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Organic light-emitting diodes (OLEDs) have drawn considerable attention 
since the first report in 1987 and were successfully applied to commercialization in 
various fields of panel displays including large-screen televisions, smart phones, 
and smart watches. Conventional fluorescent dopant-based OLED emitters can 
only achieve a maximum internal quantum efficiency (IQE) of up to 25%. On the 
other hand, phosphorescence emitters which can harvest triplet excitons utilizing 
spin-orbit coupling of heavy metal atoms can reach a maximal IQE of up to 100%. 
However, the high cost of commonly used heavy metal atoms such as platinum or 
iridium increases the cost of commercial products and alternative materials are 
required accordingly. Metal-free thermally activated delayed fluorescence (TADF) 
emitters have been considered as alternatives to phosphorescence emitters because 
they can utilize not only singlet but also triplet excitons by converting 75% of 
excitons in the lowest triplet excited state (T1) to the lowest singlet excited state 
(S1) through reverse intersystem crossing (RISC). The first part of the thesis 
describes the development of efficient blue-green TADF emitting materials for 
OLEDs. 

Organic solar cells (OSCs) are capable of converting light energy (sunlight or 
artificial light) into electrical energy and thus have gained continuous recognition 
as a potential alternative to conventional energy sources such as fossil fuels. There 
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are two kinds of organic solar cells, dye-sensitized solar cells (DSCs) and organic 
photovoltaic cells (OPVs). Conventional ruthenium-based sensitizers for DSCs 
have several drawbacks; low absorption coefficient, high material cost, and 
difficulty in purification. Therefore, metal-free organic sensitizers with high light-
harvesting ability are continuously developed as an attractive alternative. OPVs are 
a promising substitute to silicon/inorganic solar cells owing to their high absorption 
coefficient, ease of fabrication, and low manufacturing cost. One way to realize 
high-efficiency OSCs is to develop dyes having high light harvesting ability. The 
second part of the thesis is focused on designing organic dye materials for DSCs 
and electron donor materials for OPVs with high light-harvesting ability. 

There are two major problems to be solved to achieve highly efficient DSCs. 
One is instability of DSCs employing liquid electrolyte, and the other is insufficient 
light harvesting by limited thickness of the active layer of devices considering the 
short exciton diffusion length (~10 nm). The former can be overcome by adopting 
perovskite-structured sensitizers with solid hole transporting materials to form 
solid state DSCs (ssDSCs). The latter can be solved by introducing metallic 
nanoparticles (NPs) into OSCs which can increase the light absorption by the 
localized surface plasmon resonance (LSPR) without increasing the thickness of 
the device. The introduction of Ag-NPs into perovskite based ssDSCs is discussed 
in the third part of the thesis. 

Part I is focused on designing highly efficient blue-green TADF OLED 
emitters. To achieve high external quantum efficiency (EQE) of TADF OLED 
emitters, it is vital to fulfill a small singlet-triplet energy difference (ΔEST) value 
for efficient RISC and efficient intramolecular charge transfer (ICT) for increased 
emission. In addition, rigid structures are required to decrease non-radiative decay 
sites, and long, planar structures should be considered to increase the horizontal 
dipole orientation which can affect forward-emission and thus enhance light out-
coupling efficiency. This part presents several ways to decrease ΔEST, efficiency 
roll-off, and non-radiative decay rate, but increase the ICT character and 
photoluminescence quantum yield (PLQY) for highly efficient TADF emitters.  

Two twisted donor (D)-acceptor (A) type structures (CCDMB and PCDMB) 
composed of double electron donors and a trivalent boron acceptor were designed 
to maximize the ICT character. PCDMB with a strong phenoxazine donor showed a 
small ΔEST value of 0.13 eV, resulting in effective RISC and triplet harvesting. 
PCDMB-based devices showed green emission with Commission Internationale de 
l’Éclairage (CIE) of (0.21, 0.45) and a high maximum EQE of 22.3%. 

Two rigid spiro-type D-σ-A TADF emitters (CBZANQ, PXZANQ) were 
designed and synthesized via a simple two-step route. To maximize the rigidity of 
the emitter structure, spiro-type D-σ-A structures have been exploited, resulting in 
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efficient spatial separation of the HOMO and LUMO. The PXZANQ-based OLED 
devices with a DPEPO host exhibited the maximum emission at 528 nm with a 
high EQE of 22.1% and small roll-off. The EQE of PXZANQ-based devices was 
among the highest in D-spiro-A type TADF emitters 

Part II describes efforts toward increasing power conversion efficiency (PCE) 
of DSCs and OPVs by improving light-harvesting efficiency. One major way to 
increase short-circuit current (JSC) is to harvest a wide range of solar spectrum by 
planar and long conjugated molecules. Other ways to improve PCE is to increase 
open circuit voltage (VOC) and fill-factor (FF) by adjusting energy levels of layers. 
This part is focused on ways to obtain high JSC values by increasing the light-
harvesting efficiency utilizing organic sensitizers for DSCs and electron donor 
materials for OPVs based on a planar quinacridone (QA) π-bridge in common.  

Part III investigates the effect of silver (Ag)-NPs on the PCE of perovskite 
solar cells. The light harvesting of solar cells highly depends on the width and 
thickness of the active layer. However, increasing those factors may be inevitably 
accompanied by enhanced device resistance which might decrease the device PCE. 
Ag-NPs were embedded into TiO2 layer to enhance the light absorption without 
increasing the thickness of the device via the localized surface plasmon resonance 
(LSPR) effect. Furthermore, the aggregation of Ag-NPs with mesoporous TiO2 
induced the morphology change of TiO2 layer which is advantageous for efficient 
charge transfer. However, the energy level of Ag-NPs lower than both perovskite 
sensitizer and conduction band of TiO2 caused charge trapping site which 
hampered the efficient charge transfer. Consequently, it is important to optimize the 
loading levels of Ag-NPs for high-efficiency solar cell devices. The interrelations 
of optical absorption, charge trapping, and surface roughness of TiO2 layer of 
perovskite solar cells with different concentrations of neat Ag-NPs were 
demonstrated. 
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Part I. 

Thermally Activated Delayed 

Fluorescence Emitters for 

Organic Light Emitting Diodes 
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1.1. Study Background 
 

1.1.1. OLEDs in our life 
 
Organic light-emitting diodes (OLEDs) are the devices that enable converting 

electrical energy to light via recombination of hole and electron injected from 
anode and cathode. Unlike preexisting light-emitting diode (LED) devices, OLEDs 
contain a film of organic compound as an emissive layer that emits light in 
response to an electric current. OLEDs are superior to other displays with their 
high color purity, fast response time, and diverse application. The devices can be 
manufactured thinner and lighter than the others since organic compound emits by 
itself, thick backlight layer is no longer needed which indicates huge advantages on 
commercialization. OLEDs blended into the industry in some fields by corporating 
with various electronic devices such as mobile phones, television with their 
transparency and flexibility. However, there still are a few essential tasks to satisfy 
for full commercialization; low power consumption increased reliability, and low 
price. 
 

1.1.2. History of OLEDs 
 
The first report of OLEDs goes back to 1987 by Tang and Vanslyke which 

OLED devices consist of a hole-transporting layer (HTL) and electron-transporting 
layer (ETL). Fluorescent OLEDs utilizing host-guest system using Alq3 as a host 
material were discovered afterward, however, recorded low internal quantum 
efficiency (IQE) due to only 25% of exciton on singlet excited state showed optical 
emission.1 In 1998, M.A. Baldo et al. reported an OLED device with 100% IQE 
utilizing not only exciton on singlet state as fluorescence but also 75% exciton on 
triplet excited state as phosphorescence via applying strong spin-orbit coupling 
character of heavy atoms.2 The phosphorescence OLEDs succeeded in 
commercializing OLEDs; however, the high cost of commonly used heavy metal 
atoms increases the price of commercial products; thus, alternative materials which 
are able to show 100% IQE are required accordingly. 

 There are a few alternatives for phosphorescence OLEDs, utilizing 100% 
excitons without heavy metal atom, (i) triplet-triplet annihilation (TTA), (ii) hot 
exciton assisted singlet harvest, and (iii) thermally activated delayed fluorescence 
(TADF). The TADF system, which will mainly be discussed in this thesis, utilizing 
100% exciton, was discovered by C. Adachi et al. as one of the alternatives to 
phosphorescence emitters.3,4 TADF enables harvesting triplet excitons by reversed 
intersystem crossing (RISC) between the lowest singlet excited state (S1) and 
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lowest triplet excited state (T1) with the assistance of thermal energy when the 
energy gap of S1 and T1 (ΔEST) is small. TADF will be thoroughly discussed later. 

 
1.1.3. Brief structure of OLED devices 
 
 

The working mechanisms of OLEDs start from the injection of holes and 
electrons into cathode and anode layer connected to either side of the emitting layer. 
The most commonly used cathode material is indiume tin-oxide (ITO), and an 
anode is lithium fluoride/aluminum (LiF/Al). Since there is about 1eV of energy 
barrier between ITO and emitting layer which consists of organic compounds, and 
equally to LiF/Al and emitting layer, lowering the energy barrier by introducing 
multi-layer structure is essential for the device with a high-performance. The 
common structure of OLED devices consists of hole injection layer 
(anode;.HIL)/hole transporting layer (HTL)/light-emitting layer (EML)/electron 
transporting layer (ETL)/electron injection layer (cathode; EIL), and hole/electron 
blocking layer (HBL or EBL) are intruduced as occasions demand. Hole injects 
into anode and transfers through HTL and electron into cathode, transfer through 
ETL generating electron exchange (redox) reaction and forms exciton when hole 
and electron meet in EML. Therefore, designing proper structures with energy 
levels for smooth transfer of hole/electron and capability of trapping exciton in 

Figure 1-1. Structure of OLED device 
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EML is important. The structure of the OLED device and the working mechanism 
of OLEDs are demonstrated in Figure 1-1 and Figure 1-2, respectively. 

 
 
1.1.4. Efficiency of OLEDs 

 

The external quantum efficiency of OLED (EQE; ) can be demonstrated 
by following equation.5 

 

which constists of internal quantum efficiency (IQE; ), light out coupling 

efficiency ( ).  can be fragmented as multiplication charge balance ( ), 

exciton generation efficiency (  and photo luminesence (PL) quantum 

efficiency (PLQY; . All the factors should show 100% for ideal OLED 
devices of maximum efficiency. A long history of studying electrochemistry has 

achieved 100% of  and , however,  still remains ~20% for normal 

device structures. Consequently, for the fluorescence devices with  of only 25% 
can record maximum efficiency of 5% theoretically as following. 

Figure 1-2. Working mechanism of OLEDs 
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Therefore, increasing  and  is key for high-performance OLEDs. 

There are a few methods to increase  by utilizing not only 25% exciton on 
singlet state but also 75% on triplet state to achieve 100% exciton generation 
efficiency. The typical method is phosphorescence OLEDs which use excitons on 
triplet state as phosphorescence by heavy-atom effect. The heavy-atom effect is an 
enhancement of the rate of a spin-forbidden process by a heavy atom with a high 
atomic number violating the selection rule and responds to a spin-orbit coupling 
enhancement. However, the commonly used heavy atoms in phosphorescence 
OLEDs, such as Ir or Pt, increase the price of commercial products; thus alternative 
materials or mechanisms are required accordingly.  

To control , forward emission of the device rather than that of 
omnidirectional emission is important, which can be achieved by increasing 
horizontal dipole orientation (θ∥). In the perspective of molecular structure, 
designing planar and linear molecule is known to increase θ∥.6 
 

1.1.5. Thermally activated delayed fluorescence (TADF) 
 
1.1.5.1. Basic principle of ΔEST 
One of the alternatives to phosphorescence OLED, TADF mechanism enables 

using excitons not only on singlet state but on triplet state without heavy metal by 
RISC when the energy gap between S1 and T1 (ΔEST) is small as briefly mentioned 
above. To achieve small ΔEST, spatial separation between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
is crucial. The correlation of spatial interaction of HOMO and LUMO with ΔEST is 
as follows.7,8 

 The molecular energy of excited S1, T1 can be demonstrated with the sum of 
three factors, (i) orbital energy (E), (ii) electron repulsion energy (electrostatic 
interactions between negative charge distribution of electrons; K), and (iii) electron 
exchange energy (electron-electron repulsion energy due to Pauli principle; J). 
Both S1 and T1 has the same value of E, K, J since they dealt in identical molecular 
orbital, however, paired spin in S1 state (↑↓) has positive J since antiparallel spin 
tends to stay close, increasing Pauli repulsion energy, J. On the other hand, parallel 
spin in T1 state (↑↑) avoids approaching one another decreases J. Therefore ΔEST 
can be described as the following equation.  

 

 

 



 

 ６ 

 

The factor J can be retelled by Heitler-London’s theory, 
 

 
 

when (i) spatial separation  and (ii) the extent of HOMO(  and 

LUMO(  overlap . 
Consequently, the factor J depend on the overlap of HOMO and LUMO thus 

explains spatial separation of HOMO and LUMO is important to achieve small 
ΔEST. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-3. Energy diagram of TADF mechanism 
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1.1.5.2. Molecular designing of TADF materials. 
The most common structure of TADF materials is an electron donor (D), and 

electron acceptor (A) linked to π-bridge (D-π-A) to induce intramolecular charge 

transfer (ICT) for high . Commonly used donor materials consist of carbazole, 
acridine, phonoxazine, and so on, which are widely known as electron-rich 
molecules. Diphenyl triazine, sulfonyl, boron, cyano, and some other molecular 
groups are widely known as an electron acceptor with their strong electron-
accepting ability. TADF materials in the very beginning only focused on the largely 
twisted structure of D and A to decrease ΔEST, which is the most important factor to 
operate the TADF mechanism. In 2012, Adachi group reported green TADF 
material consists of phenoxazine donor with triazine acceptor orthogonally linked 
via the twisted character of phonoxazine recording 15.5% EQE (1).9 The deep blue 
material using sulfonyl group acceptor and dimethyl acridine acceptor showed 20% 
EQE (2). 10 In that year, the group reported series of emitters with four carbazole 
donor and two cyanine acceptor varying substitution positions, recording 17−19% 
EQEs (3−5).11 

 
However, studies afterward focused on a new viewpoint to overcome the 

defects incurred by the innate nature of TADF; (i) long triplet exciton lifetime, 
which causes leakage of the exciton, (ii) broad PL spectra caused by ICT transition, 
which is inferior for color purity, and (iii) twisted and flexible structure which 
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increases both non-radiative decay and efficiency roll-off. To surmount these 
defects, TADF molecules are becoming more rigid and planar to decrease triplet 
lifetime, additionally, to decrease full-width half-maximum (FWHM) for increased 
color purity. To design the structure rigid and extremely simple, D-σ-A structure 
facilitating the character that electrons barely delocalize across the sp3 bonding. D-
spiro-A geometry introducing spiro-fluorene, acridine, and anthracenone 
accomplished simple structure with highly rigid, reproducible structure. The first 
reported D-σ-A structure, ACRFLCN, utilizing acridine-spiro-fluorene with 
cyanide acceptor, recorded 10% EQE with sky-blue emission on 485 nm (6).12 
Further study by Adachi and coworkers introducing ditoluenylamine donor showed 
EQE of 4.4% with 540 nm emission peak (7) and in 2013,13 anthracenone acceptor-
based compound recorded 16.5% efficiency with emission on 495 nm (8).14 
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Boron acceptors with vacant p-orbital showed great efficiency in TADF 
materials. The innate defect of boron acceptor, instability, was overcome by 
increasing the rigidity. In 2018, Wu et al. reported highly efficient green emitters 
with diboron core with EQE of 37.8% (CzDBA; 9) and 32.4% (10; tBuCzDBA).15 
In 2020, Lim et al. reported two blue rigid boron-oxygen fused acceptors linked to 
spiro-structured electron donor structures, TDBA-SAF (11) with EQE of 28.2% 
and DBA-SAB (12) with that of 25.7%.16 

In 2016, Hatakeyama et al. reported planar and rigid structure introducing 
multiple resonance effect with narrow FWHM and high EQE, which consists of 
nitrogen-bridged boron structure.17,18

 The multiple resonance effect induces 
HOMO-LUMO separation by opposite resonance effect of electron donor and 
acceptor in heteroaromatic rings, which enables locating electron donor and 
acceptor in the identical plane of rings. Through the development of this novel 
structure, not only high efficiency and low roll-off but also small FWHM for color 
purity could be achieved (Figure 1-4). In 2016, the very first reported multiple 
resonance materials introducing B-N fused heteroaromatic ring, DABNA-1 (13) 
and DABNA-2 (14), showed blue emission on 459, 467 nm with EQE of 13.5% 
and 20.2%, respectively.17 This discovery triggered the research of the new 
paradigm of TADF emitters, and a lot of modified structures were reported, for 
example, ʋ-DABNA (15)18 by the same group, Kondo et al. in 2019 showed high 
efficiency of 34.4% with pure blue emission on 469 nm wavelength region. 

 

 
 
 

Figure 1-4. Structure of (a) conventional TADF molecule, (b) new TADF 
molecules with multiple resonance effect 
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For another strategy for spatial charge separation of HOMO/LUMO, through 

space charge transfer (TSCT) method was introduced which not only transfers 
charges through bonding but also through space by closely deployed electron donor 
and acceptor. For instance, XPT (16)19 material from Tsujimoto et al. showed 
TSCT phenomenon by introducing phenothiazine donor with triazine acceptor 
linked to xanthene bridge. A closely located D-A structure showed 10% efficiency 
with green emission on 584 nm. Recently, Wu et al. reported TSCT material 
utilizing N-O fused D with B-O fused A located 1,2-position of tert-butyl carbazole 
bridge (DPXZ-BO; 17) recorded high EQE of 23.96% with emission on 511 nm 
wavelength. 20 

 
 
 
 
 
 
 
 
 
 
 
The most recently, introducing spiro-interlocked structure is also studied for 

increased molecular rigidity and decreased probability of intermolecular interaction. 
Studies of modifying previously reported materials by locking flexible fragmants 
highly blue-shifted the EL spectra of the device and color purity by decreasing 
FWHM (18−21).21, 22 
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1.1.6. Outline for thesis 
 
In this thesis, we investigate OLED emitter utilizing TADF mechanism 

especially focused on the blue emitter. Among the three primary colors (red, green, 
and blue; RGB), red and green phosphorescence emitters succeeded in 
commercialization with high performance. However, blue phosphorescence emitter 
has low operation stability, which is attributed to unstable coordination bonds and 
the long excited-state lifetime; fluorescence materials are still used for blue 
emitters in OLED devices accordingly. There are a lot of drawbacks for blue 
fluorescence materials; (i) low EQE followed by exploiting only 25% of the 
exciton, (ii) structural instability from large HOMO-LUMO bandgap and 
extremely twisted structure, (iii) low color purity caused by broad PL emission 
from ICT transition, (iv) high heat generation which changes the morphology of the 
organic layers and so on. Numerous researches have been done in order to 
overcome these demerits of blue fluorescence OLED emitters, the most probable 
mechanism we believe is TADF. Our designing strategy of TADF molecules has 
been modified along with the tide of trend.  

First of all, we designed a flexible, distorted D-π-A structure of smooth ICT 
by introducing an π-bridge of moderate distorted angle. The molecules consist of 
carbazole and phenoxazine for edge electron donors, 3-substituted carbazole for 
second donors and dimesityl boron as electron acceptors. One emitter, 9-(4-
(dimesitylboryl)phenyl)-9H-3,9'-bicarbazole (CCDMB), showed deep blue 
emission on 434 nm but low EQE followed by low triplet harvesting ability. The 
other emitter, 10-(9-(4-(dimesitylboryl)phenyl)-9H-carbazol-3-yl)-10H-
phenoxazine (PCDMB), emitted on the sky-blue region (493 nm), but had much 
higher efficiency. (1.2) 

 Secondly, we introduced hydrogen-bonding (HB) to TADF materials to 
increase structural rigidity, namely HB induced through-space charge transfer (HI-
TSCT) material. The HI-TSCT material, 9-(2-(2-(4,6-diphenyl-1,3,5-triazin-2-yl)-
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6-(1H-imidazol-2-yl)phenyl)pyridin-3-yl)-9H-carbazole, design not only to 
transfers charge through π-bonding but also to transfer through space by closely 
arranged D-A structure when HB arises. (1.3) 

For the next work, we discovered an electron-donating material that has never 
been used in TADF emitter, composed of fused phenoxazine. Fusing two linear 
phenoxazine formed a rigid and planar structure with strong electron-donating 
ability. Mass screening has been carried out, adding changes to substituted position, 
distorted angle, and donating ability. Most of the materials showed sky-blue 
emission around 500nm wavelength and up to 20% EQEs. (1.4) 

For the latest work for the TADF study was designing two twisted but rigid 
structures synthesized with extremely simple, two-step reaction which is 
reproducible. Well know carbazole and phenoxazine donors were used for 
respective molecules and anthracenone acceptor was linked to donors by σ-bonding, 
thus derives HOMO-LUMO separation. Notably, the delocalization can barely 
cross over the sp3 carbon, the charge can avoid overlapping even D-A locate in 
close distance. Furthermore, orthogonal and bulky structure enabled suppressing 
the intramolecular electron-change interaction. One compound CBZANQ with 
carbazole donor showed PL emission on 492nm wavelength in toluene solution but 
only recorded 7.7% EQE with low ICT character. However, the other compound, 
PXZANQ with phenoxazine donor emitted on 528nm, green emission, having EQE 
of 19.3% with higher ICT character. (1.5) 
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1.2. The Effect of the Electron-Donor Ability on the 
OLED Efficiency of Twisted Donor-Acceptor 
Type Emitters 

 
1.2.1. Introduction 
 
OLEDs have drawn considerable attention since Tang and Vanslyke first 

reported and were successfully commercialized in various fields of panel displays 
including large-screen televisions, smart watches, and smart phones.23 Fluorescent 
based OLEDs can have a maximum IQE of up to 25% by utilizing excitons only in 
singlet state. On the other hand, phosphorescence emitters which can harvest not 
only 75% exciton on triplet state but also additional 25% exciton from singlet state 
by intersystem crossing (ISC), utilizing spin-orbit coupling of heavy metal atoms 
incapacitating selection rule, raised the maximum IQE up to 100%. However, the 
high cost of commonly used heavy metal atoms such as Ir or Pt increases the price 
of commercial products and alternative materials are required accordingly. 

One of the alternatives, metal-free TADF emitters are also capable of using 
both singlet and triplet excitons, and thus are considered as alternatives to 
phosphorescence emitters. Although typical fluorescence emitters can only utilize 
excitons in the S1, TADF emitters can convert 75% of excitons in the T1 to the S1 
through RISC. Recently, Kim et al. reported deep-blue emitters based on an 
oxygen-bridged boron acceptor and a spiro-acridine donor with a record EQE of 
28.2% and Commission Internationale de l’Éclairage (CIE) y < 0.1.16 Hatakeyama 
et al. introduced multiple resonance effects showing deep-blue emission with 
narrow FWHM and high EQE.17, 18 Wu et al. reported green TADF materials with a 
high EQE of 37.8%.15 

Trivalent boron-containing electron acceptors have been utilized in the 
electron donor-electron acceptor ICT type TADF emitters due to the vacant p-
orbital of the central boron atom that strongly pulls electrons.24 In addition, the 
dimesityl boron induce distortion of the D-A structure by steric hindrance to 
decrease the ΔEST by spatial separation of HOMO and LUMO of emitters, which 
can contribute to increase in device efficiency of TADF OLEDs. 

Herein, we report two TADF emitters, 9-(4-(dimesitylboryl)phenyl)-9H-3,9'-
bicarbazole (CCDMB) and 10-(9-(4-(dimesitylboryl)phenyl)-9H-carbazol-3-yl)-
10H-phenoxazine (PCDMB), where a triarylborane moiety was used as an electron 
acceptor, 3-substituted carbazole first electron donor in common and carbazole and 
phenoxazine moieties as second electron donors, respectively. The double donor 
system was introduced not only increased the electron donating ability of two 
emitters which would induce efficient ICT for radiative decay, at the same time, 
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reduced overlap between the HOMO and LUMO by the distortion of two 
consecutive dihedral angles (α1 and α2, Figure 1-5). Emitters employing 3 or/and 6-
substitued carbazoles as π-bridge are known for a good TADF materials.25-28 Our 
study thoroughly investigate interrelations of D-A twist angles, electron-donating 
ability of D, and OLED device efficiency. CCDMB-based OLED devices showed 
deep blue emission on 434nm; Commission CIE coordinates of (0.16, 0.12). 
However, a maximum EQE was low, 5.5%, insufficient of triplet harvesting. On 
the other hand, PCDMB-based devices exhibited a maximum EQE of 22.3% with 
sky-blue emission (CIE coordinates of (0.21, 0.45)). 

 
1.2.2. Experimental Section 
 
1.2.2.1. Preparation 
 
Synthesis of 9-benzyl-3-iodo-9H-carbazole (1) 
To a solution of 3-iodocarbazole (4.19 g, 14.31 mmol) and tetrabutyl 

ammonium iodide (0.53 g,1.43 mmol) dissolved in 90 ml of dimethyl sulfoxide 
(DMSO) was added 6 ml of 50% aqueous potassium hydroxide (KOH) solution. 
Benzyl bromide (7.34 g, 42.93 mmol) in 30 ml of DMSO was injected dropwise to 
the resulting mixture. The resulting mixture was stirred for 2 h in room temperature 
(RT), poured into 300 ml of water and extracted with 100 ml of dichloromethane 
(DCM). The resulting mixture was dried over anhydrous sodium sulfate (Na2SO4) 
and concentrated under reduced pressure. The precipitate was recrystallized from 
200 ml of methyl alcohol to furnish 9-benzyl-3-iodo-9H-carbazole (5.21 g, 95 % 
yield) as a white solid. 1H NMR (300 MHz, CDCl3): δ 8.45 (s, 1H), 8.10 (d, J = 7.8 
Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 7.5 Hz, 1H), 7.40 (t, J = 8.0 Hz, 2H), 
7.35-7.27 (m, 3H), 7.18 (d, J = 8.6 Hz, 1H), 7.14 (d, J = 7.4 Hz, 2H), 5.51 (s, 2H); 
13C NMR (75.47 MHz, CDCl3): δ 140.7, 139.8, 136.7, 134.1, 129.3, 128.9, 127.7, 
126.6, 126.4, 125.6, 121.8, 120.6, 119.8, 111.1, 109.1, 81.9, 46.6. 

Synthesis of 9-benzyl-9H-3,9’-bicarbazole (2) 
To a solution of 9-benzyl-3-iodo-9H-carbazole (1, 2.02 g, 6.89 mmol), 

carbazole (1.73 g, 10.34 mmol), copper sulfate (CuSO4, 0.87 g, 3.45 mmol) and 
potassium carbonate (K2CO3, 3.81 g, 27.6 mmol) dissolved in 15 ml of o-
dichlorobenzene (o-DCB) was refluxed at 180 °C for 12 h. After cooling down to 
RT, the reaction mixture was extracted with DCM (100 ml × 3). The mixture of 
organic layer was dried over anhydrous Na2SO4 and concentrated under reduced 
pressure. Purification by silica gel column chromatography (SiO2, n-hexane 
(Hex):DCM = 3:1) gave 9-benzyl-9H-3,9’-bicarbazole (1.74 g, 4.12 mmol, 60% 
yield). 1H NMR (300 MHz, CDCl3): δ 8.32 (s, 1H), 8.25 (d, J = 7.7 Hz, 2H), 8.16 
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(d, J = 7.7 Hz, 1H), 7.59 (t, J = 8.5 Hz, 2H), 7.55 (t, J = 12.4 Hz, 2H), 7.48-7.41 (m, 
4H), 7.38-7.33 (m, 6H), 7.30 (d, J = 3.0 Hz, 1H), 7.28 (d, J = 2.0 Hz, 1H), 5.64 (s, 
2H) ); 13C NMR (75.47 MHz, CDCl3): δ 142.1, 141.5, 139.9, 137.0, 129.4, 129.0, 
127.8, 126.8, 126.6, 126.0, 125.6, 124.1, 123.3, 122.8, 120.8, 120.5, 119.9, 119.8, 
119.7, 110.1, 109.5, 46.9. 

Synthesis of 10-(9-benzyl-9H-carbazol-3-yl)-10H-phenoxazine (3) 
A mixture of 9-benzyl-3-iodo-9H-carbazole (1, 4.00 g, 10.42 mmol), 

phenoxazine (2.86 g, 15.63 mmol), CuSO4 (1.30 g, 5.22 mmol), and K2CO3 (4.32 g, 
31.26 mmol) in 35 ml of o-DCB was refluxed overnight at 180 °C. The reaction 
mixture was extracted with DCM (100ml × 3), and dried over Na2SO4 after cooling 
down to RT. It was purifide by silica gel column chromatography (SiO2, Hex:DCM 
= 3:1) and afforded the desired product 3 as a greenish white solid (2.80 g, 6.39 
mmol, 61% yield). 1H NMR (300 MHz, CDCl3): δ 8.19 (d, J = 8.3 Hz, 2H), 7.65 (d, 
J = 8.5 Hz, 1H), 7.60 (t, J = 14.9 Hz, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.44-7.37 (m, 
5H), 7.33 (d, J = 7.5 Hz, 2H), 6.84 (d, J = 7.2 Hz, 2H), 6.75 (t, J = 14.7 Hz, 2H), 
6.68 (d, J = 14.7 Hz, 2H), 6.08 (d, J = 7.6 Hz, 2H), 5.63 (s, 2H) 13C NMR (75.47 
MHz, CDCl3): δ 141.2, 140.2, 140.1, 136.8, 133.5, 129.0, 127.7, 126.6, 126.5, 
125.0, 123.6, 123.2, 122.6, 121.2, 120.7, 119.8, 113.5, 111.2, 109.3, 46.9, 31.6, 
24.1, 22.7. 

Synthesis of 9H-3,9’-bicarbazole (4) 
To a solution of 9-benzyl-9H-3,9’-bicarbazole (2, 1.74 g, 4.12 mmol) 

dissolved in 80 ml of DMSO was added potassium tert-butoxide (t-BuOK, 4.62 g, 
41.2 mmol) in 20 ml of tetrahydrofuran (THF) at once and bubbled with oxygen 
(O2) for 3 h. The resulting mixture was treated with 100 ml of water and stirred for 
6 h. The crude mixture was filtered, extracted with DCM (50 ml × 3), dried over 
anhydrous Na2SO4, and concentrated in vacuo. The desired product 4 was obtained 
as a white solid (1.26 g, 3.79 mmol, 92% yield). 1H NMR (300 MHz, CDCl3): δ 
8.29 (s, 1H), 8.25 (d, J = 1.5 Hz, 1H), 8.22 (d, J = 7.7 Hz, 2H), 8.09 (d, J = 7.8 Hz, 
1H), 7.67 (d, J = 8.5 Hz, 1H), 7.59 (dd, J = 1.8, 8.5 Hz, 1H), 7.53 (d, J = 6.4 Hz, 
2H), 7.48-7.39 (m, 4H), 7.34 (d, J = 1.7 Hz, 1H), 7.32 (d, J = 11.2 Hz, 2H) ; 13C 
NMR (75.47 MHz, CDCl3): δ 142.0, 140.2, 138.6, 129.4, 126.6, 126.0, 125.5, 
124.4, 123.1, 123.0, 120.6, 120.4. 120.0, 119.7. 119.6. 111.7, 111.0, 110.0. 

Synthesis of 10-(9H-carbazol-3-yl)-10H-phenoxazine (5) 
To a stirred solution of compound 3 (2.80 g, 6.39 mmol) dissolved in 160 ml 

of DMSO was added t-BuOK (7.17 g, 63.90 mmol) in 40 ml of THF and subjected 
to 3 h oxygen bubbling for. The resulting mixture was filtered, extracted with DCM 
(50 ml × 3), dried over anhydrous Na2SO4, and concentrated in vacuo to afford 
compound 5 (2.20 g, 6.31 mmol, 92% yield) as a yellowish white powder. 1H NMR 
(300 MHz, CDCl3): δ 8.25 (s, 1H), 8.07 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.4 Hz, 
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1H), 7.51 (d, J = 5.9 Hz, 2H), 7.38 (dd, J = 8.4, 1.5 Hz, 1H), 6.73 (d, J = 7.1 Hz, 
2H), 6.65-6.62 (m, 3H), 6.58-6.55 (m, 3H) ; 13C NMR (75.47 MHz, CDCl3): δ 
140.0, 138.9, 131.2, 130.2, 127.1, 126.6, 125.4, 123.4, 123.3, 123.0, 120.6, 120.4, 
120.0, 115.4, 113.5, 113.0, 111.0, 110.5. 

Synthesis of 9-(4-bromophenyl)-9H-3,9'-bicarbazole (6) 
A stirring mixture of 4 (1.26 g, 3.79 mmol), 1-bromo-4-iodobenzene (1.29 g, 

4.55 mmol), CuSO4 (0.47 g, 1.90 mmol) and K2CO3 (2.1 g, 15.2 mmol) in 10 ml of 
o-DCB was refluxed for 12 h. The mixture was turned down the heat ro RT and 
extracted with DCM (50 ml × 3), dried over anhydrous Na2SO4, and concentrated 
under reduced pressure. The crude mixture was purified by silica gel column 
chromatography (SiO2, Hex:DCM = 3:1) to afford 6 (1.20 g, 2.47 mmol, 65% 
yield). 1H NMR (300 MHz, CDCl3): δ 8.33 (s, 1H), 8.25 (d, J = 7.7 Hz, 2H), 8.16 
(d, J = 7.7 Hz, 1H), 7.84 (d, J = 8.5 Hz, 2H), 7.60-7.56 (m, 4H), 7.52 (d, J = 10.1 
Hz, 2H), 7.46-7.42 (m, 4H), 7.39-7.32 (m, 3H) ; 13C NMR (75.47 MHz, CDCl3): δ 
141.9, 141.4, 139.8, 136.5, 133.4, 133.2, 130.2, 128.8, 126.9, 125.9, 125.7, 124.6, 
123.2, 123.1, 121.4, 120.7, 120.4, 119.7, 119.6, 110.7, 110.0, 109.8. 

Synthesis of 10-(9-(4-bromophenyl)-9H-carbazol-3-yl)-10H-phenoxazine (7) 
A mixture of 5 (2.20 g, 6.31 mmol), 1-bromo-4-iodobenzene (2.14 g, 7.57 

mmol), CuSO4 (0.80 g, 3.20 mmol) and K2CO3 (3.48 g, 25.2 mmol) dissolved in 20 
ml of o-DCB was treated 12 h reflux. The reaction mixture was cooled down to RT 
and extracted into DCM (50 ml × 3). The combined organic layer was dried over 
anhydrous Na2SO4 and concentrated under vacuo to afford 7 (2.16 g, 4.29 mmol, 
68% yield) after purification by silica gel column chromatography (SiO2, 

Hex:DCM = 3:1). 1H NMR (300 MHz, CDCl3): δ 8.16 (d, J = 10.0 Hz, 2H), 7.84 (d, 
J = 8.4 Hz, 2H), 7.63 (d, J = 8.6 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.52-7.45 (m, 
2H), 7.71-7.35(m, 2H), 6.78 (d, J = 7.1 Hz, 2H), 6.69-6.64(m, 2H), 6.62 (t, J = 7.1 
Hz, 2H), 6.04 (d, J = 7.4 Hz, 2H); 13C NMR (75.47 MHz, CDCl3): δ 144.0, 141.2, 
140.0, 136.5, 135.2, 133.4, 131.3, 128.8, 128.4, 126.9, 125.6, 123.3, 123.0, 122.9, 
121.5, 121.2, 120.8, 120.7, 115.4, 113.5, 112.1, 110.0. 

Synthesis of 9-(4-(dimesitylboryl)phenyl)-9H-3,9'-bicarbazole (CCDMB) (8) 
n-Butyllithium solution (1.6 M in Hex, 3.1 ml, 4.94 mmol) was dropwised via 

syringe to a solution of 6 (1.20 g, 2.47 mmol) in 12 ml of dry THF at -78°C under 
nitrogen atmosphere. The resulting mixture was stirred at -78°C for 1 h and treated 
with fluorodimesitylborane (1.99 g, 7.41 mmol). After reacting for 1h at -78°C, the 
mixture was slowly warmed up to RT and stirred overnight. The resulting mixture 
was poured into water (100 ml), extracted with DCM (50 ml × 3), dried with 
anhydrous Na2SO4 and concentrated in vacuo. The crude product was purified by 
column chromatography (SiO2, Hex:ethylacetate = 20:1) to afford CCDMB (1.20 g, 
1.83 mmol, 74%). 1H NMR (300 MHz, CDCl3): δ 8.31 (d, J = 1.6 Hz, 1H), 8.23 (d, 
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J = 7.7 Hz, 2H), 8.15 (d, J = 7.7 Hz, 1H), 7.85 (d, J = 8.1 Hz, 2H), 7.73-7.67 (m, 
3H), 7.60 (d, J = 8.4 Hz, 2H), 7.54 (d, J = 7.3 Hz, 1H), 7.49-7.43 (m, 4H), 7.38-
7.30 (m, 3H), 6.91 (s, 4H), 2.37 (s, 6H), 2.15 (s, 12H); 13C NMR (75.47 MHz, 
CDCl3): δ 141.9, 141.1, 140.9, 140.5, 139.6, 139.0, 138.1, 130.2, 130.1, 128.4, 
127.2, 126.8, 126.0, 125.9, 125.6, 124.7, 124.3, 123.2, 120.7, 120.6, 120.3, 119.7, 
119.5, 111.1, 110.4, 109.8, 23.6, 21.3; HRMS (FAB+), calculated for C48H41BN2 

656.3363, found 656.3371. 
Synthesis of 10-(9-(4-(dimesitylboryl)phenyl)-9H-carbazol-3-yl)-10H-

phenoxazine (PCDMB) (9) 
To a solution of 10-(9-(4-bromophenyl)-9H-carbazol-3-yl)-10H-phenoxazine 

(7, 2.16 g (4.29 mmol)) in 20 ml of dry THF at -78°C under inert condition was 
added dropwise 1.6 M n-butyllithium solution in Hex (3.22 ml, 5.15 mmol). The 
resulting mixture was stirred at -78°C for 1 h and fluorodimesityl borane (1.63 g, 
6.08 mmol) was added. After 1 h reaction at that temperature, the mixture was 
gradually allowed to warm up to RT and stirred overnight. The mixture was poured 
into water (100 ml), extracted with DCM (50 ml × 3), dried with anhydrous 
Na2SO4 and concentrated under reduced pressure to give a crude product, which 
was purified by column chromatography (SiO2, Hex:ethylacetate = 20:1) to afford 
PCDMB (2.00 g, 2.97 mmol, 69% yield) as a yellowish white powder. 1H NMR 
(300 MHz, CDCl3): δ 8.13 (d, J = 8.3 Hz, 2H), 7.82 (d, J = 8.1 Hz, 2H), 7.70 (d, J 
= 8.3 Hz, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.56-7.46 (m, 2H), 7.37 (d, J = 7.8 Hz, 2H), 
6.90 (s, 4H), 6.74 (d, J = 7.2 Hz, 2H), 6.66-6.58 (m, 4H), 6.00-5.98 (m, 2H), 2.53 
(s, 6H), 2.13 (s, 12H); 13C NMR (75.47 MHz, CDCl3): δ 145.2, 141.6, 141.0, 140.9, 
140.5, 139.8, 139.3, 139.1, 139.0, 138.1, 138.0, 134.7, 128.8, 128.4, 126.9, 126.8, 
126.0, 125.9, 125.8, 123.2, 120.8, 120.7, 113.6, 112.4, 110.4, 112.3, 23.6, 21.3; 
HRMS (FAB+), calculated for C48H41BN2O 672.3312, found 672.3320. 

 
In the course of device fabrication, a pre-patterned 70-thick indium-doped tin 

oxide (ITO) was cleaned with deionized water, acetone, and isopropyl alcohol. All 
layers were vacuum-deposited and encapsulated in N2 glove box without exposing 
to external air. 

 
1.2.2.2. Measurement 
 
Calculations 
Density functional theory (DFT) calculations were proceeded using the 

Gaussian ’09 program package to predict charge distribution, frontier molecular 
orbital energy levels and dihedral angles. Gas-phase geometry optimizations for the 
S1 and T1 were carried out with time-dependent density functional theory (TD-
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DFT) calculations at the B3LYP/6-31G(d) level. Natural transition orbitals (NTOs) 
analysis was performed using the Jaguar quantum chemical calculation code in the 
Schrodinger Materials Science Suite with the functional of ωB97X-D (ω = 0.1). 

Photophysical measurements 
The Ultraviolet (UV)-Visible spectra to measure absorbance of molecules 

were recorded on a Beckman DU650 spectrophotometer. Photoluminescence 
spectra measuring fluorescence and phosphorescence were recorded on a Jasco FP-
6500 spectrophotometer and Photon Technology International, Inc. 
spectrofluorometer. Thin films were excited by a xenon lamp (300 and 350 nm) 
operating with an Acton Research Co. monochrometer. Transient PL measurements 
were carried out by excitation using N2 laser from Usho Optical Systems Co. (337 
nm). Photoluminescence (PL) decay was recorded by Hamamatsu C10627 streak 
camera as a detector. In analysis of angle-dependent PL spectrum, thin film on the 
fused silica substrate was attached to half-cylinder lens using index matching liquid. 
P-polarized spectra were measured depending on angle by combination of 
rotational stage and Maya 200 Pro (Ocean Optics Inc.) detector at RT. 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. 

Electrochemical measurements 
Cyclic voltammetry (CV) were managed with DCM solution (1.00 mM) with 

0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) as the supporting 
electrolyte (VSP Princeton Applied Research). A platinum disk electrode was used 
as the working electrode and referenced to a (Ag/Ag+) reference electrode. The 
HOMO levels were calibrated by using the HOMO level of N,N′-Di(1-naphthyl)-
N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) as a reference material. 

Characterization 
Both 1H and 13C NMR spectra were measured in CDCl3 on a Bruker AM 300 

spectrometer. 1H NMR chemical shifts in CDCl3 were referenced to chloroform 
(CHCl3; 7.283 ppm) and 13C NMR chemical shifts in CDCl3 were also reported 
relative to CHCl3 (77.23 ppm). High-resolution mass analysis (JEOL, JMS-700) 
with fast atom bombardment (FAB) positive mode and electron impact (EI) were 
recorded from the National Centre for Inter-University Research Facilities. 

Device performance measurements 
Current density, voltage, and luminance were measured by using Photo 

Research PR650 spectrometer and Keithley 2400 source meter. 
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Thermal Stability 
The thermal decomposition temperature (Tg) CCDMB and PCDMB was 

measured with differential scanning calorimetry (DSC, DSC Q10, TA Instruments) 
and depicted on Fig. S4. Tg value of CCDMB was 112°C and that of PCDMB was 
131°C indicating their thermal stability. 

 
 
1.2.3. Results and discussion 
 
1.2.3.1. Computational results 
 
Molecular structures and charge distributions of the HOMO/LUMO levels of 

CCDMB and PCDMB (DFT carried out with the B3LYP/6-31* level using ORCA 
package) are depicted on Fig. 1-5. The distorted structure between D and A 
promoted charge separation of HOMO-LUMO energy levels, resulting in small 
energy differences between S1 and T1 (ΔEST). S1 and T1 energy levels was 
calculated with TD-DFT also by B3LYP/6-31G* level using ORCA program. 
Calculation results are summarized in Table 1-1. ΔEST values of CCDMB and 
PCDMB are 0.122 and 0.001 eV, respectively and are adequate for RISC, which is 
generally known as smaller than 0.2 eV for efficient triplet harvesting, a key factor 
for TADF mechanism. However, two molecules showed different dihedral angles 
(α1) between the 3-substituted carbazole first donor and the carbazole or 
phenoxazine second donor. While α1 of CCDMB is 59.1°, the plane of phenoxazine 

Figure 1-5. Molecular structures and charge distributions of CCDMB and PCDMB 
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in PCDMB is almost orthogonal to that of the π-bridge with a dihedral angle of 
87.0°, which would lead to charge separation and thus decrease ΔEST. In 
accordance with our expectations, PCDMB showed a smaller charge overlap 
between the HOMO/LUMO than CCDMB, resulting in smaller ΔEST. This can be 
explained by charge density distributions on the HOMO levels of both compounds 
as depicted in Figure 1-5. Charges on the HOMO level of CCDMB were mainly 
localized on the edge-carbazole, reaching the 3-substituted carbazole which is the 
first donor. However, PCDMB showed the charge population almost on the edge-
phenoxazine, not on the 3-subsituted carbazole, indicating that the phenoxazine 
unit acted as a main donor in PCDMB. Therefore, CCDMB allowed charge density 
overlap between the HOMO/LUMO to cause efficient interactions between D and 
A, resulting in larger ΔEST. Interestingly, with the other calculation method, 
Gaussian ’09 package showed charges distributed mainly on second edge-carbazole 
donor for CCDMB, and 3-substituted carbazole donor for PCDMB, with indicates 
different calculating program may cause the opposite results of materials. (Figure 
1-6) 

 
 

Table 0-1. Calculated energy levels and twist angles of CCDMB and PCDMB 

 

 

Emitter HOMO 
[eV] 

LUMO 
[eV] 

Eg
 

[eV] 
S1

 

[eV] 
T1

 

[eV] 
ΔEST

 

[eV] 
α1 

[°] 
α2 

[°] 

CCDMB -5.04 -1.81 3.23 2.901 2.779 0.122 59.1 52.9 

PCDMB -4.42 -1.82 2.60 2.320 2.319 0.001 87.0 53.7 

Figure 1-6. Charge density distributions on HOMO levels of (a) CCDMB and (b) 
PCDMB 
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1.2.3.2. Synthesis 
 
The synthetic route of both CCDMB and PCDMB is illustrated in Scheme 1. 

Synthesis of CCDMB and PCDMB started with N-benzyl protection of 3-
iodocarbazole. The second electron donor moieties, carbazole and phenoxazine, 
were linked to N-benzylated 3-iodocarbazole by the Ullmann coupling reaction to 
yield 2 and 3, respectively. After removal of a benzyl moiety by debenzylation with 
strong base, para-disubstituted benzene was directly connected to the bridging 
carbazole of 4 and 5 by the Ullmann coupling reaction to afford 6 and 7. Finally, 
dimesitylboron fluoride acceptor was linked to 6 and 7 through anionic coupling 
reaction using n-butyllithium to furnish CCDMB and PCDMB, respectively, which 
were characterized by 1H NMR, 13C NMR and high-resolution mass analyses. 

 

 

Scheme 1-1. Synthetic routes to CCDMB and PCDMB. (a) 50% KOH, 
tetrabutylammonium iodide; (b) CuSO4, K2CO3, o-DCB; (c) t-BuOK, O2 bubbling, 
DMSO/THF/H2O; (d) CuSO4, K2CO3, o-DCB; (e) n-BuLi, THF 
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1.2.3.3. Photophysical properties 
 
Photophysical properties in solution 

 
The UV and PL spectra of CCDMB and PCDMB in solution are depicted in 

Figure 1-7 and summarized in Table 1-2. The absorption spectra were measured in 
toluene (Tol) solution (0.02 mM). CCDMB showed two types of absorption bands; 
sharp absorption band under 310 nm indicating π−π* transition and broad band in 
range of 310−400 nm which is ICT transition (Figure 1-7 (a)). For PCDMB emitter, 
the peaks from the π−π* transition emerged under 300 nm and band from the ICT 
transition appeared in 300−400 nm region (Fig. 1-7 (b)). Figure 1-7 (a) and (b) 
show PL spectra of CCDMB and PCDMB, respectively under various solvent 
conditions (Hex, toluene (Tol), chloroform (CF), THF, DCM, methanol (MeOH) 
and acetonitrile (ACN)). Both CCDMB and PCDMB showed bathochromic shifts 
with the increase of solvent polarity. The charge transfer singlet state (1CT) energy 
level decreases as the solvent polarity increases due to strong interaction between 
the solvent field and 1CT, and is accompanied by large Stokes shift along with 
decreased PL intensity as depicted in Figure 1-8.29 

Figure 1-7. Normalized PL spectra of (a) CCDMB and (b) PCDMB with varying 
solvent polarity; fluorescence and phosphorescence spectra of (c) CCDMB and (d) 
PCDMB in toluene. 
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In Figure 1-8, the PL intensity of CCDMB decreased by 20% in Tol, 44% in 
CF, 60% in both THF and DCM, 82% in MeOH and 85% in ACN, compared to 
that in Hex. On the other hand, the PL intensity of PCDMB showed much more 
outstanding quenching degree of 46% in Tol, 84% in CF and almost completely 
quenched in THF by 98% and DCM by 96%, compared to that in Hex. PCDMB 
showed complete emission quenching in higher polarity of solvents; MeOH and 
ACN solvent, which is normally observed in molecules with strong ICT 
character.30-32 Please note that the stronger CT character of PCDMB should result 
from the stronger electron-donor ability of phenoxazine.33

 The PL spectra of 
PCDMB showed shoulder peak around 470 nm in polar DCM solvent which is 
nonexistent in CCDMB. We assume that this peak arose from locally-excited 
singlet state (1LE) as the PL intensity decrease as solvent polarity increase. Partial 
overlap of HOMO and LUMO of PCDMB (Figure 1-5) denotes the close existence 
of 1LE and 1CT on S1. Highly polarity-dependent 1CT-emission of PCDMB 
decreased as the solvent become polar, 1LE-emission which was negligible in non-
polar solvent emerged as almost quench of 1CT-emission. However, CCDMB did 
not show the shoulder peak; (i) large gap between 1LE and 1CT which is deducible 
from the obvious spatial separation of HOMO and LUMO in Figure 1-5. (ii) Less 
decreased PL intensity of 1CT-emission in DCM solvent prevented the emerge of 
1LE-emission. 

The relationship between solvent-dependent Stokes shift ( ) and 
transition dipole moment can be explained by the Equation 1-1; Lippert-Mataga 
equation,34 

 

Equation 1-1. Lippert-Mataga equation 
 

Figure 1-8. PL spectra in various solvents. (a) CCDMB; (b) PCDMB. 



 

 ２４ 

where  is the orientation polarizability of the solvent,  is the 

Stokes shift when f is zero, a represents the solvent Onsager cavity radius,  and 

 are solvent dielectric index and the solvent refractive index, respectively. The 

dipole moments of each molecule were 3.7 D ( ) and 18.6 D ( ) for CCDMB, 

0.9 D ( ) and 22.1 D ( ) for PCDMB. The value of PCDMB is very close to 
that of 4-(N,N-dimethylamino)-benzonitrile (DMABN), a well-known effective CT 

molecule with  of 23 D.35 The  of PCDMB was 21.2 D, much bigger 
than that of CCDMB (14.9 D). This indicates the fact that the larger the solvent 
polarity is, the larger bathochromic shift PCDMB shows. It has been known that 

the large enhances the RISC rate, leading to higher TADF efficiency, 
which has been previously discussed.36, 37 

To estimate experimental values of ΔEST and predict the possibility of triplet 
exciton harvesting by up-conversion, fluorescence spectra (300 K; Flu.) and 
phosphorescence spectra (77 K, 20 ms time delay; Phos.) were recorded in toluene 
and depicted in Figure 1-7 (c) and (d). To understand phosphorescence behaviour 
of CCDMB and PCDMB, individual phosphorescence of each donor unit was also 
measured and collected in Figure 1-9. 

Phosphorescence spectra of both CCDMB and PCDMB in frozen toluene 
indicate the locally-excited triplet (3LE) state and well accord with those of donors 
because the lowest triplet levels of donors are lower than that of acceptor.38 The 
ΔEST value of CCDMB (0.21 eV) is larger than that of PCDMB (0.13 eV) which is 
in accordance with the calculation data (Table 1-1) as listed in Table 1-2. This 
resulted from the stronger donating ability of phenoxazine than carbazole and thus 
lowered S1 level of PCDMB, leading to decreased ΔEST. It was previously known 
that the donor with strong donating ability has lower S1 level.26, 39 Consequently, S1 

Figure 1-9. Phosphorescence spectra of CCDMB and PCDMB in comparison with 
individual donors 
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state of PCDMB was 2.90 eV, much lower than that of CCDMB (3.26 eV), leading 
to much smaller ΔEST value of PCDMB.  

 
Table 1-2. Summary of photophysical properties of CCDMB and PCDMB in 
various solvents 

Solvents 
Tola 

(nm) 
Hexb 
(nm) 

Tolb 
(nm) 

CFb 
(nm) 

THFb 
(nm) 

DCMb 
(nm) 

MeOHb 
(nm) 

ACNb 
(nm) 

S1
c 

(eV) 
T1

d 
(eV) 

ΔEST 
(eV) 

CCDMB 343 402 431 456 469 479 487 537 3.26 3.05 0.21 

PCDMB 331 433 484 546 589 590 - - 2.90 2.77 0.13 

aMaximum UV wavelength (λmax, UV); bMaximum PL wavelength (λmax, PL); c 

Determined with onset of PL spectrum in Tol at 300 K; d Determined with onset of 
PL spectrum in toluene at 77 K with 20 ms time delay. 

 
Photophysical properties of doped films 

Figure 1-10. (a) Absorbance and PL spectra, (b) angle-dependent PL intensity of p-
polarized light of films of 25 wt% CCDMB and PCDMB doped in DPEPO 
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The film state absorbance and PL spectra of 25 wt% CCDMB and PCDMB 
doped in bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) host are shown 
in Figure 1-10 (a). The λmax, UV of CCDMB and PCDMB were recorded at 343 and 
333 nm, and λmax, PL values were 434 and 493 nm, respectively. It is known that the 
out-coupling efficiency of OLED emitters are closely related to their dipole 
orientation; in particular, emitters with high degrees of horizontal orientation of 
transition dipole moments have great potential to achieve highly efficient 
OLEDs.6오류! 참조 원본을 찾을 수 없습니다. Angle-dependent PL intensities were analyzed 
to determine dipole orientation of the emitters. The p-polarized PL intensity 
depending on the emission angle was measured at the λmax,PL of each emitter and is 
depicted in Figure 1-10 (b). Horizontal transition dipole ratio, which is the ratio of 
the horizontal direction to all 3-dimensional directions, was calculated to be 76% 
for CCDMB and 70% for PCDMB, indicating that horizontally oriented emitters 
become dominant.40 PL quantum yields (PLQYs) were measured using an 
integrating sphere and a continuous wave He/Cd laser (325 nm). PLQY of 
CCDMB and PCDMB-doped DPEPO film was 63% and 65% respectively for the 
doping ratio of 25 wt%. The PLQY values are summarized in Table 1-3. Note that 
PLQY value does not have a direct connection with EQE of the device since PLQY 
is measured under photoexcited state, which does not consider triplet harvesting.  

 
 Table 1-3. Summary of photophysical properties of 25wt% CCDMB- and 
PCDMB-doped DPEPO films. 

a)Excitation wavelength: 325 nm 
 
Delayed fluorescence was measured with transient PL spectroscopy with 

streak camera (Figure 1-11). The lifetime of prompt fluorescence and delayed 
fluorescence can be expected with the transient PL data. The prompt fluorescence 
lifetime (S1→S0) appears in short lifetime of ~ns, however delayed fluorescence 
lifetime (T1→S1→S0), which indicates the existence of delayed component, is 
much longer within ~μs to ~ms. The delayed component with up to μs scale 
lifetime exists both in CCDMB and PCDMB, however that of CCDMB showed 
very low intensity and completely quenched after 1 μs, which indicates its 
inefficient RISC and is consequently unfavorable for triplet harvesting. On the 
other hand, the delayed component of PCDMB is large indicating sufficient triplet 

DPEPO: 25 
wt% Emitter λmax,UV (nm) λmax,PL (nm)a) Dipole 

orientation (%) PLQY (%) 

CCDMB 343 436 76 63 

PCDMB 333 493 70 65 
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harvesting to run TADF mechanism. The prompt fluorescence lifetimes are 7.4 and 
26.2 ns for CCDMB and PCDMB, respectively and delayed fluorescence lifetime 
for PCDMB is 23.2 μs. The decay curve of CCDMB is better fitted to single 
component exponential decay, which denotes the existence of only one lifetime 
factor from prompt fluorescence since the intensity of the delayed fluorescence is 
low. For further study TADF properties of CCDMB and PCDMB, the temperature 
dependence transient PL emission was performed from 100K to 300K as shown in 
Figure 1-12. The prompt decay of both molecules almost overlapped irrespective to 
temperature change. The delayed decay of CCDMB was also remain unchanged 

Figure 1-11. Transient PL decay curve of 25 wt% (a) CCDMB and (b) PCDMB 
doped in DPEPO. 

Figure 1-12. Temperature dependence transient-PL characteristics from 100K to 
300K of (a) 25 wt% CCDMB : DPEPO film; (b) 25 wt% PCDMB : DPEPO film. 
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with lack of triplet harvesting. However, delayed component of PCDMB showed 
evident increase as the temperature rises, which indicates PCDMB well harvests 
triplet excitons. 

The large difference in transient PL of structurally similar CCDMB and 
PCDMB was resulted from the stronger electron donating ability of phenoxazine 
than carbazole by virtue of electron lone-pairs on the oxygen atom of phenoxazine. 
The strong electron donating ability of phenoxazine not only reduced the S1 level 

of PCDMB that led to small ΔEST value of 0.13 eV but also caused large  
of 21.2 D which additionally facilitated triplet harvesting by effective RISC as 
mentioned above.36, 37

 Equations for rate constants are demonstrated in following 
equation and details are demonstrated in Table 1-4. 

The rate constants of the prompt and delayed fluorescence (  and ), in 
the intersystem crossing (ISC) between singlet (S) and triplet (T) states, are as 
follows; 

 

 

Where  is radiative rate constant and  is non-radiative rate constants 

of the singlet state.  and indicates intersystem crossing rate and 

reversed intersystem crossing rate constant from S to T states respectively.  is 

the non-radiative constant of the T state. Consequently,  can be obtained by, 
 

 (2) 

 
(3) 

 

Fluorescence quantum yield ( ) and delayed phosphorescence quantum 

yield ( ) are given by 

 

 

(1) 
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(4) 

 
(5) 

 
(6) 

 

Where  is intersystem crossing quantum 

efficiency and  indicates reversed-intercrossing 

quantum efficiency. By assuming >> ,  and 

 converges to 1,  and  can be 
expressed by; 

 

 
(7) 

 

 
(8) 

Equation 1-2. Equations for rate constants41-43

Table 1-4. Photophysical properties of C
C

D
M

B
 and PC

D
M

B
 calculated w

ith Equation 1-2. 
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1.2.3.4. Electrochemical and thermal properties 
 
The energy levels of CCDMB and PCDMB were confirmed with CV analysis. 

The HOMO/LUMO levels of CCDMB and PCDMB were measured to be 
5.25/1.95 and 4.75/1.50, respectively. The thermal decomposition temperature (Tg) 
CCDMB and PCDMB was measured with differential scanning calorimetry (DSC). 
Tg value of CCDMB was 112°C and that of PCDMB was 131°C indicating their 
thermal stability. Both electrochemical and thermal properties are depicted on 
Figure 1-13 and listed on table 1-5. 

 
Table 1-5. Energy levels and thermal properties of CCDMB and PCDMB 

Emitter HOMO (eV) LUMO (eV) Bandgap (eV) Tg (°C) 

CCDMB 5.25 1.95 3.30 112 

PCDMB 4.75 1.50 3.25 131 

 

Figure 1-13. (a) Oxidation potential of cyclic-voltammetry (CV) diagrams to 
obtain HOMO levels of CCDMB and PCDMB. The LUMOs were estimated with 
energy bandgap derived from on-set of absorbance spectra; (b) differential 
scanning calorimetry (DSC) thermograms of CCDMB and PCDMB. The thermal 
decomposition temperature (Tg) value was derived from second cycle after 
stabilization 
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1.2.3.5. Device performance 

OLED devices were fabricated using DPEPO as a single host with varying 
dopant concentration from 15–25 wt% (Figure 1-14). 4,4′-Cyclohexy 
lidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) was used as a hole 
transporting material, 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) and DPEPO 
intrinsic layers were embedded as triplet blocking layers. For efficient electron 
transport to the shallow-lying LUMO of DPEPO, 2,2',2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) was introduced. The device structure is ITO 
(70 nm) / TAPC (35, 60 nm) / mCBP (10 nm) / DPEPO:dopant (15, 25 wt%, 25 
nm) / DPEPO (5 nm) / TPBi (40 nm) / LiF (1 nm) / Al (100 nm) (Figure 14(a)). 
The thickness of TAPC should be different (35 nm for CCDMB; 60 nm for 
PCDMB, respectively) in two devices considering different PL spectra of two 
dopants to maximize the outcoupling efficiency. Device performances are listed in 
Table 1-6. Both devices showed increasing current density and luminance in the 
voltage range after the built-in potential with increasing doping concentration 
(Figure 1-14(b)). On the other hand, turn-on voltage decreased as the doping 
concentration increased, from 5.4 to 3.9 V and from 3.9 to 3.6 V for CCDMB and 
PCDMB, respectively, which signifies improvement of charge injection. Overall 
enhancement of device performance depending on the doping concentration results 
from the improvement of poor hole-transporting ability of the n-type host, DPEPO,  

Figure 1-14. (a) Device structure of OLEDs, (b) current density-voltage-luminance 
(J-V-L) characteristics, (c) EQE vs luminance (EQE-L), and (d) normalized 
electroluminescence intensities at the current density of 1 mA/cm2. 
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Table 1-6. D
evice perform

ance of O
LED

s 

due to the shallower HOMO levels of both CCDMB and PCDMB than that of 
DPEPO. 

EQEs of the devices were 
measured to be 2.1% (15 wt%) and 
5.5% (25 wt%) for CCDMB, and 
19.8% (15 wt%) and 22.3% (25 wt%) 
for PCDMB, respectively (Figure 1-14 
(c)). Devices with CCDMB dopant 
showed much lower efficiency than 
PCDMB. It is because of the low triplet 
harvesting ability resulting from 
insufficient RISC characteristic of 
CCDMB as discussed in transient PL 
diagrams in Figure 11. However, 
efficient RISC in the PCDMB-based 
device showed high EQE of 22.3%. At 
the current density of 1 mA/cd2, EL 
spectra showed maximum 
electroluminescence (EL) peaks at 440 
and 500 nm, CIE of (0.16, 0.12) and 
(0.21, 0.45), for CCDMB and PCDMB, 
respectively (Figure 1-14(d)). 
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1.2.4. Conclusion 
 
We systematically discussed interrelations between the donating ability of 

electron donors of two emitters (CCDMB and PCDMB) and efficiencies of OLED 
devices. Although DFT calculations of PCDMB showed partial overlap between 
the 3-substituted carbazole bridge acting as a main donor and the electron acceptor 
unit, ΔEST value of PCDMB (0.13 eV) is smaller than that of CCDMB (0.24 eV). 
This is due to the stronger donating ability of phenoxazine than carbazole which 
lowered S1 level of PCDMB and thus decreased the ΔEST, adequate for the 
effective RISC. Horizontal transition dipole ratio of 76% for CCDMB and 70% for 
PCDMB indicates that horizontally oriented emitters become dominant. PLQYs of 
25 wt% CCDMB- and PCDMB-doped DPEPO films were 43%. Transient PL 
decay curves of 25 wt% doped DPEPO films showed a delayed component in only 
PCDMB-doped film, resulting in triplet harvesting by efficient up-conversion. As a 
result, OLED devices fabricated with a CCDMB emitter showed deep-blue 
emission with CIE of (0.16, 0.12) but limited EQEmax of 5.5%. PCDMB-based 
OLED devices showed CIE of (0.21, 0.45) and recorded high EQEmax of 22.3%. 
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1.3. Introduction of hydrogen-bonding on TADF 
emitting materials. 

 
1.3.1. Introduction 
 
As mentioned above in chapter 1 (1.1.), there are a lot of drawbacks for blue 

fluorescence materials, and utilizing the TADF mechanism is one of the 
alternatives. However, the structural instability of twisted structure and poor color 
purity caused by broad PL emission are still remaining unsettled. To cope with 
these problems, the design of the molecular structure should be rigid and planar, 
which will lead to a decrease of vibration mode, suppressing non-radiative decay 
and narrowing FWHM consequently. 

Herein, we struggled to determine how much the rigidity affects the device 
performance, HI-TSCT structure was suggested. 9-(2-(2-(4,6-diphenyl-1,3,5-
triazin-2-yl)-6-(1H-imidazol-2-yl)phenyl)pyridin-3-yl)-9H-carbazole (HB-
CBZimTRZ) which used carbazole for electron donor and dimethyl triazine for 
electron acceptor. This structure was design not only to transfers charge through π-
bonding but also to transfer through space by closely arranged D-A structure when 
HB arises between pyridine ring and imidazole ring, forming 7-membered ring. On 
the contrary, 9-(2'-(4,6-diphenyl-1,3,5-triazin-2-yl)-6'-(1H-imidazol-2-yl)biphenyl-
2-yl)-9H-carbazole (nHB-CBZimTRZ), identically used carbazole donor and 
diphenyl triazine acceptor, however, does not contain pyridine ring to form HB. 

 
1.3.2. Results and Discussion 

 

Figure 1-15. Structures of HI-TICT molecules and calculated energy diagrams 
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As shown in Figure 1-15., HB-CBZimTRZ has pyridine ring on the electron 
donor part and forms a HB with hydrogen of imidazole ring on the acceptor part. 
By forming a HB, molecular structure is expected to be rigid and allows ICT not 
only through bonding but also through space by closely arranged D-A. Molecular 
structures, charge distributions of the HOMO-LUMO levels of HB-CBZimTRZ 
and nHB-CBZimTRZ were predicted with DFT calculation, B3LYP/6-31G(d) level 
using Gaussian ’09 package. The S1, T1 energy levels and following ΔEST were 
calculated with TD-DFT also by B3LYP/6-31G(d) level using Gaussian ’09 
package  which are also shown on Figure 13. Although the structural difference 
between two molecules were very small, presence of nitrogen atom on pyridine 
ring or not, the outcome was evident both in HOMO-LUMO gap and ΔEST. 

To investigate the distance between D-A after forming HB, crystal structures 
were also predicted with DFT calculation and depicted on Figure 1-16. The 
distance of hydrogen in imidazole and nitrogen in pyridine was 1.9 Å, which was 
small enough to form a HB, and the distance of D-A was 3.5 Å, which was also 
small enough to form through-space charge transfer (Figure 1-16 left). However, 
structure of nHB-CBZimTRZ (Figure 1-16 right) did not show neither HB nor 
through space charge transfer but formed simply twisted structure. Through these 
calculations we believed this HB and non-HB structures will contribute studying 
the correlation between structural rigidity and device EQEs. 

 

Figure 1-16. Crystal structures of HB-CBZimTRZ and nHB-CBZimTRZ 
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Scheme 1-2 demonstrates synthetic routes for HB-CBZimTRZ and nHB-
CBZimTRZ. However the third step which is Suzuki-Miyaura cross coupling could 
not be made because of high sterically hindered structure of D fragment and A 
fragment. Unfortunately, it was unable to proceed the project further. 

 
Scheme 1-2. Synthetic routes for HB-CBZimTRZ and nHB-CBZimTRZ 



 

 ３７ 

1.4. Screenings of rigid and planar TADF materials. 
 
1.4.1. Introduction 
 
The importance of enhancing EQE is beyond description to commercialize 

OLEDs in our industry. As mentioned in CHAPTER 1 with an equation deducing 
EQE, high IQE up to 100% and triplet harvesting by TADF is told crucial. 

Additionally, increasing out-coupling efficiency ( ) in a viewpoint of molecular 
structure is becoming emphasized. Introducing rigid and planar fragments in 
molecular structure is advantageous not only for decreasing non-radiative decay 
but increase horizontal dipole orientation (θ∥). The increase of θ∥ is crucial for 

increasing the  which finally affects overall EQE.6 
In this chapter, we introduce a novel rigid and planar electron-donating group 

which has never been used in TADF materials. Two flexible phenyl rings of 
triphenyl amine group were tied with oxygen, assuming the formation of two 
overlapped phenoxazine group, benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazine (NB) 
and synthesized various derivatives with NB donor. This electron donor is known 
for high planarity, capable of π-π stacking.33 Diphenyl triazine was used as an 
electron acceptor unit in common for all structures. To give spatial separation 
between HOMO and LUMO, dimethyl benzene group was introduced as π-bridge, 
however, it gave distinction by donor-twisted or acceptor-twisted structure. Our 
study thoroughly investigates interrelations of the substituted position of NB group, 
donor/acceptor twisted structure and following triplet harvesting and efficiency 
change. Among various similar molecular structures, only two donor-twisted NB-
dmTRZ and NB-edmTRZ showed small ΔEST and triplet harvesting by RISC. NB-
dmTRZ based OLED devices showed emission at 502 nm; CIE coordinates of 
(0.36, 0.56) with a maximum EQE of 18.7%. NB-edmTRZ based devices exhibited 
a similar maximum EQE of 19.2% with sky-blue to green emission on 503 nm; 
CIE coordinates of (0.38, 0.56). 

 
1.4.2. Experimental Section 
 
1.4.2.1. Preparation 
 
[Synthetic part 1. Preparation of phenoxazinyl boronic acid] 
Synthesis of 4-Bromo-2,6-difluoro-N,N-bis(2-methoxyphenyl)aniline (1a) 
To a solution of o-Iodoanisole (1.29 g, 5.5 mmol), 4-bromo-2,6-difluoro 

aniline (2, 0.50 g, 2.40 mmol), K2CO3 (1.33 g, 9.6 mmol), and CuSO4 (0.30 g, 1.20 
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mmol) dissolved in o-DCB (2 ml) and stirred at 180 °C for overnight. The resulting 
mixture were filtered with celite and SiO2 and extracted with CH2Cl2 (50 ml × 3). 
The combined mixture was dried over Na2SO4 and concentrated under reduced 
pressure. The obtained crude product was washed with hexane to give desired 
product 3 (0.44 g, 1.04 mmol, 43% yield) as a white solid. 1H NMR (300 MHz, 
CDCl3): δ 7.10–6.94 (m, 4H), 6.94–6.81 (m, 6H), 3.60 (s, 6H); 13C NMR (75 MHz, 
CDCl3): δ 158.2, 153.3, 136.11, 124.66, 124.62, 124.61, 121.1, 115.3, 114.7, 113.0, 
56.0.  

Synthesis of 7-Bromobenzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazine (3a) 
To mixture of 1a (0.44 g, 1.04 mmol) in 20 ml of dry DCM. The solution was 

cooled to –78 °C, BBr3 (1 M in DCM, 2.09 ml, 2.09 mmol) was added dropwisely. 
After stirring 30 min at that temperature, the mixture was slowly warmed up to RT 
and stirred for 3 h. The reaction mixture was poured into water (50 ml) and 
extracted with DCM (30 ml × 3). The organic layer was dried over Na2SO4 and 
concentrated under reduced pressure to give a crude product as white solids. 
Without further purification, K2CO3 (0.43 g, 3.12 mmol) was added and the 
mixture was dissolved in 20 ml of DMF and stirred at 150 °C for 3 h. After cooling, 
white solids were precipitated. The solids were filtered and washed with water and 
extracted with DCM (30 ml × 3), dried over Na2SO4 and concentrated under vacuo 
to give desired product 3a (0.36 g, 1.02 mmol, 98% yield) as white solids. 1H NMR 
(300 MHz, CDCl3): δ 6.93–6.88 (d, 2H), 6.70–6.63 (d, 2H), 6.60–6.52 (m, 4H), 
6.50 (s, 2H); 13C NMR (75 MHz, CDCl3): δ 146.7, 145.7, 128.7, 123.9. 

Synthesis of (7-benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)boronic acid 
(4a) 

 The compound 3a (1.1 g, 3.12 mmol) was dissolved in 15 ml of dry THF 
under inert condition. The solution was cooled down to –78 °C, n-Butyllithium 
solution (1.6 M in n-hexane, 3.9 ml, 6.24 mmol) was added dropwised and stirred 
for 1h at –78 °C after which trimethylborate (0.97 g, 9.36 mmol) was added at once. 
The mixture was warm up to RT and stirred overnight. The reaction mixture was 
added to an 5 ml of aqueous HCl solution (1 N) and extracted with chloroform. The 
combined organic layer were dried over Na2SO4, concentrated under reduced 
pressure. The solid was washed with n-hexane to afford compound 4a as a dark 
green solid. The compound 4a was used for the next reaction without further 
purification. 

Synthesis of 2,6-Difluoro-N,N-bis(2-methoxyphenyl)aniline (1b) 
O-Iodoanisole (12.9 g, 55.2 mmol), 2,6-difluoroaniline (3.10 g, 24 mmol), 

CuSO4 (2.99 g, 12 mmol) and K2CO3 (13.3 g, 96 mmol) were dissolved in o-DCB 
(12 ml) and stirred at 180 °C overnight. After cooling down to RT, the insoluble 
materials were filtered off through glass funnel filled with celite and SiO2. The 



 

 ３９ 

combined filtrate was extracted with DCM (50 mL × 3) and dried over Na2SO4 and 
concentrated under reduced pressure. The obtained crude product was washed with 
hexane to give compound 1b (3.38 g, 9.9 mmol, 41% yield) as a white solid.  1H 
NMR (300 MHz, CDCl3): δ 7.10–6.94 (m, 3H), 6.94–6.76 (m, 8H), 3.58 (s, 6H); 
13C NMR (75.47 MHz, CDCl3): δ 159.0, 153.2, 136.7, 125.0, 124.4, 124.2, 123.8, 
121.1, 113.2, 111.5, 56.1. 

Synthesis of 4-Bromo-N-(2,6-difluorophenyl)-2-methoxy-N-(2-methoxy 
phenyl)aniline (2) 

To stirred solution of 1b (2.51 g, 7.36 mmol) and N-bromosuccinimide (1.33 g, 
7.48 mmol) were dissolved in 50 ml of chloroform with 50 ml acetic acid. The 
mixture was stirred at room temperature for 12 h. The mixture was neutralized with 
aquous NaHCO3 and extracted with DCM (80 mL × 3). The organic phase was 
dried over Na2SO4 concentrated under reduced pressure. The obtained crude was 
purified by silica gel column chromatography (SiO2, n-hexane:DCM = 3:1) to 
afford desired compound 2 (2.51 g, 5.97 mmol, 80% yield) in a white solid. 1H 
NMR (300 MHz, CDCl3): δ 7.11–6.97 (m, 3H), 6.96 (dd, 1H), 6.93–6.76 (m, 5H), 
6.74 (d, 1H), 3.59 (s, 3H), 3.57 (s, 3H); 13C NMR (75.47 MHz, CDCl3): δ 159.0, 
153.5, 153.3, 136.1, 125.0, 124.8, 124.7, 124.4, 124.3, 124.1, 123.9, 121.1, 116.3, 
116.1, 113.2, 111.5, 56.2, 56.1. 

Synthesis of 3-Bromobenzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazine (3b) 
The stirred solution of 2 (2.37 g, 5.64 mmol) in 118 ml of dry DCM was 

cooled to –78 °C, BBr3 (1 M in DCM, 14.1 ml, 14.1 mmol) was added dropwisely. 
Stirring at to –78 °C for 1h, the mixture was additionally stirred for 3h after 
warmed up to RT. The reaction mixture was poured into water (100 ml) and 
extracted with DCM (80 ml × 3). The organic layer was dried over Na2SO4 and 
concentrated under vacuo to give a crude white solids. Without further purification, 
K2CO3 ( 2.34g, 16.92 mmol) was added and the mixture was dissolved in 75 ml of 
DMF and refluxed for 4 h. After cooling down to RT, precipitated white solids 
were precipitated were filtered and washed with water and extracted with DCM (80 
ml × 3), dried over Na2SO4 and concentrated under reduced pressure to give white 
solid product 3b (1.98 g, 5.62 mmol, 99% yield). 1H NMR (300 MHz, CDCl3): δ 
7.25 (d, 1H), 7.19 (dd, 1H), 7.07–7.02 (m, 2H), 6.98–6.88 (m, 3H), 6.76 (m, 1H), 
6.49 (dd, 1H); 13C NMR (75.47 MHz, CDCl3): δ 147.6, 146.9, 145.3, 144.9, 128.6, 
128.4, 126.3, 123.9, 123.73, 123.65, 120.6, 120.4, 117.6, 115.5, 114.49, 114.47, 
111.5. 

Synthesis of (3-benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)boronic acid 
(4b) 

 The compound 3b (1.0 g, 2.84 mmol) was dissolved in 15 ml of dry THF 
under nitrogen condition. n-Butyllithium solution (1.6 M in n-hexane, 3.6 ml, 5.68 
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mmol) was added dropwised after the solution was cooled down to –78 °C and 
stirred for 1h at that temperature after which trimethylborate (0.96 g, 8.52 mmol) 
was added at once. The mixture was warm up to RT and stirred overnight. The 
reaction mixture was added to an 5 ml of aqueous HCl solution (1 N) and extracted 
with chloroform. The organic layer were dried over Na2SO4, concentrated under 
reduced pressure. The solid was washed with n-hexane to afford dark green solid 
formed compound 4b. The compound 4e was used for the next reaction without 
further purification. 

 
[Synthetic part 2. Formation of dimethyl benzene-based linker] 
Synthesis of 4-Bromo-3,5-di-methylaniline (5) 
To a solution of 3,5-di-methylaniline (1.2 ml, 10 mmol) in DMF (10 ml) was 

added N-bromosuccinimide (1.8 g, 10 mmol) at 0 °C. The reaction mixture was 
stirred at rt for 30 min. The crude was extracted with DCM (50 ml × 3), and the 
organic phases were dried over Na2SO4 and evaporated, purified by column 
chromatography (SiO2, n-hexane:DCM = 3:1) to furnish the desired product 5 as a 
white solid (1.6 g, 0.81mmol, 81% yield). 1H NMR (300 MHz, CDCl3): δ 2.33 (s, 
2H), 3.54 (s, 2H), 6.46 (s, 2H), 13C NMR (75.47 MHz, CDCl3): δ 24.0, 115.2, 116.0, 
139.0, 145.1. 

Synthesis of 2-bromo-5-iodo-1,3-dimethylbenzene (6) 
To compound 5 (1.0 g, 5 mmol) dissolved in aqueous H2SO4 (45 ml, 1.2 M) at 

–10 °C, a solution of NaNO2 (0.7 g, 10 mmol) in H2O (4 ml) was added dropwise. 
After the mixture stirred additionally at –10 °C for 15 min, a solution of potassium 
iodide (KI, 1.66 g, 10.0 mmol) in H2O (4 ml) was slowly added over a period of 10 
min. The reaction mixture was stirred at –10 °C for 15 min additionally, stirred at 
0 °C for 2 h. The mixture was warmed up to RT and stirred overnight. The resulting 
mixture was neutralized with aqueous NaOH at 0 °C. The mixture was 
subsequently extracted with Et2O (50 ml × 4). The organic layers were washed with 
H2O (50 ml) and dried over Na2SO4 and concentrated under vacuo to afford 6 (0.70 
g, 2.25 mmol, 45% yield) after purification by silica gel column chromatography 
(SiO2, n-hexane:DCM = 10:1). 1H NMR (300 MHz, CDCl3): δ 2.35 (s, 6H), 7.40 (s, 
2H) 

Synthesis of 4-bromo-3,5-dimethylphenylboronic acid (7) 
A stirred compound 6 (0.78 g, 2.50 mmol) dissolved in 12.5 ml of dry THF 

was cooled down to −78 °C under nitrogen condition. n-Butyllithium solution (1.6 
M in n-hexane, 1.56 ml, 2.50 mmol) was added dropwised and stirred for 1h at that 
temperature. The mixture was stirred overnight at RT after adding trimethylborate 
(0.31 g, 3.00 mmol). 2 ml of aqueous HCl solution (1 N) was added to the mixture 
and extracted with DCM (30 ml × 3) dried over Na2SO4, concentrated under vacuo. 
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The crude solid was washed with n-hexane to give desired compound 6 as a white 
solid. The compound 7 was used for next step without further purification. 

 
[Synthetic part 3-1. Synthesis of NB-dmTRZ and NB-edmTRZ] 
Synthesis of 2-(4-bromo-3,5-dimethylphenyl)-4,6-diphenyl-1,3,5-triazine (8) 
To a two-neck round bottom flask (RBF) linked to reflux condenser, 

compound 7 (1.00 g, 4.36 mmol), 2-chloro-4,6-diphenyl-1,3,5-triazine (1.75 g, 
6.54 mmol), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 0.46 g, 0.40 
mmol) and K2CO3 (2.41 g, 17.44 mmol) was put together and dissolved in 45 ml of 
THF, identical volume of distilled water and refluxed overnight. After cooling 
down to room temperature, the mixture was extracted with DCM (30 ml × 3), dried 
over anhydrous Na2SO4 and filtered with celite and SiO2 through a glass funnel. 
The organic layer was concentrated, washed with methanol and n-hexane to afford 
the desired white powder of product 8 (1.25 g, 3.00 mmol). 1H NMR (300 MHz, 
CDCl3): δ 8.77–8.75 (d, 4H), 8.42 (s, 2H), 7.61–7.59 (m, 6H), 2.58 (s, 6H); 13C 
NMR (75.47 MHz, CDCl3): δ 173.4, 169.0, 134.7, 131.1, 129.2, 127.5 

Synthesis of (7-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)-2,6-
dimethylphenyl)-4,6-diphenyl-1,3,5-triazine) (NB-dmTRZ, 9a) 

Compound 4a (0.38 g, 1.2 mmol), compound 8 (0.50 mg, 1.2 mmol), 
Pd(PPh3)4 (0.14 g, 0.12 mmol) and K2CO3 (0.66 g, 4.8 mmol) were dissolved in 12 
ml of THF and 12 ml of H2O. The mixture was refluxed overnight and cooled 
down to RT, extracted with DCM (50 ml × 3), dried over anhydrous Na2SO4 and 
concentrated under vacuo to afford NB-dmTRZ (9a, 0.36 g, 0.6 mmol, 50% yield) 
in a yellowish-white powder after purification by silica gel column 
chromatography (SiO2, n-hexane:DCM = 3:1). 1H NMR (300 MHz, CDCl3): δ 
8.83–8.80 (m, 4H), 8.48 (s, 2H), 7.63–7.61 (d, 4H), 7.42–7.39 (d, 4H), 7.02–6.95 
(m, 6H), 6.38 (s, 2H), 2.30 (s, 6H); 13C NMR (75.47 MHz, CDCl3): δ 172.2, 170.7, 
146.5, 139.2, 138.6, 137.7, 134.7, 134.5, 131.1, 130.3, 129.3, 129.2, 127.9, 127.5, 
122.8, 122.7, 114.9, 113.3, 108.9, 19.3 

Synthesis of (3-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)-2,6-
dimethylphenyl)-4,6-diphenyl-1,3,5-triazine) (NB-edmTRZ, 9b) 

In 15 ml of THF and 15 ml of H2O, the compound 4b (0.40 g, 1.26 mmol), 
compound 8 (0.57 mg, 1.39 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol) and K2CO3 
(0.69 g, 5.04 mmol) were dissolved. The organic mixture was stirred overnight at 
65 °C.  After cooled down to RT, the mixture was extracted with DCM (50 ml × 
3), dried over anhydrous Na2SO4 and concentrated under vacuo to afford NB-
edmTRZ (9b, 0.38 g, 0.63 mmol, 50% yield) in a white powder after purification 
by silica gel column chromatography (SiO2, n-hexane:DCM = 3:1). 1H NMR (300 
MHz, CDCl3): δ 8.84–8.81 (m, 4H), 8.51 (s, 2H), 7.63–7.61 (d, 6H), 7.47–7.44 (d, 
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4H), 7.02–6.94 (m, 4H), 6.83–6.78 (m, 3H), 6.57–6.54 (d, 2H) 2.30 (s, 6H); 13C 
NMR (75.47 MHz, CDCl3): δ 172.3, 170.4, 146.3, 138.9, 138.3, 137.7, 134.5, 
134.4, 131.0, 130.3, 129.4, 129.2, 127.6, 127.3, 122.8, 122.7, 114.7, 113.2, 108.3, 
19.5. 

 
[Synthetic part 3-2. Synthesis of NB-rdmTRZ and NB-redmTRZ] 
Synthesis of (7-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl-(4-bromo-

3,5-dimethylbenzene)) (10a) 
Compound 4a (0.43 g, 1.36 mmol), compound 6 (0.50 mg, 1.63 mmol), 

Pd(PPh3)4 (0.11 g, 0.10 mmol) and K2CO3 (0.75 g, 5.44 mmol) were dissolved in 
10 ml of THF and 10 ml of H2O. The mixture was boiled at 70 °C overnight and 
cooled down to RT, extracted with DCM (50 ml × 3), dried over anhydrous Na2SO4 
and concentrated under vacuo to afford desired compound 10a (0.60 g, 1.31 mmol, 
96% yield) in a yellowish powder after purifying with silica gel column 
chromatography (SiO2, n-hexane:DCM = 3:1). 1H NMR (300 MHz, CDCl3): δ 
7.37–7.35 (d, 2H), 7.22 (s, 2H), 6.99–6.92 (m, 4H), 6.74 (s, 2H), 2.47 (s, 6H); 13C 
NMR (75.47 MHz, CDCl3): δ 146.5, 140.2, 139.2, 138.4, 134.5, 133.7, 130.0, 
126.2, 122.8, 122.7, 114.9, 113.3, 108.9, 24.4 

Synthesis of (7-(benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)-3,5-
dimethylphenyl)-4-boronic acid (11a) 

 The compound 10a (2.0 g, 4.38 mmol) was dissolved in 22 ml of dry THF 
under inert condition. n-Butyllithium solution (1.6 M in n-hexane, 4.1 ml, 6.57 
mmol) was added dropwised after the solution was cooled down to –78 °C and 
stirred for 1h at that temperature after which trimethylborate (0.91 g, 8.76 mmol) 
was added at once. The mixture was warm up to RT and stirred overnight. The 
reaction mixture was added to an 5 ml of aqueous HCl solution (1 N) and extracted 
with DCM (30 ml × 3). The organic layer were dried over Na2SO4, concentrated 
under reduced pressure. The solid was washed with n-hexane to afford compound 
11a in a dark green solid. The compound 11a was used for the next reaction 
without further purification. 

Synthesis of (7-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl)-3,5-
dimethylphenyl-4,6-diphenyl-1,3,5-triazine) (NB-rdmTRZ, 12a) 

To a compound 11a (0.50 g, 1.19 mmol), 2-chloro-4,6-diphenyl-1,3,5-triazine 
(0.38 mg, 1.43 mmol), Pd(PPh3)4 (0.11 g, 0.10 mmol) and K2CO3 (0.65 g, 4.76 
mmol) were put together and dissolved in 12 ml of THF and 12 ml of H2O. The 
mixture was refluxed overnight and cooled down to RT, extracted with DCM (50 
ml × 3), dried over anhydrous Na2SO4 and concentrated under vacuo to afford NB-
rdmTRZ (12a, 0.38 g, 0.62 mmol, 52% yield) in a white powder after purification 
by silica gel column chromatography (SiO2, n-hexane:DCM = 3:1). 1H NMR (300 



 

 ４３ 

MHz, CDCl3): δ 8.76–8.74 (m, 4H), 8.47 (s, 2H), 7.64–7.58 (m, 6H), 7.40–7.36 (m, 
2H), 7.22–7.19 (m, 2H), 6.99–6.96 (d, 4H), 7.90–7.85 (d, 2H), 2.39 (s, 6H); 13C 
NMR (75.47 MHz, CDCl3): δ 172.4, 170.8, 146.3, 141.2, 139.0, 137.3, 137.7, 
133.7, 131.2, 129.3, 128.3, 127.5, 124.6, 122.6, 122.5, 118.1, 114.9, 113.2, 108.7, 
19.3 

Synthesis of (3-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl-(4-bromo-
3,5-dimethylbenzene)) (10b) 

To a two neck RBF, compound 4b (2.00 g, 6.31 mmol), compound 6 (2.36 mg, 
7.58 mmol), Pd(PPh3)4 (0.69 g, 0.63 mmol) and K2CO3 (3.48 g, 25.24 mmol) were 
put and dissolved in 63 ml of THF and 63 ml of H2O. The mixture was refluxed 
overnight and cooled down to RT, extracted with DCM (80 ml × 3). The organic 
layer was dried over anhydrous Na2SO4 and concentrated under vacuo. After 
purifying with silica gel column chromatography (SiO2, n-hexane:DCM = 3:1), the 
compound 10b (2.66 g, 5.83 mmol, 92% yield) was obtained in a white powder. 1H 
NMR (300 MHz, CDCl3): δ 7.56 (s, 2H), 7.24 (dd, 2H), 6.90–6.84 (m, 2H), 6.76–
6.72 (m, 2H), 6.60–6.54 (m, 4H), 2.37 (s, 6H); 13C NMR (75.47 MHz, CDCl3): δ 
146.7, 145.9, 140.2, 139.8, 138.7, 133.6, 133.2, 130.0, 126.4, 122.7, 122.6, 122.4, 
121.9, 119.8, 115.7, 114.9, 113.5, 107.0, 24.5. 

Synthesis of (3-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl-3,5-
dimethylphenyl)-4-boronic acid) (11b) 

The compound 10b (2.0 g, 4.38 mmol) was treated vacuum and filled with 
nitrogen. 25 ml of dry THF was added under inert condition. n-Butyllithium 
solution (1.6 M in n-hexane, 4.1 ml, 6.57 mmol) was added dropwised after the 
solution was cooled down to –78 °C and stirred for 1h at that temperature after 
which trimethylborate (0.91 g, 8.76 mmol) was added at once. The mixture was 
stirred overnight at RT. The reaction mixture was added to 5 ml of aqueous HCl 
solution (1 N) and extracted with DCM (30 ml × 3). The organic layer were dried 
over Na2SO4, concentrated under reduced pressure. The solid was washed with n-
hexane to afford compound 11b in a dark green solid. The compound 11b was used 
for the next reaction without further purification. 

(3-(Benzo[5,6][1,4]oxazino[2,3,4-kl]phenoxazinyl-3,5-dimethylphenyl)-3,5-
diphenyl-1,3,5-triazine)) (NB-redmTRZ, 12b) 

To a compound 11b (0.60 g, 1.42 mmol), 2-chloro-4,6-diphenyl-1,3,5-triazine 
(0.45 mg, 1.70 mmol), Pd(PPh3)4 (0.11 g, 0.10 mmol) and K2CO3 (0.77 g, 5.60 
mmol) were put together and dissolved in 50 ml of THF and 50 ml of H2O. The 
mixture was refluxed overnight and cooled down to RT, extracted with DCM (70 
ml × 3), dried over anhydrous Na2SO4 and concentrated under vacuo to afford NB-
redmTRZ (12b, 0.42 g, 0.69 mmol, 49% yield) in a white powder after purification 
by silica gel column chromatography (SiO2, n-hexane:DCM = 3:1). 1H NMR (300 
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MHz, CDCl3): δ 8.82–8.80 (m, 4H), 8.50 (s, 2H), 7.63–7.61 (m, 6H), 7.47–7.44 (m, 
2H), 7.03–6.94 (m, 4H), 6.83–6.76 (m, 3H), 6.57–6.56 (d, 2H), 2.32 (s, 6H); 13C 
NMR (75.47 MHz, CDCl3): δ 173.3, 172.6, 145.3, 137.9, 137.3, 136.6, 134.4, 
134.3, 131.2, 129.7, 129.4, 128.2, 127.5, 127.1, 122.6, 122.3, 114.4, 113.1, 107.9, 
19.4. 

 
1.4.2.2. Measurement 
 
Calculations 
DFT calculations were proceeded using the Gaussian ’09 program package to 

estimate charge distribution, frontier molecular orbital energy levels and dihedral 
angles. Gas-phase geometry optimizations for the S1 and T1 were carried out with 
TD-DFT calculations at the B3LYP/6-31G(d) level. 

Photophysical measurements 
UV-Vis spectra to measure absorbance of molecules were recorded on a Jasco 

V-730 spectrophotometer. PL spectra measuring fluorescence and phosphorescence 
were recorded on a Jasco FP-8300 spectrophotometer and Jasco corporation, Inc. 
spectrofluorometer. Transient PL measurements were carried out with 
photoluminescence decay traces measured through the time-correlated single 
photon counting (TCSPC) techniques by using a PicoQuant, FluoTime 250 
instrument. 377 nm pulsed laser was used as an excitation source. Low-temperature 
measurements were conducted using liquid nitrogen (Iwatani Industrial Gases, 
CRT-006-2000). 

Electrochemical measurements 
Cyclic voltammetry (CV) were managed with DMF solution (1.00 mM) with 

0.1 M TBAPF6 as the supporting electrolyte (VSP Princeton Applied Research). A 
platinum disk electrode was used as the working electrode and referenced to a 
(Ag/Ag+) reference electrode. All potential values were calibrated against the 
ferrocene/ferrocenium (Fc/Fc+) redox couple. The onset potential was determined 
with the intersection of two tangents drawn at the rising and background current of 
the cyclic voltammogram. 

Characterization 
Both 1H and 13C NMR spectra were measured in CDCl3 on a Bruker AM 300 

spectrometer. 1H NMR chemical shifts in CDCl3 were referenced to chloroform 
(CHCl3; 7.283 ppm) and 13C NMR chemical shifts in CDCl3 were also reported 
relative to CHCl3 (77.23 ppm). High-resolution mass analysis (JEOL, JMS-700) 
with fast atom bombardment (FAB) positive mode and electron impact (EI) were 
recorded from the National Centre for Inter-University Research Facilities. 
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Device fabrication and performance measurements 
The patterned ITO (70 nm) substrates were washed with water and 2-

isopropanol. Organic layers, LiF, and Al were thermally evaporated at a deposition 
rate of 1 Å s-1 for organic layers, 0.1 Å s-1 for LiF, and 3–5 Å s-1 for the Al 
electrode. OLED performances were measured by using Photo Research PR650 
spectrometer and Keithley 2400 source meter. 

 
1.4.3. Results and Discussion 
 
1.4.3.1. Computational results 
 
Molecular structures of NB-dmTRZ, NB-rdmTRZ, NB-edmTRZ and NB-

redmTRZ are depicted on Figure 1-17.  Charge distributions of the 
HOMO/LUMO levels of four designed compounds were carried out from the DFT 
calculation with B3LYP/6-31G(d) level using Gaussian ’09 package. S1 and T1 
energy levels and ΔEST was calculated with TD-DFT also by B3LYP/6-31G(d) 
level using Gaussian ’09 package and both DFT and TD-DFT calculation data are 
listed on Table 1-7. All four designed molecules are D-π-A structure with identical 
electron donor (NB group), identical π-bridge (dimethyl benzene) and electron 
acceptor (diphenyl triazine). however, Figure 1-17 (a),(b) were donor-tilted 
structure and Figure 1-17 (c),(d) were acceptor-tilted structure. We also granted 
difference on substitutional position of electron donor for an in-depth study for 
novel electron donor. Figure 1-17 (a),(b) had substitution on 7th-position of 
electron donor, on the other hand, Figure 1-17 (c),(d) had on 3rd-position of donor. 

Figure 1-17. Molecular structures of NB-dmTRZ, NB-rdmTRZ, NB-edmTRZ and 
NB-redmTRZ 
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Table 1-7. Calculated energy levels of designed molecules 

Emitter HOMO 
[eV] 

LUMO 
[eV] 

Eg 
[eV] 

S1 
[eV] 

T1 
[eV] 

ΔEST 
[eV] 

NB-dmTRZ 4.80 1.75 3.05 2.73 2.71 0.02 
NB-rdmTRZ 4.72 1.84 2.88 2.62 2.48 0.14 
NB-edmTRZ 4.80 1.76 3.04 2.73 2.71 0.02 
NB-redmTRZ 4.72 1.85 2.87 2.62 2.48 0.14 

 
Two pairs of molecules, NB-dmTRZ, NB-edmTRZ and NB-rdmTRZ, NB-

redmTRZ had similar HOMO-LUMO levels and ΔEST respectively, however 
comparatively different from each pairs. Larger band gaps and smaller ΔEST was 
predicted for molecules of donor-twisted molecules by the calculation data. 

 
1.4.3.2. Synthesis 
 
The synthetic route of four molecules is illustrated in Scheme 1-3. Synthesis 

of NB-dmTRZ and NB-rdmTRZ strarted from Ullmann coupling reaction of o-
iodoanisole with 4-bromo-2,6-difluoroaniline to obtain (1a). Oxygen bonding was 
made after demethylation with BBr3, forming (3a). The formation of boronic acid 
was proceeded by lithiation of halide group with n-buthyllithium solution, 
attaching dimethylborate and oxidation with HCl to form (4a). π-bridge was made 
from 3,6-dimethylaniline bromination with NBS (5) and substituating amine to 
iodine with KI (6). N-buthyllitium and trimethylborate was used for forming 
boronic acid (7) on π-bridge. For NB-dmTRZ, dimethylbenzene π-bridge with 
diphenyltriazine acceptor was linked by Suzuki-Miyaura coupling reaction. NB 
donor and π-bridge-A unit was coupled by Suzuki-Miyaura reaction to furnish NB-
dmTRZ. However, π-bridge was attached to NB donor (11a) previously to form D-
π-bridge synthesizing with triazine acceptor to furnish NB-rdmTRZ (12a). Much 
higher yield was obtained when boronic acid is on electron donating group and 
halide on electron accepting group due to a strong electron withdrawing ability of 
triazine. For synthesizing NB-edmTRZ and NB-redmTRZ, Ullmann coupling 
reaction of o-iodoanisole with 2,6-difluoroaniline was proceeded to obtain (1b). 
NBS was used for bromination on 4th position of (1b) to furnish (2). The following 
procedure was identical for NB-dmTRZ and NB-edmTRZ. NB-rdmTRZ and NB-
redmTRZ had the same synthetic procedure. 
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[Synthetic part 1.] 

 
[Synthetic part 2.] 
 
 
 
 
 
 
 
 
[Synthetic part 3-1.] 

 

Scheme 1-3-1. Preparation of phenoxazinyl boronic acid 

Scheme 1-4-2. Formation of dimethyl benzene based linker 

Scheme 1-5-3. Synthesis of NB-dmTRZ and NB-edmTRZ 
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[Synthetic part 3-2.] 

 
 
1.4.3.3. Photophysical Properties 
 
Photophysical properties in solution 

Scheme 1-3-4. Synthesis of NB-rdmTRZ and NB-redmTRZ 

Figure 1-18. Photophysical properties of (a)NB-dmTRZ, (b)NB-rdmTRZ, (c)NB-
edmTRZ and (d)NB-redmTRZ dissolved in solvents of various polarity (Toluene, 
THF and DCM) 
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Table 1-8. Phophysical properties of four designed molecules in solution 

Emitter λmax_UV λmax_PL_Tol λmax_PL_THF λmax_PL_DCM 

NB-dmTRZ 359 nm 485 nm 577 nm 587 nm 

NB-rdmTRZ 367 nm 490 nm 550 nm 556 nm 

NB-edmTRZ 367 nm 486 nm 566 nm 573 nm 

NB-redmTRZ 380 nm 486 nm 550 nm 554 nm 

 
UV-vis and PL spectra under solvents of various polarity (Toluene, THF, 

DCM) are depicted on Figure 1-18 and listed on table 1-8. All four molecules 
showed π-π* absorbance under 325 nm region and ICT peak between 325–450 nm. 
PL spectra tend to bathochromically shift as the solvent polarity increase. All four 
compounds showed decrease of the PL intensity of 1CT emission as the polarity of 
environment increase and 1LE shoulder peak tend to increase. This is due to the 
difference in phenomenon between excited CT and LE states along the change of 
environment. The excited CT energy level decreases as the solvent polarity 
increases due to the strong interaction between solvent field and CT state, and is 
accompanied by bathochromic shift along with decreased PL intensity. On the other 
hand, LE state does not interact with solvent field since charges remain stational 
from S0 to 1LE state and remains unchanged. In other words, it is not the matter of 
increase of 1LE intensity but decrease of 1CT intensity and both were amplified by 
normalization. The PL λmax of each molecules in toluene solution was 485 nm, 486 
nm, 490 nm and 486 nm for NB-dmTRZ, NB-edmTRZ, NB-rdmTRZ and NB-
redmTRZ respectively. The absorbance peak red-shifted along the order of 
(a),(c),(b),(d) and thus, the order of the stokes’ shift degree was the opposite. 

Figure 1-19. Fluorescence and phosphorescence spectra of (a) NB-dmTRZ and 
NB-edmTRZ, (b) NB-rdmTRZ and NB-redmTRZ in toluene solution 
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Table 1-9. S1, T1 and ΔEST of NB-dmTRZ, NB-edmTRZ, NB-rdmTRZ and NB-
redmTRZ 

Emitter S1 T1 ΔEST 
NB-dmTRZ 3.01 eV 2.84 eV 0.17 eV 
NB-edmTRZ 3.02 eV 2.85 eV 0.17 eV 
NB-rdmTRZ 3.01 eV 2.54 eV 0.47 eV 
NB-redmTRZ 3.02 eV 2.59 eV 0.43 eV 

 
To estimate S1, T1 and following ΔEST, PL spectra in low temperature (LT, 

77K) was measured. The S1 state was analyzed by on-set of fluorescence peak 
without delay time. The T1 was measured by on-set of phosphorescence peak with 
200ms delay time. The tendency was similar in accordance with donor-
twisted/acceptor-twisted structure, but barely dependent on the location of 
substitution on the NB donor. The photophysical properties of NB-dmTRZ and 
NB-edmTRZ in low temperature is listed in Figure 1-19 (a). The S1 levels of two 
molecules showed almost identical degree and so did T1 and following ΔEST of 
0.17 eV. Figure 1-19 (b) shows low-temperature PL of NB-rdmTRZ and NB-
redmTRZ. S1 was 3.01 eV, 3.02 eV respectively, comparable to each other. T1 was 
2.54 eV for NB-rdmTRZ and slightly deeper value of 2.59 eV for NB-redmTRZ. 
ΔEST was small for donor-twisted NB-dmTRZ and NB-edmTRZ, however that of 
acceptor-twisted NB-rdmTRZ and NB-redmTRZ was too large to run TADF 
mechanism. We believe the large distinction in ΔEST between donor/acceptor 
twisted structures by dimethylbenzene bridge group was influenced by 
donating/accepting abilities of those two. As the donating ability of NB group is 
stronger than accepting ability of TRZ group, charge of HOMO reached out to 
LUMO when acceptor-twisted structure, causing spatial overlap between HOMO 
and LUMO. However, in donor-twisted structure, distorted angle of donor 
obstructs HOMO to reach LUMO, resulting in a small ΔEST. 

 
Photophysical properties on film 
 
For further investigation of NB based compounds, photophysical data on neat 

film were measured and showed in Figure 1-20 and organized in Table 1-10. 
In PL spectra shown in Figure 1-20 (a), donor-twisted showed similar 

maximum peak wavelength of 502 nm for NB-dmTRZ and 503 nm for NB-
edmTRZ. On the other hand, acceptor-twisted NB-rdmTRZ and NB-redmTRZ 
showed almost identical PL spectra on 522, 523 nm respectively. This tendency 
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was similar to LTPL data in Figure 1-19. NB-dmTRZ and NB-edmTRZ with small 
ΔEST had delayed component; delayed lifetime (T1→S1→S0) was 3.2 and 3.8 μs 
respectively (Figure 1-20 (b)). However, the fluorescence decay spectra of NB-
rdmTRZ and NB-redmTRZ were better fitted on single-exponential, which indicate 
no delayed component found, inefficient triplet harvesting for the acceptor-twisted 
compounds. PLQY to estimate IQE was only measured for donor-twisted 
molecules. IQE of NB-dmTRZ was 43% and that of NB-edmTRZ was slightly 
high value of 52%. 

 
Table 1-10. photophysical properties of four materials on neat film 

Emitter NB-dmTRZ NB-edmTRZ NB-rdmTRZ NB-redmTRZ 
λmax 502 nm 503 nm 522 nm 523 nm 
τ2 3.2 μs 3.8 μs - - 

PLQY 43% 52% - - 
 
 
1.4.3.4. Device Performance 
 
OLED devices were fabricated using NB-dmTRZ and NB-edmTRZ as dopant 

materials, DPEPO as a single host with varying dopant concentration from 10–30 
wt% (Figure 1-21). N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-
diamine (NPB) was used as a hole transporting material, 1,3-Bis(N-
carbazolyl)benzene (mCP) was used as hole blocking layer and DPEPO as electron 
blocking layers. For efficient electron transport to the shallow-lying LUMO of 
DPEPO, 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was 

Figure 1-20. (a) PL spectra, (b) transient-PL spectra of NB-dmTRZ, NB-edmTRZ, 
NB-rdmTRZ and NB-redmTRZ on neat film 
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introduced. The device structure is ITO (70 nm) / NPB (40 nm) / mCP (10 nm) / 
DPEPO:dopant (10–30 wt%, 20 nm) / DPEPO (10 nm) / TPBi (40 nm) / LiF (1 
nm) / Al (100 nm) (Figure 1-18(a)). Both NB-dmTRZ and NB-edmTRZ based 
devices show best EQEs when the doping concentration is 20 wt%. Both devices 
had identical turn-on voltage (Von) of 5.0 V. EQEmax of NB-edmTRZ was slightly 
higher than that of NB-dmTRZ in accordance of PLQY data. 

 
Table 1-11. Device performance of NB-dmTRZ and NB-edmTRZ based OLED of 
20 wt% doped on DPEPO host material 

 Von [V] EQEmax [%] CIE 
20 wt% NB-dmTRZ 5.0 18.7 (0.36, 0.56) 
20 wt% NB-edmTRZ 5.0 19.2 (0.38, 0.56) 

 
 
1.4.3.5. Modifications of NB donor 
 
For further investigation of novel NB donor modification of electron donating 

group was preceeded; 1) debonding NB structure to study the effect of rigid bond 
(nNB), 2) intruducing methoxy group (MeONB) or tert-butyl group (t-BuNB) on 
NB structure to increase ICT character for better EQE. Three more structures 
named nNB-dmTRZ, MeONB-dmTRZ and t-BuNB-dmTRZ were designed and 
synthesized (Figure 1-22).

Three molecules were synthesized by similar method of Scheme 1-3-2 and 
Scheme 1-3-3 but different starting materials. nNB-dmTRZ used 4-bromoaniline 
instead of 4-bromo-3,5-di-methylaniline, MeONB-dmTRZ used 1-bromo-2,4-
dimethoxybenzene instead of o-iodoanisole. For t-BuNB-dmTRZ, 5-tert-butyl-2-
iodoanisole stood in for o-iodoanisole. All three molecules were synthesized and 

Figure 1-21. (a)Device structure, (b) EQE vs luminescence (EQE-L) curves for 
NB-dmTRZ, (c) EQE-L curves for NB-edmTRZ 
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their photophysical properties were measured and described in Figure 1-23 and 
Table 1-12. However, absence of delayed component of nNB-dmTRZ, highly red 
shifted PL spectrum caused by strong ICT character of MeONB-dmTRZ and t-
BuNB-dmTRZ which were inappropriate for blue TADF materials prevented us 
from further research. 

 

 
 

Table 1-12. Photophysical properties of synthesized molecules 

Emitter λmax_UV λmax_PL_Tol λmax_PL_THF λmax_PL_DCM 

nNB-dmTRZ 370 nm 461 nm 537 nm 550 nm 

MeONB-dmTRZ 361 nm 505 nm 580 nm 588 nm 

t-BuNB-dmTRZ 359 nm 548 nm 587 nm 560 nm 

 

Figure 1-23. Photophysical properties of (a) nNB-dmTRZ, (b) MeONB-
dmTRZ,(c) t-BuNB-dmTRZ in various solvent of different polarity 

Figure 1-22. Designed molecules with modified NB donor 
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We systematically discussed the novel rigid-planar donor of fused 
phenoxazine structure which has never been used for TADF materials. Seven 
candidates were synthesized for screening, adding variety on substitution position, 
twisting location and introduction of electron donating groups on electron donor. 
The twist position was crucial for controlling ΔEST for efficient RISC and 
following EQE. The substitution position of NB donor rather affect PLQY, but 
barely on ΔEST. NB-edmTRZ with 3-substituted NB donor with donor-twisted 
structure recorded the highest EQE of 19.2% with λmax of 503 nm. NB-dmTRZ 
with 7-substituted NB donor with donor-twisted structure showed 18.7 % EQE 
with λmax of 502 nm. NB-rdmTRZ with 7-substituted NB donor and NB-redmTRZ 
with 3-substituted NB donor had acceptor-twisted structure in common, however 
both were incapable of triplet harvesting, inappropriate for TADF emitters. Other 
trial models with modified NB was synthesized but device fabrication was not 
proceeded for their unqualified characteristics for blue TADF emitters. 
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1.5. Spiro−Type TADF Emitters Based On Acridine 
Donors and Anthracenone Acceptor. 

 
1.5.1. Introduction 
 
Thermally activated delayed fluorescence (TADF) materials, which are 

capable of using both singlet and triplet excitons, have drawn considerable 
attention alternatives to phosphorescence emitters which utilize spin-orbit coupling 
of heavy metal atoms that raise the cost of device.1,2 Although conventional 
fluorescence emitters can only utilize 25% of excitons in the lowest singlet excited 
state (S1), TADF emitters can use 100% of excitons by harvesting 75% of excitons 
in the lowest triplet excited state (T1) to the S1 through reverse intersystem crossing 
(RISC). The typical structure of TADF emitters contains an electron donor (D) unit 
linked to an electron acceptor (A) unit by π−bridge forming D-π-A structure. 
However, the additional strain to twist the structure should be introduced to achieve 
small ΔEST by separation of charge distributions between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
for D-π-A structure, which increases the synthesizing steps. As a result, studies of 
TADF structures excluding π−bonding for efficient spatial separation of 
HOMO/LUMO are introduces such as structures of through space charge transfer 
(TSCT) or D and A linked to σ−bonding. In 2017, Tsujimoto et al. reported TSCT 
materials based on dimethylxanthene bridge to maintain small distance between 
D−A recording external quantum efficiency (EQE) of 10%.3 Shao et al. introduced 
polymer-based D−A structure with low-efficiency roll-off and high EQE of 12.1% 
also in 2017.4 The most recent report was recording highest EQE of 23.96% among 
TSCT-based TADF by Wu et al. introducing N-fused aryl group donor and O-
bridged triphenylborane acceptor.5  

For another strategy for D-σ-A structure, D linked to A with spiro-structure 
was suggested and researched since Adachi and coworkers first reported orthogonal 
spiro structured TADF material achieving 10.1% EQE in 20126 and further 
improved by introducing anthracenone acceptor reaching EQE to 16.5%.7 In 2017, 
Wang et al. reported rigid, strong donor with a cyanine substituted spiro acceptor 
furnishing a highly stable device with EQE of 20.4%.8 

In this thesis, we introduce rigid and sphere-shaped structures adopting a 
spiro-acridine-based electron-donating group. When electron donor and acceptor 
are linked with σ-bonding, delocalization can barely cross over the sp3 carbon from 
donor to acceptor, suggesting spatial HOMO-LUMO separation can be achieved 
even D-A is located co-adjacent. Two molecules were designed with spiro-
anthracenone in common as an electron acceptor, spiro-acridine based electron 
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donor but fused with carbazole and phenoxazine, respectively. The carbazole fused 
acridine-spiro-anthracenone structure was named CBZANQ and the molecule with 
phenoxazine fused acridine-spiro-anthracenone was named PXZANQ. Both 
compounds were synthesized by immensely simple three-step reaction with high 
yield, which was highly advantageous on reproduction. 

 
1.5.2. Experimental Section 
 
 
1.5.2.1. Preparation 
 
Synthesis of 9-(2-bromophenyl)-9H-carbazole (1) 
Carbazole (0.84 g, 5.0 mmol), 1-bromo-2-iodobenzene (1.41 g, 5.0 mmol), 

CuSO4 (0.62 g, 2.5 mmol) and K2CO3 (2.76 g, 20.0 mmol) were dissolved in o-
DCB (2.5 ml). The mixture was stirred at 180°C for 1 day. Then, the mixture was 
allowed to cool down to room temperature, and 50 ml of water was poured in. The 
crude was extracted with DCM (50 ml × 3). The combined organic extracts were 
dried over Na2SO4, filtered, and concentrated under reduced pressure. The residue 
was purified by flash chromatography on silica gel (MC : Hex = 1: 5) to afford 
desired compound 1 (1.43 g, 4.4 mmol, 89% yield). 1H NMR (400 MHz, CDCl3): δ 
8.16 (dd, 2H), 7.93–7.88 (m, 1H), 7.63–7.38 (m, 5H), 7.32 (dd, 2H), 7.11 – 7.09 (m, 
2H). 13C NMR (75.47 MHz, CDCl3): δ 141.4, 137.1, 134.5, 131.8, 130.9, 129.8, 
126.5, 124.7, 123.5, 120.8, 120.4, 110.6.  

Synthesis of spiro[anthracen-9,8'-indolo[3,2,1-de]acridine]-10'-one 
(CBZANQ) 

The compound 1 (1.43 g, 4.4 mmol) was dissolved in 50 ml of dry THF under 
inert condition. The solution was cooled to -78 °C, added n-BuLi (1.6 M in n-
hexane, 2.75 ml, 4.4 mmol) and stirred for 1.5 hr at -78 °C. Then, anthraquinone 
(0.91 g, 4.4 mmol) was slowly added to the reaction solution and stirred overnight 
at 0 °C. The reaction mixture was added water and extracted with DCM (50 ml × 
3). The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude 
mixture was purified with column chromatography on silica gel (MC : Hex = 1 : 3). 
The product was dissolved in the mixture of acetic acid (20 ml) and HCl (1 ml) and 
refluxed for 4 hrs. The resulting mixture was celite/silica filtered extracted with 
Chloroform. The organic layer was collected, dried over Na2SO4 and concentrated 
under reduced pressure. The resulting mixture was crystalized in n-hexane to 
furnish desired compound CBZANQ (2, 1.80 g, 94% yield). the residue was further 
purified by thermal sublimation (1.65 g, 86% yield, white powder). 1H NMR (400 
MHz, CDCl3): δ 8.44–8.42 (dd, 2H), 8.32–8.31 (d, 1H), 8.29–8.17 (d, 1H), 8.21–



 

 ５７ 

8.20 (d, 1H), 7.87–7.85 (d, 1H), 7.68–7.65 (t, 1H), 7.45–7.42 (t, 1H), 7.39–7.34 (m, 
5H), 7.10–7.05 (b, 3H), 5.90–5.97 (t, 1H), 5.76–5.74 (dd, 1H), 5.61–5.59 (d, 1H). 
13C NMR (75.47 MHz, CDCl3): δ 183.1, 145.5, 144.7, 140.8, 135.5, 135.4, 132.9, 
131.2, 127.7, 126.5, 125.7, 123.5, 122.9, 122.8, 121.7, 121.5, 119.8, 118.8, 117.5, 
109.7, 106.5, 48.5 

Synthesis of 10-(2-bromophenyl)-10H-phenoxazine (3) 
Phenoxazine (1.83 g, 10.0 mmol), 1-Bromo-2-iodobenzene (2.83 g, 10.0 

mmol), K2CO3 (5.52 g, 40.0 mmol), and CuSO4 (1.25 g, 5.0 mmol) were dissolved 
in 5 ml of o-DCB and the solution was stirred at 180 °C for overnight. The 
resulting mixture was filtered with celite/silica and the filtrate was extracted with 
DCM (80 ml × 3). The organic phase was collected and dried over Na2SO4 and 
concentrated under reduced pressure. The obtained crude product was washed with 
hexane to give desired product 3 (1.60 g, 4.7 mmol, 47% yield) as a brown oil. 1H 
NMR (300 MHz, CDCl3): δ 7.83 (d, 1H), 7.54 (t, 1H), 7.43 (d, 1H), 7.37 (t, 1H), 
6.71–6.58 (m, 6H), 5.79 (d, 2H). ). 13C NMR (75.47 MHz, CDCl3): δ 145.6, 139.5, 
134.6, 132.7, 130.6, 128.2, 127.5, 124.6, 123.7, 122.8, 115.6, 114.3 

Synthesis of Spiro[anthracen-9,9'-quinolino[3,2,1-kl]phenoxazine]-10'-one 
(4, PXZANQ) 

The compound 3 (1.60 g, 4.7 mmol) was dissolved in 50 ml of dry THF under 
inert condition. The solution was cooled to -78 °C, added n-BuLi (1.6 M in n-
hexane, 3 ml, 4.7 mmol) and stirred for 1.5 hr at the same temparature. Then, 
anthraquinone (0.98 g, 4.7 mmol) was slowly added to the reaction solution and 
stirred overnight at 0 °C. The reaction mixture was added water and extracted with 
chloroform. The organic layer dried over Na2SO4 and concentrated in vacuo. The 
crude product was purified with column chromatography on silica gel (MC : Hex = 
1 : 3). The product was dissolved in the mixture of acetic acid (20 ml) and HCl (1 
ml) and stirred for 4 hrs under reflux. The resulting mixture was filtered with 
celite/silica and the filtrate was extracted with Chloroform. The organic layer was 
collected, dried and concentrated under reduced pressure. The resulting mixture 
was crystalized in n-hexane to furnish PXZANQ (4, 1.95 g, 92% yield). the residue 
was further purified by thermal sublimation (1.67 g, 78% yield) to afford yellow 
powder. 1H NMR (300 MHz, CDCl3): δ 8.39 (m, 2H), 7.71 (d, 1H), 7.56 (d, 1H), 
7.26 (m, 5H), 7.17 (t, 2H), 7.09 (d, 1H), 7.07 (d, 2H), 6.78 (d, 2H), 6.66 (t, 1H), 
6.55 (d, 1H), 6.12 (d, 1H). 13C NMR (75.47 MHz, CDCl3): δ 183.5, 147.5, 146.5, 
139.5, 135.6, 135.5, 134.7, 132.8, 132.6, 131.7, 131.2, 130.5, 128.5, 128.3, 126.5, 
124.5, 124.2, 121.9, 114.3, 113.5, 112.5, 48.7. 
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1.5.2.2. Measurement 
 
Calculations 
DFT calculations were proceeded using the Gaussian ’09 program package to 

estimate HOMO-LUMO charge distribution, frontier molecular orbital energy 
levels and dihedral angles. Energy level optimizations for the S1 and T1 were 
carried out with TD-DFT calculations at the MPWB95/6-31G(d,p) level.  

Photophysical measurements 
UV-Vis spectra to measure absorbance of molecules were recorded on a Jasco 

V-730 spectrophotometer. PL spectra measuring fluorescence and phosphorescence 
were examined on a Jasco FP-8300 spectrophotometer and Jasco corporation, Inc. 
spectrofluorometer. Transient PL measurements were carried out with 
photoluminescence decay traces measured through the time-correlated single 
photon counting (TCSPC) techniques by using a PicoQuant, FluoTime 250 
instrument. 377 nm pulsed laser was used as an excitation source. Low-temperature 
measurements were conducted using liquid nitrogen (Iwatani Industrial Gases, 
CRT-006-2000). 

Electrochemical measurements 
Cyclic voltammetry (CV) were managed with DCM solution (1.00 mM) with 

0.1 M tetra-n-butylammonium perchlorate (TBAP) as the supporting electrolyte 
(VSP Princeton Applied Research). A platinum disk electrode was used as the 
working electrode and referenced to a (Ag/Ag+) reference electrode. All potential 
values were calibrated against the ferrocene/ferrocenium (Fc/Fc+) redox couple. 
The onset potential was determined with the intersection of two tangents drawn at 
the rising and background current of the cyclic voltammogram. 

Characterization 
Both 1H NMR spectra were measured in CDCl3 on a Bruker AM 300 

spectrometer and 13C NMR spectra were recorded in CDCl3 on a Bruker AM 400 
spectrometer. The chemical shifts in CDCl3 were referenced to chloroform (CHCl3; 
7.283 ppm) and 13C NMR chemical shifts in CDCl3 were also reported relative to 
CHCl3 (77.23 ppm). High-resolution mass analysis (JEOL, JMS-700) with fast 
atom bombardment (FAB) positive mode and electron impact (EI) were recorded 
from the National Centre for Inter-University Research Facilities. 

Device fabrication and performance measurements 
The patterned ITO (70 nm) substrates were washed with water, sonicated in 

isopropylalchol. Organic layers, LiF, and Al were thermally evaporated at a 
deposition rate of 1 Å s-1 for organic layers, 0.1 Å s-1 for LiF, and 3–5 Å s-1 for the 
Al electrode. OLED performances were measured by Keithley 2400 source meter 
and Photo Research PR650 spectrometer. 
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1.5.3. Results and Discussion 
 
1.5.3.1. Computational results 

 
Table 1-13. Calculated energy levels of CBZANQ and PXZANQ 

Emitter HOMO 
[eV] 

LUMO 
[eV] 

Eg 
[eV] 

S1 
[eV] 

T1 
[eV] 

ΔEST 
[eV] 

α 
[°] 

CBZANQ -5.41 -1.81 3.60 3.32 3.12 0.20 70.9 
PXZANQ -5.09 -1.91 3.12 3.07 3.00 0.07 71.2 

 
Molecular structures and calculated energy levels of CBZANQ and PXZANQ 

are showed on Figure 1-24 and Table 1-13. HOMO-LUMO frontier levels were 
carried out from the DFT calculation with B3LYP/6-31G(d) level using 
Gaussian ’09 package. For the excited state estimation, TD-DFT calculation also 
with B3LYP/6-31G(d) was used, and predicted S1, T1 energy levels and ΔEST. 

Two compounds have acridine-donor and anthracenone-accptor in common, 
however CBZANQ was carbazole-acridine fused structure and PXZANQ was 
phenoxazine- acridine fused structure. Both were spiro-type D-σ-A structures with 

Figure 1-24. Sturctures and charge distributions of CBZANQ and PXZANQ 
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orthogonal arrangement. 
Charges of HOMOs are delocalized mainly on electron donor, however, 

LUMOs are on electron acceptor for both CBZANQ and PXZANQ. LUMO levels 
of both materials were almost identical which is derived from anthracenone, on the 
other hand, PXZANQ had higher HOMO level than that of CBZANQ whose from 
electron rich character of phenoxazine. S1 levels were 3.06 eV for CBZANQ and 
lower value of 2.66 eV for PXZANQ, which is previously studied that the stronger 
electron donor leads to the lower S1 energy level.9 T1 states were 2.96 eV for 
CBZANQ, 2.65 eV for PXZANQ, and following ΔEST were 0.10 eV, 0.01 eV for 
CBZANQ and PXZANQ respectively. The distorted angles between D and A were 
around 71° for both molecules. 

 
1.5.3.2. Synthesis 
 
The synthetic route were described in scheme 1-4, highly simple for both 

molecules. Carbazole and phenoxazine were reacted with 1-bromo-2-iodobenzene 
by Ullmann coupling to form compound 1 and compound 3 respectively. Each 
underwent lithiation of halide using n-BuLi and reacted with anthraquinone, 
forming phenylcarbazole/phenylphenoxazine linked to (2-hydropheny)methanone. 
This intermediate compounds, without further purification, were treated acetic 
acid/hydrochloric acid to form anthracenone ring furnishing desired compound 2 
(CBZANQ) and compound 4 (PXZANQ). 

 

 
Scheme 1-4. Synthetic routes for CBZANQ and PXZANQ 
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1.5.3.3. Photophysical properties 
 
Photophysical properties in solution 
UV and PL spectra of CBZANQ and PXZANQ were measured under various 

solvent of different polarity (Toluene, THF, DCM) and depicted in Figure 1-25 
(a),(b) and listed in Table 1-14. Interestingly, the photophysical data of CBZANQ 
was distinguishable from previous works. The electron-donating ability of 
carbazole-acridine fused complex was not strong enough to extend over to 
anthracenone acceptor through σ-bonding, causing insufficient ICT character. The 
absorbance spectra showed negligible ICT absorbance in 370−400 nm region. 
Accordingly, CBZANQ showed 1LE dominant emission in non-polar Tol solution, 
showing largest peak at 377 nm wavelength and shoulder peak of 1CT emission at 
454 nm. However as the polarity increase, 1CT energy level decreased to lower 
than 1LE level, 1CT emission became dominant in polar THF and DCM solution 
(Figure 1-25 (a)). On the other hand, PXZANQ with a stronger donor, phenoxazine, 
had ICT absorption on 320−365 nm showing 1CT-dominant emission in all 
different solvent polarity, from non-polar toluene to polar DCM (Figure 1-25 (b)). 

 
Table 1-14. Phophysical properties of CBZANQ and PXZANQ 

Emitter λmax_PL_Tol 
[nm] 

λmax_PL_THF 
[nm] 

λmax_PL_DCM 
[nm] 

CBZANQ 380 498 532 
PXZANQ 537 589 595 

 

Figure 1-25. Photophysical properties of CBZANQ and PXZANQ; (a) UV, PL 
spectra of CBZANQ, (b) UV, PL spectra of PXZANQ under various solution 
(Toluene, THF and DCM). 
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For further study, PL spectra in more diverse solutions in Hex, Tol, THF, 

DCM, MeOH, and ACN were collected (Figure 1-26). CBZANQ showed 
completely quenched 1CT emission in nonpolar Hex and gradually increased in 
more polar Tol, THF, and showed highest PL intensity in DCM. However, PL 
intensity decreased in more polar solvent, MeOH, and completely quenched in 
highly polar solvent, ACN. On the other hand, PL phenomenon of PXZANQ 
differed with that of CBZANQ. The intensity gradually decreased and red-shifted 
as the solvent polarity increase, from Hex to DCM, and completely quenched in 
MeOH and ACN. 

In Figure 1-27, the aggregation induced emission (AIE) were analyzed by PL 
spectra of emitters diluted in THF solution increasing water fraction (fw) of 0−95%. 
Both materials showed AIE since the structures are bulky, sphere-shaped 
suppressing intermolecular interaction. CBZANQ showed PL intensity increase by 
2.9 fold when fw is 95% compared to dilute in pure THF solution. PXZANQ 
showed extreamly higher increase 19.8 fold increase in fw=95% condition. 

 

Figure 1-26. Photophysical properties in various solutions (Hex, Tol, THF, DCM, 
MeOH, ACN); (a) CBZANQ, (b) PXZANQ 

Figure 1-27. PL spectra with increasing fw (0−95%) (a) CBZANQ, (b) PXZANQ 
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Photophysical properties on doped film 

 
Table 1-15. Film PL spectra of CBZANQ/PXZANQ on DPEPO host material 
(spin-coated film) 

Emitter 5wt% 10wt% 20wt% 
CBZANQ 475 nm 489 nm 535 nm 
PXZANQ - - 527 nm 
 
To investigate photophysical properties of CBZANQ and PXZANQ in the 

host environment, doped film were fabricated. There are two ways to make doped 
film; i) by spin-coating and ii) by thermal evaporation. The latter rather accurate in 
our study since the device fabrication is preceeded by thermal evaportaion. 
Furthermore, stacking form by spin-coating manner is dependent on various 
conditions; heat, solvent, rpm and so on. However, spin-coating is occationally 
used in quick observation of the characters of doped film.  

 PL spectra of CBZANQ/PXZANQ doped film on DPEPO host material were 
fabricated by both spin-coating method (Figure 1-28, Table 1-15) with 
differentiating the doping concentration. It was interesting to note that the 
phenomenon of PL spectra was quite different for CBZANQ. The emission peak 
largely red-shifted from 475 nm to 535 nm as the increase of doping concentration. 
On the other hand, that of PXZANQ showed a single, sharp peak regardless of 
doping concentration. 

PL spectra and transient PL spectra of thermally evaporated films were 
measured with the doping concentration of 20 wt% emitters (Figure 1-29 and Table 
1-16). Unlike the spin-coated film, both emitters showed smooth single PL 
spectrum indicating fluent electron transfer from S1 state of host material to S1 of 

Figure 1-28. PL spectra of emitters doped film using DPEPO host material by 
spin-coating method (a) 5–20 wt% CBZANQ : DPEPO, (b) 20 wt% PXZANQ : 
DPEPO 
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the emitters (Figure 1-29 (a)). PLQYs were 18% and 71% respectively, which were 
well accorded with the ICT character in Figure 1-22. The transient PL spectra were 
captured to estimate the triplet harvesting. Prompt lifetimes were 47 and 200 ns and 
delayed lifetimes were 43.0 and 10.2 μs, respectively for CBZANQ and PXZANQ, 
indicating potentials for TADF emitters (Figure 1-29 (b). To investigate specific 
value of excited energy levels, PL spectra under 77K condition was recorded with 
the identical film. The S1 and T1 energy level was calculated with PL maximum 
peak since both films showed very low intensity of phosphorescence, it was 
unreliable to obtain the energy level by onset of the spectra (Figure 1-29 (c), (d)). 
S1/T1 energy levels were 2.69/2.64 eV and 2.42/2.39 eV for CBZANQ and 
PXZANQ, respectively. 

Table 1-16. Photophysical properties of 20 wt% CBZANQ/PXZANQ : DPEPO 
film 

Emitter λmax_PL 
[nm] 

PLQY 
[%] 

τ1 
[ns] 

τ2 
[μs] 

S1 
[eV] 

T1 
[eV] 

ΔEST 
[eV] 

CBZANQ 473 18 47 43.0 2.69 2.64 0.05 
PXZANQ 518 71 200 10.2 2.42 2.39 0.03 

Figure 1-29. PL spectra of 20 wt% CBZANQ/PXZANQ : DPEPO film (thermally 
evaporated film); (a) PL at RT, (b) transient PL (c) CBZANQ doped film PL at 
77K, (d) PXZANQ doped film PL at 77K 
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Table 1-17. Rate constants for C
B

ZA
N

Q
 and PX

ZA
N

Q
 calculated w

ith the Equation 1-2. 

According to the Equation 1-2, it was 
possible to obtain the detailed rate constants for 
CBZANQand PXZANQ which are depicted in 
Table 1-17. 
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1.5.3.4. Electrochemical and thermal properties 

 
Table 1-18. Electrochemical and thermal data of CBZANQ and PXZANQ 

Emitter HOMO 
[eV] 

LUMO 
[eV] 

Eg 
[eV] 

Tg 
[°C] 

Tc 
[°C] 

Tm 
[°C] 

CBZANQ -5.66 -2.52 3.14 - - - 
PXZANQ -5.29 -2.63 2.66 117 159 287 

 
The DSC thermograms were collected to examine thermal stabilities of 

CBZANQ and PXZANQ; glass transition temperature (Tg), crystalline temperature 
(Tc), and melting temperature (Tm) could be carried out with the diagrams. The 
PXZANQ was scanned from -40°C to 300°C, showed Tg of 117°C, Tc of 159°C, 
and Tm of 287°C, however, CBZANQ did not show any thermal change under 
temperature of 350°C (Figure 1-30 and Table 1-18). 

 
 
1.5.3.5. Device performances 
 
OLED devices were fabricated with DPEPO host with dopant concentration of 

30 wt% for CBZANQ and 10 wt% for PXZANQ (Figure 1-31). NPB was used as a 
material for HTL, mCP was introduced as a triplet blocking layer, DPEPO was 
used both host materials for EML and hole blocking layer. TPBi was embedded as 
a ETL. The detailed device structure was depicted on Figure 1-31 (a); ITO (70 nm) 
/ NPB (40 nm) / mCP (10 nm) / DPEPO:dopant (30, 10 wt%, 20 nm) / DPEPO (10 
nm) / TPBi (40 nm) / LiF (1 nm) / Al (100 nm). Device performances are listed in 
Table 1-19. By device optimization was examined previously under various 

Figure 1-30. (a) CV spectra, (b) DSC thermograms of CBZANQ and PXZANQ 
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conditions of different thickness of each layers and doping concentrations. Both 
HTL and ETL showed the highest efficiency when the thickness is 40 nm. 
CBZANQ based device showed the best efficiency when the doping concentration 
was 30 wt%. On the other hand, PXZANQ performed the best when doped with 10 
wt% concentration. The turn-on voltage was 5.5 V for CBZANQ based device and 
5.0 V for PXZANQ based device which was relatively low. The maximum EQE 
was 6.7% for CBZANQ and 22.1% for PXZANQ device. We assume that the large 
EQE difference between two devices originated from strong ICT character of 
phenoxazine, thus PLQY and following efficiency was much higher for PXZANQ. 
In Figure 1-31 (b) inset describes EL spectra with λmax of 492 nm and 528 nm 
respectively. Singlet of host material of both devices fluently transferred to emitters 
on device, forming smooth EL spectra. The EQE roll-off of the devices were 
extremely small owing to their rigid structure. To our knowledge, EQE of 
PXZANQ based device recorded among the highest in D-σ-A structured TADF 
materials. 

Figure 1-31. Device performance using CBZANQ and PXZANQ emitters; (a) 
device structure, (b) Efficiency vs luminance curves and EL spectra, (c) Current 
density vs voltage vs luminance (J-V-L) curves, (d) power efficiency vs luminance 
vs current efficiecny (P-L-J) curves 
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Non-doped devices were fabricated utilizing AIE character in Figure 1-27 

(Figure 1-32 and Table 1-20). The device structures were similar with that of doped 
devices in Figure 1-31 (a), however, EML consist of only emitters with 20 nm 
thickness. The EQEs were low recording 0.7% for CBZANQ and 5.5% for 
PXZANQ even with high AIE phenomenon. 

 
 
1.5.4. Conclusion 
 
We systematically discussed the novel rigid, bulky and highly-reproducible 

TADF emitters based on D-σ-A structure which electron donor and acceptor is 
connected with spiro- bonding. Simple two step synthetic route assured 
reproducibility. Both compound have small ΔEST of 0.03 eV and 0.02 eV, which are 
enough for efficient RISC. CBZANQ with weak electron donor, carbazole, did not 
have much ICT character and showed LE-dominant emission even in S1 energy 
level recording low PLQY of 18%. On the other hand, PXZANQ with strong 
electron donor, phonoxazine, has strong ICT character producing PLQY of 71%. 

Figure 1-32. Non-doped device performance using CBZANQ and PXZANQ 
emitters; (a) device structure, (b) Efficiency vs luminance curves and EL spectra, 
(c) Current density vs voltage vs luminance (J-V-L) curves, (d) power efficiency vs 
luminance vs current efficiecny (P-L-J) curves 
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The OLED devices were fabricated with DPEPO host material for both emitters. 
CBZANQ based device showed sky-blue EL spectrum of 492 nm and relatively 
low efficiency of 6.7%. The device with PXZANQ showed EL spectrum on green 
region (528 nm) but showed high efficiency of 22.1%. Both devices were stable in 
high luminance showing negligible roll-off owing to highly-rigid structure. Non-
doped devices showed low efficiency of 0.7 and 5.5% respectively for CBZANQ 
and PXZANQ even with the AIE character. The device performance of PXZANQ 
based device recorded among the highest in D-σ-A structured TADF materials. 
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2.1. Introduction 
 
2.1.1. Necessity of organic solar cells (OSCs). 
A solar cell, which is also named photovoltaic cell, is a semiconducting device 

that directly converts sunlight irradiation into electrical energy by the photovoltaic 
effect. The cheapest and convenient energy source has been delectable fossil fuel 
energy and is dominantly used in our life. However, there are some drawbacks in 
continuously using oil as a major energy source; (i) introduction of air pollution (ii) 
arouse of global warming (iii) limitation of the quantity of buried fossil fuel. Thus, 
developing renewable alternative energy sources is necessary. Solar energy is one 
of the renewable energy sources, and solar cell enables the conversion of solar 
energy to electrical energy. The classification of solar cells is as follows; (i) Silicon 
semiconductor, (ii) inorganic semiconductor, and (iii) organic semiconductor. The 
best efficiencies of OSCs are continuously updated by the National renewable 
energy laboratory (NREL), which is depicted in figure 2-1.1 

The silicon and inorganic semiconductor are commercialized in various areas 
such as power sources of satellites, buildings, transportations, and so on with their 
high conversion efficiency of over 25%.2,3 However, the high cost of fabrication, 
dark and opaqueness explains the need for developing OSCs. Organic 
semiconductors are advantageous in low fabrication price, various color implement, 
and transparency but still recording a relatively low photon to current efficiency for 
commercialization.4,5 OSCs can be subdivided into two groups depending on the 
device structures; (i) photoelectrochemical solar cell (dye-sensitized solar cells; 
DSCs) and (ii) p-n junction solar cell (organic-photovoltaics; OPVs). Both types of 
OSCs will be thoroughly investigated, vide infra. 

Figure 2-1. Best research cell efficiencies by NREL (https://www.nrel.gov/) 
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2.1.2. Efficiency of OSCs 
The conversion efficiency of OSCs is the percentage of the solar energy on the 

device that is converted into electricity. Improving the conversion efficiency is the 
key to commercialize OSCs with cost-competitive energy sources altering fossil 
fuels. There are a few factors that affect conversion efficiency. 

a) Maximizing absorption wavelength: Light is composed of photons that 
have a wide range of wavelengths from ultraviolet to infrared. Absorbing a wide 
range of sunlight is a crucial factor to improve conversion efficiency. 

b) Minimizing recombination rate: The semiconductor is a charge carrier 
which transport hole and electron which are generated by the sunlight. When a 
device absorbs the solar energy, hole and electron generate and transfers to the 
opposite direction to generate electrical energy. Recombination of hole−electron 
pair incurs light or heat, which hampers the formation of electricity. 

c) Minimizing reflection rate: A device’s efficiency depends on the amount 
of light reflected away from the cell’s surface. Few methods are introduced to 
decrease reflection rates, such as anti-reflection coating and textured surface. 

The general current-voltage (J-V) curves demonstrating solar cell efficiency 
are as follows (Figure 2-2). 

 

Figure 2-2. Current-voltage (J-V) curves and equations for efficiency of typical 
solar cell 
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η is solar cell efficiency (photon to current efficiency; PCE), Pout and Pin are 
maximum power points of output and input, respectively. Pout can be subdivided by 
multiplication of highly important three factors; VOC, JSC, and FF. The performance 
of OSCs under standard illumination (AM 1.5 100mW/cm2) condition largely 
depends on these factors. (i) The short-circuit current density (JSC) is the current 
density under zero. (ii) The open-circuit voltage (VOC), which is the photovoltage 
under open-circuit conditions. (iii) The fill factor (FF). JSC represents the maximum 
photo-current that the device can obtain, which depends on the number of photons 
absorbed. In other words, JSC is influenced by surface area, device thickness, and 
absorption coverage. VOC stands for the maximum photo-voltage, which depends 
mainly on the organic material and energy level of their frontier orbitals, which is 
the energy difference between HOMO of the electron donor and LUMO of the 
electron acceptor. FF indicates the quality of the OSC device, which is determined 
by the photogenerated charge carriers and the fraction of carriers when they reach 
the electrode. FF is derived from the maximum area within the J-V curve divided 
by the Pout, which depends on the competition between charge carrier 
recombination and transport process. Consequently, to record the high EQE of a 
solar cell device, (i) the molar absorption coefficient of the molecule should be 
high to increase JSC, (ii) adjust HOMO-LUMO energy level by proper combination 
of electron donor and acceptor to give increase VOC and FF. 

 
2.1.3. Outline for thesis 
 
In this thesis, we investigate organic molecules adopted in active layers of 

OSCs. The working mechanism of OSC is opposite to that of OLED emitter since 
OLED device converts electrical energy into light which mainly focuses on 
emission efficiency, sharp PL spectra, and introducing different structure or 
donor/acceptor group depending on the suggested color. However, OSC devices 
mainly focuses on the amount of light absorbs, not emits; UV spectra will be 
largely concerned and discussed. The UV spectra of molecules in the active layer 
should reach from ultraviolet to near-infrared region to absorb the maximum 
amount of photon in sunlight irradiation. In addition, molar absorption coefficient 
is also crucial for increased JSC. 

First of all, we will discuss about development of dye materials for dye-
sensitized solar cells (DSCs) introducing triphenyl amine (TPA) substituted 
carbazole as an electron donor, quinacridone (QA) as a π-bridge material 
identically. The variety is added on the edge of QA group, whether to introduce 
phenyl ring or thiophene ring. Four dyes were synthesized; (i)(E)-3-(5-(9-(3,6-
bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-5,12-dihexyl-7,14-dioxo-
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5,7,12,14-tetrahydroquinolino[2,3-b]acridin-2-yl)thiophen-2-yl)-2-cyanoacrylic 
acid (QA-T), with triphenyl substituted carbazole donor, QA-thiophene π-bridge 
and acrylic acid acceptor. (ii)(E)-3-(4-(9-(3,6-bis(4-(diphenylamino)phenyl)-9H-
carbazol-9-yl)-5,12-dihexyl-7,14-dioxo-5,7,12,14-tetrahydroquinolino[2,3-
b]acridin-2-yl)phenyl)-2-cyanoacrylic acid (QA-P) which was identical to QA-T 
however has phenyl ring substituted instead of thiophene on QA group. (iii)(E)-3-
(5-(9-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-7,14-
bis(dicyanomethylene)-5,12-dihexyl-5,7,12,14-tetrahydroquinolino[2,3-b]acridin-
2-yl)thiophen-2-yl)-2-cyanoacrylic acid (QA-CN-T) adopted malononitrile group 
on carbonyl group of QA-T in order to increase the absorbance. (iv) (E)-3-(4-(9-
(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-7,14-bis(dicyanomethylene)-
5,12-dihexyl-5,7,12,14-tetrahydroquinolino[2,3-b]acridin-2-yl)phenyl)-2-
cyanoacrylic acid (QA-CN-P) also introduced malononitrile group instead of 
oxygen on QA-P. The UV absorbance reached to 552 nm for QA-T and QA-P 
recording EQEs of 5.22 % and 4.65 % respectively. For QA-CN-T and QA-CN-P 
showed red shifted absorption to 660 nm but recorded low EQE of 0.31% and 
0.23 %. (2.2.) 

Next, in Chapter 3 (2.3.), we will deal with the active layer of organic 
photovoltaic cells (OPV). DSC and OPV have a structural difference in the 
working mechanism. DSC has an electron donor and acceptor in a single molecule, 
transfers electrons into anode layer by ICT. However, OPV has an electron donor 
and acceptor in different molecules, which induces intermolecular charge transfer. 
Synthesis of two electron donor materials have proceeded. Motivated from the 
molecules which are synthesized on chapter 2, both molecules had π-bridge of 3-
hexylthiphene-substituted QA structure and TPA or carbazole respectively. (i) 2,9-
bis(5-(4-(diphenylamino)phenyl)-3-hexylthiophen-2-yl)-5,12-
dihexylquinolino[2,3-b]acridine-7,14(5H,12H)-dione (TPA-T-QA), which adopted 
TPA group showed maximum efficiency of 0.35% after optimization. (ii) 2,9-bis(5-
(4-(9H-carbazol-9-yl)phenyl)-3-hexylthiophen-2-yl)-5,12-dihexylquinolino[2,3-
b]acridine-7,14(5H,12H)-dione (CZ-T-QA) with carbazole group recorded 0.36% 
EQE after optimization. 



 

 ８１ 

2.2. Organic sensitizers for dye-sensitized solar 
cells (DSCs) 

 
2.2.1. Background 
 
2.2.1.1. Introduction 
DSCs have drawn considerable attention since O’Regan and Grätzed first 

reported in 1991, by virtue of their low cost of fabrication and relatively high 
photon-to-current conversion efficiency.6 They are attractive not only with the eco-
friendly energy source but also reproducible with low cost by introducing an 
organic material as an alternative to silicon or inorganic solar cells of the expensive 
cost of fabrication.7 The main difference between DSCs and silicon semiconductors 
is that light absorption and electron/hole transport in DSCs are not performed by 
the same molecule. Each molecule has division roles; dye absorbs the photon and 
generates electrons and holes. The electron transfers to nanocrystalline metal oxide 
and to counter oxide. On the other hand, hole transfers to electrolyte by redox 
coupling. The photon conversion efficiency is still relatively low. However, the 
effort has been devoted to DSC since it is a candidate to alter the silicon/inorganic 
semiconductors of expensive cost in fabrication and unattractive appearance. 

 
2.2.1.2. Device structure and working mechanism 
Conventional DSCs are composed of five components; (1) a photoanode layer, 

(2) a mesoporous metal oxide layer, (3) a sensitizer (dye), (4) an electrolyte, and 
(5) a counter electrode and depicted on Figure 2-3. 
 
 

Figure 2-3. Device structure and working mechanism of DSC 
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The working mechanism is as follows; [1. Photoexitation] The dye sensitizer 
absorbs photons to generate the photoexcited dye. [2. Photoinjection] The 
photoexcited dye injects into the conduction band (CB, −0.5 V vs. NHE) of the 
mesoporous metal oxide layer (the most commonly, tin-oxide (TiO2)), injects into 
transparent counter oxide (TCO) and flows through the external circuit to Pt-coated 
counter electrode. [3. Reduction] Simultaneously, the electrolyte (3I−/I3

−) reduces 
the oxidized dye, which is named reduction or dye generation. [4. Regeneration] 
The I− ion is regenerated by the reduction of triiodide ion (I3

−) by donated electrons 
from the external circuit, which completes the working cycle of DSCs. However, 
undesired side processes can occurr which decreases the performance of DSCs. [5. 
Recombination] The electrons injected into CB of the TiO2 may recombine with 
the HOMO level of oxidized dye material or [6. Dark current] with I3

− at the TiO2 
surface. Consequently, to obtain the maximum efficiency of the DSC device, it is 
important to design the structure with [2. Photoinjection], [3. Reduction] and [4. 
Regeneration] prevails over [5. Recombination] and [6. Dark current].8-11 

 
2.2.1.3. Requirements of organic dye materials 
Dye materials are key factors to achieve high performance of DSC device. 

The followings are the indispensable requirements for designing organic dye 
molecules: 

a) The organic dye must have high molar absorption coefficients covering 
wide range of solar spectrum to generate a large photocurrent. 

b) The organic sensitizer must contain anchoring group for adsorption on 
nanoporous TiO2 surface (e.g. −COOH, −SO3H, −PO3H2, −OH). The carboxyl 
group forms an ester bonding with TiO2 surface thus provide electron transfer 
between metal oxide and sensitizer. 

c) The HOMO/LUMO energy levels of dye materials are crucial for efficient 
electron injection. The LUMO level must locate higher than CB of TiO2 and 
HOMO level should be lower than that of 3I−/I3

− redox potential to generate 
efficient regeneration.  

d) The intermolecular aggregation between dye materials can lead to a 
decrease in charge injection to CB of TiO2 which should be prohibited. Introducing 
long aliphatic chain on π-bridge can both avoid π−π aggregation of dyes and 
increase solubility which in advantageous on device fabrication. 

e) For durability of DSCs, the organic dye must have chemical stability in 
the photoexited state and redox reactions in the reaction cycle. 

 It is important to fulfill all these factors to obtain a sensitizer with a high 
performance. 
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2.2.1.4. Structures and components of organic sensitizers in DSCs. 
 

 
The organic sensitizer is composed of an electron donor, which is capable of 

electron donation, π-bridge (π-spacer), which transports electrons from donor to 
acceptor. At the end of a molecule, electron acceptor & anchor is located to adsorb 
dye to the metal oxide by ester bonding and transfers an electron from sensitizer to 
CB of TiO2. The electron donor is composed of electron-rich groups, usually 
contains amine group, which is capable of electron donation. π-bridge consists of 
planar groups usually based on phenyl ring or thiophene and introduces alkyl chain 
occasionally to avoid intermolecular stacking, which can occur in the highly planar 
compounds. Electron acceptor and anchoring group has carboxylic acid (−COOH), 
which forms an ester bond with TiO2, and additionally an electron withdrawer for 
efficient ICT. Structures and few commonly used molecules for each fragment are 
depicted in Figure 2-4. 

 

Figure 2-4. Structures and components of organic dye materials 
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2.2.2. The novel organic sensitizers based on planar−quinacridone 
π−spacer for highly efficient dye-sensitized solar cells. 

 
2.2.2.1. Introduction 
Dye-sensitized solar cells (DSCs) have drawn considerable attention since the 

first report by Grätzel in 1991, motivated by the mechanism of plants’ 
photosynthesis, recording high photon-to-current efficiency (PCE) and low 
production cost.6 DSCs utilize the merit of renewable solar energy alternative to 
disposable and limited fossil fuel deposits. The conventional DSCs are composed 
of (i) a sensitizer which absorbs photon from solar energy, (ii) a nanoporous 
titanium oxide that transfers photoexcited dye, (iii) electrolyte which reduces the 
oxidized dye and counter electrodes. The sensitizer, so-called dye, is one of the 
most important components for realizing highly efficient DSCs. The representative 
dyes for DSCs are ruthenium-based sensitizers, such as N3, N719, and black dye 
recording PCEs up to 11% under standard AM 1.5G irradiation.12-15 However, 
ruthenium-based dyes have some flaws; low molecular extinction coefficients and 
high cost in fabrication. Thus, organic metal-free sensitizers are suggested as 
replacements with their superiority of high molecular extinction coefficients and 
low material cost advantageous in reproduction. 

There are certain requirements that must be fulfilled in designing organic 
sensitizers to obtain high efficiency in DSC devices. First, dye materials should 
have a high light-harvesting ability, which is related to both the absorption range of 
sunlight and molecular extinction coefficient. The absorption spectrum should 
cover a wide range of solar spectrum from UV to NIR region and should have high 
absorptivity. Second, the sensitizer should have proper energy levels for efficient 
photoinjection, and reduction which minimizes recombination and dark current, 
increases the total PCE of the device consequently. The LUMO level of the 
sensitizer should be located higher than CB of nanoporous metal oxide, and the 
HOMO level must locate deeper than the redox potential of chosen electrolyte (i.e. 
I−/I3

−). 
The first DSC developed by the Grätzel group introducing mesoporous TiO2 

electron transporting layer and trimeric ruthenium-complexed dye material showed 
over 7% PCE. The development of organic dyes has been continuously studied and 
synthesized; 9.5% efficiency was recorded introducing indoline dye.16 After 
various attempts to increase the efficiency of DSCs, a recorded power conversion 
efficiency (PCE) of 12.3% for liquid-electrolyte DSSCs was obtained in 2011 by 
using a combination of two organic dyes, a zinc porphyrin dye YD2-o-C8 co-
sensitized with dye Y123, electrolyte based on cobalt(II/III) and Pt counter 
electrode.17 In 2013, a new milestone for ssDSCs introducing hole-transporting 
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materials altering liquid electrolytes was reported. The DSCs made rapid progress 
by adopting methylammonium lead iodide (CH3NH3PbX3) perovskite structure as a 
photosensitizer of ssDSCs, recording PCE over 20%.18,19 

In this work, we investigate dye materials introducing triphenylamine (TPA) 
substituted on 3,6-position of carbazole on as an electron donor, quinacridone (QA) 
as a π-bridge material identically. The variety is added on the edge of π-spacer, 
contain phenyl ring or thiophene ring respectively. Four dyes were synthesized; 
QA-T and QA-P, which were identical in donor and π-spacer, however, QA-T 
adopted thiophene and QA-P introduced phenyl ring at the end of the spacer. QA-
CN-T and QA-CN-P were similar to QA-T and QA-P, respectively, but carbonyl 
groups of each QA were substituted for malononitrile. The UV absorbance reached 
to 552 nm for QA-T and QA-P, recording EQEs of 5.22 % and 4.65 %, respectively. 
For QA-CN-T and QA-CN-P showed red-shifted absorption to 660 nm but 
recorded low EQE of 0.31% and 0.23 %. 

 
2.2.2.2. Experimental Section 
 
A. Preparation 
 
Synthesis of 5,12-Dihexyloquino[2,3-b]acridine-7,14-dione (1) 
Quinacridone (4.68 g, 15 mmol) and tetrabutylammonium bromide (966 mg, 3 

mmol) was dissolved in 100 ml of toluene, and the solution was stirred vigorously. 
Then 50% NaOH (aq) 20 ml and hexyl bromide (11.58 g, 60 mmol) was added 
slowly and the mixture was refluxed for 24 hrs. The resulting mixture was 
extracted with CH2Cl2 and purified by silica gel column chromatography (SiO2, 

Petroleum ether:DCM = 1:2) to afford desired compound 1 (6.00  g, 12.5  mmol, 
83.2% yield) in a red solid. 1H NMR (300 MHz, CDCl3): δ 8.83 (s, 2H), 8.64 (d, 
2H), 7.84 (t, 2H), 7.58 (d, 2H), 7.35 (t, 2H), 4.58 (t, 4H), 2.05 (m, 4H), 1.66-1.42 
(m, 12H), 1.00 (t, 6H). 

 Synthesis of 2,9-Dibromo-5,12-dihexylquinolino[2,3-b]acridine-7,14-dione 
(2) 

The compound 1 (3 g, 6.24 mmol) was dissolved in 100 ml chloroform and N-
bromosuccinimide (3331.7 mg, 18.72 mmol) was added. The mixture was refluxed 
for 3hrs. The reaction mixture was added aqueous K2CO3 and extracted with DCM. 
The organic layer was dried over Na2SO4 and concentrated under reduced pressure 
to give a crude product, then dissolved in small amount of DCM and triturated with 
hexane. The solid was washed with n-hexane to afford compound 2 (3.60 g, 5.64 
mmol, 90.4% yield). 1H NMR (300 MHz, CDCl3): δ 8.69 (s, 2H), 8.62 (s, 2H), 7.82 
(d, 2H), 7.41 (d, 2H), 4.84 (m, 4H), 1.98 (m, 4H), 1.61-1.28 (m, 12H), 1.00 (t, 6H). 
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Synthesis of 2-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazole (3) 
 4-(Diphenylamino)phenylboronic acid (2226 mg, 7.70 mmol), 3,6-dibromo-

9H-carbazole (1 g, 3.077 mmol) and Tetrakis(triphenylphosphine)-palladium(0) 
(Pd(PPh3)4) (358 mg, 0.31 mmol) was dissolved in toluene (20 ml) and THF (10 
ml) and then added 20 ml of 2M K2CO3. The mixture was refluxed for 4hrs. After 
cooling down to RT, the reaction mixture was filtered with celite and SiO2. The 
combined filtrate was extracted with DCM (50 mL × 3). The organic layer was 
dried over Na2SO4 and concentrated under reduced pressure. The crude product 
was purified by silica gel column chromatography (SiO2, n-Hexane : DCM = 3 : 1) 
and the compound 3 was obtained. 1H NMR (300 MHz, CDCl3): δ 8.29 (s, 2H), 
8.06 (s, 1H), 7.66 (d, 2H), 7.57 (d, 4H), 7.48 (d, 2H), 7.28-7.18 (m, 20H), 7.01 (t, 
4H). 

Synthesis of 2-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-9-
bromo-5,12-dihexylquinolino[2,3-b]acridine-7,14-dione (4) 

The compound 3 (300 mg, 0.46 mmol), the compound 2 (297 mg, 0.46 mmol), 
Copper powder (20.5 mg, 0.32 mmol), 18-crown-6 (36.5 mg, 0.138 mmol) and 
K2CO3 (170 mg, 0.14 mmol) was dried and made up inert condition. The mixture 
was dissolved in dried o-DCB and refluxed under N2 for 2 days. The reaction 
mixture was cooled and extracted with DCM. The organic layers was collected, 
dried over Na2SO4 and concentrated under vacuo to afford 4 (170 mg, 0.14 mmol, 
30.5% yield) after purification by silica gel column chromatography (SiO2, n-
hexane:DCM = 4:1). 1H NMR (300 MHz, CDCl3): δ 8.80 (s, 1H), 8.73 (d, 2H), 
8.64 (s, 1H), 8.35 (s, 2H), 8.00 (dd, 1H), 7.77 (t, 2H), 7.64-7.58 (m, 7H), 7.52 (d, 
2H). 7.34 (d, 4H), 7.29 (t, 8H), 7.18 (t, 8H), 7.04 (t, 4H), 4.57 (t, 2H), 4.46 (t, 2H), 
2.05 (t, 2H), 1.95 (t, 2H), 1.69 (m, 2H), 1.65 (m, 2H), 1.59-1.50 (m, 8H), 1.25-0.89 
(m, 6H). 

Synthesis of 2-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-9-(5-
Formyl-2-thienyl)-5,12-dihexylquinolino[2,3-b]acridine-7,14-dione (5) 

The compound 4 (170 mg, 0.14 mmol) and Pd(PPh3)4 (16.2 mg, 0.01 mmol) 
was dissolved in the mixture of 2M K2CO3 (aq) 20 ml and THF 10 ml and then was 
refluxed for 0.5 hrs. 5-Formyl-2-thienylboronic acid (43.8 mg, 0.28 mmol) THF 
solution (10 ml) was added to the refluxed solution mentioned above and continued 
the reflux for 12hrs. After cooling down to RT, the reaction mixture was filtered 
with celite and SiO2. The filtrate was extracted with DCM and the organic layer 
was dried over Na2SO4 and concentrated under reduced pressure. The crude 
product was purified by silica gel column chromatography (SiO2, DCM) and the 
compound 5 was obtained (132 mg, 0.11 mmol, 76% yield). 1H NMR (300 MHz, 
CDCl3): δ 9.92 (s, 1H), 8.82 (d, 2H), 8.77 (d, 2H), 8.36 (s, 2H), 8.08 (d, 2H), 7.78-
7.49 (m, 14H), 7.32 (t, 8H), 7.21 (t, 8H), 7.17 (t, 4H), 4.55 (m, 4H), 2.07 (m, 4H), 
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1.70 (m, 4H), 1.51 (m, 8H), 1.03 (m, 6H).  
Synthesis of (E)-3-(5-(9-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-

yl)-5,12-dihexyl-7,14-dioxo-5,7,12,14-tetrahydroquinolino[2,3-b]acridin-2-
yl)thiophen-2-yl)-2-cyanoacrylic acid (6) 

A mixture of the compound 5 (132 mg, 0.11 mmol), cyanoacetic acid (56.4 
mg, 0.66 mmol) and ammonium acetate (2.1 mg, 0.03 mmol) in acetic acid (3 ml) 
was stirred under reflux for 2 hrs. The reaction mixture was cooled to RT and the 
formed precipitate was collected. The crude product was purified by trituration 
with hexane. Compound 6 (75 mg, 0.06 mmol, 54% yield). 1H NMR (300 MHz, 
CDCl3): δ 8.45 (s, 2H), 8.35-8.19 (m, 6H), 7.85 (m, 4H), 7.65-7.55 (m, 10H), 7.28 
(t, 8H), 7.05-6.87 (m, 12H), 4.33 (m, 4H), 1.80 (m, 4H), 1.56 (m, 4H), 1.41 (m, 
8H), 1.08 (m, 6H). 

Synthesis of 2-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-9-(4-
formylphenyl) -5,12-dihexylquinolino[2,3-b]acridine-7,14-dione (7) 

 The compound 4 (160 mg, 0.11 mmol) and Pd(PPh3)4 (15.0 mg, 0.01 mmol) 
was dissolved in 2M K2CO3 (aq) 20 ml and THF 10 ml. The mixture was refluxed 
for 0.5 hrs and then 5-4-formylphenylboronic acid (38.1 mg, 0.25 mmol) THF 
solution (10 ml) was added, and continued the reflux for 12hrs. After cooling down 
to RT, the reaction mixture was filtered with celite and SiO2. The filtrate was 
extracted with DCM and the organic layer was dried over Na2SO4 and concentrated 
under reduced pressure. The crude product was purified by silica gel column 
chromatography (SiO2, DCM) and the compound 7 was obtained (135 mg, 0.11 
mmol, 86% yield). 1H NMR (300 MHz, CDCl3): δ 10.11 (s, 1H), 8.88 (t, 2H), 8.39 
(s, 1H), 8.04(d, 1H), 8.02 (d, 4H), 7.94 (d, 1H), 7.83 (m, 5H), 7.66 (m, 8H), 7.54 (d, 
4H), 7.33 (t, 8H), 7.23 (t, 8H), 7.08 (t, 4H), 4.61 (m, 4H), 2.11 (m, 4H), 1.72 (m, 
4H), 1.68-1.47 (m, 8H), 1.03 (m, 6H) 

Synthesis of (E)-3-(4-(9-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-
yl)-5,12-dihexyl-7,14-dioxo-5,7,12,14-tetrahydroquinolino[2,3-b]acridin-2-
yl)phenyl)-2-cyanoacrylic acid (8) 

A mixture of the compound 7 (135 mg, 0.11 mmol), cyanoacetic acid (56.4 
mg, 0.66 mmol) and ammonium acetate (10 mg, 0.13 mmol) was dissolved in 5 ml 
of acetic acid and was stirred under reflux for 3.5 hrs. The mixture was cooled to 
RT and the formed precipitate was collected. The crude product was purified by 
trituration in hexane. Compound 8 (50 mg, 0.04 mmol, 36% yield). 1H NMR (300 
MHz, CDCl3): δ 8.72 (s, 1H), 8.54-8.36 (m, 5H), 8.00 (m, 5H), 7.87-7.79 (m, 8H), 
7.66 (m, 2H), 7.58 (d, 1H), 7.67 (m, 4H), 7.43 (t, 8H), 7.24-6.95 (m, 12H), 4.35 (m, 
4H), 1.89 (m, 4H), 1.52 (m, 4H), 1.31 (m, 8H), 0.95 (m, 6H). 
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B. Measurement 
 
Calculations 
Density functional theory (DFT) calculations were proceeded using the 

Gaussian ’09 program package to predict charge distribution of HOMO/LUMO, 
frontier molecular orbital energy levels and dihedral angles. 

Photophysical measurements 
The UV-Vis spectra to measure absorbance were recorded on a Beckman 

DU650 spectrophotometer. Photoluminescence spectra measuring fluorescence 
were recorded on a Jasco FP-7500 spectrophotometer and Photon Technology 
International, Inc. spectrofluorometer. 

Electrochemical measurements 
Cyclic voltammetry (CV) were managed with DCM solution (1.00 mM) with 

0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) as the supporting 
electrolyte (VSP Princeton Applied Research) on a room temperature using a CH 
Instruments 660 Electrochemical Analyzer (CH Instruments, Inc., Texas). A 
platinum wire electrode was used as the working electrode and referenced to a 
(Ag/Ag+

; 0.1M in acetonitrile) reference electrode at a scan rate of 200 mVs-1. The 
absolute potential using an internal ferrocene/ferrocenium standard was calibrated 
to the NHE. 

 Characterization 
Both 1H and 13C NMR spectra were measured in CDCl3 on a Bruker AM 300 

or 500 MHz spectrometer. 1H NMR chemical shifts in CDCl3 were referenced to 
chloroform (CHCl3; 7.283 ppm) and 13C NMR chemical shifts in CDCl3 were also 
reported relative to CHCl3 (77.23 ppm). High-resolution mass analysis was 
obtained from JEOL, JMS-AX505WA, HP 5890 Series II.  

Device performance measurements 
The device performance of DSCs were carried out with a 1000-W xenon light 

source, power of AM 1.5 Oriel solar simulator and calibrated by a KG5-filtered Si 
reference solar cell. The incident photon-to-current efficiency (IPCE) was 
measured on an IPCE system, PV Measurements. The impedance was analyzed 
under 1 sun illumination (100 mWcm-2) using an impedance analyzer (PARSTAT 
2273, USA). 
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2.2.2.3. Results and Discussion 
 
A. Computational results 

 
Molecular structures and charge distributions of the HOMO/LUMO levels of 

QA-T and QA-P were carried out by the DFT calculation using Gaussian ’09 
package with B3LYP/6-31G(d) level and were depicted on Figure 2-5 and listed on 
Table 2-1. Charge distributions of HOMOs are located on electron donor part for 
both QA-T and QA-P. LUMOs are delocalized throughout π-spacer to anchoring 
group which indicates efficient ICT character. Calculated HOMO levels were 
nearly identical between two dyes, which were 5.03, 5.02 eV for QA-T and QA-P 
respectively. LUMO level of QA-T was 3.21 eV and that of QA-P recorded 
relatively deeper level of 3.03 eV, leading to larger energy bandgap (Eg) for QA-P 
(1.99 eV) than QA-T (1.82 eV). 

 
Table 2-1. Calculated energy levels of QA-T and QA-P 

DYE HOMO LUMO Eg 

QA-T 5.03 eV 3.21 eV 1.82 eV 
QA-P 5.02 eV 3.03 eV 1.99 eV 

 

Figure 2-5. Structures and calculated geometries of QA-T and QA-P 
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B. Synthesis 
 
The synthetic route of QA-T and QA-P are descripted on Scheme 2-1. The 

general preparation of electron donor and of π-spacer fragments for both materials 
were as follows; (i) Electron donors: Two equivalent of 4-(diphenylamino) 
phenylboronic acid was synthesized with 3,6-dibromocarbazole by Suzuki-Miyaura 
coupling reaction for donors. (ii) QA π-spacers: Two equivalent of n-hexylbromide 
was substituted on 5,12-position of quinolino[2,3-b]acridine-7,14(5H,12H)-dione 
by reacting tetrabutylammonium bromide with base in toluene. Bromination on 
2,9-position was proceeded by N-bromosuccinimide. The electron donors were 
attached to the π-spacer by copper catalyzed Ullmann coupling reaction to furnish 
compound 2-(3,6-bis(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)-9-bromo-5,12-
dihexylquinolino[2,3-b]acridine-7,14-dione and thiophene/phenyl boronic acid was 
linked by Suzuki-Miyaura coupling. The koevenagel condensation was proceeded 
to obtain final products of QA-T and QA-P. 

 
 
 

 
 

Scheme 2-1. Synthetic route of QA-T and QA-P (Continued in next page.) 
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C. Photophysical properties 

 
UV, PL spectra were measured diluted in THF solution and shown in Figure 2-

6 (a). Both QA-T and QA-P had strong π−π* absorption on 280−380 nm region and 
relatively weak ICT absorbance on 380−553 nm. The intensity of ICT absorbance 
was much higher for QA-T than that of QA-P indicating more massive ICT 
characteristic for QA-T. The sharp PL emission emerged on 550 nm and 548 nm 
for QA-T and QA-P respectively. The absorbance of QA-T and QA-P adsorbed on 
mesoporous TiO2 metallic oxide film was depicted on Figure 2-6 (b). QA-T and 
QA-T absorbed up to 600 nm identically, however, the intensity was conspicuously 
larger for QA-T from 400 to 600 nm which was arisen from the strong ICT 
character in absorbance on 380−553 nm region. The incident photon-to-current 
conversion efficiency (IPCE) spectra were measured and recorded 45% and 35% 
for QA-T and QA-P respectively (Figure 2-6 (c)) which accorded well with UV 
spectra in Figure 2-6 (a) and (b), suggesting the possibility of higher performance 
of QA-T than that of QA-P. 

 

Figure 2-6. Photophysical properties of QA-T and QA-P; (a) in diluted THF 
solution, (b) adsorbed on TiO2 film, (c) IPCE spectra. 
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D. Electrochemical properties 
 
Electrochemical properties of QA-T and QA-P were surveyed with cyclic-

voltammogram to discover the HOMO and LUMO energy level. The HOMO 
levels of both materials had negligible difference of 4.46, 4.45 eV respectively and 
had identical LUMO levels of 3.11 eV which were derived from the similar 
structure. 

 
Table 2-2. Electrochemical properties of QA-T and QA-P 

DYE Eox(V)
a E0-0(V)

b E0-0*(V)
c HOMO LUMO Eg 

QA-T 0.28 1.34 -1.06 4.46 eV 3.11 eV 1.35 eV 
QA-P 0.36 1.43 -1.07 4.45 eV 3.11 eV 1.34 eV 

a Measured in DMF with 0.1M TBAPF6
-, The oxidation potential was determined 

from the onset of cyclic voltammograms with scan rate = 100mV/s, calibrated 
with the internal Fc/Fc+ 

b E0-0 were derived from the cross peak of the normalized absorption and 
photoluminescence 

c Calculated by E0-0* = Eox-E0-0 
 
 
E. Device Performance 
 
The devices were fabricated with synthesized with QA-T or QA-P as a 

sensitizer. The QA-CN-T, QA-CN-P, and N719 based devices were fabricated as 
control groups. The structure consists of fluorine-doped tin oxide (FTO) / TiO2 (12 
um) / sensitizer / electrolyte / Pt. The dye solution was 0.3 M of dye material with 
0.5 M of chenodeoxycholic acid (CDCA) diluted in DMF solution. The electrolyte 
consists of 0.1 M of lithium iodide, 0.03 M of iodine, 1 M of 1,2-Dimethyl-3-
propylimidazolium iodide (DMPII), 0.5 M of tert-butylpyridine (TBP), 0.1 M 
guanidinium thiocyanate (GuSCN) in acetonitrile. The J−V curves are described on 
Figure 2-7 and listed on Table 2-3. 

The device with QA-T showed JSC of 13.56 mA/cm2, VOC of 0.65 V, FF of 
0.59 and PCE of 5.22%. QA-P based device showed relatively lower JSC of 10.74 
mA/cm2, higher VOC and FF of 0.7 V and 0.62 respectively. The overall efficiency 
of QA-P was 4.65%, which was lower than that of QA-T. The devices with QA-
CN-T and QA-CN-P which contain CN groups substituted on formyl group showed 
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low efficiency of 0.31% and 0.23% respectively. The reference device of identical 
structure but with well-known N719 dye material showed higher value of JSC 
(17.98 mA/cm2), VOC (0.7 V), FF (0.63) and PCE (7.96%). The devices with 
designed QA-T and QA-P materials recorded 65.6% and 58.0% of efficiency 
comparing to that of N719-based device. 

 
 

 
Table 2-3. Performances of fabricated devices 

DYE QA-T QA-P QA-CN-T QA-CN-P N719 

Jsc [mA/cm
2
] 13.56 10.74 0.96 0.5 17.98 

Voc [V] 0.65 0.7 0.5 0.73 0.7 
FF 0.59 0.62 0.64 0.62 0.63 

η [%] 5.22 4.65 0.31 0.23 7.96 
 

Figure 2-7. J−V curves of DSC devices 
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2.2.2.4. Conclusion 
 
We designed and synthesized efficient organic dye materials QA-T and QA-P 

for DSCs. Both compounds introduced identical electron donor with 
triphenylamine substituted carbazole and π−spacer with quinacridone materials, 
however, the spacer was linked to thiophene for QA-T and benzene for QA-P. The 
compounds absorbed wide range of solar spectrum up to 553 nm wavelength. 
However, QA-T had a larger ICT character which is proven by strong absorption 
on longer wavelength region, lead to a higher absorption from 400−600 nm in UV 
spectrum on film state, thus recorded higher IPCE value of 45%. The devices were 
fabricated with various dye materials; QA-T, QA-P, QA-CN-T, QA-CN-P and 
N719. Among synthesized molecules, QA-T showed the highest JSC of 13.56 
mA/cm2 which is derived from high IPCE, but lower VOC and FF (0.65 V and 0.59) 
than that of QA-P. The resulted PCE recorded 5.22% for QA-T and 4.65% for QA-
P when well-known, highly efficiency reference material N719 showed 7.96%. We 
believe this study proves the potential of QA materials in OSCs and contributes on 
the development of DSCs. 
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2.3. Electron donor materials for organic photovoltaic 
cells (OPVs) 

 
 
2.3.1. Background 
 
2.3.1.1. Introduction 
The photovoltaic effect has drawn considerable attention since Alexandre 

Edmond Becquerel first reported it in 1839, revealing the photocurrent in an 
aqueous solution.20 The photovoltaic effect is a phenomenon that converts solar 
energy (or artificial energy) into electric current or voltage that can be utilized as a 
renewable energy source alternative to fossil fuel.21 The discovery of the 
photovoltaic effect triggered the usage of solar energy as electricity and has been 
adopted to various concepts of converting solar radiation into electricity. In this 
regard, OPV, which exploits the photovoltaic effect, seems to have a high potential 
to be an attractive energy generating source with (i) solution processability, (ii) 
tunable electronic properties, (iii) low-temperature manufacture, (iv) low 
fabrication cost, and (v) lightweight. Lately, the OPVs have exceeded the certified 
efficiencies of 13%, which is close to the efficiency recorded by the commercial 
silicon solar cells.22 Wide fields of scientists taking part in physics, engineering, 
chemistry and so on are motivated by the photovoltaic system and investigating to 
achieve highly efficient OPVs modifying device architectures, fabrication 
technologies, and chemical structures used in the active layer. 

 
2.3.1.2. Device structures and working mechanism of OPVs. 
The working mechanism of OPV is not much dissimilar to that of DSCs. 

However, the major difference is sensitizers of DSCs have electron donor and 
acceptor in a single molecule inducing intramolecular charge transfer; however, 
OPVs have electron donor and acceptor in separate molecule utilizing 
intramolecular charge transfer from donor materials to accepting materials. The 
structure of first-generation OPVs has a single-layer geometry sandwiched by 
metal electrodes of asymmetrical work-function, typically one with an ITO of a 
high work-function, and the other with metal (Al, Mg, Ca) of a low work function. 
Once the organic layer absorbs solar energy, generating hole and electron, which 
flows toward anode and cathode, respectively. The different work function of two 
electrodes induces potential, which helps to split the hole-exciton pairs, draws to 
each end of the device. The performances of single-layered OPV devices were low 
(<1%) since the electric field resulted from two-electrode is seldom sufficient to 
split the hole-exciton pairs. 
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The second generation OPVs was bilayer structure separating electron donor 
and acceptor with different electron affinity/ionization energies in different layers. 
Therefore it was possible to generate electrostatic forces at the interface between 
two layers. This system enabled the efficient separation of exciton pairs and 
collecting. The record efficiency raised up to 6% by Halls el al. introducing a layer 
of bis(phenethylimido) perylene over a polyphenyl vinylene (PPV) as an electron 
donor.23 However, the major defect of bilayer geometry is the exciton diffusion 
length which is typically no longer than 10 nm, which is the insufficient thickness 
for active-layer to absorb enough light. 

The third generation was bulk-heterojunction (HBJ), of which the active layer 
is also sandwiched with two electrodes of different work-function. The active layer 
consisted of a nanoscale blend of electron donor and acceptor materials which 
minimized the distance between those two allowing for excitons with a short 
lifetime to reach the interface and dissociate without recombination. The 
introduction of the system enabled the increased thickness of the active layer, 
which is crucial for photon absorption. However, in order to form the percolating 
network, the domain size must keep larger than a certain size; otherwise, the 

Figure 2-8. Widely used materials for OPVs 

Figure 2-9. Structures of OPVs; (a) single-layer, (b) bilayer, (c) bulk-
heterojunction 
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charges might experience recombination by trapping in a donor or acceptor rich 
domain. The electron donor materials are composed of materials with high hole-
transporting ability such as poly(3-hexylthiophene) (P3HT) or poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) which have high hole-
transporting ability.24 The typical electron acceptor materials consist of fullerene-
based materials such as [6,6]-phenyl-C-61-butyric acid methyl ester (PCBM), 
which is highly capable of the electron-transporting by 3D percolation system, 
appropriate for amorphous bulk heterojunction geometry (Figure 2-8).25 The 
structures of three-generation OPVs are portrayed in Figure 2-9. 

The working mechanism of energy conversion in OPVs consists of four steps. 
The working mechanism is as follows; [1. Excitation] The electron donor 

absorbs light and generates hole-electron pair. [2. Diffusion] The generated hole-
electron pair diffuses to the interlayer between electron donor and acceptor. [3. 
Dissociation] Hole-electron pair dissociates, and generates a charge. [4. Charge 
transport and collection] Hole flows to anode layer and electron injects to cathode 
layer. Figure 2-10 shows a schematic representation of a typical BHJ solar cell. 

 
2.3.1.3. Device fabrication methods of organic small molecules 
 
A. Vacuum-deposition 
(i) Copper-phthalocyanine (CuPc) : The CuPc was first used as a donor 

material in bilayered OPV, recording PCE of 1%, by Tang et al. in 1986. The 
phthalocyanine (Pc)-based electron donor materials of high absorption coefficient 
and long exciton diffusion length has been commonly introduced in OPVs 
henceforth.26 In 2004, the vacuum-deposited CuPc donor and fullerene (C60) 
acceptor BHJ OPV device recorded the best efficiency up to 3.5% at 100mWcm-2 
simulated AM 1.5G illumination.26 

Figure 2-10. General mechanism for photoenergy conversion in OPVs; (a) 
Excitation and diffusion, (b) Dissociation, (c) Charge transport and collection 
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(ii) Merocyanine (MC) : The MC-based molecules have high absorption 
coefficient and easy-modifiable structure in HOMO-LUMO energy levels. The 
highest PCE of BHJ devices based on MC material recorded 4.9% by Würthner et 
al. in 2010.27,28 

(iii) Others : Squarine (SQ)-based bilayer OPV devices recorded 3.2% PCE29 
by vacuum-deposition method and later, recorded 4.1% PCE by spin-coating SQ 
material and evaportaing C60 acceptor.30 Kippelen et al. first reported bilayer OPV 
introducing polycrystalline pentacene donor and C60 acceptor recording PCE of 
2.7%.31 The α-sexithiophene and C70 based BHJ devices were fabricated by co-
deposition to exhibit PCE of 2.38%.32 Dicyanovinyl (DCV) group with strong 
electron donating ability achieved 5.2% PCE for BHJ device incorporating with 
C60 acceptor.33 

 
B. Solution-processing 
Organic small molecules and oligomers are widely used in recent times for 

BHJ solar cells such as diketopyrrolopyrrole (DPP), benzothiazole (BT), SQ, 
terminal-DCV oligomers, and so on. DPP donor which has high absorption 
coefficient and easy-modifiable structure, was applied in BHJ OPVs by Nguyen et 
al. and developed to mixing with PCBM acceptor recording 4.4% PCE.34 Li and 
coworkers reported BHJ OPVs using BT-based unit and PCBM acceptor, recording 
PCE of 3.73%.35 The highest PCE for OSCs to date is the device with 18.22% PCE 
reported by Liu et al. in 2020, employing 5,8-substituted 
dithieno[3',2':3,4;2'',3'':5,6]benzo[1,2-c][1,2,5]thiadiazole (DTBT) based D18 
donor and Y6 acceptor with similar structure. The BHJ device recorded JSC of 
27.70 mA/cm2, VOC of 0.859 V, and 76.6% FF.36 

The solution-processable BHJ OPV devices were fabricated with the 
following procedures; (i) On a UV cleaned ITO doped glass, anode layer typically 
poly(3,4-ethylenedioxy thiophene):poly(styrene sulfonate); PEDOT:PSS, was 
coated by drop-casting/spin-coating manner and thermally annealed about 10 
minutes. (ii) The prepared mixed solution of electron donor and acceptor diluted in 
solvent of high boiling point and high solubility was drop-casted/spin-coated on 
top of the anode layer. (iii) The cathode layer and a metal electrode was coated by 
thermal evaporation. All the factors, solvent type, annealing time/temperature, and 
donor/acceptor ratio, are an important factors that determines the efficiency of 
OPVs. 
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2.3.2. A solution processable quinacridone-based electron donor materials 
for bulk-heterojunction organic solar cells. 

 
2.3.2.1. Introduction 
 
The organic photovoltaic cells (OPVs), which is a kind of organic solar cells 

(OSCs), have drawn considerable attention because of their various advantages of 
(i) solution processability, (ii) tunable electronic properties, (iii) low-temperature 
manufacture, (iv) low fabrication cost and (v) lightweight which could alter the 
most used energy source by mankind; fossil fuel. 

 The OPVs underwent development through several generations, from single-
layer geometry to bulk-heterojunction (BHJ) structure. The BHJ geometry is 
considered the most successful OPV device architectures are fulfilling dissociation 
energy, diffusion length, and thickness of the active layer, which are crucial to 
achieving an OPV device with high efficiency. The blend of p-type small 
molecules and n-type fullerene derivatives achieved BHJ structured active layer 
satisfying a short diffusion length of 5−10 nm for typical organic materials. The p-
type electron-donating materials should absorb a wide range of solar spectrum and 
have a long exciton diffusion length, which depends on the charge mobility and 
lifetime of the donor, to produce OPVs with high photon-to-current efficiency 
(PCE). 

 Among various fragments used in electron donor materials, triphenylamine 
(TPA) and carbazole-based donors are widely used with their strong electron-
donating ability. Quinacridone (QA) is an organic compound that is used as a 
pigment such as an inkjet printer ink and tattoo inks. QA derivatives are not widely 
used in OSCs, however, have the potentials to be an efficient electron donor with 
their highly planar structure. 

 Herein, we designed and synthesized two small organic molecules for the 
BHJ active layer of OPVs, which both are composed of planar hexylthiophenes 
substituted QA fragment. One used TPA unit as an electron donor, and the other 
introduced phenyl carbazole, which both are well-known electron-rich groups for 
OSCs. The molecules with TPA group, TPA-T-QA, and carbazole group, CZ-T-QA, 
showed almost identical absorption shape up to 700 nm region. Gone through 
optimization by controlling solvent ratio, and annealing temperature, BHJ structure 
blended with p-type TPA-T-QA and n-type PCBM showed maximum efficiency of 
1.02%, on the other hand, the device with CZ-T-QA and PCBM showed 0.97% 
PCE. 
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2.3.2.2. Experimental Section 
 
A. Preparation 
 
Synthesis of 5,12-Dihexyloquino[2,3-b]acridine-7,14-dione (1) 
Quinacridone (4.68 g, 15 mmol) and tetrabutylammonium bromide (966 mg, 3 

mmol) was dissolved in 100 ml of toluene, and the solution was stirred vigorously. 
Then 50% NaOH (aq) 20 ml and hexyl bromide (11.58 g, 60 mmol) was added 
slowly and the mixture was refluxed for 24 hrs. The resulting mixture was 
extracted with CH2Cl2 and purified by silica gel column chromatography (SiO2, 

Petroleum ether:DCM = 1:2) to afford desired compound 1 (6.00  g, 12.5  mmol, 
83.2% yield) in a red solid. 1H NMR (300 MHz, CDCl3): δ 8.83 (s, 2H), 8.64 (d, 
2H), 7.84 (t, 2H), 7.58 (d, 2H), 7.35 (t, 2H), 4.58 (t, 4H), 2.05 (m, 4H), 1.66-1.42 
(m, 12H), 1.00 (t, 6H). (Same as DSSC Compound) 

 Synthesis of 2,9-Dibromo-5,12-dihexylquinolino[2,3-b]acridine-7,14-dione 
(2) 

The compound 1 (3 g, 6.24 mmol) was dissolved in 100 ml chloroform and N-
bromosuccinimide (3331.7 mg, 18.72 mmol) was added. The mixture was refluxed 
for 3hrs. The reaction mixture was added aqueous K2CO3 and extracted with DCM. 
The organic layer was dried over Na2SO4 and concentrated under reduced pressure 
to give a crude product, then dissolved in small amount of DCM and triturated with 
hexane. The solid was washed with n-hexane to afford compound 2 (3.60 g, 5.64 
mmol, 90.4% yield). 1H NMR (300 MHz, CDCl3): δ 8.69 (s, 2H), 8.62 (s, 2H), 7.82 
(d, 2H), 7.41 (d, 2H), 4.84 (m, 4H), 1.98 (m, 4H), 1.61-1.28 (m, 12H), 1.00 (t, 6H). 
(Same as DSSC Compound) 

Synthesis of 5,12-dihexyl-2,9-bis(3-hexylthiophen-2-yl)quinolino[2,3-
b]acridine-7,14-dione (3) 

The Compound 2 (400 mg, 0.55 mmol), 3-Hexylthiophene-2-boronic acid 
pinacol ester (404.6 mg (0.412 ml), 1.38 mmol), and Tetrakis(triphenylphosphine)-
palladium(0) (Pd(PPh3)4) (63.6 mg, 0.06 mmol) was dissolved in toluene (10 ml) 
and THF (10 ml) and then added 2M K2CO3 (10 ml). The mixture was refluxed for 
5hrs and cooled down to RT. The reaction mixture was filtered with celite and SiO2 
and the filtrate was extracted with ethyl acetate (50 mL × 3). The organic layer was 
dried with Na2SO4 and evaporated under reduced pressure. The crude product was 
purified by silica gel column chromatography (SiO2, n-Hexane : DCM = 3 : 1) and 
the compound 3 was obtained. 1H NMR (300 MHz, CDCl3): δ 8.83 (s, 2H), 8.68 (s, 
2H), 7.89 (d, 2H), 7.60 (d, 2H), 7.31 (d, 2H), 7.07 (d, 2H), 4.59 (t, 4H), 2.79 (t, 4H), 
2.06(t, 4H), 1.68-1.60 (m, 8H), 1.47-1.43 (m, 8H), 1.35-1.30 (m, 12H), 1.00 (t, 6H), 
0.89 (t, 6H). 
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Synthesis of 2,9-bis(5-bromo-3-hexylthiophen-2-yl)-5,12-dihexylquinolino 
[2,3-b] acridine-7,14-dione (4) 

The compound 3 (400 mg, 0.492 mmol) was dissolved in 100 ml chloroform 
and N-bromosuccinimide (263 mg, 1.476 mmol) was added. The mixture was 
refluxed for 3hrs and the reaction mixture was added aqueous K2CO3 and extracted 
with DCM. The organic layer evaporated under vacuo and triturated with hexane. 
The solid was washed with n-hexane to afford compound 4 (441.0 mg, 0.454 mmol, 
92.3% yield). 1H NMR (300 MHz, CDCl3): δ 8.84 (s, 2H), 8.62 (s, 2H), 7.82 (d, 
2H), 7.63 (d, 2H), 7.00 (s, 2H), 4.57 (t, 4H), 2.72 (t, 4H), 2.07 (t, 4H). 1.64 -1.58 
(m, 8H), 1.48-1.43 (m, 8H), 1.28 (m, 12H), 1.00 (t, 6H), 0.87 (t, 6H). 

Synthesis of 2,9-bis(5-(4-(diphenylamino)phenyl)-3-hexylthiophen-2-yl)-
5,12-dihexyl quinolino[2,3-b]acridine-7,14-dione (5) 

The compound 4 (240 mg, 0.25 mmol), 4-(diphenylamino)phenylboronic acid 
(181 mg, 0.625 mmol) and Pd(PPh3)4 (35 mg, 0.03 mmol) was dissolved in the 
mixture of toluene (10 ml), THF (10 ml) and 2M K2CO3 (20 ml) and was refluxed 
for 12hrs. After cooling down to RT, the reaction mixture was filtered with celite / 
SiO2 and the filtrate was extracted with DCM and the organic layer was dried over 
Na2SO4 and concentrated under reduced pressure. The crude product was purified 
by silica gel column chromatography (SiO2, n-Hexane : DCM = 3 : 1) and the 
compound 5 was obtained (250.9 mg, 0.193 mmol, 77.2% yield). 1H NMR (300 
MHz, CDCl3): δ 8.72 (s, 2H), 8.65 (s, 2H), 7.82 (d, 2H), 7.55 (d, 4H), 7.48 (d, 2H), 
7.33 (t, 8H), 7.30-7.10 (m, 16H), 7.07 (d, 2H), 4.50 (t, 4H), 2.80 (t, 4H), 2.01 (t, 
4H), 1.72-1.66 (m, 8H), 1.47-1.30 (m, 20H), 1.00 (t, 6H),0.88 (t, 6H).  

Synthesis of 2,9-bis(5-(4-(9H-carbazol-9-yl)phenyl)-3-hexylthiophen-2-yl)-
5,12-dihexyl quinolino[2,3-b]acridine-7,14(5H,12H)-dione (6) 

A mixture of the compound 4 (300 mg, 0.31 mmol), 4-(9H-carbazol-9-
yl)phenylboronic acid (222 mg, 0.77 mmol), Pd(PPh3)4 (35.8 mg, 0.03 mmol) and 
K2CO3 (171.4 mg, 1.24 mmol) in 30 ml THF and 15 ml of H2O was stirred under 
reflux for 12 hrs. The reaction mixture was cooled to RT and filtered with celite / 
SiO2. The filtrate was extracted with DCM and the organic layer was dried over 
Na2SO4. The concentrated crude product was purified by silica gel column 
chromatography (SiO2, n-Hexane : DCM = 3 : 1). Compound 6 (271.5 mg, 0.21 
mmol, 67.8% yield). 1H NMR (300 MHz, CDCl3): δ 8.81 (s, 2H), 8.67 (s, 2H), 7.87 
(d, 2H), 7.75 (t, 2H), 7.57 (d, 2H), 7.47 (m, 2H), 7.31-7.13 (m, 8H), 7.06 (d, 2H), 
7.01 (d, 2H), 6.91 (d, 2H), 4.55 (t, 4H), 2.79 (t, 4H), 2.05 (t, 4H), 1.68 (m, 8H), 
1.47 (m, 8H), 1.28 (m, 12H), 1.00 (t, 6H), 0.87 (t, 6H). 
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Materials 
 All organic chemicals used in synthesis were purchased from Sigma Aldrich 

and TCI chemicals. P3HT and PCBM were purchased from Nano-C (Korea). The 
anode material, poly(3,4-ethylenedioxy thiophene):poly(styrene sulfonate) 
(PEDOT:PSS, Clevious P), was purchased from Bayer. 

 
B. Measurement 
 
Calculations 
Density functional theory (DFT) calculation data were obtained using the 

Gaussian ’09 program package to estimate charge distribution of HOMO/LUMO, 
frontier molecular orbital energy levels and dihedral angles using B3LYP using 6-
31(G) d basis set. 

Property analysis 
The UV-Vis spectra to measure absorbance were recorded on a Beckman 

DU650 spectrophotometer. Photoluminescence spectra measuring fluorescence 
were recorded on a Jasco FP-7500 spectrophotometer and Photon Technology 
International, Inc. spectrofluorometer. Mass data were measured using a gas 
chromatograph-mass spectrometer (JEOL, JMS-AX505WA, HP 5890 Series II). 
Cyclic voltammetry (CV) were managed with DCM solution (1.00 mM) with 0.1 
M tetra-n-butylammonium hexafluorophosphate (Bu4NPF6) as the supporting 
electrolyte (VSP Princeton Applied Research) using a CH Instruments 660 
Electrochemical Analyzer (CH Instruments, Inc., Texas). A platinum wire electrode 
was used as the working electrode and referenced to a (Ag/Ag+

; 0.1M in 
acetonitrile) electrode at a scan rate of 200 mVs-1. The absolute potential using an 
internal ferrocene/ferrocenium standard was calibrated to the NHE. The device 
performances were obtained using a Keithly 2400 source meter. 

 
2.3.2.3. Results and Discussion 
 
A. Computational results 
 
The designed structures and HOMO/LUMO charge distributions of TPA-T-

QA and CZ-T-QA are demonstrated on Figure 2-11 and listed on Table 2-4. QA and 
thiophenes were adopted as π−bridges for both materials to increase conjugation by 
additional conjugations. The n-hexyl groups were substituted in order to increase 
solubility and interrupt intermolecular aggregation. HOMOs are delocalized over 
donor and acceptor for both TPA-T-QA and CZ-T-QA. LUMOs are located on QA 
fragment for both donor materials. 
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Table 2-4. Calculated energy levels of TPA-T-QA and CZ-T-QA 

DYE HOMO LUMO Eg 
TPA-T-QA 4.76 eV 2.22 eV 2.54 eV 
CZ-T-QA 4.82 eV 2.26 eV 2.56 eV 
 
 
B. Synthesis 
 
The synthetic route of TPA-T-QA and CZ-T-QA are descripted on Scheme 2-2. 

The hexyl chains were substituted on QA under basic condition. Iodination was 
proceeded on 2,9th-position of QA by N-iodosuccinimide (NIS) under acidic 
condition. 3-Hexylthiophene-2-boronic acid pinacole esters were attached on 2,9th-
position of QA by Suzuki-Miyaura coupling reaction, then 5th position of thiophene 
was brominated by NBS. TPA boronic acid was attached to π−spacer by Suzuki-
Miyaura coupling to furnish TPA-T-QA, and phenyl carbazole boronic acid was 
linked to π−spacer under identical condition to afford CZ-T-QA. 

 

Figure 2-11. Structures and charge distributions of TPA-T-QA and CZ-T-QA 
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Scheme 2-2. Synthetic route of TPA-T-QA and CZ-T-QA 
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C. Photophysical properties 

The absorbance and emission spectra were measured in THF solution. TPA-T-
QA had a strong π−π* absorption on 315−440 nm wavelength region and showed 
absorption in longer wavelength region on 450−554 nm which is derived from 
intramolecular charge transfer (ICT) character. CZ-T-QA also showed two 
absorption peaks on 307−425 nm and 450−553 nm for π−π* and ICT absorbance 
respectively. A slightly red-shifted spectra of TPA-T-QA compared to that of CZ-T-
QA resulted from a stronger donating ability of TPA unit than that of carbazole unit. 
PL spectra showed emission on 550 and 560 nm for TPA-T-QA and CZ-T-QA 
respectively. TPA-T-QA, which has stronger ICT character showed red-shifted 
emission peak due to the decrease of CT energy level in polar THF solvent. PL 
spectrum of molecules with strong ICT character tend to bathochromically shift as 
the solvent polarity increase. 

Absorbance spectra of BHJ film covered with TPA-T-QA/CZ-T-QA donor 
materials blended with acceptor materials with similar structure, QA-CN and TPA-
QA-CN (Figure 2-13) which were synthesized on previous work, were measured. 

Figure 2-13. Structures of QA-CN and TPA-QA-CN acceptors 

Figure 2-12. The UV and PL spectrum of TPA-T-QA and CZ-T QA in THF 
solution 
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QA-CN and TPA-QA-CN molecules are capable of electron withdrawing with 

strong acceptor, malononitrile groups, which could absorb longer wavelength 
region. By blending with TPA-T-QA with QA-CN showed strong π−π* absorption 
in short wavelength region up to 450 nm. A strong absorbance derived from ICT 
character emerged on 650 nm region which denotes the efficient charge transfer 
from donor material (TPA-T-QA) to acceptor material (QA-CN). The film consist 
of CZ-T-QA with QA-CN showed a similar phenomenon, π−π* absorption reached 
to 440 nm and ICT absorption at 650 nm. 

 
 
 
 
D. Electrochemical Properties 
 
The energy levels of each molecules were measured with CV spectra. The 

HOMO energy levels were 5.20 eV and 5.32 eV for TPA-T-QA and CZ-T-QA 
respectively. Electron rich TPA-T-QA showed shallower HOMO than electron poor 
CZ-T-QA. LUMO levels were 3.23 and 3.24 for TPA-T-QA and CZ-T-QA 
respectively, which are almost identical from QA molecule in common. 

Figure 2-14. UV spectra of BHJ film of TPA-T-QA or CZ-T-QA donors mixed 
with QA-CN or TPA-QA-CN acceptors. 
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Table 2-5. Electrochemical properties of TPA-T-QA and CZ-T-QA 

DYE HOMO LUMO Eg 

TPA-T-QA -5.20 eV -3.23 eV 1.98 eV 
CZ-T-QA -5.32 eV -3.24 eV 2.08 eV 

a Measured in DMF with 0.1M TBAPF6
-, The oxidation potential was determined 

from the onset of cyclic voltammograms with scan rate = 100mV/s, calibrated 
with the internal Fc/Fc+ 

b E0-0 were derived from the cross peak of the normalized absorption and 
photoluminescence 

c Calculated by E0-0* = Eox-E0-0 

Figure 2-15. Cyclic voltammetry of TPA-T-QA and CZ-T-QA; (a) reduction 
potential of TPA-T-QA, (b) oxidation potential of TPA-T-QA, (c) reduction 
potential of CZ-T-QA, (d) oxidation potential of CZ-T-QA 
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E. Device performance 
 
a. Solvent ratio control 

The type of solvents affect stacking structures of molecules. Selecting proper 
solvents and ratio might dynamically determine the efficiency of devices. We have 
chosen monochlorobenzene (CB) and chloroform (CF) as solvents for active layers. 
On ITO glass, PEDOT:PSS were spin-coated with spinning rate of 4000 rpm for 60 
sec, and annealed at 140°C for 20 min. Then TPA-T-QA:PC71BM = 1:1 blended 
solution in CB:CF = 1−3:1 and spin-coated with a spinning rate of 2000 rpm for 30 
sec. The films were annealed at 120°C for 20 min, then the LiF and Al electrodes 
were coated by thermal evaporation. The best proportion of CB:CF were found to 
be 3:1 recording PCE of 0.08±0.02% (Table 2-6). 

 
b. Donor/acceptor ratio control. 

The ratio of electron donor/acceptor is crucial in forming BHJ structure of 
active layer of devices. The blending ratio of donor/acceptor is controlled to form 
the most efficient BHJ structure. The devices were fabricated in identical condition 
with experiment above (1), however, TPA-T-QA/CZ-T-QA:PC71BM = 0.8−1:1−3 
blended solution in CB:CF = 3:1 as optimized above. The devices based on TPA-T-
QA/PC71BM showed the best efficiency of 0.35±0.06 % under condition of TPA-T-
QA:PC71BM = 1:3 (Table 2-7). 

On the other hand, the devices consist of CZ-T-QA/PC71BM recorded the 
highest efficiency of 0.36±0.07% with the identical ratio of D:A = 1:3 (Table 2-8). 
Through optimization, both devices based on TPA-T-QA and CZ-T-QA should be 
settled with the D/A ratio of 1:3. 

Devices were fabricated with the acceptor TPA-QA-CN, which is mentioned 
above. The portion of D:A was 1:1 for both devices, however, the efficiencies were 
extremely low (Table 2-9). 

 
c. Annealing temperature control 

The final optimization was controlling annealing temperature after spin-
coating active layer. On ITO glass, PEDOT:PSS were spin-coated with spinning 
rate of 4000 rpm for 60 sec, and annealed at 140°C for 20 min. Then TPA-T-
QA:PC71BM = 1:3 blended solution in CB:CF = 3:1 and spin-coated with a 
spinning rate of 2000 rpm for 30 sec. The films were annealed at reduced 
temperature of 70°C for 20 min, then the LiF and Al electrodes were coated by 
thermal evaporation. The both devices based on TPA-T-QA and CZ-T-QA recorded 
the best efficiency among all the devices which were fabricated, of 0.96±0.06 and 
0.86±0.11% respectively (Table 2-10). 
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Table 2-6. Efficiency of OPVs controlling solvent ratios 

TPA-T-QA/PC71BM CB:CF=1:1 CB:CF=2:1 CB:CF=3:1 

Jsc [mA/cm2] 0.82±0.26 1.28±0.44 1.84±0.40 
Voc [V] 0.50±0.00 0.50±0.00 0.50±0.00 

FF 0.09±0.01 0.10±0.01 0.09±0.01 
Efficiency [%] 0.03±0.01 0.06±0.03 0.08±0.02 
 
 

Table 2-7. Efficiencies of OPVs controlling TPA-T-QA/PC71BM ratios 

TPA-T-QA/PC71BM D:A=0.8:1 D:A=1:2 D:A=1:3 

Jsc [mA/cm2] 1.83±1.39 4.63±0.26 6.21±0.24 
Voc [V] 0.11±0.07 0.22±0.02 0.20±0.03 

FF 0.27±0.01 0.28±0.01 0.29±0.01 
Efficiency [%] 0.08±0.11 0.28±0.04 0.35±0.06 
 
 

Table 2-8. Efficiencies of OPVs controlling CZ-T-QA/PC71BM ratio 

CZ-T-QA/PC71BM D:A=0.8:1 D:A=1:2 D:A=1:3 

Jsc [mA/cm2] 1.46±0.09 4.37±0.62 5.50±0.36 
Voc [V] 0.12±0.01 0.24±0.02 0.23±0.03 

FF 0.27±0.01 0.28±0.00 0.28±0.01 
Efficiency [%] 0.05±0.01 0.29±0.04 0.36±0.07 
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Table 2-9. Efficiencies of OPVs using synthesized donor and acceptor molecules 

CZ-T-QA/PC71BM TPA-T-QA:TPA-QA-CN 
=1:1 

CZ-T-QA:TPA-QA-CN 
=1:1 

Jsc [mA/cm2] 0.10±0.00 0.11±0.02 
Voc [V] 0.03±0.01 0.02±0.01 

FF 0.27±0.03 0.30±0.04 
Efficiency [%] 0.00±0.00 0.00±0.00 
 
 

Table 2-10 Efficiencies of OPVs controlling annealing temperature 

CZ-T-QA/PC71BM TPA-T-QA:PC71BM = 1:3 CZ-T-QA:PC71BM = 1:3 

Jsc [mA/cm2] 6.98±0.19 6.49±0.20 
Voc [V] 0.46±0.02 0.46±0.06 

FF 0.30±0.01 0.29±0.01 
Efficiency [%] 0.96±0.06 0.86±0.11 
 
 
2.3.2.4. Conclusion 
 
We successfully synthesized, characterized, and measured BHJ donor 

materials, TPA-T-QA and CZ-T-QA which both introduced extremely planar hexyl 
thiphene substituted quinacridone moiety as a π−spacer. Systematic studies varying 
solvent ratio, D/A proportion and annealing temperature were proceeded to draw 
the best efficiency of the device. With the solvent ratio of CB:CF=3:1, electron 
donor-acceptor ratio of D:A=1:3, and annealing active layers at the temperature of 
70°C resulted the highest efficiencies of 0.96±0.06% for TPA-T-QA based devices 
and 0.86±0.11% for CZ-T-QA based devices. 



 

 １１２ 

REFERENCES 
 
1. https://www.nrel.gov/pv/cell-efficiency.html 
2. K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi, K. Nakano, 

T. Uto, D. Adachi, M. Kanematsu, H. Uzu, K. Yamamoto, Silicon 
heterojunction solar cell with interdigitated back contacts for a 
photoconversion e-ffciency over 26%, Nat. Energy 2 (2017) 17032. 

3. D. Adachi, J. L. Hernández, K. Yamamoto, Impact of carrier 
recombination on fill factor for large area heterojunction crystalline 
silicon solar cell with 25.1% efficiency, Appl. Phys. Lett. 107 (2015) 
233506. 

4. X. Ke, L. Meng, X. Wan, M. Li, Y. Sun, Z. Guo, S. Wu, H. Zhang, C. Li, 
Y. Chen, The rational and effective design of nonfullerene acceptors 
guided by a semi-empirical model for an organic solar cell with an 
efficiency over 15%, J. Mater. Chem. A 8 (2020) 9726-9732. 

5. C. Zhu, J. Yuan, F. Cai, L. Meng, H. Zhang, H. Chen, J. Li, B. Qiu, H. 
Peng, S. Chen, Y. Hu, C. Yang, F. Gao, Y. Zou, Y. Li, Tuning the electron-
deficient core of a nonfullerene acceptor to achieve over 17% efficiency 
in a single-junction organic solar cell, Energy Environ. Sci. 13 (2020) 
2459-2466. 

6. B. O'Regan, M, Grätzel, A low-cost, high-efficiency solar cell based on 
dye-sensitized colloidal TiO2 films, Nature 353 (1991) 737-740. 

7. (a) M. Grätzel, Photoelectrochemical cells, Nature 414 (2001) 338-344. 
(b) M. K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Mueller, 
P. Liska, N. Vlachopoulos, M. Grätzel, Conversion of light to electricity 
by cis-X2bis(2,2'-bipyridyl-4,4'-dicarboxylate)ruthenium(II) charge-
transfer sensitizers (X = Cl-, Br-, I-, CN-, and SCN-) on nanocrystalline 
titanium dioxide electrodes, J. Am. Chem. Soc. 115 (1993) 6382-6390. 

8. M. Grätzel, Solar Energy Conversion by Dye-Sensitized Photovoltaic 
Cells, Inorg. Chem. 44 (2005) 6841-6851. 

9. N. Rogertson, Optimizing dyes for dye-sensitized solar cells, Angew. 
Chem. Int. Ed. 15 (2006) 2338-2345. 

10. A. Hagfeldt, M. Graetzel, Light-Induced Redox Reactions in 
Nanocrystalline Systems, Chem. Rev. 95 (1995) 49-68. 

11. S. Nakade, T. Kanzaki, W. Kubo, T. Kitamura, Y. Wada, S. Yanagida, Role 
of Electrolytes on Charge Recombination in Dye-Sensitized TiO2 Solar 
Cell (1):  The Case of Solar Cells Using the I-/I3- Redox Couple, J. Phys. 
Chem. B 109 (2005) 3480-3487. 

12. M. Grätzel, J. Photochem. Photobiol. A 2004, 164, 3. 



 

 １１３ 

13. M. K. Nazeeruddin, R. Splivallo, P. Liska, P. Comte, M. Grätzel, A swift 
dye uptake procedure for dye sensitized solar cells, Chem. Commun. 2003, 
1456. 

14. M. K. Nazeeruddin, F. D. Angelis, S. Fantacci, A. Selloni, G. Viscardi, P. 
Liska, S. Ito, B. Takeru, M. Grätzel, Combined Experimental and DFT-
TDDFT Computational Study of Photoelectrochemical Cell Ruthenium 
Sensitizers, J. Am. Chem. Soc. 127 (2005) 16835-16847. 

15. M. K. Nazeeruddin, M. Grätzel, In Semiconductor Photochemistry and 
Photophysics; Ramamurthy, V., Schanze, K. S., Eds.; Molecular and 
Supramolecular Photochemistry, 10; Marcel Dekker: New York, 2003; 
Chapter 10, p 301. 

16. S. Ito, H. Miura, S. Uchida, M. Takata, K. Sumioka, P. Liska, P. Comte, P. 
Péchy, M. Grätzel, High-conversion-efficiency organic dye-sensitized 
solar cells with a novel indoline dye, Chem. Commun. 44 (2008) 5194-
5196. 

17. A. Yella, H. -W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. 
Nazeeruddin, E. W. -G. Diau, C. -Y. Yeh, S. M. Zakeeruddin, M. Grätzel, 
Porphyrin-sensitized solar cells with cobalt (II/III)–based redox 
electrolyte exceed 12 percent efficiency, Science 334 (2011) 629-634. 

18. J. H. Heo, S. H. Im, J. H. Noh, T. N. Mandal, C. -S. Lim, J. A. Chang, Y. 
H. Lee, H. -j. Kim, A. Sarkar, M. K. Nazeeruddin, M. Grätzel, S. I. Seok, 
Efficient inorganic–organic hybrid heterojunction solar cells containing 
perovskite compound and polymeric hole conductors, Nat. Photon. 7 
(2013) 486–491. 

19. D. Yang, J. G. J, J. Lim, J. -K. Lee, S. H. Kim, J. -I. Hong, Correlations of 
optical absorption, charge trapping, and surface roughness of TiO2 
photoanode layer loaded with neat Ag-NPs for efficient perovskite solar 
cells, ACS Appl. Mater. Interfaces 8 (2016) 21522-21530. 

20. A. Mishra, P. Bäuerle, Small molecule organic semiconductors on the 
move: promises for future solar energy technology, Angew. Chem. Int. Ed. 
51 (2012) 2020-2067. 

21. E. Becquerel, On Electrod Effect under the Influence of Solar Radiation. 
C.R. Acad. Sci., (1839) 561. 

22. M. Pagliaro, R. Ciriminna, G. Palmisano, Flexible Solar Cells, 
ChemSusChem 1 (2008) 880 

23. J. J. M. Halls, K. Pichler, R. H. Friend, S. C. Moratti, and A. B. Holmes, 
Exciton diffusion and dissociation in a poly(phenylenevinylene)/C60 
heterojunction photovoltaic cell, Appl. Phys. Lett. 68 (1996) 3120. 

24. B. Carsten, J.M. Szarko, H.J. Son, W. Wang, L. Lu, F. He, B.S. 



 

 １１４ 

Rolczynski, S.J. Lou, L.X. Chen, L. Yu, Examining the effect of the dipole 
moment on charge separation in donor-acceptor polymers for organic 
photovoltaic applications. J. Am. Chem. Soc. 133 (2011) 20468–20475. 

25. J. Roncali, Molecular bulk heterojunctions: An emerging approach to 
organic solar cells, Acc. Chem. Res. 42 (2009) 1719-1730. 

26. C. W. Tang, Two‐layer organic photovoltaic cell, Appl. Phys. Lett. 48 
(1986) 183. 

27. N. M. Kronenberg, V. Steinmann, H. Bürckstümmer, J. Hwang, D. Hertel, 
F. Würthner, K. Meerholz, Direct comparison of highly efficient solution‐ 
and vacuum‐processed organic solar cells based on merocyanine dyes, 
Adv. Mater. 22 (2010) 4193-4197. 

28. V. Steinmann, N. M. Kronenberg, M. R. Lenze, S. M. Graf, D. Hertel, K. 
Meerholz, H. Bürckstümmer, E. V. Tulyakova, F. Würthner, Simple, 
highly efficient vacuum‐processed bulk heterojunction solar cells based 
on merocyanine dyes, Adv. Funct. Mater. 1 (2011) 888-893 

29. S. Wang, E. I. Mayo, M. D. Perez, L. Griffe, G. Wei, P. I. Djurovich, S. R. 
Forrest, M. E. Thompson, High efficiency organic photovoltaic cells 
based on a vapor deposited squaraine donor, Appl. Phys. Lett. 94 (2009) 
233304. 

30. G. Wei, S. Wang, K. Renshaw, M. E. Thompson, S. R. Forrest, Solution-
processed squaraine bulk heterojunction photovoltaic cells, ACS. Nano 4 
(2010) 1927-1934. 

31. S. Yoo, B. Domercq, B. Kippelen, Efficient thin-film organic solar cells 
based on pentacene/C60 heterojunctions, Appl. Phys. Lett. 85 (2004) 5427. 

32. J. Sakai, T. Taima, T. Yamanari, K. Saito, Annealing 
effectinthesexithiophene:C70 small moleculebulkheterojunction organic 
photovoltaic cells, Sol. Energy Mater. Sol. Cells 93 (2009) 1149-1153. 

33. R. Fitzner, E. Reinold, A. Mishra, E. Mena-Osteritz, H. Ziehlke, C. Körner, 
K. Leo, M. Riede, M. Weil, O. Tsaryova, A. Weiß, C. Uhrich, M. Pfeiffer, 
P. Bäuerle, Dicyanovinyl–substituted oligothiophenes: structure‐property 
relationships and application in vacuum‐processed small molecule organic 
solar cells, Adv. Funct. Mater. 21 (2011) 897-910. 

34. B. Walker, A. B. Tamayo, X. -D. Dang, P. Zalar, J. H. Seo, A. Garcia, M. 
Tantiwiwat, T. -Q. Nguyen, Flexible organic solar cells: nanoscale phase 
separation and high photovoltaic efficiency in solution‐processed, 
small‐molecule bulk heterojunction solar cells, Adv. Funct. Mater. 19 
(2009) 3063-3069. 

35. Q. Shi, P. Cheng, Y. Li, X. Zhan, A solution processable D-A-D molecule 
based on thiazolothiazole for high performance organic solar cells, Adv. 



 

 １１５ 

Energy Mater. 2 (2012) 63. 
36. Q. Liu, Y. Jiang, K. Jin, J. Qin, J. Xu, W. Li, J. Xiong, J. Liu, Z. Xiao, K. 

Sun, S. Yang, X. Zhang, L. Ding, 18% Efficiency organic solar cells, Sci. 
Bull. 65 (2020) 272-275. 

 
 



 

 １１６ 

 

 

 
 

Part III. 
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3.1. Backgrounds 
 
3.1.1. Introduction 
 
The word ‘nano’ is the size of 10-9 m or length of three atoms which is 

invisible to naked eye (Figure 3-1). Nanotechnology is the science or technology 
that utilize particular things which are less than 100 nanometers in size. This often 
classified into two parts. (i) Nanoscience; where researchers study about the 
chemical and physical properties of nanoscale materials which are the smallest 
things that can be made. (ii) Nanotechnology; where researchers develop and apply 

Figure 3-1. The snapshot of nanotechnology; from atom to macro-materials 

Figure 3-2. Different colors of metallic NPs varying components, size and shapes. 
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materials at nanoscale to develop products or methods, such as turning 
nanostructures into useable tools and applications. Since the first appear of the term 
‘nanoparticles (NPs)’ in the 1980s, the development of nanoparticles have drawn 
considerable attention in the various fields of textiles, biomedical, health care, 
renewable energy, electronics and so on. NPs were readily blended into industries 
not only with their small size but also with their easily modifiable 
photophysical/electrochemical characters by constituents, size, and shape. 1 (Figure 
3-2) 

 
3.1.2. Purpose of metallic NPs in solar cells 
 
In the viewpoint of electronic devices such as organic/inorganic solar cells, 

increasing light absorption is one of the key factors to increase the efficiency of 
solar cells. The absorbance is related to the thickness and area of the active layer of 
the device; however, increasing those factors may increase device resistance at the 
same time due to the low carrier mobilities and short exciton diffusion length. 
Therefore, introducing metallic NPs is suggested as one of the methods to enhance 
light harvesting without increasing the thickness/area of the active layer. The 
metallic NPs have the potentials to improve the device performance by three 
characteristics; (i) increasing light harvesting by localized surface plasmon 
resonance (LSPR), (ii) increasing optical pathways by light scattering, and (iii) 
decreasing recombination of excited molecules by dissociation probability; 

(i) Surface plasmon resonance (SPR) is the coherent oscillation of conduction 
electrons surrounding metallic surfaces. When SPR has occurred in nanometer-
sized structures, it is defined as the localized surface plasmon resonance (LSPR) 
effect. The excitation of LSPR occurs when the frequency of the incident light 
matches its resonance peak, generating unique optical properties near the surface of 
metallic surfaces; selective light extinction and local enhancement of 
electromagnetic field, which strongly depends on the size, shape, and dielectric 

Figure 3-3. A mimetic diagram for (a) surface-plasmon decay, (b) hot-electron 
generation and (c) injection 
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environment of NPs. After excitation, LSPR undergoes electromagnetic relaxation 
in two ways; radiative decay emitting certain color or non-radiative decay by 
transferring the energy to hot electrons. Electrons from occupied energy levels are 
excited above the Fermi-energy level, which is called ‘hot-electrons’. Hot electrons 

above the Schottky barrier ( ), where  is the work function of 

the metal and  is the electron affinity of the semiconductor) injected into the 
conduction band of the neighboring semiconductors, which enhances the number 
of electrons on the semiconductor, such as TiO2 of dye-sensitized solar cells 
(DSCs).2 

(ii) Light scattering effect occurs when the active layer of solar cell absorbs 
the sunlight, the light scatters in the active layer, which increases the optical 
pathways. Light scattering of NPs enables enhanced photon absorption maintaining 
the thickness of the active layer. The scattering effect largely depends on the type 
and size of the metals, for example, it has been reported that the scattering effect of 
Ag-NPs is superior to that of Au-NPs. Furthermore, in the case of Ag-NPs, the 
absorption effect prevails the scattering effect when the particle diameter is under 
40 nm; however, the scattering effect is dominant when the diameter is over 40 
nm.3 

(iii) The excitation of LSPR of metallic nanoparticles forms electric fields 
which induces strong coupling between the plasmon−exciton that participated in 
the charge transfer process. This phenomenon is able to increase the amount of hot 
electrons which has higher energy that overcome their initial Coulombic potential. 
It has been previously reported that the plasmonic field can change dynamic 
properties of photo-generated excitons by the plasmon-exciton coupling effect. By 
this phenomenon, the amount of hot electrons increase for efficient dissociation. As 
a result, increased dissociation probability reduces the recombination, thus 

Figure 3-4. Light scattering effect of metallic NPs 
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improves the fill factor (FF) of solar cells.4 

 
 
3.1.3. History of metallic NPs in solar cells. 
 
To obtain great performance of solar cells, there are several factors that should 

be fulfilled; efficient light harvesting, effective charge carrier generation, 
separation, transport, and collection. Therefore, absorbing a large amount of 
sunlight is one of the most crucial elements to achieving high power conversion 
efficiency (PCE) of solar cell devices. However, the optimum thickness of the 
active layer is limited to under 200 nm, which is not thick enough for efficient light 
harvesting. Enhancing the thickness may cause unwanted recombination of 
excitons; thus, the introduction of metallic NPs such as silver (Ag), gold (Au), or 
sometimes silver at silicon oxide (Ag@SiO2) is suggested as one of the methods to 
increase light absorption without increasing the thickness of the active layer. As 
mentioned above, metallic NPs show various characters depending on constituents, 
shape, size, and covering materials. Consequently, selecting the proper condition 
that best fits the device is very important. 

Heeger and co-workers introduced 40 nm silver nanoparticles (Ag-NPs) into 
poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-
benzothiadiazole)] (PCDTBT)/ [6,6]-Phenyl-C71-butyric acid methyl ester 
(PC70BM) bulk heterojunction (BHJ) active layer which increased PCE from 6.3% 
to 7.1%.5 For further study, the group introduced 70 nm gold nanoparticles (Au-
NPs) into poly(3-hexylthiophene) (P3HT)/ PC70BM based BHJ device increasing 
PCE from 3.54% to 4.36% and PCDTBT/PC70BM based BHJ device from 5.77% 
to 6.45%, and 3.92% to 4.54% for Poly[(4,4‐bis(2‐ethylhexyl) ‐dithieno 

Figure 3-5. Interaction between LSPR and excitons; increased exciton dissociation 
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[3,2‐b:2′,3′‐d]silole)‐2,6‐diyl‐alt‐(2,1,3‐benzothiadiazole)‐4,7‐diyl] (Si-
PCPDTBT)/PC70BM device.6 In 2011, Wu et al. introduced 45 nm Au-NPs in 
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) hole 
transporting layer increasing PCE from 3.57 % to 4.24 %. 

In 2015, Seo et al. reported solar cell efficiency improve from 7.77 % to 
9.00 % by systematically studying  Au@Ag@DHBC (double hydrophilic block 
copolymers) NPs utilizing interparticle coupling effect.7 Karmat and co-workers 
blended SiO2 and TiO2 capped Au-NPs in N719 sensitizer based dye-sensitized 
solar cells (DSCs) to improve PCE from 9.3% to 10.2% exhibiting higher 
photovoltage.8 Through these studies, it is possible to know that proper 
composition, shape and size of metallic NPs might highly improve PCE of solar 
cells. 
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3.2. Correlations of optical absorption, charge 
trapping, and surface roughness of TiO2 
photoanode layer loaded with neat Ag-NPs for 
efficient perovskite solar cells 

 
3.2.1. Abstract 
 
Systematical investigation of the effect of silver nanoparticles (Ag-NPs) on 

the power conversion efficiency (PCE) of perovskite solar cells (PSCs) was 
proceeded. Neat, spherical Ag-NPs at concentration of 0.0 wt%, 0.5 wt%, 1.0 wt%, 
and 2.0 wt% were embedded into the titanium dioxide (TiO2) photoanode layer. 
The plasmonic effect of the Ag-NPs strongly enhanced the incident light absorption 
over a wide range of the visible wavelength region, in addition to the inherent 
absorbance of the perovskite sensitizer. The lower conduction energy level of the 
Ag-NPs compared to that of TiO2 offers trap sites for free charge carriers. Thus, the 
correlation between the enhancement of the optical absorption and the charge traps 
provided by the Ag-NPs is critical to determine the performance of device; 
especially current density (Jsc) and PCE. This is confirmed by the quantitative 
comparison of the incident light absorption and the time-resolved 
photoluminescence decay according to the concentration of the Ag-NPs in the TiO2 
layer. The absorption enhancement from 380 to 750 nm in the UV-visible spectrum 
is proportional to the increase in the loading levels of the Ag-NPs. However, the Jsc 
showed enhancement only with the device with 0.5 wt% Ag-NPs and gradually 
decreases with increases in the loading level above 0.5 wt% because of the 
different contributions to the absorbance and the charge trapping by different Ag-
NPs loading levels. Furthermore, the suppression of the surface roughness with 
dense packing by the Ag-NPs helps to improve the Jsc and the following PCE. 
Consequently, the PCE of the PSC with 0.5 wt% Ag-NPs is increased to 11.96%. 
These results are attributed to the balance between increased absorbance by the 
localized surface plasmon resonance and the decreased charge trapping, as well as 
the decreased surface roughness of the TiO2 layer with the Ag-NPs. 

 
3.2.2. Introduction 
 
Perovskite solar cells (PSCs) have attracted significant interest in recent 

research because they show superior light-harvesting ability in the solar spectrum9-

11 and outstanding charge carrier mobility,12 leading to higher power conversion 
efficiency (PCE) relative to typical solar cells. Miyasaka et al. firstly introduced 
organometal halide perovskite materials with molecular structure CH3NH3PbX3 (X 
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= I or Br) as visible light sensitizers for photovoltaic cells in 2009.13 These methyl 
ammonium lead halides have been extensively studied because of their relatively 
high efficiency. Seok et al. reported an efficiency exceeding 20.0% by combining 
formamidinium lead iodide as an additive with CH3NH3PbX3 perovskite 
materials.14 In terms of fabrication process, Julian et al. introduced a sequential 
deposition method for the formation of the perovskite capping layer to optimize the 
morphology of the material.15 Kim et al. achieved developments in the 
nanostructural control of the TiO2 layer to increase the current density and PCE of 
the device.16,17 In order to improve the efficiency, among the factors decisive to the 
device performance, increasing the light harvesting capability in the panchromatic 
region of the solar spectrum is vital. However, this must be achieved without 
increasing the thickness, which can cause decrease the charge generation efficiency 
and enhance charge recombination, as well as the charge transport resistance. 
Although low-bandgap perovskite sensitizers have drawn much attention because 
they can absorb the long-wavelength region in the solar spectrum, the efficiency of 
the PSCs still suffers from their poor panchromatic absorption. The conventional 
PSCs show relatively weak absorption in the 600–800 nm wavelength region,18-20 
and increasing the absorbance in this regime can enhance the device performance. 
PSCs with the highest PCE (~20.0%) are achieved by controlling the morphology 
and structure of the crystalline perovskite by additives such as salts19 or solvents,21 
or by controlling the ratio of constituent materials without metal NPs.14 Such 
morphological changes in the perovskite materials are found to increase the 
absorbance.19,21,22 For the TiO2 photoanode, the disordered structure of the 
mesoporous TiO2 layer in dye-sensitized solar cells (DSSCs) hinders charge 
transport from the dye to the anode because of the short electron diffusion length. 
Different nanostructures for the TiO2 photoanode layer have been introduced to 
increase the PCE.23-25 These structures promoted sufficient dye absorption and fast 
electron pathway. In addition, the dense packing of the TiO2 photoanode layer is 
advantageous for efficient charge transport.26,27 Thus, we expect that the addition of 
Ag-NPs can change the morphology of the TiO2 photoanode and induce positive 
effect on the corresponding efficiency. 

Light absorption by the localized surface plasmon resonance (LSPR) of metal 
nanoparticles (NPs) is often used in the various types of organic solar cells such as 
DSSCs and organic photovoltaic cells (OPVs) in order to increase the photon 
absorption without increasing the thickness of the device.2,25,28 A strong local 
electromagnetic field near the NPs, induced by the collective and coherent 
oscillations of the electrons in resonance with the incident light frequency, 
enhances photon absorption. Additionally, the NPs with relatively large average 
diameters are advantageous in enhancement of the optical path length by increasing 
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the light scattering effect, which helps the efficient absorption of incident solar 
light. Numerous studies have shown increases of the PCE by the introduction of the 
NPs in typical organic solar cells. Gong et al. reported a PCE of 10.3% owing to 
the enhanced absorption offered by the introduction of nano-popcorn-shaped silver-
gold nanocomposites in the TiO2 photoanode layer of PSCs.29 However, no further 
studies have addressed the detailed relationships among the absorption 
enhancement, the scattering effect, the charge trap, and the aggregation behavior of 
NPs. In another case, Zhu et al. quantitatively investigated the scattering and 
plasmonic enhancement in poly(3-hexylthiophene):phenyl-C61-butyric acid methyl 
ester (PC60BM) OPVs with silver NPs (Ag-NPs) in the poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) buffer layer.30 
Generally, Ag-NPs are known to induce a larger scattering effect but a smaller 
LSPR effect than those of gold NPs. However, this effect only occurs when the 
average diameter of the Ag-NPs is larger than 40 nm, which strengthens the local 
field by the interference of the incident light. It is well-known that Ag-NPs with 
diameters below 40 nm show relatively limited scattering with respect to the 
corresponding absorbance.31 There are relatively few reports on the correlation 
between the absorbance and the formation of charge traps32 for the contribution to 
the efficiency of PSCs. Even though Ag-NPs can increase the optical absorption, 
free charge carriers can be trapped on the NPs due to their lower conduction energy 
level compared to that of TiO2. In addition, the surface roughness of the TiO2 
photoanode layer with the Ag-NPs, which induce variations in the electrical 
properties, is must also be investigated for effects on the performance of device. 

Here, we systematically studied the quantitative effects of the optical 
absorbance, charge trap formation, and aggregation behavior by Ag-NPs loaded at 
different concentration on the PSC performance. Neat, spherical Ag-NPs of ~25 nm 
in diameter loading levels of 0.0 wt%, 0.5 wt%, 1.0 wt%, and 2.0 wt% were 
incorporated in the TiO2 photoanode layer of the PSCs. The highest device 
efficiency of 11.96% was achieved for 0.5 wt% Ag-NPs due to the enhanced 
absorbance and the suppressed charge trapping on the Ag-NPs. In addition, the 
surface roughness was smoothened by the dense packing of TiO2 loaded with 0.5 
wt% Ag-NPs, which contributed to the improvement of the charge transport as well 
as of the PCE. 
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3.2.3. Experimental Section 
 
3.2.3.1. Preparation 
 
Synthesis of Ag nanoparticles  
First of all, 10 g of polyvinylpyrrolidone (PVP; 10,000 g/mol, TCI, Japan) 

was dissolved in 50 mL of ethylene glycol (EG; Samchun Chemical, Korea). The 
reaction temperature was heated up to 120 °C. 0.8 g of silver nitrate (AgNO3; 
Sigma-Aldrich, Belgium) was dissolved in 5 mL of EG, and the previous mixture 
was added to the PVP solution. After 2 h of stirring, the dark-brown product was 
purified by centrifugation to remove the excess PVP once at 4000 rpm for 10 min 
in acetone, and three times at 17,000 rpm for 10 min in ethanol (EtOH), and the 
resulting final Ag-NPs were dispersed in EtOH. 

Solar cell fabrication  
Patterned Fluorine-doped tin oxide (FTO) glass plates (Pilkington, TEC-8, 

Japan) were cleaned in a detergent solution and sonicated for 10 min, and then 
rinsed with water and EtOH. The fabrication process of the TiO2 photoanode layer 
consists of three steps: (i) a spray-pyrolysis to prepare a compact TiO2 film as a 
blocking layer, (ii) a hydrothermal step to form TiO2 from TiCl4, and (iii) a spin-
coating to prepare a mesoporous TiO2+n wt% Ag-NPs layer. In order to prevent 
direct contact between FTO and the perovskite sensitizer, a titanium diisopropoxide 
bis(acetylacetonate) solution was deposited on the FTO substrate by spray-
pyrolysis and heated at 450 °C to form the compact TiO2 film. The thickness of the 
compact TiO2 blocking layer was 300 nm. The FTO glass with the compact TiO2 
film were immersed in a 40 mM aqueous titanium tetrachloride (TiCl4) solution at 
70 °C for 30 min and subsequently sintered at 500 °C for 30 min to improve the Jsc 
by enhancing the dye absorption on the surface33 and increasing the electron 
transport rate34 as well as the charge separation efficiency.35,36 Finally, the 
mesoporous TiO2+n wt% Ag-NPs layer fabricated to adsorb the perovskite 
sensitizer was constructed by the spin-coating method (at 5000 rpm for 30 s) of a 
diluted TiO2 ethanol solution (Dyesol 18NR-T, 1 : 3.5 w/w diluted in EtOH) with 
the addition of n wt% of Ag-NPs (n=0.0, 0.5, 1.0, and 2.0). The Ag-NPs were 
dispersed in ethanol, which mixed well with the diluted TiO2 ethanol solution.37 
The formed TiO2 photoanode layer with n wt% Ag-NPs was sintered at 500 °C. To 
form perovskite structure on the TiO2 photoanode, a 1.0 M lead iodide (PbI2) 
solution in dimethylformamide (DMF) was dropped on the TiO2/FTO substrate by 
spin-coating at 6500 rpm for 30 s. The substrates were dried on a hot plate at 70 °C 
for 30 min. After cooling, the layer was dipped into an 8 mg/mL methylammonium 
iodide (CH3NH3I) in 2-propanol for 25 s, and dried at 70 °C for 15 min. The 
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thickness of the TiO2+n wt% Ag-NPs layer combined with the perovskite sensitizer 
was 230 nm. For a formation of hole-transporting material (HTM) layer, a 60 mM 
solution of 2,2′,7,7′-tetrakis(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene 
(spiro-OMeTAD) in chlorobenzene was prepared. Two additives of 7.0 mL lithium-
bis(tri-fluoromethanesulfonyl)imide (Li-TFSI) in acetonitrile (520 mg/mL) and 8.0 
mL 4-tert-butylpyridine (tBP) were added to the HTM solution. The HTM layer 
was spin-cast onto the FTO/TiO2/methylammonium lead iodide (CH3NH3PbI3) at 
3000 rpm and the resulting thickness was 180 nm. Finally, the device was 
pressurized to 10-5 Torr and gold counter electrode of 60 nm in thickness was 
deposited on top by thermal evaporation. 

 
3.2.3.2. Measurement 
 
The solar cells efficiencies were measured under simulated 100 mW/cm2 AM 

1.5G irradiation using a xenon (Xe) arc lamp with an AM 1.5G. The simulator 
irradiance was characterized using a calibrated spectrometer and the illumination 
intensity was set using a silicon diode with an integrated KG1 optical filter 
certified by National Renewable Energy Laboratory (NREL): The spectral 
mismatch factor of each device was calculated to be less than 5%. Short circuit 
currents (Jsc) were also found to be within 5% of the values calculated using the 
integrated external quantum efficiency (EQE) spectra and the solar spectrum. The 
EQE was measured using a reflective microscope in order to focus the light output 
from a 75 W Xe lamp, monochromator, and optical chopper; the photocurrent was 
characterized using a lock-in amplifier and the absolute photon flux was measured 
by a calibrated silicon photodiode. The Ultraviolet (UV)-Visible spectra were 
recorded using a Beckman DU 650 spectrophotometer. The device performance 
was measured under AM 1.5G illumination (100 mW/cm2) using a solar simulator 
(Peccell, Japan) and the incident photon-to-current conversion efficiency (IPCE) 
measurement system (McScience, K3100, Korea). The light intensity at each 
wavelength was calibrated using a standard silicon solar cell as a reference. The 
current density–voltage (J–V) curves were measured with a Keithley 2400 source 
measurement unit. A Hitachi-7600 transmission electron microscope (TEM; 
Hitachi, Japan) was used to obtain the microscopic image. A DektakXT surface 
profiler (Bruker, USA) was used to measure the thickness of each layer in the 
devices, which the average thickness were obtained by 10 samples of each layer. A 
Nanoscope IV controller (Veeco Instruments, USA) was used to analyze the atomic 
force microscopy (AFM) images. A time-resolved photoluminescence (PL) 
spectrometer (Becker & Hickl, SPC-150, Germany) was used to determine the PL 
decay with a time channel of 12.2 ps. A femtosecond laser (MaiTai HP, Spectra-
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Physics, USA) was pumped with a photonic crystal fiber (NKT Photonics, 
femtoWHITE-800, Denmark) to generate a supercontinuum light, from which the 
excitation wavelength of 630 ± 5 nm was extracted using a bandpass filter 
(Thorlabs Inc., Newton, USA). Dynamic light scattering (DLS; Malvern, Zetasizer 
Nanoseries, USA) was conducted to measure the aggregated diameter of the 
particle. X-ray diffraction (XRD; PANalytical, X’pert Pro, Netherland) 
measurements were performed by using Cu Kα1, and Kα2 radiation sources (λ= 
1.54056 Å, and 1.54443 Å) at 45 kV and 40 mA, respectively. The field emission 
scanning electron microscope (FE-SEM; Carl Zeiss, SIGMA, United Kingdom) 
images were performed at a 15 kV accelerating voltage. 
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3.2.4. Results and Discussion 

 
The device structure consisting of FTO/TiO2+n wt% Ag-NPs/CH3NH3PbI3/ 

spiro-OMeTAD/Au and the corresponding energy level diagram are shown in 
Figure 3-6 (a). CH3NH3PbI3 is used as a perovskite sensitizer and n is varied with 0, 
0.5, 1.0 and 2.0. The energy level of TiO2 is lower than that of the perovskite 
material, which promotes electron transfer from the sensitizer into the TiO2 

photoanode layer. For a TiO2 photoanode layer embedded with the Ag-NPs, the 
NPs can act as charge trapping sites because the conduction energy level of the Ag-
NPs is between those of the TiO2 and the sensitizer. Generally, LSPR by Ag-NPs 
can improve the absorbance in conventional organic solar cells.11,28,30 Thus, it was 
possible to assume that the management between the absorbance and the charge 
trapping according to the loading levels of the Ag-NPs determines the strength of 
the photocurrent in the device operation.38 The Ag-NPs shown in Figure 3-6 (b) 
was used; these were synthesized by a typical reduction method of AgNO3 using a 
reducing agent according to the procedure reported in the experimental section.28 
The Ag-NPs were dispersed in EtOH to promote mixing with the TiO2 NPs for the 
photoanode layer. In general, the optical properties of Ag-NPs are tuned by the 
particle shape, size, and density, which in turn influence the device performance of 
typical organic-based solar cells.31,39-41 In particular, Ag-NPs increase the light 
absorption in the visible wavelength range by LSPR.11 The size of the NPs used in 
this study (~25 nm in diameter) is small enough to suppress the scattering effect 
(Figure 3-7),31,42 which is consistent with our hypothesis. Figure 3-7 shows the 
normalized dynamic light scattering (DLS) histogram of different loading level of 
Ag-NPs by 0.5 wt%, 1.0 wt% and 2.0 wt%. The average diameters of the Ag-NPs 
particle based on the DLS varied with ~ 38.0 nm for 0.5%, ~ 43.8 nm for 1.0% and 

Figure 3-6. (a) Schematic device structure, energy level diagram, and the average 
thickness values for each layer of the PSC (The red and blue arrows represent 
electron- and hole-transport pathway). (b) TEM image of Ag-NPs (~25 nm in 
diameter). 
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~ 49.0 nm for 2.0%, respectively. The increased size of clusters were observed with 
increase in the loading level of the Ag-NPs. The mean particle size at the maximum 
peak in the DLS histogram is relatively larger than that shown in TEM image 
because the DLS measurement is highly dependent upon solution 
physicochemistry.43 The well-distributed Ag-NPs were partly aggregated by the van 
der Waals interaction into the large clusters.44 

Figure 3-7. Normalized dynamic light scattering (DLS) data of 0.5 wt%, 1.0 wt% 
and 2.0 wt% of Ag-NPs respectively in EtOH, diluted 30 times each with the 
solvent. 

Figure 3-8. (a) J-V characteristics of perovskite solar cell with the device structure 
of FTO/TiO2+n wt% Ag-NPs/CH3NH3PbI3/spiro-OMeTAD/Au. The n stands for 
the loading levels of Ag-NPs and varies from 0.0 wt% to 2.0 wt%. (b) Relative 
enhancements of the average device performances with n wt% Ag-NPs. 
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Table 3-1. Perovskite Solar Cell Performancea 

Loading levels of 
Ag-NPs in TiO2 layer 

Parameters 

Jsc [mA/cm2] Voc [V] FF [%] PCE [%] 

0.0 wt% Ag-NPs 17.85 ± 0.68 0.88 ± 0.02 69.46 ± 0.62 10.96 ± 0.43 

0.5 wt% Ag-NPs 18.91 ± 0.42 0.90 ± 0.02 70.20 ± 0.70 11.96 ± 0.37 

1.0 wt% Ag-NPs 18.45 ± 0.54 0.90 ± 0.02 70.01 ± 0.84 11.65 ± 0.36 

2.0 wt% Ag-NPs 17.87 ± 0.62 0.89 ± 0.01 69.27 ± 0.63 11.07 ± 0.49 
a Total 50 devices were measured and calculated. 
 
Figure 3-8 (a) depicts the J-V curves of the four devices with different Ag-NPs 

loading levels. The average device performances including the Jsc, open-circuit 
voltage (Voc), fill factor (FF), and PCE are summarized in Table 3-1. Compared to 
the control device without Ag-NPs, the three devices with different loading levels 
of the NPs shows negligible difference in Voc and FF, but distinguishing feature in 
Jsc.45 The Jsc of the device with 0.5 wt% Ag-NPs is 18.91 mA/cm2 compared to 
17.85 mA/cm2 of the control device. The improved Jsc in the PSC containing 0.5 
wt% Ag-NPs can be attributed to the absorption enhancement by LSPR.11 
Therefore, the fact that incorporation of 0.5 wt% Ag-NPs improved the PCE by 
enhancing the Jsc could be expected. However, the NPs loading levels above 0.5 
wt% in the TiO2 photoanode layer cause decreases in the current density, which can 
be ascribed to the increase in the charge traps on the Ag-NPs and in the surface 
roughness. The Ag-NPs are believed to trap the photogenerated electrons and 
hinder charge transport due to the mismatch between energy level of TiO2 and that 
of Ag-NPs.46 The relative enhancement of the average device performance in 
Figure 3-8 (b) shows almost identical tendencies in the Jsc and the PCE, indicating 
that the increased efficiency is mainly dependent on the variation in the Jsc. The 
highest value of the Jsc is observed in the PSC with 0.5 wt% Ag-NPs, and decreases 
with increases in the loading level of the Ag-NPs. The studies of PCE with 0.5 wt% 
Ag-NPs is superior to those of the PSCs incorporated with metal NPs in previously 
reported.29 Despite the increased trapping of photoinduced charges, the absorption 
enhancement improved the PCE. The charge trap and the absorbance are closely 
related in determining the device performance, which will be discussed later on 
Figure 3-10 and 3-11. 
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Figure 3-9 illustrates the IPCEs and relative enhancement of IPCE to confirm 
the effect of LSPR on the enhanced PCE as a function of Ag-NPs loading levels. 
The device with 0.5 wt% Ag-NPs indicates the highest enhancement of the IPCE in 
the wide spectral range of 380-800 nm, whereas relatively low enhancements are 
observed with the NPs loading levels greater than 0.5 wt%. The IPCEs of the 
devices with the Ag-NPs represents broad increases over the panchromatic 
wavelength range compared to that of the control sample without the NPs due to 
the absorption enhancement by LSPR of the Ag-NPs.29 Regardless, Ag-NPs 
loading levels above 0.5 wt% in the devices generate only small increases 
compared to that of the control device without Ag-NPs. This may be related with 
charge trapping on the NPs, which decrease electron transfer and the corresponding 
Jsc; finally the IPCE is decreased due to the undesired transport of electrons to the 

Figure 3-9. IPCE spectra (from 380 to 800 nm) of the PSCs with different loading 
levels of the Ag-NPs in TiO2 photoanode layer. 

Figure 3-10. (a) UV-Vis spectra of FTO/TiO2+n wt% Ag-NPs in film and the Ag-
NPs only in solution. (b) Normalized absorbance of FTO/TiO2+n wt% Ag-
NPs/CH3NH3PbI3 (n=0.0, 0.5, 1.0, and 2.0; inset histogram represents the relative 
increase ratio with different loading levels of the Ag-NPs). 
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NPs, where the charge carriers are trapped by the mismatched energy level between 
the Ag-NPs and TiO2. 

Figure 3-10 (a) shows the UV absorption spectra of FTO/TiO2 + n wt% Ag-
NPs in film and the absorbance of the Ag-NPs only in solution in which their 
intensities in the range of 400–500 nm depend only on the absorption of the 
loading levels of the Ag-NPs. The absorption spectrum around 470 and 700 nm 
indicates oscillations caused by interference effects.47 The plasmonic absorption 
peak at 410 nm in a solution of the Ag-NPs red-shifted up to ~450 nm when the 
NPs are incorporated in the TiO2 layer because of the reduction of distance between 
the NPs.48 The absorbance of the samples is proportional to the increases in the 
loading levels of the Ag-NPs in the TiO2 layer, indicating the interaction between 
the oscillating free electrons of the Ag-NPs and the incident light. The absorbance 
enhancement in the sample with FTO/TiO2+n wt% Ag-NPs/CH3NH3PbI3 is 
depicted in Figure 3-10 (b). Note that the enhancement is not pronounced for 
wavelengths shorter than 400 nm, because the TiO2 film has relatively high 
absorption in this region (Figure 3-11 (b)). 

The investigation of the normalized absorbance spectra of FTO/n wt% Ag-
NPs to confirm the aggregation behavior Ag-NPs alone, without TiO2 NPs and 
perovskite sensitizer was performed and depicted in Figure 3-11 (a). Ag-NPs on 
FTO have two distinct absorption bands in the visible region compared to the NPs 
in the solution. The peak at ~410 nm is attributed to the LSPR band of the spherical 
Ag-NPs, which corresponds to the previously reported literature.49 Interestingly, 
different absorbance levels occurred at the shoulder peak at ~550 nm in longer 
wavelength region; the peak red-shifted as the loading level of Ag-NPs increased, 
regardless of the absorption for particles suspended in EtOH showing a single 
sharp absorbance peak around 410 nm region. It was assumable that the red-shift is 
ascribed to the aggregation of the Ag-NPs, which aggregate into larger clusters 
with increasing loading level in solution. The decreased distance between the Ag-

Figure 3-11. (a) Normalized absorbance spectra of FTO/n wt% Ag-NPs. (b) 
Absorbance of TiO2 and TiO2+Ag-NPs in EtOH solution. 



 

 １３３ 

NPs, which resulted from increasing the loading level of embedded NPs, causes a 
blue-shift in the UV absorbance spectrum due to the increment of their 
electromagnetic coupling.50,51 However, the red-shift at ~550 nm was originated 
from the increased local refractive index surrounding the aggregated Ag-NPs as the 
loading level of NPs increased,52,53 which is consistent with the DLS data and 
absorption spectra of relatively large Ag-NPs as depicted in Figure 3-7. Figure 3-11 
(b) shows the absorbance of TiO2 with-/without Ag-NPs dissolved in EtOH. The 
pristine TiO2 without Ag-NPs showed a sharp absorbance peak at 300 nm. 

Even with the LSPR by Ag-NPs, the absorption at a short-wavelength of ~400 
nm does not show a distinct increase because the absorption is saturated due to the 
intrinsically high extinction coefficient of the perovskite sensitizer (Figure 3-10 
(b)). However, the Ag-NPs doubtlessly enhanced the light absorption in the 
panchromatic wavelength range (400–800 nm), which can be attributed to the 
absorption increased by LSPR in addition to the absorbance of the perovskite 
sensitizer. To reconfirm, it was possible to rule out the scattering effect because of 
the small size of the Ag-NPs (~25 nm).31,54 Therefore, only LSPR by the Ag-NPs 
contributes to the enhancement of optical absorption. In this regard, we can deduce 
that the absorption enhancement in the sample with FTO/TiO2+Ag-
NPs/CH3NH3PbI3 leads to the improvement of the Jsc and the corresponding 
increase of the PCE. The relative enhancements, based on the sample without Ag-
NPs are represented in FTO/TiO2+n wt% Ag-NPs and FTO/TiO2+n wt% Ag-
NPs/CH3NH3PbI3, respectively (Figure 3-10 (a) and 3-10 (b) inset). The relative 
absorption enhancement ratio between FTO/TiO2+n wt% Ag-NPs (Figure 3-10 (a) 
inset) and FTO/TiO2+n wt% Ag-NPs/CH3NH3PbI3 (Figure 3-10 (b) inset) is not 
similar. In the case of FTO/TiO2+n wt% Ag-NPs, the relative absorption increase is 
proportional only to the increase in the loading level of the Ag-NPs. However, 
Figure 3-10 (b) inset mainly indicates the additional absorbance increase of the 
perovskite sensitizer by the LSPR effect of the Ag-NPs in the long-wavelength 
region (400–800 nm), which shows identical phenomenon with the previous 
researches.29, 55 The small increase of the relative absorbance enhancement in 
Figure 3-10 (b) inset is dependent on the intrinsic absorption ability of the 
perovskite material. The absorbance of the material is strong in the short-
wavelength region (~400 nm) and relatively weak in the long-wavelength region 
(400–800 nm). Thus, the perovskite material limits the absorbance in the short-
wavelength region but receives the enhancement from the plasmonic effect of the 
Ag-NPs in the long-wavelength region. As a result, a relatively small increase in 
the absorbance enhancement ratio of FTO/TiO2+n wt% Ag-NPs/perovskite 
sensitizer is shown in Figure 3-10 (b) inset. The relative increase ratio were 
calculated by integrating the area under each UV spectra based on the loading level 
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of the Ag-NPs, which could be quantitatively related to the Jsc. In the device with 
0.5 wt% Ag-NPs, the increase ratio of 5.0% in the absorbance correlates to the 
enhancement in Jsc of 5.9% and the PCE of 9.1%. The relative increase ratio of the 
PCE is higher than that of the Jsc while the relative UV absorption enhancement is 
similar to the increasing ratio of the Jsc. The origin of the higher relative increase 
ratio in the PCE seems to indicate limited charge trapping with additional 
contribution from the decreased resistance by suppressing the surface roughness of 
TiO2 film when 0.5 wt% Ag-NPs are embedded which will be discussed later with 
AFM images (see Figure 6).56 However, the other devices with loading levels of 
1.0 wt% and 2.0 wt% Ag-NPs reveal the increase ratios of 5.1% and 10.9% in 
absorbance but 3.4% and 0.1% increase in Jsc, 6.3% and 1.0% in PCE, respectively. 
These esults are attributed to the increase in the surface roughness and the numbers 
of charge trap. 

It is known that the performance of PSCs varies with the difference in 
thickness of the capping layer.57,58 The thickness of the perovskite capping layer 
with n wt% Ag-NPs (n=0.0, 0.5, 1.0, and 2.0) was measured using a surface 
profiler. Ten samples of each one with different loading levels of the Ag-NPs were 
measured. The average thickness of ~13 nm is depicted in Figure 3-12. This 
indicates that the addition of the Ag-NPs with n wt% loading has negligible effect 
on the thickness of the capping layer.59 Consequently, the effect of the thickness of 
the capping layer with n wt% Ag-NPs on the corresponding device performance 
can be ruled out. The crystal size of the perovskite material, which also changes the 
absorbance and the thickness of the capping layer, is important in determining the 
device performance of PSCs. Under our experimental conditions, the concentration 
and composition of the perovskite material and the processing conditions are 
identical, thus the size of crystal from the FE-SEM images is nearly identical 
despite the different loading levels of the Ag-NPs as shown in Figure 3-13. 

Figure 3-12. Average thickness values of perovskite capping layer according to n 
wt% Ag-NPs. 
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A series of time-resolved PL measurements was performed on the PSCs with 
different Ag-NPs loading levels in order to confirm the charge trapping behavior by 
electron lifetime decay, as shown in Figure 3-14. The decay in the fluorescence 
intensity (I) with time (t) was fitted with the bi-component exponential decay 
analysis which delivered two lifetime components following the equation 

 where the slower decay time (τ1) represents the 
recombination of a strongly localized electron-hole pair or exciton and faster decay 
time (τ2) is that of a weakly localized pair.60 The constants A1 and A2 are the 

Figure 3-13. FE-SEM images of FTO/ TiO2+n wt% Ag-NPs/CH3NH3PbI3; (a) 
n=0.0, (b) n=0.5, (c) n=1.0, and (d) n=2.0. 

Figure 3-14. Time-resolved PL of FTO/TiO2+n wt% Ag-NPs/CH3NH3PbI3 
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respective amplitudes of these components. Interestingly, all devices showed 
developed absorbance as the loading levels of the Ag-NPs increased, and the 
lifetimes of the excited electrons showed the same tendency. The reference TiO2 
film without any Ag-NPs embedded showed the shortest lifetimes of 4.57 and 1.14 
ns. The PL lifetimes gradually increased along with increasing the loading level of 
the Ag-NPs, which are 5.70 and 1.27 ns for 0.5 wt% Ag-NPs, 6.06 and 1.40 ns for 
1.0 wt% Ag-NPs, and 6.26 and 1.59 ns for 2.0 wt% Ag-NPs. According to the 
average lifetime (τaverage), the increase ratio was 22.0%, 30.0%, and 37.4% in 
sequential order of the Ag-NPs loading levels. These values could indicate that the 
free charge carriers might be trapped in the lower conduction energy level of the 
Ag-NPs, hindering the charge transport. The correlation between the charge 
trapping and the Jsc is inversely proportionate. The increase ratio in the charge 
trapping and Jsc is 22.0% and 5.9% for 0.5 wt% Ag-NPs, 30.0% and 3.4% for 1.0 
wt% Ag-NPs, and 37.4% and 0.1% for 2.0 wt% Ag-NPs, respectively. These results 
could explain the reason of adding more than 0.5 wt% Ag-NPs to the TiO2 layer 
improved the incident light absorption, but suppressed the PCE. By charge trapping, 
the Ag-NPs hampered charge transport from the perovskite sensitizer to the 
photoanode. As a result, the Jsc was not proportional to the absorbance 
enhancement because of the increased number of charge traps as shown by the 
relatively longer lifetime of free charge carriers in TiO2+Ag-NPs/CH3NH3PbI3. 

The Ag-NPs tended to aggregate into clusters as the loading level was 
increased in the diluted solution (Figure 3-7 and 3-11) because of van der Waals 
attraction.61 We analyzed AFM images of the films to study the surface roughness 
and the aggregation behaviors in FTO/TiO2+Ag-NPs according to the loading 
levels of the Ag-NPs. In Figure 3-15, the TiO2+Ag-NPs clusters by the aggregation 
of TiO2 NPs with the Ag-NPs were created through the addition of the Ag-NPs in 
TiO2 photoanode layer because of electrostatic charge-charge interaction between 
them.62 The TiO2 layer with no Ag-NPs shows a root mean square (RMS) 
roughness of 21.1 nm, while the 0.5 wt%, 1.0 wt%, and 2.0 wt% Ag-NPs 
incorporated films display 18.7, 18.6, and 26.5 nm, respectively. Mimetic diagrams 
to depict the aggregation behavior according to the loading level of the Ag-NPs is 
shown in the inset of Figure 3-15. At the 0.5 wt% Ag-NPs, the surface roughness of 
the film is decreased by 13.4% (Figure 3-15 (a)). This is attributed to the effect of 
the dense packing of the TiO2 photoanode layer, resulting from the electrostatic 
interaction between the negatively charged TiO2 and the positively charged Ag-NPs. 
That is to say, the formation of TiO2+Ag-NPs clusters, which influences the density 
of packing in the TiO2 layer, reduced the surface roughness. However, when a high 
loading level of 2.0 wt% Ag-NPs are embedded, excessive numbers of clusters are 
formed and the surface roughness is increased by 25.6% as depicted in Figure 3-15 
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(b). 
The XRD patterns were observed to analyze the structure of crystallite 

structure of the TiO2 films with Ag-NPs (Figure 3-16). The XRD patterns show 
strong diffraction peaks at 25.4° and 48.0° which were assigned as the distinct 
anatase phase of TiO2.63 The intensity of the peak at 25.4° changes according to the 
different loading levels of the Ag-NPs; this is referred to the difference in the size 
of the TiO2 crystallites, which can be inferred from the different aggregation 
behaviors of TiO2+n wt% Ag-NPs.64 The crystallite size is calculated with the 

Scherrer equation65 =  /  where B is the full width half 

maximum (FWHM), K is Scherrer constant,  is wavelength, and L is crystallite 
size. The crystallite sizes are 10.8 nm, 11.5 nm, 12.1 nm, and 8.5 nm for 0.0 wt%, 
0.5 wt%, 1.0 wt%, and 2.0 wt% of the Ag-NPs loading levels, respectively. This 
changes in the crystallite size as the aggregation behavior66 is consistent with the 
tendency of the roughness perceived in the AFM images (Figure 3-15). Generally, a 
smooth, homogeneous TiO2 layer is known to promote charge transport and the 
following current density.52,67 At the small loading level of 0.5 wt% Ag-NPs, the 

Figure 3-15. AFM topography images of FTO/TiO2+n wt% Ag-NPs; (a) n=0.0, (b) 
n=0.5, (c) n=1.0, and (d) n=2.0. 
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increased absorbance and the relatively smooth surface as well as the increased in 
the number of the clusters leads to the enhancement of the Jsc. Although the surface 
roughness of TiO2 film and aggregation behavior with 1.0 wt% Ag-NPs was similar 
to those of the film with 0.5 wt% Ag-NPs, the increased charge traps in the film 
with 1.0 wt% Ag-NPs impeded to exceed the Jsc as much as it had in the sample 
with 0.5 wt% Ag-NPs. Furthermore, the highest level of 2.0 wt% promoted large 
numbers of the aggregated TiO2+Ag-NPs clusters. The increase of both the surface 
roughness and the charge trap with excessive numbers of the clusters caused a 
decrease of Jsc regardless of the increased absorbance. 

 
Figure 3-16. XRD patterns of FTO/TiO2+n wt% Ag-NPs. 
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3.2.5. Conclusion 
 
The correlations among the absorbance, the charge trapping, and surface 

roughness for efficient PSCs using neat Ag-NPs were thoroughly demonstrated. 
The device with 0.5 wt% Ag-NPs showed a PCE of 11.96% in which this value is 
the highest efficiency from a PSC using metal NPs in TiO2 photoanode layer up to 
date. The enhancement of the optical absorption through the LSPR of the Ag-NPs 
was proportional to the loading level of the Ag-NPs in the panchromatic 
wavelength region of the PSC without the contribution of the scattering effect. The 
density of charge traps increased as the loading level of the Ag-NPs increased. 
However, the densely packed TiO2 layer with 0.5 wt % Ag-NPs induced the 
suppression of the surface roughness. Consequently, the relative balance between 
the absorbance and the number of charge traps is the origin of the high Jsc and the 
corresponding PCE. In addition, the reduced surface roughness promoted by the 
dense packing of the TiO2 layer through the formation of the TiO2+Ag-NPs clusters 
also contributed on the increase in the device performance, in addition to the 
absorbance enhancement by the Ag-NPs. As a result, the absorbance, the charge 
trapping, and the aggregation behavior in the TiO2 photoanode layer, which are 
determined by the loading level of the Ag-NPs, are decisive factors in increasing 
the efficiency and to understand the charge transport. The introduction of the Ag-
NPs in TiO2 photoanode in PSCs can improve the device performance not only by 
the enhancement of the absorbance in the long-wavelength region, but also by the 
increase in the charge transport capability.
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Abstract in Korean (국문초록) 
 
유기 발광소자(OLEDs)는 1987년 첫 발견 이후 꾸준한 관심을 받고 

있으며 상용화에 성공하여 현재 대면적의 TV 부터 스마트폰, 그리고 
스마트 시계 등 다양한 분야의 패널 디스플레이에 적용되고 있다. 
기존의 형광 발광체를 기반으로 한 유기 발광소자는 최대 내부 
양자효율이 25%로 제한되는 단점을 갖고 있지만 인광 발광체는 
중금속의 스핀궤도 결합에 의해 삼중항의 여기자를 이용할 수 있어 최대 
100%의 내부 양자효율을 취할 수 있다. 하지만 인광 발광체에 
일반적으로 사용되는 고가의 백금이나 이리듐 계열의 중금속 물질은 
상용화에 있어 경제력이 떨어지고, 따라서 새로운 대체물질의 도입이 
필요하다. 중금속을 사용하지 않는 열 활성 지연 형광(TADF) 발광체 
또한 단일항과 삼중항의 여기자를 모두 활용할 수 있기에 이는 인광 
발광체를 대체할 수 있는 물질로 부상하고 있다. 열 활성 지연 형광 
발광체는 역 계면 전이(RISC)에 의해 삼중항에 위치한 75%의 여기자를 
단일항으로 이동시켜 모든 여기자를 발광에 활용하는 방법으로 특히 색 
순도와 효율, 안정성이 적/녹색 발광체보다 낮은 청색의 발광체에 
적용시키는 것이 주로 연구되고 있다. 이에 첫번째 파트에서는 유기 
발광소자에 사용되는 청/녹색 열 활성 지연 형광 발광체를 개발 하고자 
하였다. 

유기 태양전지(OSCs)는 태양광이나 인공의 빛을 전기 에너지로 
변환시키는 기술로서 매장량이 한정된 기존의 주 에너지원인 화석연료를 
대체하기 위해 꾸준히 연구되고 있다. 유기 태양전지는 크게 두가지 
종류로 분류 할 수 있는데 하나는 식물의 광합성에서 영감을 받은 염료 
감응형 태양전지(DSCs)와 다른 하나는 광 기전 효과를 활용한 유기 광 
기전 소자(OPVs) 이다. 기존의 루테늄 기반의 감응체를 사용한 염료 
감응형 태양전지는 흡광 계수가 낮고, 가격이 비싸며 정제가 힘들다는 
단점을 가지고 있다. 이를 보완하기 위해 유기물을 염료로 사용한 염료 
감응형 태양전지가 개발되고 있다. 유기 광 기전 소자는 실리콘/무기 
태양전지의 대체기술로서 높은 흡광 계수와 공정의 용이성, 경제적 
이점에 있어 큰 장점을 보인다. 두번째 파트에서는 흡광 효율을 높이는 
노력을 통한 고성능의 유기태양전지를 개발하고자 하였다. 

 고성능의 유기태양전지를 개발하기 위해서는 염두에 두어야 할 
추가적인 요소들이 두가지 존재한다. 염료 감응형 태양전지의 액체 
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전해질 사용에 의한 낮은 안정성 문제와 여기자의 짧은 확산 거리로 
인한 제한된 소자의 두께가 손꼽힌다. 전자의 경우 페로브스카이트 
구조의 감응체와 고체 정공 이동물질의 조합을 통해 고체형 염료 감응형 
태양전지(ssDSCs)를 개발함으로써 극복하였다. 후자는 유기 태양전지 
내에 금속 나노입자를 도입하여 그것의 국부적 표면 플라즈몬 
공명(LSPR) 효과를 활용, 소자의 두께를 유지하면서 광자 흡수율 증가를 
이루는 방법이 해결책 중 하나로 제시되었다. 세번째 파트에서는 
페로브스카이트 태양전지에 은 나노입자를 도입하여 효율을 증대 시키는 
연구를 진행 하였다. 

 
 Part I 에서는 고효율의 청/녹색 열 활성 지연 형광 물질의 개발에 

중점을 두었다. 고효율의 유기 발광 소자를 얻기 위해서는 작은 값의 
단일항-삼중항간의 전위차이(ΔEST) 와 원활한 분자내 전하 전달(ICT)이 
중요하다. 견고한 분자구조의 설계로 전하의 비발광 감쇠율을 줄이고 
길고 평평한 분자구조로 물질의 수평 배치율을 높여 전면 발광을 하는 
구조를 유도하는 것 또한 고려해야 한다. 본 연구에서는 단일항-
삼중항간의 전위차이, 고휘도에서의 효율감소율, 비발광 감쇠율을 줄이는 
동시에 분자내 전하전달과 발광 효율을 증가시켜 높은 외부양자 효율을 
보이는 유기 발광 소자 개발에 초점을 맞추었다.  

두개의 전자주개와 보론 전자받개를 포함하며 분자내 전하전달을 
최대화 시키기 위한 뒤틀어진 구조의 CCDMB, PCDMB 물질을 
고안하였고 그중 강한 전자주개인 페녹사진기를 가진 PCDMB물질은 
0.13 eV의 작은 단일항-삼중항 전위 차이 값을 보였으며 효율적인 역 
계면 전이가 일어났음을 알 수 있었다. PCDMB를 발광체로 사용한 
소자는 (0.21, 0.45)의 CIE 1931 색 좌표를 보였으며 22.3%의 높은 효율을 
기록했다. 

 분자의 견고함을 극대화 시키기 위해 전자주개와 전자받개를 
스피로 구조로 연결시킨 CBZANQ와 PXZANQ물질이 고안되었고 간단한 
두 단계의 반응을 통해 합성되었다. 전자가 원활하게 이동하지 않는 
스피로 구조의 도입으로 분자의 견고함뿐만 아니라 최고 준위 점유 
전자궤도 (HOMO)와 최저 준위 비점유 전자궤도(LUMO)의 효율적인 
공간적 전하 분리를 이루었다. PXZANQ 발광체를 이용한 유기 
발광소자는 528 nm에서 빛을 냈으며 22.1%의 소자 효율을 보였고, 이는 
지금까지 알려진 전자주개-스피로-전자받개 구조의 열 활성 지연 형광 
물질 중 가장 높은 효율을 기록했다. 
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 Part II 에서는 두가지 종류의 유기태양전지인 염료 감응형 

태양전지와 유기 광 기전 소자의 광 변환 효율을 증가 시키기 위한 일을 
진행하였다. 유기 분자의 넓은 파장 영역대에서의 태양 스펙트럼 흡수는 
단락전류(JSC)의 증가에 영향을 끼치고 분자의 에너지 준위와 소자의 
구조는 개방전압(VOC)과 곡선인자(FF)에 영향을 주며 이 세가지 요인은 
태양전지의 효율을 구성하는 주요 인자들이다. 본 연구에서는 이 세가지 
인자들 중 단락전류의 증가에 집중하였으며 높은 광 흡수율을 통한 높은 
단락전류를 보이는 분자를 설계하기 위하여 노력하였다. 태양전지에서 
자주 도입되지 않은 평평한 퀴나크리돈 유도체를 이용한 긴 
콘쥬게이션을 가진 염료 감응형 태양전지의 염료물질과 유기 광 기전 
소자의 전자주개 물질을 고안하고 연구하였다. 

 
Part III 에서는 은 나노입자를 페로브스카이트 태양전지에 도입하는 

연구가 진행되었다. 태양전지의 광 흡수율은 소자의 활성층의 넓이와 
두께에 비례하지만 이것의 증가는 소자의 저항 또한 증가시켜 광 
전환효율을 감소시키게 된다. 따라서 이 파트에서는 은 나노입자를 
티타늄 산화물 층에 도입하여 활성층의 두께를 증가시키지 않으면서 
국부적 표면 플라즈몬 공명에 의한 흡수의 증가를 꾀하였다. 또한 은 
나노입자와 다공성 티타늄 산화물과의 집성 효과에 의한 표면의 
거칠기를 완화시켜 원활한 전하전달을 도모하였다. 하지만 은 
나노입자의 전위가 티타늄 산화물의 전도대와 페로브스카이트 물질의 
전위보다 낮게 위치하여 전하가 갇히는 구간을 생성하여 효율의 감소를 
초래하게 된다. 따라서 도입된 은 나노입자의 양에 따른 빛의 흡수율과 
전하의 갇힘, 표면의 거칠기의 변화 사이의 상관관계를 분석하는 연구를 
진행하였다. 

 
핵심어: 유기 발광 소자, 열 활성 지연 형광, 유기 태양전지, 염료 

감응형 태양전지, 유기 광 기전 소자, 페로브스카이트 태양전지, 금속 
나노입자. 
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간만큼 좋은 기억, 나쁜 기억, 힘들었던 기억이 공존하는 실험실 생활을 정리하

면서 도움을 주신 셀 수 없이 많은 분들께 짧은 글귀로 나마 감사의 인사를 올

리고자 합니다.  

 먼저 저의 대학원 생활에 있어 가장 큰 도움을 주신 홍종인 교수님께 감사의 
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해 주시던 최태림 교수님, 그리고 연구교수님으로 실험실에 같이 계시면서 때로

는 친구처럼, 때로는 엄하게 대해 주셨던, 무엇보다 저에게 처음으로 논문 쓰는 

법을 알려주셨던 김성현 교수님. 저에게는 의미 깊으신 분들이 저의 졸업심사에 

참여해 주시고 조언해 주셔서 저의 박사생활의 종지부를 기쁜 마음으로 찍을 

수 있었습니다.  
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만 언제나 모범이 되고 먼저 실천을 하셔서 많은 것을 배울 수 있었습니다. 태
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성진이형, 덕분에 접근하기 쉽지않았던 분야에 쉽게 적응할 수 있었습니다. 연

구하는 분야는 달랐지만 제 일에 발벗고 나서서 도와 주신 서영누나, 덕분에 실

험실 생활이나 연구에 많은 도움이 되었고 제 졸업의 질이 높아질 수 있었습니

다. 감사합니다.  

저의 실험실 생활의 마지막을 함께하는 선후배님들께도 감사의 인사를 전하

고 싶습니다. 처음 입학했을 때 가장 나이가 비슷하고 실험실 생활을 많이 알려
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주었던, 머리도 좋고 노력도 많이 하는 진록이형. 처음부터 마지막까지 많은 것

을 배웠습니다. 맛있는 것도 많이 사주고 이론적으로 많이 알려준 용준이형, 좋

은 사람 만나서 행복하길 바랍니다. 같은 사수 밑에서 같이 후드를 쓰며 친해진 

재규형, 잡담도 자주하고 고민도 들어줘서 고마웠습니다. 취업 정보 많이 알려

주시고 친절했던 태민이형, 화목한 가정에서 행복하길 바랍니다. 첫 후배로 잡

담부터 고민까지 많은 대화를 나눴던 광명이, 그때 너가 있어서 나의 실험실 생

활이 덜 힘들었던 것 같아. 얘기도 많이 나누고, 언제나 깍듯하게 대해줬던 경

록이, 가끔 바쁠 때 세팅도 대신 해주고 너무 고마웠어. 뭐든 열심히 하니까 분

명 좋은 결과 있을거야. 고생하는 방장 현승이, 너무 생각이 많아도 힘들어. 가

끔은 고민하지 말고 하고 싶은 걸 하렴. EL팀 막내 태훈이, 열심히 해서 좋은 

결과 얻을 수 있길. 실험실 막내 Joseph, 타지에서 고생이 많아. 화이팅. 마지

막으로 내 OLED연구의 시작과 끝을 함께했던 영남이. 후배지만 배울 점이 더 

많았고 물어보면 친절하게 알려줘서 고마웠어. 둘이서 낡은 증착기랑 씨름하며, 

과제 진행한다고 수고 많았고, 좋은 성과 많이 내서 꼭 자랑해줘. 실험실에 남

아있는 여러분들도 열심히 해서 잘 마무리하고 나가시길 바랍니다. 

실험실 외부에 계신 분들에게도 참 많은 도움을 받았습니다. 어렸을 때부터 
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일 있을 때 만나서 술 한잔 기울였던 20년지기 친구 인식이, 고등학교때의 인

연이지만 아직도 응원해주는 수찬이 경훈이, 대학교때 친해져서 아직도 먼저 연

락 주고, 졸업까지 많은 도움을 줬던 한글이, 소자에 대해 많이 알려줬던 재민

이, 다들 정말 감사드립니다. 

빼놓을 수 없는 저의 든든한 지원군, 가족 분들께도 감사의 인사를 올립니다. 

명절때마다 힘내라고 응원해 주시던 작은아버지, 작은어머니, 해인이, 집이 가

까워 밥 먹으러 오라고 자주 불러 주시던 고모부, 고모, 명규, 가영이. 항상 저

의 건강을 제일 걱정하고 기도해 주셨던 할머니, 외할머니. 모두 감사드립니다.  

마지막으로 누구보다 소중한 부모님께 감사의 인사를 전하고 싶습니다. 항상 

응원해 주시고 지원해주시고, 부모님의 사랑이 아니였다면 지금의 저도 없었을 

것입니다. 이제 사회에 나가서 그동안 베풀어 주신 것들을 조금이나마 갚아 나

가도록 하겠습니다. 항상 건강하고 행복하시길 바랍니다. 아버지, 어머니, 사랑

합니다. 
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