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ABSTRACT: New host molecules such as 9-(6-(9H-carbazol-
9-yl)pyridin-3-yl)-6-(9H-carbazol-9-yl)-9H-pyrido[2,3-b]-
indole (pPCB2CZ) and 9-(6-(9H-carbazol-9-yl)pyridin-2-yl)-
6-(9H-carbazol-9-yl)-9H-pyrido[2,3-b]indole (mPCB2CZ)
were designed and synthesized for blue phosphorescent
organic light-emitting diodes (PhOLEDs). The glass transition
temperatures of two host molecules were measured higher
than 120 °C, and the identical triplet energies were determined
to be 2.92 eV for both molecules. The bis(3,5-difluoro-2-(2-
pyridyl)phenyl-(2-carboxypyridyl)iridium(III) (FIrpic)-doped
mPCB2CZ-based PhOLED exhibited practically useful driving
voltage of 4.8 V in a simple organic three layer device
configuration which has a smaller number of interfaces in conventional multilayer PhOLEDs. Also, the high quantum efficiency
of 23.7% is reported at the practically useful brightness value of 1000 cd/m2.
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■ INTRODUCTION

Phosphorescent organic light-emitting diodes (PhOLEDs)
exhibit desirable properties such as high external quantum
efficiency (EQE) and low power consumption in device
operation for future flat-panel and flexible displays.1−4 The
high performance of PhOLEDs has been aided by the
development of new dopants, host materials, and auxiliary
charge transport materials. However, blue PhOLEDs still show
inferior quantum efficiencies, color coordinates of emission, and
significantly poor lifetimes, which need to be greatly improved
for use in practical applications. In multilayered PhOLEDs, one
of the most important issues for achieving higher performance
is the development of highly functional host materials with
higher triplet energy (ET) than the dopant. This higher ET
allows effective confinement of triplet excitons on the dopant
with the lower ET without reverse energy transfer from the
dopant to the host material.5,6

Among the many design concepts for host materials, bipolar
host materials have been the subject of interest because these
materials have well-balanced charge transport properties that
could extend the emitting zone in an emitting layer.7,8 Along
with well-optimized electronic properties and charge balance in
the emitting layer of blue PhOLEDs, the thermal properties of
the host materials are considered to be another important issue,

because long-term operational stability of the device is believed
to depend on the glass transition temperatures (Tg) of the host
materials.
Various host materials have been synthesized for achieving

efficient blue PhOLEDs. In many examples of blue host
materials, carbazole, which has a rigid molecular frame, a
sufficiently high ET, and good hole transporting properties, has
often been employed for organizing the structure of the desired
host materials.9,10 In addition, the carbazole unit has many
reaction sites that allow for facile substitution with various
electron-withdrawing moieties such as cyano group,11 pyr-
idine,12,13 oxazole,14,15 triazole,16−18 and diphenylphosphine
oxide,19−21 which can alter the intrinsic characteristics of a
bipolar host.
Compared with the above-mentioned electron-affine moi-

eties, pyrido[2,3-b]indole (i.e., α-carboline) consists of a
pyridine-containing heteroaromatic ring as an electron-accept-
ing character. Recently, new α-carboline-based host materials
comprising carbazole and a benzene ring have shown highly
efficient bipolar characteristics with high ET; the corresponding
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blue PhOLED exhibited significantly improved device
efficiency.22−25 For example, Lee et al. reported a new bipolar
host molecule, 3,3′-bis(9H-pyrido[2,3-b]indol-9-yl)-1,1′-bi-
phenyl (CbBPCb, ET = 2.77 eV), containing a carboline unit
that displays the highest quantum efficiency (30.1% as
maximum) obtained in sky-blue PhOLEDs with bis(3,5-
difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium(III)
(FIrpic).24

In our previous work, a bipolar host material, 9-(4-(9H-
pyrido[2,3-b]indol-9-yl)phenyl)-9H -3 ,9 ′ -bicarbazole
(pBCb2Cz), also bearing carbazole and carboline moieties, was
successfully synthesized and was reported to exhibit a very high
ET of 2.93 eV. FIrpic-doped blue PhOLEDs with this host
material exhibited an almost ideal quantum efficiency higher
than 20%.25

However, these limited studies showed that the structural
combination of carbazole and carboline moieties was probably
responsible for improved device efficiency in blue PhOLEDs.
Therefore, it is worthwhile to study how varying the position of
the carbazole and carboline moieties with a specific linking
group can affect the device performance without deteriorating
the physical properties such as Tg and ET.
In this study, we synthesized two different host molecules

bearing carbazole and carboline moieties in one molecular
structure (i.e., 9-(6-(9H-carbazol-9-yl)pyridin-3-yl)-6-(9H-car-
bazol-9-yl)-9H-pyrido[2,3-b]indole (pPCB2CZ) and 9-(6-(9H-
carbazol-9-yl)pyridin-2-yl)-6-(9H-carbazol-9-yl)-9H-pyrido-
[2,3-b]indole (mPCB2CZ). For designing the host molecules,
we employed two carbazole units and one carboline unit with
an electron-affine pyridine linking moiety. Compared to the
structure of pBCb2Cz,25 the positions of carbazole and
carboline unit were switched in the two host materials and
pyridine linking unit was employed instead of benzene ring as
shown in Figure 1. The objective of this study is to design and

synthesize new host molecules bearing carbazole, carboline, and
pyridine core for enhancing bipolar characters. The two host
molecules were observed to have high Tg values in the range
128−144 °C and the same ET of 2.92 eV. The characterization
of the FIrpic-doped blue PhOLED showed that the mPCB2CZ-
based device exhibited markedly low roll-off behavior and
practically useful driving voltage of 4.8 V in a simple organic
three layer device configuration. Also, a high quantum efficiency
of 23.7% is reported at the practically useful brightness value of
1000 cd/m2, which is higher than the value we reported
previously.25

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from Acros, TCI, and

Sigma-Aldrich Co. and used without further purification unless stated
otherwise. The reagent-grade solvents used in this study were freshly
dried using standard distillation methods. Sublimated grade di-[4-
(N,N-ditolyl-amino)-phenyl]cyclohexane (TAPC) and 2,6-bis(3-(car-
bazol-9-yl)phenyl)pyridine (26DCzPPy) were purchased from Jilin
OLED Material Tech Co., Ltd. and were used as the HTL and host
material, respectively. Twice sublimated 3,3′-[5′-[3-(3-pyridinyl)-
phenyl][1,1′:3′,1″-terphenyl]-3,3″-diyl]bispyridine (TmPyPB) from
Daejoo Electronic Materials was used as the ETL. FIrpic from
Luminescence Technology was used as the sky-blue phosphorescent
dopant material.

3-Iodo-9-tosyl-9H-carbazole (2). Under an argon atmosphere,
compound 1 (7.9 g, 26.8 mmol) was first dissolved in 150 mL of
anhydrous DMF, then NaH (0.71 g, 29.5 mmol) was added into the
mixture, and the mixture was allowed to stir at room temperature for 1
h. To this solution was added tosyl chloride (6.14 g, 32.2 mmol), and
the mixture was stirred at room temperature for 3 h. After completion
of the reaction, the crude product was precipitated in distilled water.
The product was purified by recrystallization from methanol (MeOH)
and CHCl3 to afford 2 in 83% yield (10 g). 1H NMR (400 MHz,
DMSO-d6): δ (ppm) 8.66 (d, J = 1.50 Hz, 1H) 8.62 (dd, J = 1.56 Hz,
7.84 Hz, 1H), 8.56 (dd, J = 1.56 Hz, 5.08 Hz, 1H), 8.18 (d, J = 9.0 Hz,
1H), 7.96 (dd, J = 1.60 Hz, 8.64 Hz,1H), 7.92 (d, J = 8.6 Hz, 2H), 7.48
(dd, J = 7.44 Hz, 7.84 Hz, 1H), 7.35 (d, J = 8.24 Hz, 2H), 2.28 (s, 3H).
13C NMR (100 MHz, DMSO-d6): δ (ppm) 149.97, 147.83, 145.81,
136.85, 136.27, 134.72, 130.26, 130.21, 130.08, 127.10,124.95, 120.17,
116.91, 116.62, 88.73, 21.12.

General Procedure of Ullmann Coupling Amination. Under
an argon atmosphere, the amine (10.0 mmol), aryl halide (10.0
mmol), potassium phosphate tribasic (K3PO4, 50.0 mmol), CuI (2.0
mmol), and trans-1,2-diaminocyclohexane (5.0 mmol) were added in
dry toluene (30 mL), and the mixture was allowed to stir at 110 °C for
12 h. After completion of the reaction, the reaction mixture was
filtered by Celite and washed with CH2Cl2. The crude product was
purified either by column chromatography or by collection of the
insoluble precipitates by filtration.

6-(9H-Carbazol-9-yl)-9-tosyl-9H-pyrido[2,3-b]indole (3). Fol-
lowing the general procedure for Ullmann coupling amination,
compound 2 (10 g, 22.3 mmol) and carbazole (3.73 g, 22.3 mmol)
were used for the preparation of compound 3. The crude product was
purified by silica-gel column chromatography (CH2Cl2: hexane = 2:1
v/v) to afford 3 in 94% yield (10.1 g). 1H NMR (400 MHz, DMSO-
d6): δ (ppm) 8.67 (dd, J = 1.56, 7.84 Hz, 1H), 8.64 (d, J = 9.0 Hz,
1H), 8.60 (dd, J = 1.56, 4.72 Hz, 1H), 8.58 (d, J = 1.96 Hz, 1H), 8.27
(d, J = 7.84 Hz, 2H), 8.07 (d, J = 8.6 Hz, 2H), 7.89 (dd, J = 2.36 Hz,
9.0 Hz, 1H), 7.48 (dd, J = 7.84 Hz, 7.84 Hz, 1H), 7.42−7.37 (m, 6H),
7.31−7.27 (m, 2H), 2.29 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ
(ppm) 150.49, 147.71, 145.74, 140.53, 135.66, 134.96, 133.00, 130.35,
130.06, 127.40, 127.24, 126.31, 124.00, 122.68, 120.55, 120.42, 120.12,
119.95, 117.73, 115.89, 109.74, 21.10.

6-(9H-Carbazol-9-yl)-9H-pyrido[2,3-b]indole (4). Compound 3
(8 g, 16.4 mmol) was dissolved in distilled THF. To this solution a
mixture of NaOH (6.56 g, 164 mmol) and MeOH was added, and
then the reaction mixture was heated to 50 °C for 8 h. The reaction
mixture was poured into water, and the resulting precipitates were
collected by filtration, washed with MeOH, and dried in vacuo. The
crude product was purified by recrystallization from THF and MeOH
to afford 4 in 73% yield (4 g). 1H NMR (400 MHz, DMSO-d6): δ
(ppm) 12.12 (s, 1H), 8.60 (d, J = 7.8 Hz, 1H), 8.49 (dd, J = 1.56, 4.68
Hz, 1H), 8.45 (d, J = 1.92 Hz, 1H), 8.27 (d, J = 7.44 Hz, 2H), 7.78 (d,
J = 8.24 Hz, 1H), 7.64 (dd, J = 2.36 Hz, 8.64 Hz, 1H), 7.43−7.40 (m,
2H), 7.34 (d, J = 7.84 Hz, 2H), 7.29−7.26 (m, 2H), 7.24 (dd, J = 7.80
Hz, 7.84 Hz, 1H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) 152.52,
146.86, 141.51, 137.99, 129.29, 128.61, 126.17, 125.80, 122.42, 121.51,
120.48, 120.28, 119.70, 115.33, 115.11, 112.63, 109.68.

9-(6-Bromopyridin-3-yl)-6-(9H-carbazol-9-yl)-9H-pyrido[2,3-
b]indole (5). Following the general procedure for Ullmann coupling

Figure 1. Molecular structures of pBCb2Cz,25 pPCB2CZ, and
mPCB2CZ.
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amination, compound 4 (1.8 g, 5.4 mmol) and 2-bromo-5-
iodopyridine (1.99 g, 7.0 mmol) were used for the preparation of
compound 5. The crude product was purified by silica-gel column
chromatography (eluent: CH2Cl2). The resultant product was purified
by recrystallization from CH2Cl2 and MeOH to afford 5 in 57% yield
(1.5 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.94 (d, J = 2.36
Hz, 2H), 8.78 (dd, J = 4.56 Hz, 7.80 Hz, 1H), 8.62 (d, J = 1.96 Hz,
1H), 8.59 (dd, J = 1.56 Hz, 5.04 Hz, 1H), 8.54 (d, J = 9.00 Hz, H),
8.50 (dd, J = 2.32, 8.60 Hz, 1H), 8.30−8.27 (m, 3H), 7.76 (dd, J =
2.32, 9.00 Hz, 1H), 7.48−7.38 (m, 5H), 7.32−7.29 (m, 2H).
9-(6-(9H-Carbazol-9-yl)pyridin-3-yl)-6-(9H-carbazol-9-yl)-9H-

pyrido-[2,3-b]indole (pPCB2Cz, 6). Following the general
procedure for Ullmann coupling amination, compound 5 (1.3 g, 2.6
mmol) and carbazole (0.61 g, 3.6 mmol) were used for the preparation
of pPCB2CZ (6). The crude product was purified by silica-gel column
chromatography (eluent: toluene). The resultant product was purified
by recrystallization from CH2Cl2 and MeOH to afford 6 in 87% yield
(1.3 g). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.97 (d, J = 2.36 Hz,
1H), 8.77−8.73 (m, 2H), 8.64 (dd, J = 1.56 Hz, 5.08 Hz, 1H), 8.42
(dd, J = 1.56 Hz, 7.84 Hz, 1H), 8.29 (d, J = 1.96 Hz, 1H), 8.24 (dd, J =
2.36 Hz, 8.04 Hz, 2H), 8.21 (d, J = 7.84 Hz, 2H), 7.78 (dd, J = 1.96
Hz, 8.64 Hz, 1H), 7.55 (d, J = 7.84 Hz, 1H), 7.50−7.46 (m, 3H), 7.44
(d, J = 3.92 Hz, 3H), 7.40−7.30 (m, 6H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 151.52, 149.50, 146.88, 146.74, 141.56, 140.73,
137.74, 136.68, 131.98, 131.85, 128.88, 127.04, 126.33, 125.95, 123.70,
123.21, 122.89, 120.62, 120.56, 120.36, 117.81, 119.58, 117.72, 117.50,
115.43, 109.68, 109.44. Anal. Calcd for C40H25N5: C, 83.46; H, 4.38;
N, 12.17. Found: C, 83.55; H, 4.25; N, 12.19.
9-(6-Bromopyridin-2-yl)-6-(9H-carbazol-9-yl)-9H-pyrido[2,3-

b]indole (7). Following the general procedure for Ullmann coupling
amination, compound 4 (1.8 g, 5.4 mmol) and 2-bromo-6-
iodopyridine (1.99 g, 7.0 mmol) were used for the preparation of
compound 7. The crude product was purified by silica-gel column
chromatography (eluent: CH2Cl2). The resultant product was purified
by recrystallization from CH2Cl2 and MeOH to afford 7 in 72% yield
(1.9 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.79 (dd, J = 1.56
Hz, 7.44 Hz, 1H), 8.63 (d, J = 1.96 Hz, 1H), 8.61 (dd, J = 1.56 Hz,
5.09 Hz, 1H), 8.55 (dd, J = 9.0 Hz, 7.4 Hz, 2H), 8.29 (d, J = 7.44 Hz,
1H), 8.12−8.08 (m, 1H), 7.83 (dd, J = 1.96 Hz, 8.6 Hz, 1H), 7.75 (d, J
= 7.84 Hz, 1H), 7.50 (dd, J = 7.84 Hz, 7.44 Hz, 1H), 7.44−7.40 (m,
4H), 7.32−7.29 (m, 2H).
9-(6-(9H-Carbazol-9-yl)pyridin-2-yl)-6-(9H-carbazol-9-yl)-9H-

pyrido-[2,3-b]indole (mPCB2Cz, 8). Following the general
procedure for Ullmann coupling amination, compounds 7 (2.2 g, 4.5
mmol) and carbazole (1.05 g, 6.3 mmol) were used for the preparation
of mPCB2CZ (8). The crude product was purified by silica-gel
column chromatography (CH2Cl2: hexane = 2:1 v/v). The resultant
product was purified by recrystallization from ethyl acetate and hexane
to afford 8 in 97% yield (2.5 g). 1H NMR (400 MHz, CDCl3): δ
(ppm) 8.75 (d, J = 8.6 Hz, 1H), 8.65 (dd, J = 1.56 Hz, 4.68 Hz, 1H)
8.59 (d, J = 8.2 Hz, 1H), 8.38 (dd, J = 1.60 Hz, 5.44 Hz, 1H), 8.23 (d, J
= 2.32 Hz, 1H), 8.21 (d, J = 8.2 Hz, 1H), 8.16−8.13 (m, 3H), 8.01 (d,
J = 8.24 Hz, 2H), 7.66 (d, J = 7.8 Hz, 1H), 7.55 (dd, J = 2.32, 9.00 Hz,
1H), 7.45−7.42 (m, 2H), 7.38−7.24 (m, 10H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 151.74, 150.77, 150.39, 146.64, 141.45, 140.39,
139.54, 137.79, 131.76, 128.69, 126.91, 126.27, 125.88, 124.37, 123.16,
121.09, 120.27, 120.20, 119.75, 119.37, 119.19, 117.62, 117.45, 116.21,
116.13, 115.71, 111.57, 109.66; Anal. Calcd for C40H25N5: C, 83.46; H,
4.38; N, 12.17. Found: C, 83.36; H, 4.21; N, 12.17.
Characterization. 1H and 13C NMR spectra were recorded on a

Varian Mercury 400 MHz spectrometer using CDCl3 and DMSO-d6
purchased from Cambridge Isotope Laboratories, Inc. Elemental
analyses were performed by the Center for Organic Reactions using an
EA1112 elemental analyzer (Thermo Electron Corporation). Thermal
properties were studied under a nitrogen atmosphere on a Mettler
DSC 821e instrument. Thermal gravimetric analysis (TGA) was
conducted on a Mettler TGA50 thermal analysis system using a
heating rate of 10 °C/min. The redox properties of the thin films of
the host materials were examined by CV using a potentiostat (EA161,
eDAQ). A 0.10 M tetrabutylammonium hexafluorophosphate

(Bu4NPF6) solution in freshly dried acetonitrile was employed as
the electrolyte. The Ag/AgCl and Pt wire (0.5 mm in diameter)
electrodes were utilized as reference and counter electrodes,
respectively. The scan rate was 50 mV s−1. Absorption spectra of
the film samples were obtained using a UV−vis spectrophotometer
(HP 8453, PDA type) in the wavelength range 190−1100 nm.
Photoluminescence (PL) spectra were recorded with a Hitachi F-7000
fluorescence spectrophotometer at room temperature and a Thermo
FA-357 fluorescence spectrophotometer at 77 K. The triplet energy of
the polymers was determined by the highest energy vibronic sub-band
of the phosphorescence spectrum at 77 K.

Device Fabrication and Measurements. To fabricate devices,
we used a clean glass substrate coated with a 150 nm-thick indium−
tin-oxide (ITO) layer and a sheet resistance of 10 Ω/cm as the anode.
The active pattern size of 2 × 2 mm2 was formed using
photolithography and wet etching processes. Ultrasonic cleaning of
the glass substrate was carried out in an isopropyl alcohol, acetone, and
methanol mixture. The substrate was then rinsed in deionized water,
and finally treated in ultraviolet UV-ozone for 3 min. The ozone gas
was generated using UV light to excite the oxygen in the air inside the
chamber. Each organic layer was deposited under a pressure of ∼10−7
Torr with a total deposition rate of ∼0.5 Å/s. Subsequently, a 1.5 nm-
thick layer of lithium fluoride (LiF) and a 100 nm-thick layer of
aluminum (Al) were deposited in a vacuum chamber without breaking
the vacuum and used as the cathode. Hole-only devices (HODs) and
electron-only devices (EODs) were fabricated to compare the current
density in the host materials. The device structure of HOD was ITO
(150 nm)/TAPC (20 nm)/host material (50 nm)/TAPC (20 nm)/Al
(100 nm). To enhance the hole injection and to suppress the electron
injection, we inserted TAPC layer between both side electrodes and
host material. The device configuration of EOD was ITO (150 nm)/
TmPyPB (20 nm)/host material (50 nm)/TmPyPB (20 nm)/LiF (1.5
nm)/Al (100 nm). Pristine ITO substrates without UV-ozone
treatment for EODs were used to suppress hole injection from ITO
to organic layer. A 1.5 nm-thick LiF layer was used as electron
injection layer. We used 50 nm thick host layer to measure the current
density through the host layer dominantly.

The device structure of the blue PhOLED was ITO (150 nm)/
TAPC (75 nm)/FIrpic 3 wt % doped host material (15 nm)/TmPyPB
(40 nm)/LiF (1.5 nm)/Al (100 nm). The current density−voltage (J−
V) and luminance−voltage (L−V) data of the blue PhOLEDs were
measured employing a Keithley SMU 238 instrument and a Minolta
CS-100A colorimeter. The electroluminescence (EL) spectra and
Commission Internationale de I’Eclairage (CIE) color coordinates
were obtained using Minolta CS-2000 spectroradiometer. All external
quantum efficiency (EQE) values were measured by using integrating
sphere instrument (Photal Labsphere).

■ RESULTS AND DISCUSSION

Design, Synthesis, and Characterization. The structural
difference between the two newly synthesized host materials
lies in the anchoring positions (i.e., 2,5- and 2,6-substitution) of
the pyridine linker between the carbazole and carbazole-
substituted carboline units (Figure 1). Density functional
theory (DFT) calculations at the B3LYP level were utilized
and provided the optimized molecular structures of the host
materials, as well as the calculated energy levels for the highest-
occupied molecular orbital (HOMO) and the lowest-
unoccupied molecular orbital (LUMO).
The carbazole−carboline−pyridine−carbazole molecular ar-

rangement in host molecules was more favorable for the
delocalization of electron density between the HOMO and
LUMO states than the carboline−carbazole−pyridine−carba-
zole molecular arrangement (Supporting Information Tables S1
and S2). The molecular orbital distribution in the HOMO and
LUMO of pPCB2CZ and mPCB2CZ was well-separated into
the carboline and carbazole units, respectively, in 6-(9H-
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carbazol-9-yl)-9H-pyrido[2,3-b]indole, as shown in Figure 2.
The HOMOs of the two host molecules were localized on the
carbazole unit as an electron-donating unit, and the LUMOs
were distributed over the carboline unit owing to the electron-
accepting property of the pyridinyl group. In particular, the
mPCB2CZ host exhibited better delocalization of orbital
distribution to the carbazole and carboline units in the
HOMO and LUMO states, respectively, compared with the
pPCB2CZ host. This means that the carbazole and carboline
moieties may be involved in important hole and electron
transport pathways, respectively, in the two host molecules,
which shows that these hosts can show the characteristics of
bipolar host materials.

The synthetic procedure for obtaining pPCB2CZ and
mPCB2CZ is illustrated in Scheme 1, and detailed synthetic
procedures and characterization data are described in the
Experimental Section. First, 6-(9H-carbazol-9-yl)-9H-pyrido-
[2,3-b]indole 4 was reacted with 2-bromo-5-iodopyridine and
2-bromo-6-iodopyridine via the Ullman coupling method to
yield compounds 5 and 7, respectively. The synthetic yield of
the coupling reaction was 65−70%. Finally, pPCB2CZ, 6, and
mPCB2CZ, 8, were obtained through another Ullman coupling
reaction of compounds 5 and 7, respectively, with a carbazole in
which the 6-(9H-carbazol-9-yl)-9H-pyrido[2,3-b]indole and
carbazole subunits were connected through a pyridine ring
spacer; 2,5- and 2,6-disubstitution of compound 4 and
carbazole on the spacer modulate molecular rigidity of the
host material.
The thermal properties of the newly synthesized host

materials were investigated using DSC and TGA under a
nitrogen atmosphere. As shown in Figure 3a, the two host
materials showed high Tg. In particular, pPCB2CZ exhibited a
clear glass transition on heating at 144 °C, which is 16 °C
higher than that observed for mPCB2CZ. The linear structure
of pPCB2CZ should reduce the steric hindrance in the solid
state compared with mPCB2CZ, resulting in the higher Tg for
pPCB2CZ. In the TGA thermograms of the host materials, no
significant weight loss was observed up to 400 °C. The onset
temperatures of primary decomposition of pPCB2CZ and
mPCB2CZ were 451 and 418 °C, respectively (Figure 3b).
These results reveal that the two host materials are thermally
stable, which might improve the operational stability of
PhOLED devices.

Optical and Electrochemical Properties. UV−vis
absorption and photoluminescence (PL) spectra of the two

Figure 2. HOMO (bottom) and LUMO (top) distributions of
pBCb2Cz,25 pPCB2CZ, and mPCB2CZ according to DFT
calculations.

Scheme 1. Synthetic Procedure for Host Materialsa

a(i) NaH, tosyl chloride, DMF, rt. (ii) CuI, K3PO4, trans-1,2-diaminocyclohexane, toluene, 110 °C. (iii) NaOH, THF, MeOH, 50 °C.
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host materials were measured in dilute chloroform solution
(Figure 4). The spectroscopic parameters are tabulated in
Table 1. Although the substitution position of carbazole on the
pyridine linking unit is different, the two host molecules
exhibited almost identical photophysical properties in solution.
In the absorption spectra, a π−π* transition of the two host
materials appeared below 300 nm, and n−π* transitions of
carbazole and carboline were observed between 300 and 365
nm. The optical bandgap energies (Eg

opt) were determined
from the absorption edges (λcutoff) as 3.49 and 3.52 eV for
pPCB2CZ and mPCB2CZ, respectively. To investigate the
excited ET levels of the two host molecules, low-temperature PL
was conducted at 77 K. The highest-energy PL peak was

observed at 424 nm for both the host molecules. Therefore, the
same ET of 2.92 eV was calculated for both pPCB2CZ and
mPCB2CZ, which is high enough to apply these hosts to blue
PhOLEDs.
The molecular energy levels of the host materials in a

PhOLED are critical to govern the efficacy of energy transfer
and charge transport. The electrochemical properties of the
synthesized host materials were examined by cyclic voltamme-
try in order to study the molecular energy levels. The oxidation
potentials of pPCB2CZ and mPCB2CZ were found to be 0.80
and 0.93 V, respectively (Supporting Information Figure S1).
The energy of the HOMO level of pPCB2CZ was −5.60 eV,
which is higher by 0.13 eV compared with that of mPCB2CZ
(−5.73 eV). The energies of the LUMO levels of pPCB2CZ
and mPCB2CZ were −2.11 and −2.21 eV, respectively,
calculated using the energy of the HOMO level and Eg

opt.
Blue PhOLED Properties. Before characterizing the

performance of blue PhOLEDs, we investigated the charge
balance properties of the two host molecules by fabricating
hole- and electron-only devices (HOD and EOD). The well-
known bipolar host material, 26DCzPPy-based HOD, and
EOD were also fabricated as control devices for comparison.
Figure 5 and Supporting Information Figure S2 show the

Figure 3. (a) Differential scanning calorimetry (DSC) and (b) thermogravimetric analysis (TGA) curves of pPCB2CZ and mPCB2CZ.

Figure 4. UV−vis absorption, photoluminescence (PL), and low-
temperature PL (LTPL) spectra of pPCB2CZ (a) and mPCB2CZ
(b).

Table 1. Physical, Optical, and Electrochemical Properties of Host Materials pPCB2CZ and mPCB2CZ

host material Tg [°C] Td [°C] absorptiona [nm] PLa [nm] λcutoff
a,b [nm] Eg

opta,b [eV] ET
c [eV] Eox

d [V] HOMOd [eV] LUMOe [eV]

pPCB2CZ 144 451 292, 338 420 355 3.49 2.92 0.80 −5.60 −2.11
mPCB2CZ 128 418 293, 336 418 352 3.52 2.92 0.93 −5.73 −2.21

aData were measured in chloroform solution. bThe optical bandgap energies were calculated from the absorption edges (λcutoff), Eg
opt = 1240/λcutoff.

cTriplet energy was measured at 77 K. dFirst oxidation and HOMO energies were measured by CV. eLUMO energy was calculated from the
difference between the HOMO and optical bandgap energies.

Figure 5. J−V curves of HODs and EODs based on pPCB2CZ and
mPCB2CZ.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505049h | ACS Appl. Mater. Interfaces 2014, 6, 19808−1981519812



current density−voltage curves of HOD and EOD for the three
host materials.
In this measurement, pPBCB2CZ and mPBCB2CZ showed

smaller difference of current density between HODs and EODs
than that of 26DCzPPy-based devices. Our two hosts were
found to exhibit a more balanced bipolar character compared
with 26DCzPPy in TAPC/TmPyPB-containing device struc-
ture. In particular, mPBCB2CZ-based device showed the
smallest current density difference between the HOD and
EOD.
Blue PhOLEDs containing the newly synthesized host

materials with high ET (2.92 eV) were fabricated (Supporting
Information Figure S3). The 26DCzPPy-based device was also
prepared under the same conditions as a control device (ET of
26DCzPPy = 2.70 eV).
The device performance data are summarized in Table 2, and

the current density−voltage−luminance (J−V−L) and the
efficiency−luminance characteristics are shown in Figure 6a,b,
respectively. The performances of 26DCzPPy-based PhOLED
device are presented in Supporting Information Figure S4. The
turn-on and driving voltages at 1000 cd/m2 were 3.1 and 4.1 V,
respectively, for the pPCB2CZ-based device and 3.7 and 4.8 V,
respectively, for the mPCB2CZ-based device. These results
indicate that the HOMO (−5.60 eV) of pPCB2CZ more
favorably reduces the energy barrier between the TAPC-based

hole transport layer and the host material compared with
mPCB2CZ, which has a deeper HOMO level (−5.73 eV).
Therefore, the operating voltage of a pPCB2CZ-based device
could be lower than that for an mPCB2CZ-based device. Our
host materials show low driving voltage characteristics as 4−5
V, which are suitable for operating practical blue emitting
devices.
In Figure 6b, the maximum current efficiency and power

efficiency are 40.5 cd/A and 32.6 lm/W, respectively, for
pPCB2CZ, and 44.8 cd/A and 31.3 lm/W, respectively, for
mPCB2CZ, which are much higher than those of the
26DCzPPy-based PhOLED (36.9 cd/A and 22.8 lm/W), as
shown in Supporting Information Figure S4.
The maximum external quantum efficiencies (EQEs) of

pPCB2CZ- and mPCB2CZ-based blue PhOLEDs were 22.6%
and 23.7%, respectively, which are much higher than the
efficiency of 19.2% for the 26DCzPPy-based device. Intrigu-
ingly, the EQE values at the practically useful luminance of
1000 cd/m2 for the pPCB2CZ- and mPCB2CZ-based devices
were 21.0% and 23.7%, respectively. The high EQE at high
luminance for the two host material-based devices are
presumably attributed to the balanced charge density and
efficient exciton recombination in the broad area of the
emitting zone (Figure 6c). These properties could result in the
low roll-off behaviors of the device efficiencies. The efficiencies

Table 2. Performance of Blue PhOLED with Host Materials pPCB2CZ, mPCB2CZ, and 26DCzPPy

host material turn-on [V] operating voltagea [V] luminanceb [cd/m2] CEb [cd/A] PEb [lm/W] EQEb [%] CIEa [x, y]

pPCB2CZ 3.1 4.1 21 300 40.5 32.6 22.6 (21.0)a (0.15, 0.30)
mPCB2CZ 3.7 4.8 16 800 44.8 31.3 23.7 (23.7)a (0.15, 0.29)
26DCzPPy 3.5 5.1 18 400 36.9 22.8 19.2 (19.0)a (0.15, 0.31)

aAt 1000 cd/m2. bMaximum value.

Figure 6. (a) J−V−L and (b) CE−V−PE curves of pPCB2CZ- and mPCB2CZ-based blue PhOLEDs. (c) Extended emitting zone through well-
balanced charge recombination. (d) EL spectra of pPCB2CZ- and mPCB2CZ-based blue PhOLED: (*J) current density, (V) applied bias, (L)
luminance, (CE) current efficiency, (PE) power efficiency.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505049h | ACS Appl. Mater. Interfaces 2014, 6, 19808−1981519813



of the devices were improved by our molecular design and
synthetic strategy, by only changing the position of the
substituents. In addition, the EQE values at 1000 cd/m2

reported herein are impressive in blue PhOLEDs, which was
obtained from typical device [e.g., ITO/HTL/EML/ETL/LiF/
Al] without any exciton blocking layer and any interlayers for
facilitating charge injection and blocking.
The electroluminescence (EL) spectra of pPCB2CZ- and

mPCB2CZ-based blue PhOLEDs showed identical emission
peaks at 470 nm, which are consistent with the EL spectrum of
a general FIrpic-doped device (Figure 6d). This result means
that the host materials undergo highly efficient exothermic
energy transfer from the host to FIrpic in the emitting layer.
Additionally, no other emission bands could be observed in the
devices with the new host materials, which is due to the well-
balanced charge density in the emission zone. Therefore, the
balanced charge density in the emitting layer played a highly
important role in increasing the quantum efficiency and
maintaining color purity of the blue PhOLEDs.

■ CONCLUSION

New host materials, pPCB2CZ and mPCB2CZ, containing
carbazole and carboline moieties were successfully synthesized.
These host materials showed sufficiently high triplet energies,
high Tg’s, and balanced charge density in the emitting layer of
blue PhOLEDs. Compared to the PhOLED with the host
molecule that we reported previously, the devices bearing
mPCB2CZ displayed a higher external quantum efficiency of
∼24% at practically high luminance as 1000 cd/m2. By
changing only the positions of carbazole and carboline on the
pyridine linking unit, the device efficiency could be promoted
further; the building blocks of carbazole and carboline are great
candidates for the future development of highly promising blue
PhOLEDs.
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