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Synthesis and properties of stable amorphous
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Abstract—New triphenylamine–carbazole end-capped molecules were synthesized by a divergent approach using bromination and
Suzuki cross-coupling reactions. All compounds showed an excellent electrochemical reversibility and a good thermal stability. They
were fabricated as hole-transporting layers (HTLs) with the device configuration of ITO/HTL/Alq3/LiF:Al. A bright green emission
from the Alq3 layer with a maximum luminance of 7500 cd/m2 was observed at 9.8 V and a low turn-on voltage of 3.4 V.
� 2006 Elsevier Ltd. All rights reserved.
Organic light-emitting diodes (OLEDs) have attracted a
great deal of attention because of their potential applica-
tions to low-cost, full color flat panel displays.1 The past
decade has seen great progress in both device fabrication
techniques and material developments.2 Tang and
VanSlyke have made a key progress in the field by
demonstrating that the use of hole transporting layers
(HTLs) for hole injection from the anodes into the
light-emitting layer (EL) provides significant improve-
ment in the OLED device performance.3 Since, many
new hole-transporting materials have been developed.4,5

In particular, low-molecular weight amorphous materi-
als have received interest as candidates for HTL materi-
als due to their easy purification by vapor deposition or
column chromatographic techniques and uniform thin
films can be simply processed by coating techniques.
In order to achieve highly efficient and long lifetime
devices, an amorphous hole-transporting material
(AHTM) with high mobility, high glass transition tem-
perature (Tg), a stable amorphous state and a good thin
film formation is desirable. Optimization of all these
requirements is still a difficult challenge for scientists.
So far, many AHTMs with high Tg values such as carba-
zole derivatives containing peripheral diarylamine
units,6 dicarbazoyl derivatives featuring peripheral
diphenylamine units,7 and triaryldiamines containing a
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spiro(adamantane-2,9-fluorene) core8 have been
reported. More recently, triarylamine–carbazole
end-capped oligofluorenes have been prepared using a
convergent approach, but their device properties have
not been reported.9 In this letter, we report the synthesis
and characterization of the new triphenylamine–carb-
azole dendrimers, which are conveniently prepared by a
divergent approach in two steps. Their hole-transporting
properties were investigated by preparing double-layer
devices with the light-emitting material, Alq3.

The target molecules ACB and ACC were synthesized as
illustrated in Scheme 1. Compounds 1 and 4 which have
been prepared in our laboratory10 were first selectively
brominated with NBS in THF at room temperature.
As a result, only the most nucleophilic 3- and 6-positions
of the peripheral carbazoles were substituted to give the
corresponding tetrabromine compounds 2 and 5 in good
yields.11 Next, these were coupled with an excess of tri-
phenylamine boronic acid 3 under Suzuki cross-coupling
conditions in the presence of Pd(PPh3)4 as a catalyst and
an aqueous solution of Na2CO3 as the base in THF at
reflux to afford the target compounds ACB and ACC
in 76% and 64% yields, respectively. Both ACB and
ACC were soluble in all common organic solvents and
their structures were confirmed by IR, 1H, 13C NMR,
and HRMS spectrometric methods.11

The optical properties of ACB and ACC were investi-
gated by UV–vis and photoluminescent spectroscopy
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Scheme 1. Synthetic routes to the targets ACB and ACC.
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Figure 1. Optical properties of compounds ACB and ACC in CH2Cl2
solution.
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in dilute CH2Cl2 solution (Fig. 1 and Table 1). The
absorption spectra of ACB and ACC were dominated
by strong broad absorption peaks at around 336 and
330 nm, respectively, which are derived from the combi-
nation of absorption from the triphenylamine–carbazole
peripheral units and the conjugated backbone. The spec-
tra were substantially red-shifted (�30 nm) relative to
the spectra of compounds 1 and 4, attributed to the
conjugation of the triphenylamine groups with the inte-
rior unit leading to a decrease in the energy gap. More-
over, in comparison to the absorption maxima of the
triphenylamine–carbazole unit,9 the absorption maxima
of ACB and ACC were about 6–12 nm red-shifted
suggesting p-conjugation between the triphenylamine–
carbazole and the aromatic cores through the electron
lone pair on the nitrogen atom of the carbazole and that
the p-electrons were delocalized over the entire conju-
gated backbone. The UV–vis spectra of ACB and
ACC exhibited the onset of absorptions (konset) at 375
and 379 nm corresponding to energy band gaps of 3.31
and 3.27 eV, respectively. The photoluminescent spectra
of ACB and ACC, excited at 325 nm, were located in the



Table 1. Summary of the physical measurements of ACB and ACC

Comp kabs
max

a/nm (log e/dm3 mol�1 cm�1) kem
max

b/nm Tg
c/�C T5d

d/�C E1/2/V(DEe/mV) Eg
f/eV HOMOg/eV LUMOh/eV

ACB 336(5.33) 393 121 415 1.04(180),1.26(240) 3.31 5.37 2.06
ACC 330(5.18) 401 185 415 1.04(180),1.26(220) 3.27 5.37 2.10

a Measured in a dilute CH2Cl2 solution.
b Excited at 325 nm.
c Obtained from DSC measurements on the second heating cycle with a heating rate of 10 �C/min under N2.
d Obtained from TGA measurements with a heating rate of 10 �C/min under N2.
e Measured using a platinum disk as a working electrode, a platinum rod as a counter electrode, and SCE as a reference electrode in CH2Cl2

containing 0.1 M n-Bu4NClO4 as a supporting electrolyte at a scan rate of 50 mV/s under an argon atmosphere.
f Estimated from the onset of absorption (Eg = 1240/konset eV).
g Calculated by the empirical equation: HOMO = (4.44 + Eonset).

12

h Calculated from LUMO = HOMO � Eg.
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Figure 2. Voltage vs current density and luminance characteristics of
ACB and ACC devices.
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bluish-purple region with emission peaks at 393 and
401 nm, respectively.

The thermal properties of ACB and ACC were measured
using differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA) under N2 (Table 1).
TGA analysis revealed that both compounds were ther-
mally stable with 5% weight loss temperatures (T5d)
being observed at 415 �C. DSC measurements after the
samples of ACB and ACC, prepared by crystallization
from a mixture of dichloromethane and methanol, had
first been heated to 320 �C showed sharp endothermic
peaks due to melting (Tm) at 183 and 239 �C, respec-
tively. These were not detected during the second heat-
ing scan and only an endothermic baseline shift due to
glass transitions (Tg) were observed at 121 and 185 �C,
respectively. On further heating, no peaks due to crystal-
lization and melting appeared. The ability of ACB and
ACC to form a molecular glass and the possibility of
preparing thin films from ACB and ACC both by evap-
oration and by solution casting are highly desirable for
applications in OLEDs.

The redox properties and HOMO and LUMO energy
levels of compounds ACB and ACC were investigated
using cyclic voltammetry (CV). The results are summa-
rized in Table 1. Both ACB and ACC showed two chem-
ically reversible oxidation processes. Their first and
second oxidation processes were observed at potentials
of 1.04 and 1.26 V, respectively, separated by 220 mV.
The first oxidation can be assigned to the simultaneous
multielectron oxidation process of the peripheral triphen-
ylamine group, while the second oxidation corresponds
to the removal of electrons from the interior moieties.
Moreover, their CV curves also exhibited the same onset
oxidation potentials (Eonset), which were estimated from
the first anodic oxidation wave to be 0.93 V. As a result,
HOMO levels were calculated to be 5.37 eV and the
LUMO levels of ACB and ACC were calculated to be
2.06 and 2.10 eV, respectively, by subtracting the energy
band gaps (3.31 and 3.27 eV) from the HOMO energy
level. The high-lying HOMO energy levels and reversible
electrochemical oxidations of ACB and ACC suggest
that both compounds have potential for hole injection
and transport in OLED.13

In order to investigate their hole-transporting proper-
ties, the double-layer OLED devices of ITO/HTL
(50 nm)/Alq3 (200 nm)/LiF (0.5 nm):Al (200 nm) were
fabricated using ACB or ACC as the hole-transporting
layer (HTL), Alq3 as the light-emitting and electron-
transporting layers, indium tin oxide (ITO) as the anode
and LiF:Al as the cathode. When a bias potential was
applied to the electrodes, the ITO/ACB/Alq3/LiF:Al
and ITO/ACC/Alq3/LiF:Al devices emitted bright green
luminescence with emission maxima of 522 and 520 nm,
respectively. The EL spectra were in agreement with the
PL spectrum of Alq3 and also other reported EL spectra
of Alq3. This indicates that the ELs from the devices
consisting of Alq3 and either ACB or ACC show no
emission at the longer wavelength from the exciplex spe-
cies. Such interference is often observed in devices using
planar molecules.14 In these cases, the exciplex forma-
tion is prevented by the bulky triphenylamine–carbazole
dendron at both ends of the molecules. Moreover, this
also suggests that both ACB and ACC are only
hole-transporting materials and the electron–hole
recombination takes place at the Alq3 emitting layer.
The voltage–luminance and voltage–current density
characteristics of the devices are shown in Figure 2.
The device using ACC as a HTL has much better perfor-
mance in terms of brightness, current and turn-on volt-
age than that using ACB. In the case of the ITO/ACC/
Alq3/LiF:Al device, the maximum luminance was about
7500 cd/m2 at 9.8 V with a turn-on voltage of 3.4 V. The
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ITO/ACB/Alq3/LiF:Al device showed a maximum
luminance at 390 cd/m2 at 8.6 V with a turn-on voltage
of 4.2 V.

In conclusion, we have successfully synthesized novel
amorphous hole-transporting molecules, ACB and
ACC using a divergent route involving bromination
and Suzuki cross-coupling reactions. Both compounds
exhibited an excellent electrochemical reversibility and
a high thermal stability. The double-layer OLED device
containing ACC as the HTL showed the best perfor-
mance with a bright green emission of 7500 cd/m2 at
9.8 V and a low turn-on voltage of 3.4 V. The use of tri-
phenylamine–carbazole end-caps might be an effective
way to prepare amorphous molecules for OLEDs by
forming dendritric structures with other fluorescent or
nonfluorescent core units.
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