pq2Ir(acac) (1 nm), 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBI, 20 nm), and LiF/Al (1 nm/100 nm). NPB is used as a hole-

transporting layer (HTL), TPBI as an electron-transporting layer (ETL), LiF as an 

electroninjection layer, and Al as a cathode. The DPEPO between the EMLs acts as 

a selective charge- and exciton-blocking layer, which determines the color tunability 

(Figure 3b,c). The thickness of the red EML is elaborately controlled to be 

substantially lesser than that of the blue EML, allowing a sharp color contrast in the 

higher-voltage regime. Figure 3d shows the cross-sectional transmission electron 

microscopy (TEM) image of the CTOLED, confirming the stacked structures. The 

magnified TEM image (Figure 3e) that corresponds to the red box in Figure 3d 

provides the detailed layer information. The precise thickness control of the 

deposited layers can be confirmed through the high-resolution TEM image in Figure 

3f (blue box in Figure 3e).  

The detailed mechanism behind the color tunability is explained by the energy 

level and thickness of the layers. As can be seen from the energy band diagram in 
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Figure 3c, the holes injected from the ITO and HTL are easily transferred to the red 

EML throughout the entire working voltage regime, owing to the terraced highest 

occupied molecular orbitals (HOMOs) of the deposited layers. However, the 

electrons cannot overcome the barrier formed by the lowest unoccupied molecular 

orbitals (LUMOs) of DPEPO (2.0 eV) because of the electron blocking in the low-

voltage regime (5~7 V), resulting in red emission by the recombination of triplet 

excitons in the red EML, as schematically described in Figure 3g. In the higher-

voltage regime (11~13 V), the accumulated electrons in the LUMOs of the red EML 

gain sufficient energy to overcome the thin (5 nm) barrier of the DPEPO and generate 

the necessary excitons for recombination in the blue EML. At the same time, the 

DPEPO layer again acts as an energy barrier that blocks the energy transfer from the 

blue emission (2.7 eV) to the red emission (2.1 eV) owing to its high triplet energy 

(TDPEPO = 3.1 eV).327
 Therefore, a clear blue emission results from the large amount 

of recombination in the blue EML, arising from the thickness difference between the 

two EMLs. Without the EBL, a red emission can be expected in both the low- and 

high-voltage regimes due to the favorable energy transfer from the blue EML to the 

red EML, as schematically depicted in Figure 3h. Although some recombination of 

excitons in the blue EML can be expected in all voltage ranges, the dominant region 

of emission would occur in the red EML, as the majority of the excitons in the blue 

EML would prefer a transfer to the lower triplet energy state of the red EML. 
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Figure 4. (a) Digital photographs of the CTOLED showing color changes from dark 

red, to pale red, to white, to sky blue, and to deep blue at different applied voltages. 

(b) J-V-L characteristics of the CTOLED. (c,e,g,i) EL spectra of the CTOLEDs using 

different EBLs of (c) DPEPO, (e) no EBL, (g) TPBI, and (i) CBP. The thicknesses 

of all EBLs are 5 nm, except for the no EBL case. (d,f,h,j) Corresponding CIE 1931 

x-y chromaticity diagrams of the CTOLEDs using different EBLs of (d) DPEPO, (f) 

no EBL, (h) TPBI, and (j) CBP. 

 

Figure 4a shows the optical camera images of the CTOLED at various 

operation voltages, illustrating a clear color change from dark red (5 V), to pale red 

(6~7 V), to white (8~10 V), to sky blue (11~12 V), and finally to deep blue (13 V). 

The current density (J)-voltage (V)-luminance (L) characteristics presented in Figure 

4b show a turn-on voltage of 4.5 V and a maximum brightness of 1934 cd/m2 at 13 

V. The white emission can be explained by the balanced emission of blue and red. 
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The amount of triplet excitons generated in the blue EML is directly proportional to 

the applied voltage and so is the intensity of blue emission. Thus, it can be inferred 

that the color change from red to white and then to blue is the result of the color 

balance between the red and blue emissions. This behavior is in good accordance 

with the electroluminescence (EL) spectra and the corresponding Commission 

Internationale de L’Eclairage (CIE) coordinates characterized from the CTOLED 

using 5 nm thick DPEPO as the EBL (Figure 4c,d). According to the EL spectra, 

red-light emission is dominant at low operation voltages, whereas blue-light 

emission increases at higher operation voltages (Figure 4c). Due to the changes in 

the emission intensities in the two EMLs, the CIE coordinates shift from red (0.62, 

0.36) to white (0.32, 0.34) and then to blue (0.17, 0.33) by increasing the operation 

voltage from 5 to 13 V (Figure 4d). The EL spectra and CIE coordinates of a 

CTOLED without the EBL indicate dominant emission of red light, which is also in 

good agreement with our hypothesis that the triplet excitons in the blue EML favor 

the energy transfer to the red EML, instead of relaxation as blue light in FIrpic 

(Figure 4e,f).  

To further verify the role of EBL in the CTOLED devices, different materials 

have been tested as EBLs, and their EL spectra have been characterized along with 

their corresponding CIE coordinates. When a 5 nm thick TPBI is used as an EBL, 

the OLED emits only blue light (0.23, 0.31) in the same operation voltage ranges 

(Figure 4g,h). Unlike the case of DPEPO, electrons would be readily transferred to 

the blue EML even in the low-voltage regime because TPBI acts as an ETL, which 

explains the occurrence of blue emissions starting from the turn-on voltage. 

Meanwhile, the relatively high triplet energy of TPBI (TTPBI = 2.8 eV) results in 

partial blockage of the energy transfer from the blue EML to the red EML in all 



249 

 

voltage ranges, allowing for some recombination of charges in the red EML. As a 

result, the emitted color from the OLED using TPBI as an EBL is light blue, and no 

color change is induced as the color balance between the red EML and the blue EML 

is maintained throughout the entire voltage regime. When a 5 nm thick CBP is used 

as an EBL, a slight color shift from red (0.52, 0.37) to white (0.34, 0.34) can be 

observed on increasing the operation voltage (Figure 4i,j). It can be attributed to the 

relatively low triplet energy of CBP (TCBP = 2.6 eV), which allows a major energy 

transfer of triplet excitons from the blue EML to the red EML in the high-voltage 

regime. The effect of the EBL thickness on the color tunability has been verified and 

characterized in Supporting Information Figures S1~S3, by testing 1 nm thick and 

10 nm thick DPEPOs. 
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Figure 5. (a) Photograph of the CNT p-MOS inverter compressed after worn on 

human skin. (b) Voltage transfer characteristics of the inverter before and after 

compression, at VDD and VSS of −10 V. (c) Photographs of the inverter before bending 

(top) and after bending with a bending radius of 5 mm (bottom). (d) Voltage transfer 

characteristics of the inverter after the cyclic bending test up to 1000 times, at VDD 

and VSS of −10 V (rbending = 5 mm). (e) J−V characteristics of the wearable CTOLED 

before and after bending. (f−h) Photographs of the CTOLEDs (f) after folding along 

a slide glass, (g) wrinkled after worn on human skin, and (h) under a water droplet. 

(i) Stable luminance of the blue and red emission during multiple bending 

experiments (with rbending = 4 mm, 1000 times). 

 

For wearable electronic/optoelectronic applications, it is crucial that the 

devices perform robustly even after repetitive deformations and that they withstand 

consequent fatigues. In this regard, the mechanical reliability of the p-MOS CNT 
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inverter and the ultrathin CTOLED is verified under various deformed conditions 

(Figure 5). The voltage transfer curves of the p-MOS inverter exhibit negligible 

changes after being worn on the skin and compressed inward (Figure 5a,b). For 

further validation of the stability, up to 5000 cycles of cyclic bending tests (to a 

bending radius of 5 mm) are performed, which show minimal shifts in the voltage 

transfer curves (Figure 5c,d). The deformability of the CTOLED is also tested. 

Although previous reports have already presented details of a substantial amount of 

effort toward developing flexible and/or stretchable LEDs based on inorganics,262, 302
 

quantum dots,328-331
 and polymers332-334

 for wearable displays, the mechanical 

robustness of an ultrathin wearable OLED with color-changing features has not yet 

been reported. The strategy to develop a wearable CTOLED is schematically 

illustrated in Supporting Information Figure S4, and details are described in the 

Methods section. The deformable CTOLED shows no degradation in the diode 

characteristics after folding (Figure 5e). The photographs in Figure 5f~h further 

confirm the robust performance of the CTOLEDs after folding against a slide glass, 

wrinkling on skin, and underwater operations, respectively. The stability of the 

wearable CTOLED is verified through cyclic bending tests (Figure 5i), where both 

the red and blue emissions of the CTOLED remain stable after 5000 cycles of 

bending with a bending radius of 4 mm (Figure 5i, inset). In all, the excellent 

mechanical stability as well as wearability of our devices can be attributed to the 

ultrathin nature, use of intrinsically flexible materials, and effective passivation, and 

further improvements on the wearability can be expected by adopting stretchable 

designs (i.e., serpentine interconnections).210
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Figure 6. (a) Photograph of the wearable system for real-time visual monitoring of 

the ECG signals, composed of the wearable ECG electrode, CNT p-MOS inverters, 

and CTOLEDs. (b) Normal ECG signals measured from a human wrist by using a 

wearable ECG sensor (left) and the detailed view of a single ECG signal after 

amplification showing PQRST peaks (right). (c) Abnormal ECG signals measured 

from an 8-week post-MI rat (left) and the detailed view of a single abnormal ECG 

signal. (d) Real-time color changes of the CTOLED, synchronized with the shape of 

the measured normal ECG signal. The insets indicate (left) the region of ECG signal 

for respective color emission and (right) corresponding CIE coordinates. (e) Real-

time color changes of the CTOLED, synchronized with the shape of the abnormal 

ECG signal. The insets indicate (left) the region of ECG signal for respective color 

emission and (right) corresponding CIE coordinates. 
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Finally, we demonstrate system-level integration of the wearable CTOLEDs 

with skin-mounted ECG electrodes and CNT signal amplifiers for the real-time 

display of cardiac signals through synchronized color changes of the CTOLED. 

Figure 6a depicts a photograph of wearable device components for the proposed 

monitoring system (inset shows a magnified view of the electrode). A DAQ and PC 

(not shown in picture) are used for analyzing the signals and delivering the adjusted 

voltage to the CTOLED. Specifically, the ECG signals are measured from human 

wrists using wearable ECG sensors and then amplified using our p-MOS CNT 

inverters. The noise is then eliminated using high/low-pass filters (0.079/19.4 Hz). 

A diagram of the ECG signal processing procedure and a photograph of actual 

components consisting our wearable ECG monitor are described in Figure S5. 

Customized software (LabVIEW, National Instruments, USA) analyzes the 

amplified ECG signals and delivers the adjusted voltage to the wearable CTOLED 

to indicate the cardiac health condition. Here, we deliberately program our software 

to distinguish a normal human ECG from an abnormal one (cf., abnormal cardiac 

signals were obtained from a postmyocardial infarction model335) through the color 

changes in the CTOLEDs (the detailed codes can be found in Supporting Information 

Figure S6). As illustrated in Figure 6b (right), a normal human ECG signal contains 

clear peaks of PQRST, which can be used to determine the activities of atrial 

depolarization, ventricular depolarization, and ventricular repolarization. When a 

wearable ECG sensor detects a normal human ECG signal, our software delivers 

voltages that correspond to pale red, red, and white emissions to the CTOLEDs (5~9 

V), resulting in a synchronized display of the ECG signals with the respective colors 

(Figure 6d and Supplementary Video S1). On the other hand, when abnormal ECG 

signals (Figure 6c) exhibiting delayed electrocardial conduction, such as pathologic 

Q waves or elevated ST peaks, are measured, the program delivers voltages 
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corresponding to white, sky blue, and deep blue emissions to the wearable 

CTOLEDs (10~13 V). As a result, the CTOLEDs emit the respective colors that are 

synchronized with the amplitudes of the abnormal ECG signals (Figure 6e and 

Supplementary Video S2). The system-level demonstration verifies the feasibility of 

a wearable indicator to display normal and diseased ECG signals.  

3. Conclusion 

In summary, an approach for the fabrication of ultrathin CNT electronics and 

color-tunable OLEDs toward a wearable ECG monitor and display was proposed. p-

MOS inverters based on CNT transistors were developed successfully for the 

amplification of ECG signals. A comparative analysis on the optical properties of 

CTOLEDs employing different EBLs confirmed their roles, accompanied by a 

proper mechanism for the respective color-tuning behaviors. The ultrathin CNT 

electronics and CTOLEDs demonstrated high resilience against extreme bending 

and folding conditions, verified through repetitive bending/fatigue tests. System-

level integration was accomplished whereby real-time ECG signals were visually 

displayed using the wearable devices. These advances will offer many opportunities 

for the development of future wearable biomedical monitoring devices. 

 

4. Supporting information 

4.1. Method 

Fabrication of p-MOS CNT Inverters.  A polyimide (PI) layer (~1 μm) was 

spin-coated on a silicon oxide (SiO2) wafer, followed by the formation of back-gate 

electrodes (Cr/Au, 7/70 nm) using thermal evaporation and photolithography. Two 

consecutive layers of ~30 nm thick aluminum oxide and ~3 nm thick SiO2 were 
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deposited on top by plasma-enhanced atomic layer deposition and e-beam 

evaporation, respectively. Then, the top surface of SiO2 was functionalized using 

poly-L-lysine (0.1 wt %, aqueous solution; Sigma-Aldrich) to form an amine-

terminated surface, followed by consecutive immersions in semiconducting CNT 

solution (0.01 mg/ML, aqueous solution) for a few hours to form dense networks of 

CNTs on the top surface. After being rinsed with deionized water and isopropyl 

alcohol, the sample was annealed inside a glovebox at 200 °C for 1 h to remove the 

unwanted surfactants and carboxyl groups on the surface of the CNTs. Via 

connections were then formed, followed by the formation of source and drain 

electrodes (Cr/Au, 7/70 nm) through thermal evaporation and photolithography. The 

process was completed by spin-coating a top PI layer for passivation and mechanical 

stability. 

 

Fabrication of CTOLEDs. NPB, CBP, FIrpic, TBPI, pq2Ir(acac), and 

DPEPO were purchased from commercial sources and used without purification. The 

CTOLEDs were fabricated through highvacuum (2 × 10-6
 Torr) thermal evaporation 

of the organic materials onto ITO-coated glass (sheet resistance: 15 Ω/square; 

Applied Film Corp.). The evaporation rates, monitored by a quartz crystal thickness 

monitor, were 1 Å /s for the organic materials and 3−4 Å /s for the metals. Glass 

substrates with patterned ITO electrodes were washed in isopropyl alcohol and then 

cleaned through O2 plasma treatment. CTOLEDs were fabricated with a 

configuration of ITO/NPB (70 nm)/CBP/10% FIrpic (70 nm)/EBL (0, 1, 5, and 10 

nm for various materials)/pq2Ir(acac) (1 nm)/TPBI (20 nm)/LiF (1 nm)/Al (100 nm). 

NPB, CBP, FIrpic, different materials of EBL, pq2Ir(acac), TPBI, LiF, and Al 
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electrodes were deposited on the substrate in a sequential order. DPEPO was used as 

an EBL. CBP and TPBI were also used as EBL materials for the color-tunable device.  

 

Fabrication of Wearable CTOLEDs. A Parylene-C layer (500 nm) was 

evaporation-deposited on a Teflon-AF-coated glass, followed by spin-coating of 

epoxy (600 nm, SU-8 2000.5, MicroChem) at 3000 rpm for 30 s. After the 

photoresist was fully cured, Au (70 nm) was thermally evaporated and ITO was 

sputtered (50 W, 30 min, 5 mTorr, 200 °C), both using a shadow mask. The 

deposition of NPB, CBP, FIrpic, DPEPO, pq2Ir(acac), TPBI, LiF, and Al followed 

the same procedures/thickness described above. Parylene-C was once again 

deposited, and Au electrodes were exposed by reactive ion etching (150 W, 100 sccm 

O2, 3 min) using a shadow mask. After flexible cables were connected for external 

wiring, the CTOLEDs were picked up using a commercial transparent water-proof 

tape (Tegaderm Film, 3M), resulting in a wearable CTOLED device. 

 

Characterizations. The emission properties and external quantum 

efficiencies were determined using a PR-650 SpectraScan SpectraColorimeter as a 

source meter. The current-density-voltage characteristics and electrical 

performances of the CNT transistors were measured using a programmable 

electrometer equipped with current and voltage sources (Keithley 2400). The TEM 

images and highresolution TEM images were obtained using a JEOL 2100F electron 

microscope operated at 200 kV. 

 

4.2. Supporting figures 
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Figure S1. (a) EL spectra of the CTOLED using 1-nm-thick DPEPO as EBL and (b) 

its corresponding CIE diagram. (c) EL spectra of the CTOLED using 10-nm-thick 

DPEPO as EBL and (d) its corresponding CIE diagram. 

 

 

Figure S2. Schematic illustration of the mechanism explaining the color tuning 

behavior of the OLED with (a) 1-nm-thick EBL and (b) 10-nm-thick EBL. 

 

 

Figure S3. (a) Voltage-dependent luminance and (b) quantum efficiency 

characteristics of the fabricated CTOLED using EBLs with different thicknesses. 
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The effect of the EBL thickness on the color-tunability has been verified by 

testing 1-nm-thick and 10-nm-thick DPEPOs. A rather ambiguous color change from 

warm white (0.36, 0.37) to light blue (0.25, 0.34) is observed for the CTOLED with 

a 1-nm-thick DPEPO on increasing the operation voltages (Figure S1a and b), which 

can mainly be ascribed to the tunneling of both electrons and triplet excitons through 

the ultrathin DPEPO layer in low- and high-voltage regime, respectively (Figure 

S2a). However, when a 10-nmthick DPEPO layer is deployed as the EBL, the OLED 

exhibited light blue emissions (0.27,0.32) at a turn-on voltage of 5 V, followed by 

blue emissions at (0.19, 0.31) to (0.16, 0.32) at 13 V (Figure S1c and d). It may be 

ascribed to the ETL-like characteristics of DPEPO, whereby the increased thickness 

of 10 nm allows for substantially faster electron transfer to the blue EML than hole 

transfer to the red EML. The increased thickness of DPEPO further ensures the 

successful blocking of the exciton transfer from the blue EML to the red EML, which 

explains the blue emission on using 10-nm-thick DPEPO (Figure S2b). It should also 

be noted that the thickness of the EBL is in a reverse relationship with the luminance 

and quantum efficiency, since the charge balance between the two EMLs becomes 

uneven with the increased EBL thickness (Figure S3). 

 

 

Figure S4. Schematic illustration of the fabrication process of wearable CTOLEDs. 
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Figure S5. (a) Diagram of ECG signal processing procedure. (b) Photograph of the 

experimental setup including the DAQ unit, PC, and ACF wirings for the wearable 

ECG monitor system. 

 

Figure S6. A block diagram of LabVIEW-based software for controlling the color of 

the OLED according to the ECG amplitude change. 
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국문초록 

유기 발광 소자(organic light-emitting diodes, OLEDs)는 자발광, 

고휘도 및 높은 명암비, 빠른 응답속도, 그리고 초박막 두께 등의 이점을 

갖기에 휴대폰이나 대형 TV 등에 이용되는 등 차세대 디스플레이로서 많은 

각광을 받고 있다. 유기 발광 소자에 사용되는 물질은 각 층을 구성하는 물질 

자체의 제작 편의성 및 긴 구동 수명을 필요로 하며 그 중에서도 

발광층(Emitting layer, EML)에 사용되는 발광 물질은 높은 색 순도 및 양자 

효율(quantum efficiency), 그리고 발광층 구성의 재현성을 필요로 하기에, 

유기 발광 소자에서의 핵심 부분이라 할 수 있다. 빛의 삼원색을 내는 물질 

중, 청색 발광 물질은 청색 색좌표에 해당하는 색 순도를 구현하기 어렵고, 

적색 및 녹색 대비 높은 효율을 얻기 어렵기 때문에 많은 연구가 필요하다. 

따라서 본 연구에서는 발광층에서 호스트(host) 물질 없이 논도핑(non-

doped) 조건으로 높은 색 순도를 갖는 청색 발광 물질 및 고효율의 지연 형광 

물질의 개발에 관하여 논의하였다. 또한 엑시톤 차단층(exciton blocking 

layer, EBL)을 이용한 색 가변 유기 발광 소자(color-tunable OLEDs, 

CTOLEDs)를 제작하여 초박형 탄소 나노튜브(CNT) 기반의 

심전도(electrocardiogram, ECG) 모니터의 개발에 적용하였다. 

Part I 은 현재까지 개발된, 그리고 미래 OLEDs 에 관한 간략한 

청사진과 전반적인 광물리적 현상의 이해에 관련된 기초 이론을 정리하였다. 

흡수 및 방출 과정의 메커니즘과 관련된 이론을 이해함으로써 실제 

소자에서의 양자 효율, 구동 수명(operating lifetime) 및 전자 

발광(electroluminescence)의 원리를 분석할 수 있다. 이러한 이해는 
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OLEDs 에 사용되는 새로운 청색 발광체 및 지연 형광 물질을 고안하는 데 

바탕이 된다. 

Part II 는 호스트 물질없이 발광층을 구성하여 고효율의 청색 형광을 

내는 물질의 개발에 관한 연구이다. 청색 물질은 높은 밴드갭(Band-gap) 

에너지를 갖는 태생적 특성과 균일하지 않은 전하 수송 특성으로 인해, 표준 

청색에 해당하는 색좌표인 CIE (0.15, 0.07) 을 구현하기 어렵고, 동시에 

높은 효율을 얻기 힘들다는 단점을 갖는다. 또한 분자간 상호작용으로 인한 

색순도와 효율의 저하를 막기 위해 발광 물질을 보조하는 호스트 물질이 

필요하다. 이를 극복하기 위해 청색 발광 물질에 정공이나 전하 이동도가 

높은 작용기를 발광체에 뒤틀린 형태로 결합하여 양극성(bipolar)의 특성을 

지니면서 동시에 청색발광을 내는 물질을 고안하여 소자에 적용시켰다. 

첫번째 섹션에서는 안트라센(anthracene) 발광체를 중심으로 정공 이동도가 

좋은 아니솔(anisole)을 결합하고, 반대쪽에 전자 이동도가 좋은 

피리딘(pyridine), 이소퀴놀린(isoquinoline), 퀴놀린(quinoline), 

페난쓰롤린(phenanthroline)을 결합하여 양극성 특성을 가지면서 동시에 

청색 발광을 내는 4 가지 물질(3PAA, IQAA, 3QAA, PTAA)을 고안 및 

합성하였다. 퀴놀린을 결합한 3QAA 를 기준으로 3PAA 와 IQAA 는 더 

단파장 영역에서 발광을 나타냈고, 반면에 페난쓰롤린을 결합한 PTAA 는 

상대적으로 장파장 영역의 발광을 나타냈다. 이는 전자 이동도가 좋은 

물질들의 공액 길이(conjugation length)의 차이로 인한 결과이다. 두번째 

섹션에서는 정공 이동도가 좋은 트리페닐아민(triphenylamine)과 전자 

이동도가 좋은 벤즈이미다졸(benzimidazole)을 직접적으로 결합하여 



iii 

 

두가지 청색 형광 물질을 합성하고 물질들의 결합 위치의 변화에 따른 발광 

파장의 변화를 알아보았다. 또한 합성된 물질의 논도핑 소자에서, 

분자구조에 기인한 분자간 밀도의 차이로 인하여 엑시톤 소광(quenching)을 

막고 더 높은 효율을 얻을 수 있음을 확인하였다. 세번째 섹션에서는 정공 

이동도가 좋은 트리페닐아민과 전자 이동도가 좋은 퀴놀린, 

퀸옥살린(quinoxalin), 퀴나졸린(quinazoline)을 각각 결합하여 QT, XT, ZT 

의 세가지 청색 물질을 개발하였다. 각각의 물질을 기반으로한 논도핑 및 

mCBP 를 호스트로 사용한 OLEDs 소자에서 적절한 효율의 청색 전자 발광을 

확인할 수 있었다. 또한 퀴놀린과 트리페닐아민을 결합한 QT 는 XT 와 ZT 의 

호스트물질로서도 사용할 수 있음을 확인하였다. 네번째 섹션에서는 

페난쓰렌(phenanthrene)과 플루오렌(fluorene)을 하이브리드(hybrid)하여 

새로운 인데노페난쓰렌(indenophenanthrene) 물질을 개발하고 정공 

이동도가 좋은 트리페닐아민 및 디페닐아민(diphenylamine)과 각각 

결합하여 TIP 와 DIP 를 합성하였다. DIP 를 기반으로 하는 논도핑 소자는 

TIP 기반의 소자보다 좋은 전하 균형을 보이기 때문에 우수한 청색 색순도와 

그에 준하는 높은 외부 양자 효율(external quantum efficiency, EQE)을 

얻을 수 있었다.  

Part III 는 호스트 물질없이 지연 형광(Delayed fluorescence)을 내는 

고효율의 물질 개발에 관련된 연구이다. 열 활성화 지연 형광(Thermally 

activated delayed fluorescence, TADF) 물질은 고유의 소수성 특징 평면 

구조로 인한 파이-파이 상호작용에 의해 쉽게 응집하는 경향이 있다. 이로 

인해 응집 유발 소광(aggregation-caused quenching, ACQ)이나 엑시톤 
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농도 소광(exciton concentration quenching)이 쉽게 유발되고 그 결과 양자 

효율이 감소하게 된다. 이를 극복하기 위해 정공 이동도가 좋은 

아크리딘(acridine)과 전자 이동도가 좋은 

트리페닐트리아진(triphenyltriazine)을 페닐 링커를 사용하여 meta 위치로 

결합한 AmT 와 AmmT 를 각각 고안 및 합성하였다. 고안된 분자는 단일 

분자임에도 불구하고 분자내 상호작용에 의한 엑시톤 형성에 의한 발광 뿐만 

아니라, 분자간 상호작용에 의한 엑시톤 형성에 의한 발광으로 인해 논도핑 

OLEDs 소자에서 호스트 물질을 사용한 도핑소자보다 더 높은 외부 양자 

효율을 보인다. 

Part IV 는 탄소 나노튜브(CNT) 기반 초박형 전자소자와 색 가변 유기 

발광 소자(CTOLEDs) 기반 디스플레이를 결합하여 착용 가능한(wearable) 

심전도(electrocardiogram, ECG) 모니터 제조 방법을 개발하였다. 

CTOLEDs 는 bis[2-(4,6-difluorophenyl)pyridinato-C2, 

N](picolinato)iridium(III)(FIrpic) 청색 발광층과 bis(2-phenylquinolyl-

N,C(2′))-iridium(acetylacetonate)(pq2Ir(acac)) 적색 발광층을 

이용하고, 초박막 bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO) 

엑시톤 차단층(exciton block layer, EBL)을 청색 발광층과 적색 발광층 

사이에 삽입하여 구동 전압에 따라 청색 및 적색층에서의 엑시톤 생성 비율에 

의하여 청색에서 적색으로의 변화가 가능하게 고안되었다. 정공형 금속 

산화물 반도체(p-MOS) 인버터는 피부에서의 밀착감과 효율적인 ECG 신호 

증폭을 위하여 4 개의 CNT 트랜지스터를 기반으로 제작되었다. 각각의 

소자를 결합하여 제작된 센서는 초박형 특성을 지니기 때문에 피부 착용감과 
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일체감이 아주 좋은 것으로 판명되었을 뿐 아니라 극단적인 굽힘 및 접힘 

조건에서도 높은 탄력성을 나타내는 것이 검증되었다. CNT 전자 소자와 

결합된 착용 가능한 CTOLED 는 심전도 변화를 색변화에 의하여 실시간으로 

표시하는 데 사용되었다. 

 

주요어: 형광 유기 발광 소자, 양극성, 청색 형광 물질, 지연 형광 물질, 

분자간 상호작용, 탄소 나노튜브, 색 가변 유기 발광 소자, 착용가능한 센서 
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