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Abstract: To develop a deep-blue emitter, a molecule with bipolar characteristics was designed as a
donor-spacer-acceptor type, in which 9-(4-(4,6-diphenyl-1),3,5-triazin-2-yl)-2,5-dimethylphenyl)-9H-
carbazole (DTPCZ)—with carbazole as an electron donating group and a diphenyl triazine moiety as
an electron accepting group—was successfully synthesized. The photoluminescence (PL) maxima
of DTPCZ were 421 nm in the solution state and 425 nm in the film state, indicating emission in the
deep-blue region. DTPCZ also exhibited high thermal stability, with a degradation temperature of
349 °C. To confirm the electroluminescence (EL) characteristics, DTPCZ was applied as a dopant at
10, 20, and 30 wt% in a blue-fluorescent organic light-emitting diode (OLED) device. The highest
efficiency was achieved using the 20 wt% doped device, with a current efficiency of 1.2 cd/A, an
external quantum efficiency of 2.3%, and a Commission Internationale de I’Eclairage proceedings
y-value of 0.06. Thus, deep-blue emission could be realized in the film state. These molecular design
strategies can be applied to various fields, such as organic semiconductors.

Keywords: organic light-emitting diodes; blue emission; bipolar; charge transfer

1. Introduction

Since the introduction of organic light-emitting diode (OLED) technology in 1987
by Dr. Tang, researchers have focused on improving the efficiency and lifetime of OLED
displays while reducing manufacturing costs [1]. OLEDs offer many advantages in terms
of their light weight, thin panel construction, wide viewing angle, high color saturation,
and fast response time. These properties have led to their use in numerous products,
including smartphones, televisions, and wearable devices. In an attempt to achieve optimal
full-color display, considerable effort has been expended regarding the identification of
red-, green-, and blue-emitting materials with excellent performance [2]. In particular, there
is an increasing need for deep-blue materials that satisfy the Commission Internationale
de I’Eclairage (CIE) coordinates (0.14, 0.08) for deep blue, which was established by the
National Television System Committee for OLED televisions and applications [3,4]. Thus,
there is active research regarding high-efficiency deep-blue dopants with bipolar character-
istics. In particular, conjugated materials with such bipolar characteristics are crucial for
enhancing charge transport and the efficiency of charge transfer in organic semiconductors.

Emitting materials with bipolar characteristics are commonly composed of donor-
acceptor structures. In these bipolar structures, it is difficult to realize deep blue because
intramolecular charge transfer between donors and acceptors effectively reduces the band
gap. However, deep blue can be achieved using the following three strategies (i-iii):
(i) enhancement of steric hinderance between donors and acceptors; (ii) maintenance of an
appropriate distance between the two moieties using a donor-spacer-acceptor type; and/or
(iii) reduction of electron donating and accepting capacities [5-8]. Without these strategies,
it is difficult to achieve deep-blue emission with bipolar materials. However, bipolar
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characteristics are necessary in that general polycyclic aromatic hydrocarbon materials have
more rapid hole mobility than electron mobility, hindering charge balance maintenance in
OLED devices [9,10]. Considering that charge injection and transport in OLED devices are
the main factors that affect electroluminescence (EL) performance, bipolar characteristics
that facilitate charge injection and movement are required. Additionally, bipolar materials
maintain excellent charge balance at high luminance by efficiently generating excitons while
exhibiting low roll-off [11]. Yi Jia’s group developed a donor-spacer-acceptor-type dopant
composed of carbazole and 1H-phenanthro[9,10-d]imidazole, then separated the carbazole
and imidazole components by introducing biphenyl as a spacer; non-doped devices with
this as-described dopant showed an external quantum efficiency (EQE) of 6.0% and CIE
coordinates of (0.16, 0.08) [12]. Jiwon Yoon et al. reported bipolar material fabrication using
mCP as the backbone while substituting 2,4-diphenylpyrimidine; a photoluminescence
maximum (PLmax) value of 426 nm was observed in the film state for application as a green
host, indicating that bipolar characteristics were utilized with excellent charge balance [13].
Jun Ye’s group synthesized two materials consisting of a symmetrical D-7-A-7t-D structure
(Cz51, CzS2); the OLED device using these two materials showed EQEs of 4.2% and 2.7%
and CIE coordinates of (0.157, 0.055) and (0.157, 0.44), respectively [14].

In the present study, a novel deep-blue bipolar emitter of the donor-spacer-acceptor
type (D-m-A), 9-(4-(4,6-diphenyl-1),3,5-triazin-2-yl)-2,5-dimethylphenyl)-9H-carbazole or
DTPCZ, was designed and successfully synthesized. Carbazole (hereinafter, Cz) was
used as the donor; Cz is the most commonly used donor moiety because it is cheap and
easy to synthesize, and it exhibits excellent hole transport properties. As an acceptor,
a bulky diphenyl triazine (hereinafter, Tz) moiety that can effectively prevent packing
between molecules was introduced; p-xylene was used as the spacer between Cz and Tz.
Intramolecular charge transfer was controlled by inducing substantial steric hindrance via
the methyl group of p-xylene. Additionally, the synthesized material was polymerized via
condensation polymerization to confirm the characteristics of the bipolar blue polymer. In
the polymer, intramolecular twist was maintained to prevent charge transfer and to realize
blue emission, allowing confirmation of the photophysical and EL characteristics.

2. Materials and Methods

The relevant NMR data is presented in Figures S7-511, and the GPC data for poly
DTPCZ is shown in Figure S12.

2.1. Synthesis of 9-(4-Bromo-2,5-dimethyl-phenyl)-9H-carbazole (1)

1,4-Dibromo-2,5-dimethyl-benzene (20 g, 76 mmol), 9H-carbazole (19 g, 114 mmol),
copper iodide (Cul) (0.72 g, 3.8 mmol), trans-1,2-cyclohexanediamine (0.92 mL, 7.6 mmol),
and potassium phosphate (K3PO4) (51 g, 240 mmol) were added to a 500 mL round-bottom
flask, followed by nitrogen substitution and connection to a reflux apparatus. After adding
150 mL of 1,4-dioxane, the mixture was stirred at an elevated temperature for 24 h. Upon
completion of the reaction, the solvent was removed, and the residue was extracted with
CH,Cl; and distilled water. After treatment with MgSO, and filtration, the product was
obtained by column chromatography using hexane, yielding 52%.

'H NMR (300 MHz, DMSO-dg): 8(ppm) 1.80(s, 3H), 2.35(s, 3H), 6.96-6.99(d, ] = 8.1,
2H), 7.21-7.26(m, 2H), 7.33-7.38(m, 3H), 7.78(s, 1H), 8.18-8.22(d, ] = 9.1, 2H).

2.2. Synthesis of 9-(4-Boronic acid-2,5-dimethyl-phenyl)-9H-carbazole (2)

In a 500 mL three-neck flask, 12 g (34 mmol) of compound (1) was added, followed
by the addition of 180 mL of tetrahydrofuran (THF). While maintaining a temperature of
—78 °C using dry ice, 26 mL (51 mmol) of n-butyllithium (n-BuLi) was added, and after
approximately 5 min, 6.0 mL (51 mmol) of triethyl borate (B(OEt)3) was added. Upon
completion of the reaction, diluted hydrochloric acid (HCI) was added. The solvent was
then removed, and the mixture was extracted with ethyl acetate (EA) and distilled water.
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After treatment with MgSO, and filtration, the product was re-precipitated using THF and
hexane. The yield was 41%.

H NMR (300 MHz, DMSO-dg): & (ppm) 1.83 (s, 3H), 2.44 (s, 3H), 6.95-6.98 (d,] = 8.1,
2H), 7.15 (s, 1H), 7.23-7.28 (m, 2H), 7.37-7.43 (m, 2H), 7.60 (s, 1H), 8.20-8.25 (m, 4H).

2.3. Synthesis of 9-[4-(4,6-Diphenyl-[1,3,5]triazin-2-yl)-2,5-dimethyl-phenyl]-9H-carbazole
(DTPCZ)

In a 1000 mL three-neck flask, 4.4 g (14 mmol) of compound (2), 4.5 g (16 mmol) of
2-chloro-4,6-diphenyl-[1,3,5]triazine, and 0.80 g (0.70 mmol) of tetrakis(triphenylphosphine)
palladium(0) (Pd(PPh3)s) were added under nitrogen conditions. Then, 360 mL of anhy-
drous toluene was added, and the temperature was raised to 50 °C. Subsequently, 36 mL
of a 2 M potassium carbonate (K,CO3) solution was added, and the mixture was refluxed
for 5 h. Upon completion of the reaction, the solvent was evaporated, and the residue was
extracted with CH;,Cl, and distilled water. The resulting solution was treated with MgSQOy,
filtered, and subjected to column chromatography using a mixture of toluene and hexane
in a 1:1 ratio. The product was dissolved in THF and reprecipitated with ethanol to yield a
90% yield.

'H NMR (400 MHz, CDCl3) & 8.80-8.75 (m, 4H), 8.39 (s, 1H), 8.18 (ddd, ] = 7.8, 1.2,
0.7 Hz, 2H), 7.65-7.56 (m, 6H), 7.42 (ddd, ] = 8.3, 7.1, 1.2 Hz, 2H), 7.39 (s, 1H), 7.30 (ddd,
J=8.0,7.1,1.0 Hz, 2H), 7.15 (dt, ] = 8.1, 0.9 Hz, 2H), 2.85 (s, 3H), 2.10 (s, 3H) (Figure S8)
13C NMR (100 MHz, CDCl3): 5174.22, 171.61, 141.08, 138.52, 138.31, 136.45, 136.19, 134.88,
134.51, 132.84, 132.43, 129.15, 128.88, 126.10, 123.29, 120.50, 119.82, 110.06, 21.91, 17.52.
HRMS (m/z): for C35sHp7Ny: 503.2237[M]*. Elemental analysis calculated (%) for C35HpsNy:
C, 83.64; H, 5.21; N, 11.15. Found: C, 83.23; H, 5.45; N, 11.06.

2.4. Synthesis of 3,6-Dibromo-9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)-2,5-dimethylphenyl)-9H-
carbazole (3)

A total of 0.30 g (0.60 mmol) of DTPCZ and 0.23 g (1.3 mmol) of N-bromosuccinimide
(NBS) were added to a 100 mL three-neck round-bottom flask. A total of 20 mL of anhydrous
CH,Cl, was added, and the reactants were dissolved. The reaction proceeded for 30 min
under a nitrogen atmosphere at room temperature (RT), followed by heating to 50 °C
and further reaction for 3 h. After extraction with CH,Cl, /distilled water, moisture was
removed by adsorption with MgSOy, and the residual solvent was evaporated. Column
chromatography using EA and hexane in a 3:7 ratio was performed, and the resulting
material was dried to yield a white solid with a 70% yield.

1H NMR (400 MHz, CDCl3) & 8.79-8.74 (m, 4H), 8.36 (s, 1H), 8.23 (dd, ] = 2.0, 0.5 Hz,
2H), 7.65-7.56 (m, 6H), 7.52 (dd, ] = 8.7, 1.9 Hz, 2H), 7.34 (s, 1H), 7.01 (dd, ] = 8.7, 0.6 Hz,
2H), 2.84 (s, 3H), 2.03 (s, 3H).

2.5. Polymerization of Compound (Poly DTPCZ)

A total of 0.38 g (1.4 mmol) of bis(1,5-cyclooctadiene)nickel(0) (Ni(COD);) and 0.21 g
(1.4 mmol) of 2,2"-bipyridyl were added to a brown 3-neck round-bottom flask. A total
of 10 mL of anhydrous dimethylformamide (DMF) solvent was added to dissolve the
reactants, followed by the addition of 0.15 g (1.4 mmol) of 1,5-cyclooctadiene (COD), and
the temperature was raised to 70 °C. A total of 0.30 g of compound (3) was dissolved in
anhydrous toluene and slowly added dropwise to the reaction mixture. After stirring for
72 h, the mixture was cooled to RT. Distilled water and HCI were added to adjust the pH to
7, and the mixture was further stirred for 30 min. After extraction with CH,Cl, /distilled
water, solvent removal, and reprecipitation with THF /hexane, a solid product was obtained.
(Mn: 3175.1 g/mol, Mw: 4771.6 g/mol).

3. Results and Discussion

Figure 1 shows the chemical structure of the synthesized compounds, Cz and Tz,
as the electron donating group and the electron accepting group, respectively; p-xylene
served as the spacer. The overall synthesis method is presented in Scheme 1, and the
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Pd(PPh;),, K;CO3

Toluene

detailed synthesis method is described in the Experimental Section. Monomers were
created using the Ullmann reaction, boronic acid synthesis, and Suzuki coupling; polymers
were synthesized via Yamamoto polymerization [15-20]. The synthesized materials were
purified by a column using silica gel and reprecipitation. The chemical structures of the
purified substances were confirmed via proton and carbon-13 nuclear magnetic resonance,
fast atom bombardment mass analysis, and gel permeation chromatography.
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Figure 1. Chemical structures of the newly synthesized compounds.
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Scheme 1. Synthetic methods of newly synthesized compounds.

3.1. Optical Properties and Theoretical Calculations

The ultraviolet-visible (UV-Vis) absorption and PL properties of the materials are sum-
marized in Figure 2 and Table 1. The strong absorption bands at approximately 290 nm were
assigned to the 7-7t* transition of the Cz ring; the weak bands at 310-350 nm correspond
to n-t* transitions of the Cz units. DTPCZ revealed weak and broad absorption bands
in the wavelength range of 350-370 nm, which were attributed to intramolecular charge
transfer from the Cz donor to the Tz acceptor [21]. The observed behavior was similar to
the behavior of the film state. Additionally, through time-dependent density functional
theory (TD-DFT), the range of absorption spectra for DTPCZ was investigated. The results
showed the largest oscillator strength at 294 nm, indicating the primary absorption peak
where the transition from the highest occupied molecular orbital (HOMO)-2 to the lowest
unoccupied molecular orbital (LUMO) occurs (Table S1). At this transition, the electron
density in HOMO-2 was mainly located in the p-xylene moiety and partially in the Cz ring
(Figure S1). Also, significant absorptions were observed at 303 and 409 nm, corresponding
to transitions from HOMO to LUMO + 2 and from HOMO to LUMO, respectively. In these
transitions, the electron density in HOMO was primarily distributed in the Cz ring, with
partial localization in the p-xylene moiety. Thus, the results confirmed similar absorption
characteristics to those observed previously. The PLmax peaks of DTPCZ in the solution
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and film states occurred at 421 and 425 nm, respectively. Generally, during the change
from a solution state to a film state, the PLmax wavelength was red-shifted and the full
width at half maximum (FWHM) was broadened because of the intermolecular interaction
caused by the close intermolecular distance. However, FWHM values of 54 and 56 nm were
maintained for the solution and film (Figure 2a). The methyl group of the spacer between
the donor and the acceptor induced a twist, leading to a dihedral angle of 75.3° between Cz
and the spacer (Figure 3). This angle prevented the intramolecular conjugation length from
increasing and inhibited intermolecular packing; thus, deep-blue emission was achieved,
similar to the emission of the solution, even in the film state [22].

(a

e’

Normalized UV-Vis Absorbance

(b)

—o--a-DTPCZ (Sol) ~C——a—Poly DTPCZ (Sol)
—~~-8-DTPCZ (Film) | 1.0 ° 1.0 4 ~——#—Poly DTPCZ (Film){ 1.0
o
2 5 2
-0.8 2 £ 081 08 2
3 o 2
£ < £
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° > °
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Figure 2. UV-Vis absorption spectra and PL spectra of the synthesized materials: (a) DTPCZ and
(b) poly DTPCZ.

Table 1. Optical properties of the synthesized materials.

Solution 2 Film P
HO LU d
Compound APL APL MO¢ MO¢ Band Gap
Aaps (nm)  (FWHM) ®F € (%) Aaps (mm)  (FWHM) oF € (%) (eV) (eV) (eV)
(nm) (nm)
DTPCZ 340 421 (54) 43.2 341 425 (56) 18.9 —-5.9 —2.8 3.1

Poly DTPCZ 380 461 (68) 324 387 475 (84) 9.1 —-55 —2.6 29
2 Toluene solution (0.5 wt%),  in thin film state (thickness: 50 nm) for DTPCZ, spin coating film (1 wt% in toluene)
for poly DTPCZ; < HOMO values derived from ultraviolet photoelectron spectra (Riken-Keiki, AC-2); d optical
energy band gap (Eg) estimated from the onset of the absorption spectra in a neat film at room temperature;
¢ absolute photoluminescence quantum yield.

Dihedral angel HOMO LUMO
DTPCZ

—5.54eV —2.08eV

Figure 3. Electron density distributions and dihedral angle of the HOMO and LUMO orbits of DTPCZ
(calculated using the B3LYP/6-31G(d) method).

Poly DTPCZ showed broad absorption in the 300-400-nm range. In the solution state,
poly DTPCZ exhibited a PLmax value of 461 nm, while in the film state, it showed a PLmax
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value of 475 nm, resulting in red shifts of approximately 40 and 50 nm compared to DTPCZ,
respectively. Generally, as the solution/film transitions to a polymer state, the molecular
weight increases and the conjugation length becomes longer, resulting in a greater red
shift compared with the monomer [23]. However, the difference between the solution
and film states of poly DTPCZ itself was observed to be 14 nm, and this characteristic is
presumably related to the suppression of intermolecular aggregation via steric hindrance
between neighboring molecules in the polymer chain to maintain a stable state [24].

DTPCZ and poly DTPCZ are bipolar materials with a donor-acceptor structure. These
materials have distinct optical properties depending on the solvent polarity. There is a
slight blue shift of this band with increasing solvent polarity in absorption, which is a
typical behavior of n-7* transitions [25,26]. Also, they exhibited similar absorption spectra
and shapes overall (Figure S2). However, the PL spectra were red-shifted according to
increases in solvent polarity (Figure 4). As shown in Figure 4 and Table 2, the peak of the PL
spectra of DTPCZ varied from 397 nm for hexane to 522 nm for dimethyl sulfoxide (DMSO);
the FWHM broadened from 44 to 111 nm, respectively. Notably, hexane and DMSO have
dielectric constants of 1.9 and 46.7, respectively. Poly DTPCZ was not soluble in hexane;
thus, the PL spectrum could not be measured. The PLmax shifted from 466 nm for toluene
(dielectric constant: 2.38) to 559 nm for DMSO, respectively; the FWHM broadened from
71 to 125 nm. The PL wavelength of DTPCZ and poly DTPCZ exhibited a red shift in
polar solvents because bipolar molecules are influenced by the solvation effect, which
stabilizes with increasing solvent polarity in the excited state. From toluene to DMSO,
DTPCZ shifted by 101 nm, and poly DTPCZ shifted by 89 nm. Poly DTPCZ was expected
to exhibit a greater shift; however, as described above, steric hinderance with neighboring
molecules in the polymer may have prevented large shifts in the PL spectra. As the polarity
of the solvent increases, the PL emission shifts to longer wavelengths. This is because, in
the ground state, the molecule’s dipole moment is not influenced by the solvent polarity,
resulting in similar absorption peaks. However, in the excited state, the molecule is affected
by both the generated charge within the molecule and the solvent polarity. As a result, as
the dielectric constant of the solvent increases, the molecule interacts more with the dipole
of the solvent, stabilizing the excited state and reducing the band gap, leading to a gradual
red shift in the PL max value [27].

(a) (b)

——Hexane
—— Toluene 1.0 4

Toluene
——Chloroform
——THF
~———DMSO

104

—— Chloroform
~—— THF
DMSO

[~
o
"
e
o
"

Nomalized PL Intensity
Nomalized PL Intensity

o
(]
1
o
L]
1

0.0 T T T
700 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 4. PL spectra of synthesized bipolar materials in different solvents at 0.5 wt%: (a) DTPCZ,
(b) poly DTPCZ.

The photoluminescence quantum yields (PLQY) values of DTPCZ were 43.2% in the
solution state and 18.9% in the film state. The PLQY values of poly DTPCZ were 32.4%
in the solution state and 9.1% in the film state. As shown in Table 1, there is a difference
of about 4 nm in the PL wavelength between the solution and the film of DTPCZ. This
could be due to the minimization of intermolecular packing with the introduction of the
spacer. If intermolecular packing had not been prevented, the PL value in the film would
have shown a further red shift or exhibited peaks in the excimer form. Nevertheless, the
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decrease in PLQY value in the film is a common phenomenon observed when all materials
are converted from solution to film state, and it is interpreted that the effect of preventing
intermolecular packing by the methyl group of DTPCZ did not fully resolve this issue.
In the solution state, the decrease in the PLQY value between DTPCZ and poly DTPCZ
was small. This characteristic can be attributed to the introduction of bulky Tz with an
intramolecular dihedral angle of 75.3°, which allowed a similar structure to be maintained
in polymer form. This finding is also consistent with the solvatochromism results of poly
DTPCZ. Additionally, transient photoluminescence decay measurements were conducted
to confirm the thermally activated delayed fluorescence (TADF) characteristics. A tau value
of 0.86 us was observed, and delayed fluorescence was not detected (Figure S3).

Table 2. PLmax wavelength of DTPCZ and poly DTPCZ in hexane, toluene, chloroform, THF, and
DMSO solvent (concentration: 0.5 wt%).

PLmax (nm)

Hexane Toluene Chloroform THF DMSO

(1.88) 2 (2.38) 2 4.81)2 (7.58) 2 (46.7) @
DTPCZ 397 421 451 457 522
Poly DTPCZ NAbP 466 526 524 559

a Dielectric constant of each solvent. ® not available.

Highest occupied molecular orbital (HOMO) values were measured by ultraviolet
photoelectron spectroscopy (Riken-Keiki, AC-2); optical band gaps were derived from
the absorption edge in plots of hv versus (ochv)z, where «, h, and v are the absorbance,
Planck’s constant, and the frequency of light, respectively. The respective HOMO levels of
DTPCZ and poly DTPCZ were —5.9 and —5.5 eV; the corresponding lowest unoccupied
molecular orbital (LUMO) levels were —2.8 and —2.6 eV. Consistent with density functional
theory, the electron density of DTPCZ was mainly distributed in Cz of the donating group
in the HOMO, and in Tz of the accepting group in the LUMO (Figure 3). Thus, charge
transfer could occur, leading to a reduction in the band gap of DTPCZ. Compared with the
monomer, the polymer had a shallow HOMO level and a small band gap because of its
longer conjugated length.

3.2. Thermal Properties

To confirm the thermal stability and properties of the synthesized materials, thermo-
gravimetric (TGA) analysis and differential scanning calorimetry (DSC) measurements
were conducted; the results are shown in Figure 5. The decomposition temperatures (Tq,
corresponding to 5% weight loss) values of DTPCZ and poly DTPCZ were measured at
349 °C and 445 °C, respectively. The glass transition temperature (Tg) of DTPCZ was
108 °C, and the melting temperature (Tr,) was 220 °C. The Tg of poly DTPCZ was 153 °C.
Therefore, DTPCZ and poly DTPCZ demonstrated high thermal stability, indicating their
capacity to enable stable operation of OLED devices [28].

3.3. Electroluminescence Properties

Non-doped devices and 10-, 20-, and 30-wt% doped OLED devices were fabricated
using the newly synthesized DTPCZ as a dopant for the emitting layer. The non-doped
device had the following configuration: indium tin oxide (ITO)/dipyrazino[2,3-f:2,3'-
h] quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN) (5 nm)/ N,N/ -bis(naphthalene-1-
y1)-N,N'-bis (phenyl)benzidine (NPB) (40 nm)/4,4’,4-Tris(carbazol-9-yl)triphenylamine
(TCTA) (5 nm)/DTPCZ (20 nm)/1,3,5-tri(1-phenyl-1H-benzo[d]imidazole-2-yl) phenyl
(TPBi) (40 nm)/LiF (1 nm)/Al (200 nm). The doped device was fabricated with the config-
uration of ITO/HAT-CN (5 nm)/NPB (40 nm)/TCTA (5 nm)/4,4’-Bis(N-carbazolyl)-1,1’-
biphenyl (CBP): 10-, 20-, or 30-wt% DTPCZ (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).
HATCN was used as the hole-injection layer, and NPB was used as the hole transporting
layer. TCTA served as the exciton blocking layer, TPBi served as the electron-transporting
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layer and hole-blocking layer, and LiF and Al served as the electron-injecting material and
the cathode, respectively.

(a) (b)

——DTPCZ

Weight (%)
Heat Flow (W/g)

—— Poly DPTCZ

100 200 300
Temperature (°C)

——DTPCZ

—— Poly DTPCZ
100 200 300 400 500
Temperature (°C)

Figure 5. Thermal properties of DTPCZ and poly DTPCZ: (a) TGA analysis and (b) DSC results.

The fabricated non-doped device had an operation voltage of 4.0 V at 10 mA /cm?
and showed low efficiency; specifically, it had a current efficiency (CE) of 1.64 cd/A, a
power efficiency (PE) of 1.11 Im/W, and an external quantum efficiency (EQE) of 1.63%
(Figure 6). The ELmax peak was observed at 423 nm, similar to the PL peak of the DTPCZ
film. However, the CIE coordinates were measured as (0.18, 0.17); emission over the
500-600-nm range was observed in the EL spectrum, which was not visible in the film
PL. These results indicate a problem whereby the recombination zone within the device
occurs at the interface between DTPCZ and the neighboring TCTA. Upon examining the
energy band diagram of the device, it is observed that there is almost no energy barrier for
electrons to move from TPBi to EML via the LUMO. However, a significant energy barrier
of 0.23 eV exists for holes to move from TCTA to EML via the HOMO (Figure 6f). Therefore,
by varying the thickness and type of the hole carrier transport layer, we aim to shift the
position of the recombination zone in the center of the emitting layer. We will observe the
resulting performance changes and report them separately in the future.

In order to match the carrier balance, a doped device was fabricated. Figure 7a—d
shows the determined current density (J)-voltage (V)-luminance (L) curve, the CE, the EL
spectra according to doping concentration, and the band diagram of the doped devices,
respectively. The EL performances of the devices are summarized in Table 3. The operating
voltage of the three fabricated devices was consistently low at 3.9 V. Among them, when
DPTCZ was doped at a concentration of 20 wt%, it exhibited the highest EL performance
witha CE of 1.17 cd/A, an EQE of 2.32%, and a PE of 0.68 Im /W (Figure S4). When doped at
10 wt%, the low dopant concentration resulted in insufficient energy transfer from the host
to the dopant, leading to lower efficiency. According to the increase in doping concentration
from 20 to 30 wt%, all EL efficiencies showed a decrease. This result occurred because the
luminescence efficiency was reduced by the aggregation quenching effect at high doping
concentrations [29,30]. Additionally, all fabricated devices adequately maintained their
carrier balance, even at high luminance, beginning at 20 mA/ cm?; the maximum CE was
50 mA /cm?, and the current density was high. The 10 wt% doped devices showed only a
slight roll-off effect. The roll-off values of devices doped with 20 and 30 wt% showed 9.0%
and 6.9%, respectively (Figure 7b). The small roll-off of less than 10% observed in these
materials is a key characteristic of materials with bipolar properties, as it helps maintain
carrier balance within the device. To further confirm this, hole-only devices (HOD) and
electron-only devices (EOD) of DTPCZ were fabricated. The structures of HOD and EOD
are as follows: ITO/molybdenum trioxide (MoOs) (1 nm)/EML (50 nm)/MoOj3 (10 nm)/ Al
(100 nm) and ITO/TPBi (40 nm)/EML (50 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm). As a
result, it was confirmed that the mobility of both holes and electrons was similar, exhibiting
good bipolar characteristics (Figure S5). All doped devices showed the same ELmax peak
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of 430 nm and a FWHM value of 61 nm. The CIE values were identical (0.16, 0.06) in 10-
and 20-wt%-doped devices; however, the CIE y-value increased to (0.17, 0.09) in the 30 wt%
doped device. Therefore, a doping concentration of 20 wt% provided the optimal results
and showed the highest EL efficiency, as well as a CIE y-value of deep-blue emission—this
was better than the mobile specification value of approximately 0.15 while satisfying the
television specification value of 0.08 [31,32]. Moiety composed of donor-acceptor types,
such as DTPCZ, exhibits TADF properties and can also demonstrate high OLED efficiency.
However, in the case of DTPCZ, it does not possess TADF characteristics and showed low
efficiency due to exciplex in the non-doped device structure. Nonetheless, by utilizing
a doping system, we enhanced EQE by approximately 1.4 times. We will report on the
synthesis of various new derivatives in the future.
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Figure 6. EL characteristics of non-doped DTPCZ devices: (a) J-V-L curve, (b) CE versus current
density, (c) PE versus current density, (d) EQE versus current density, (e) EL spectrum at 9.0 V, and
(f) the band diagram of the materials in OLED devices.

Table 3. EL performances of doped OLED devices at 10 mA / cm?.

Von 2 CE EQE PE FWHM CIE

2 on

@10 mA/cm W) (cd/A) (%) (Im/W) ELmax (nm) (nm) xy)
CBP: 10% DTPCZ 3.9 0.48 1.07 0.30 430 61 (0.16, 0.06)
CBP: 20% DTPCZ 39 1.17 2.32 0.68 430 61 (0.16, 0.06)
CBP: 30% DTPCZ 39 0.97 2.05 0.59 430 61 (0.17,0.09)

2 Operating voltage of 10 mA /cm?.

Polymer deposition devices could not be manufactured because of their high molecular
weight. Thus, OLEDs were fabricated using a solution process. The devices were fabricated
with the configuration ITO/poly(2,3-dihydrothieno-1,4-dioxin):polystyrene sulfonate (PE-
DOT:PSS) (40 nm)/CBP: 5 wt% poly DTPCZ (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).
PEDOT:PSS was included for hole injection, and CBP was used as the host material. TPBi
was used as an electron-transporting and hole-blocking layer (Figure S6a). As shown in the
J-V curves, the device operated normally, and the EL maximum peaks occurred at 465 nm,
with energy transfer from the host to the dopant (Figure Séb,c). However, because of the
low PLQY of poly DTPCZ, EQEmax exhibited a low device efficiency of approximately
0.6%. Further improvements in device fabrication for both DTPCZ and poly DTPCZ are
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possible by optimizing the solution process and the device structure. The synthesized
DTPCZ facilitated the fabrication of both non-doped and doped devices, and poly DTPCZ
based on this material allowed device fabrication via solution processing. Materials such
as DTPCZ play a significant role in organic semiconductors due to their versatility across
various fields and components.
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Figure 7. EL characteristics of DTPCZ devices as emission layers (EMLs) with respect to the dopant
concentration: (a) J]-V-L curves, (b) luminance efficiency versus current density, (c) EL spectra doped
devices, and (d) band diagram of the materials in OLED devices.

4. Conclusions

To realize an efficient deep-blue OLED device, a donor-spacer-acceptor-type of DTPCZ
with bipolar characteristics was successfully synthesized; its characteristics were confirmed.
Cz was used as the donor, a Tz moiety was introduced as the acceptor, and a p-xylene
group was adopted as the spacer to control the twisted structure of the molecule, as well as
the electron densities of the HOMO and LUMO levels. When DTPCZ was applied to the
EL-doped device, a CE of 1.2 ¢cd/A, an EQE of 2.3%, and a PE of 0.7 Im/W were achieved.
Additionally, the CIE y-value was 0.06, which is near the 0.08 value specified for OLED
televisions and required for the development of deep-blue device platforms. In the future,
it will be possible to develop many bipolar derivatives by using the strategies proposed in
this study for deep-blue material design. Furthermore, this molecular design approach is
applicable to various fields, including organic semiconductors.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/app14093593 /51, Table S1: Absorption frequencies and oscillator strengths
calculated with TD-B3LYP/6-311G(d) for the DTPCZ; Figure S1: Electron density distributions of
molecular orbitals of DTPCZ (calculated using the B3LYP/def2-TZVP method); Figure S2: Normal-
ized UV-Vis absorption spectra of (a) DTPCZ and (b) poly DTPCZ according to different polarities of
solvents at 0.5 wt%,; Figure S3: Transient photoluminescence decay spectra of the solution (toluene)
(IRF: instrument response function), range: 100 ps; Figure S4: EL characteristics of devices using
DTPCZ as an EML dopant: (a) power efficiency versus current density, and (b) external quantum
efficiency versus current density; Figure S5: ]-V characteristics of HOD and EOD of DTPCZ; Figure Sé6:
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EL characteristics of devices using poly DTPCZ as EMLs (5 wt% dopant): (a) band diagram of the
solution process OLED device, (b) J-V curve, and (c) EL spectrum of the doped device of poly DTPCZ;
Figure S7: 'H NMR spectra of compound (1) recorded in DMSO-d4 (300 MHz); Figure S8: 'H NMR
spectra of compound (2) recorded in DMSO-d; (300 MHz); Figure S9: TH NMR spectra of DTPCZ
recorded in CDCl3 (400 MHz); Figure S10: 3C NMR spectra of DTPCZ recorded in CDCl; (100 MHz);
Figure S11: 1H NMR spectra of compound (3) recorded in CDCl3 (400 MHz); Figure S12: GPC traces
of synthesized poly DTPCZ using THF as eluent.
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