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We demonstrated that 1,3,5-tris([20 ,20 0]bipyridin-60-yl)benzene (BpyB) and 1,3,5-
tris([20 ,20 0 ,60 0 ,20 0 0]terpyridin-6’-yl)benzene (TpyB) are good electron-transport (ET) layer
materials for organic light-emitting devices (OLEDs). The new materials exhibit high elec-
tron mobilities of around 10�4 cm2 V�1 s�1, and OLEDs comprising the materials operate at
lower voltage than the OLEDs with tris(8-hydroxyquinolinato) aluminum (Alq) as an ET
material. The new materials are also useful for phosphorescent OLEDs in blue-, green-,
and red-light-emitting devices, where they function as both electron-transporting and
hole-blocking materials. Phosphorescent OLEDs with the new materials operate at lower
voltage (while maintaining comparable external quantum efficiencies of electrolumines-
cence) than does the corresponding reference device with bathocuproine/Alq as elec-
tron-transporting and hole-blocking layers.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting devices (OLEDs) are of interest for
potential application in various fields such as flat televi-
sions, mobile displays, lights, and optical communication
light sources. OLEDs generally comprise functionally di-
vided organic multilayers – for example, hole-transporting
(HT), emissive, and electron-transporting (ET) layers [1,2].
In the last decade, many kinds of amorphous molecular
semiconductor materials [3,4], HT materials [5–12], and
ET materials [13–23], have been proposed. Among these,
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ikawa).
HT molecular semiconducting materials have become prac-
tical due to their high charge-carrier mobility and excellent
operational durability, but few reports exist to date on ET
organic semiconducting amorphous materials that perform
well in terms of high-speed transport of electrons, easy
injection of electrons from the cathode, and good opera-
tional durability [16]. Tris (8-hydroxyquinolinato) alumi-
num(III) (Alq) was used in the first bright OLED reported
by Tang and VanSlyke in 1987 [1]; it is still conventionally
used as an ET material, despite its slow electron mobility
[24], because of its relatively good operational durability.
However, as a reflection of the imbalanced performance
between ET and HT materials, electron-feeding from the
cathode into an emissive layer controls device characteris-
tics. As a result, the development of efficient ET organic
amorphous semiconducting materials remains an impor-
tant challenge.
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ET materials with high electron mobilities provide some
advantages, including lower operating voltage and lower
power consumption. Moreover, if ET materials have wide
band gaps – that is, deep highest occupied molecular orbi-
tals (HOMOs) – they can also work as hole-blocking (HB)
materials. Hole-blocking is desirable because complete
confinement of holes in emissive layers by the HB layer
raises the quantum efficiency (QE) of electroluminescence
(EL). Furthermore, when considering phosphorescent
OLEDs (PHOLEDs) that can theoretically provide the 100%
internal electron–photon conversion efficiency theoreti-
cally [25], a complete confinement for triplet exciton
energies of phosphorescent light-emitters also becomes
important to attain extremely high QE.

We have frequently reported on ET materials with high
electron mobilities based on one molecular design con-
cept: hybridizing bipyridine with common ET units such
as oxadiazole or triazole [26–28]. Can we now make good
ET materials based on bipyridine only? Bathophenanthro-
line, a common good ET material, is similar in structure
to bipyridine. Kido et al. recently reported that tris-pyri-
dine-substituted triphenylbenzenes exhibit very good
electron-transport properties, with electron mobilities as
high as 7.9 � 10�3 cm2 V�1 s�1 [29]. As a result, we can as-
sume that the tris-bipyridine-substituted benzene (BpyB)
and tris-terpyridine-substituted benzene (TpyB) examined
in this study will be good ET-layer materials for OLEDs. As
described herein, OLEDs with these new materials clearly
operate at lower voltage than do OLEDs with Alq, a conven-
tional ET material. The new materials are also useful for
phosphorescent OLEDs, where they work not only as ET
but also as HB materials.

2. Experimental

2.1. Materials

Fig. 1 shows chemical structures of the newly developed
materials BpyB and TpyB, synthesized from bipyridine or
terpyridine bromides with tris(pinacolboryl) benzene by
BpyB
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Fig. 1. Chemical structure
Suzuki–Miyaura coupling reaction. BpyB and TpyB were
purified, before evaluation and measurements, by tempera-
ture-gradient sublimation in a flow stream of pure Ar gas.
Other OLED materials were obtained from industrial com-
panies as sublimation grades and used without further
purification.
2.2. Synthesis

2.2.1. 6-Bromo[2,20]bipyridine (Br-Bpy)
Br-Bpy was synthesized from 2,6-dibromopyridine

(11.8 g, 52.8 mmol) and 2-pyridyl zinc bromide
(55.0 mmol) that was contained in 110 ml of its tetrahy-
drofuran (THF) solution (0.5 M) using 50 ml of THF as addi-
tional solvent and tetrakis(triphenylphosphine)Pd(0)
(1.7 g, 2.5 mmol) as catalyst. With the reaction solution
kept below 10 �C with an ice bath, the 2-pyridyl zinc bro-
mide solution was added dropwise. The ice bath was re-
moved and the solution was stirred continuously for
48 h. Then, 10 wt.% ethylenediamine-N,N,N0,N0-tetraacetic
acid, disodium salt (EDTA 2Na) aqueous solution (500 ml)
was added in small steps. Chloroform extraction and distil-
lation of the solvent gave a crude brown powder. Purifica-
tion by silica gel chromatography with a toluene/ethyl
acetate mixture as eluent yielded Br-Bpy as white powder
(7.0 g; 54% yield). dH (600 MHz, CDCl3): 8.67 (d, 1H, J
4.8 Hz), 8.41 (d, 1H, J 7.8 Hz), 8.38 (d, 1H, J 8.4), 7.82 (dd,
1H, J 8.7 Hz), 7.67 (dd, 1H, J 7.8 Hz), 7.49 (d, 1H, J 7.2 Hz),
7.32 (dd, 1H, J 6.3 Hz).
2.2.2. 6-Bromo[2,20,60,20 0]terpyridine (Br-Tpy)
Br-Tpy was synthesized from 6,60-dibromo[2,2’]bipyri-

dine (10.0 g, 31.4 mmol) essentially as described for Br-
Bpy to yield a white powder (5.2 g; 52.4% yield). dH

(600 MHz, CDCl3): 8.70 (d, 1H, J 4.8 Hz), 8.58 (d, 1H, J
6.6 Hz), 8.57 (d, 1H, J 9.0 Hz), 8.46 (m, 2H), 7.95 (dd, 1H, J
7.8 Hz), 7.85 (dd, 1H, J 6.0 Hz, J 7.8 Hz), 7.70 (dd, 1H, J
8.1 Hz), 7.50 (d, 1H, J 7.2 Hz) 7.34 (m, 1H).
TpyB
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s of BpyB and TpyB.
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2.2.3. 1,3,5-Tris(pinacorato boryl)benzene ((PinB)3B)
(PinB)3B was synthesized by Suzuki–Miyaura coupling

reaction using 1,3,5-tribromobenzene (8.6 g, 27.3 mmol),
bis(pinacorato)diboron (25.0 g, 98.4 mmol), potassium
acetate (24.1 g, 245.7 mmol), and [1,10-bis(diphenylphos-
phino)ferrocene] dichloropalladium(II) as catalyst in di-
methyl sulfoxide. The reaction mixture was refluxed for
21 h, and then cooled to room temperature. Pure water
(1000 ml) was added and the mixture was stirred for
30 min and filtered to remove precipitates. Addition of
methanol gave a crude white crystalline powder, which
was dissolved in ethyl acetate, filtered to remove the cata-
lyst, and distilled to yield pure (PinB)3B (7.1 g; 57% yield).
dH (600 MHz, CDCl3): 8.37 (s, 3H), 1.33 (s, 36H).

2.2.4. 1,3,5-Tris([20,20 0]bipyridin-60-yl)benzene (BpyB)
BpyB was synthesized from (PinB)3B (2.5 g, 5.5 mmol)

and Br-Bpy (3.8 g, 15.0 mmol) by Suzuki–Miyaura coupling
reaction using 1 M K2CO3 aqueous solution (32.4 ml,
32.4 mmol) as base, tetrakis(trisphenylphosphine)palla-
dium(0) (0.32 g, 0.28 mmol) as catalyst, and 135 ml of a
4/1 ethanol/toluene mixture as solvent. The reaction mix-
ture was refluxed with stirring for 33 h, and then cooled
to room temperature. Pure water (500 ml) was added
and the mixture was stirred for 30 min. Extraction by chlo-
roform, drying with MgSO4, filtration to remove precipi-
tates, and distillation to remove the chloroform gave a
crude brown powder. Purification by silica gel column
chromatography with a 1/3 chloroform/hexane mixture
as eluent yielded BpyB as a white crystalline powder
(1.1 g; 41% yield). dH (600 MHz, CDCl3): 9.01(s, 3H), 8.76
(d, 3H, J 7.2 Hz), 8.74 (d, 3H, J 4.8 Hz), 8.47 (d, 3H, J
7.2 Hz), 8.01 (dd, 3H, J 8.7 Hz), 7.98 (d, 3H, J 7.8 Hz), 7.88
(dd, 3H, J 7.8 Hz), 7.36 (dd, 3H, J 6.3 Hz). dC (150 MHz,
CDCl3): 156.43, 156.31, 155.90, 149.14, 140.43, 137.82,
136.82, 126.25, 123.78, 121.37, 120.65, 119.65.

2.2.5. 1,3,5-Tris([20,20 0,60 0,20 0 0]terpyridin-60-yl)benzene (TpyB)
TpyB was synthesized by Suzuki–Miyaura coupling

reaction using (PinB)3B (2.4 g, 5.26 mmol) and Br-Tpy
(5.0 g, 16.0 mmol) essentially as described for BpyB using
1 M K2CO3 aqueous solution (32.3 g, 32.4 mmol), tetra-
kis(trisphenylphosphine)palladium(0) (0.32 g, 0.28 mmol),
and 150 ml of a 4/1 ethanol/toluene mixture. The reaction
mixture was refluxed for 3 h, cooled, and then filtered.
Recrystallization from o-dichlorobenzene solution yielded
TpyB as a white powder (2.7 g; 67% yield). dH (600 MHz,
CDCl3): 9.06 (s, 3H), 8.81 (d, 3H, J 7.8 Hz), 8.73(d, 3H, J
3 Hz), 8.68 (d, 3H, J 8.4 Hz), 8.67 (d, 3H, 7.8 Hz), 8.50 (d,
3H, J 8.4 Hz), 8.03 (m, 9H), 7.89 (dd, 3H, J 7.8 Hz), 7.35 (d,
3H, J 7.8 Hz). dC (150 MHz, CDCl3): 156.21, 155.85,
155.54, 155.30, 149.15, 140.28, 137.77, 136.87, 130.51,
127.70, 126.17, 123.75, 121.26, 121.21, 121.05, 120.60,
119.69.

2.3. Device fabrication and measurements

All OLEDs were fabricated on 150-nm-thick layers of in-
dium-tin oxide (ITO) that were commercially precoated
onto glass substrates with a sheet resistance of 14 X/sq.
The solvent-cleaned ITO surface was treated with O2
plasma for 5 min and then the substrate was immediately
loaded into a high-vacuum chamber (base pressure below
�6 � 10�4 Pa) where organic layers, 0.5-nm-thick LiF, and
200-nm-thick aluminum cathode layers were deposited
by thermal evaporation. Deposition rates were 0.6 Å/s for
organic materials, 0.1 Å/s for LiF, and 6 Å/s for Al. The cur-
rent density-applied voltage–luminance (J–V–L) character-
istics of the OLEDs were measured with a commercial
OLED-characteristics measurement system (Precise Gauge
EL1003) and a source meter (Keithley 2400). Electrolumi-
nescence (EL) spectra were recorded simultaneously with
the EL1003 during J–V–L measurements.

1H- and 13C NMR spectra were recorded on an FT–NMR
spectrometer (JEOL JNM-ECA600). Thermal analyses were
performed on a differential scanning calorimeter (Seiko
Instruments DSC-6200) at a heating rate of 10 �C/min un-
der N2 gas. Ultraviolet (UV) and visible absorption spectra
were recorded with a spectrophotometer (Shimadzu UV-
3150); photoluminescence (fluorescence and phosphores-
cence) spectra were recorded with a spectrofluorometer
(Horiba FluoroMax4P). HOMO energy was determined
with a photoelectron emission yield spectrometer (Riken
Keiki AC-3), and the HOMO energy was defined as being
equal to the ionization potential measured by photoelec-
tron emission spectroscopy. Optical band gaps were deter-
mined by the spectral onset of each UV–visible absorption
spectrum; the lowest unoccupied molecular orbital
(LUMO) energy was then estimated to be the difference be-
tween the HOMO energy and the optical bandgap. Spectro-
scopic measurements were conducted with thin films
prepared by thermal evaporation on quartz substrates.

Electron mobility was measured by conventional
time-of-flight (TOF) techniques. The excitation light was
a 500-ps-duration optical pulse from an N2 gas laser
(k = 337 nm, Usho Optical Systems KEN-150). Test samples
were prepared by thermal evaporation in vacuum and
encapsulated with fresh desiccant under a highly inert
atmosphere of N2 at the dew point of almost �60 �C and
O2 concentration of <10 ppm. A 100-nm-thick fullerene
C60 layer was used as a charge-generation layer for optical
excitation [27].

Computational chemistry was conducted with commer-
cial software (Wavefunction Spartan 06W) on a personal
computer with a dual-core processer. Density function the-
ory (DFT) was used to determine conformations, with a
B3LYP hybrid functional and a 6-311G* basis set for deter-
mining optimized geometries and estimating activation
energies for conformation change. During the estimation
of activation energies, we constrained the dihedral angle
that was responsible for the conformation change and con-
ducted each geometry optimization with the dihedral con-
straint at several angles.
3. Results and discussion

3.1. Thermal and electronic properties

Fig. 2 shows differential scanning calorimetry (DSC)
curves for BpyB and TpyB. During the first heating proce-
dure, endothermic peaks due to melting are observed for



Fig. 2. DSC curves of BpyB and TpyB during first and second heating
procedures.
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the two powders at 240 �C and 305 �C, respectively. For
BpyB, during the second heating procedure, a baseline shift
due to glass transition and an exothermic peak at 146 �C
due to recrystallization are observed; the glass transition
temperature Tg is 75 �C. For TpyB, during the second heat-
ing procedure, the same transitions occur: recrystallization
at 166 �C and Tg at 110 �C. These results confirm that both
powders can form stable glassy thin films by vacuum
Fig. 3. (a) and (b) Lowest-energy and third-lowest-energy computational o
conformation change between these two geometries. Another local minimum ex
geometry is close to that of (a).
evaporation. Tg is higher for TpyB (110 �C) than for NPB
(94 �C), a practical HT material (Fig. 5).

Fig. 3a shows the optimized geometry for BpyB, ob-
tained by means of computational chemistry. The geome-
try shows C3 symmetry and resembles a three-blade
propeller. The dihedral angle between the center phenyl
ring and the adjacent pyridine ring is 23� because of steric
hindrance between the two hydrogen atoms at the ortho
position of each ring. In contrast, the pyridine units are
coplanar. These angles are reasonable from the viewpoint
of general chemistry. Fig. 3b shows a bipyridyl wing of
BpyB rotated 180� around the single bond that connects
the bipyridine unit with the center phenyl ring, signifi-
cantly changing the molecular geometry. Note that the en-
ergy of this rotated geometry is the third lowest and the
energy difference DE between the two conformers is
estimated to be only 1.77 kJ mol�1. Such rotation is known
to occur easily in the case of conformation with a single
bond that links two aromatic rings. Fig. 3c shows the
energy profile for dihedral rotation. Through computa-
tional chemistry, we estimate the activation energy to be
15.5 kJ mol�1, only �6 times larger than the thermal
energy at room temperature (2.48 kJ mol�1). This result
indicates that conformation change between the two con-
formers occurs frequently, and a population of the higher
energy conformer must be defined by the Boltzmann
distribution with the energy difference DE. The exact pop-
ulation must depend on the energy distributions of all the
ptimized geometries, respectively, of BpyB. (c) Energy profile of the
ists at a dihedral angle of 30�. The structure of the second-lowest-energy
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conformers of BpyB, but this small DE suggests that a large
number of BpyB molecules exist as conformers other than
the lowest energy one, and thus thin films of BpyB are
composed of several conformers. We believe that this is
one reason why BpyB displays an amorphous nature [27].

Fig. 4a shows UV–visible absorption and fluorescence
spectra of neat thin films of each material. The absorption
maxima are at 274 nm for BpyB and 293 nm for TpyB, and
both materials emit bright UV fluorescence. Optical inter-
ference by the sample thin film causes broad absorption
around 500–600 nm. The band gaps (Eg = 3.60 eV) for both
BpyB and TpyB from the absorption spectra are clearly
wide.

Fig. 4b shows phosphorescent spectra of dilute 2-meth-
yltetrahydrofuran (meTHF) solutions of BpyB and TpyB at
liquid-nitrogen temperature (77 K). We determined the
triplet bandgap energy ET

g from an apparent peak at the
shortest wavelength, indicated by an arrow in the figure;
for BpyB, ET

g ¼ 2:77 eV and for TpyB, ET
g ¼ 2:79 eV. For

BpyB, the LUMO level (2.85 eV) in neat solid is low enough
to easily accept electrons from a cathode metal. For TpyB,
the LUMO level is deeper (3.00 eV) due to three additional
pyridine units, implying easier injections of electrons from
a cathode metal. In addition, for both materials, the HOMO
levels (6.45 eV for BpyB and 6.60 eV for TpyB) are suffi-
ciently deep to suppress hole leakages from the emissive
layer, and hole confinement in the emissive layer leads to
Fig. 5. J–V–L characteristics of OLEDs with BpyB or TpyB as electron-
transporting materials and of a reference OLED with Alq: (a) Current
density as a function of voltage (J–V); (b) Luminous current efficiency as a
function of current density (L–J).

Fig. 4. (a) UV and visible absorption spectra (left axis) and PL spectra
(right axis) of thin films of BpyB (thickness 77 nm) and TpyB (thickness
88 nm). (b) Phosphorescence spectra of meTHF solutions of the materials
at liquid-nitrogen temperature (77 K). Weak bands around 400–425 nm
are assigned to phosphorescence from the stabilizer contained in meTHF,
3,5-di-tert-butyl-4-hydroxytoluene (BHT).

Table 1
Thermal and electronic properties of BpyB and TpyB.

Ip (eV) Ea (eV) Eg (eV) ET
g (eV) Tm (�C) Tg (�C)

BpyB 6.45 2.85 3.60 2.77 240 75
TpyB 6.60 3.00 3.60 2.79 305 110
high QE of EL. As a result, BpyB and TpyB can be used as
efficient ET and HB materials. The thermal and electronic
properties of BpyB and TpyB are summarized in Table 1.
3.2. OLED properties

Fig. 5 shows the current density–applied voltage (J–V)
characteristics of OLEDs with BpyB or TpyB as an ET mate-
rial as well as of a reference device without the new mate-
rials. Fig. 6 shows the structure of the associated OLED and
the various chemicals used in it. OLEDs with the new mate-
rials perform better (operate at lower voltage) than a refer-
ence OLED with Alq. Therefore, we conclude that we can
make a good ET material with bipyridine and/or terpyri-
dine only. The BpyB device shows almost the same lumi-
nous efficiency (4.0 cdA�1) as does the reference device
with Alq. The TpyB device shows even higher luminous
efficiency (5.0 cdA�1), probably due to the deeper HOMO



Fig. 6. OLED device: (top) device structure; (bottom) chemical structures
of two of the materials used in the device.

Fig. 7. J–V–L performance characteristics of phosphorescent OLEDs with
BpyB or TpyB as dual-function hole-blocking and electron-transporting
materials and of a reference OLED with the conventional structure: (a)
current density as a function of voltage (J–V); (b) external quantum
efficiency (QE) as a function of current density.

Fig. 8. Phosphorescent OLED device: (top) device structure; (bottom)
chemical structures of three of the materials used in the device.
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of TpyB, which is effective for preventing hole leakages
from the emissive layer. As noted earlier, hole-blocking is
important for attaining high QE of EL. While we observed
no increase in efficiency for BpyB, the lower operation volt-
age of the device with BpyB implies high electron mobility
of BpyB, and the high mobility might move the electron–
hole recombination zone for the NPB/Alq interface. The
move of the recombination zone is probably a reason no in-
crease of the QE because a very recent report indicated that
an interaction between NPB and Alq apparently reduces
the luminescence efficiency of Alq [30]. We believe that
BpyB should also have HB properties because of its suffi-
ciently deep HOMO.

Because BpyB and TpyB perform well not only as ET
materials but also as HB materials, we investigated their
use as double-function ET/HB materials. Recent highly effi-
cient phosphorescent OLEDs have both an HB layer and an
ET layer. In particular, an HB layer is important for obtain-
ing high QE because hole leakage seriously reduces effi-
ciency. Moreover, it is more important to consider triplet
energy dissipation from the emissive layer to the hole-
blocking layer for attaining high QE. At present, only a
few materials are used as HB materials for phosphorescent
OLEDs, including bathocuproine (BCP) and bis (2-methyl-
8-quinolinolato) (p-phenylphenolato) aluminum (BAlq).

Fig. 7 shows the J–V characteristics of phosphorescent
OLEDs with BpyB or TpyB as a double-function ET/HB
material as well as of a reference OLED. Fig. 8 shows the
structure of the associated phosphorescent OLED and the
various chemicals used in it. Phosphorescent OLEDs with
both new materials perform better (operate at much lower
voltage) than a conventional double-layer reference OLED
comprising BCP and Alq layers [31]. Since devices with
both new materials show high external QE (almost 10%),
BpyB and TpyB are both useful as double-function ET/HB
materials for phosphorescent OLEDs. As shown in Table
1, the ET

g for each new material is so large that no triplet en-
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ergy leakage from the Ir-complex phosphorescent light
emitter occurs.

The new materials appear to be effective even for blue-
light-emitting Ir complex because the ET

gs of the materials
are sufficiently large enough to prevent leakages of the
triplet energy in blue-lights-emitting Ir complexes such
as Ir(III) bis(2-(4,6-difluorophenyl)pyridinato-N,C2)picoli-
nate (FIrpic) of which ET

g is 2.62 eV [32]. This is clearly evi-
dent from Fig. 9, which shows the J–V-external QE
characteristics of blue- and red-light-emitting PHOLEDs
with the corresponding dopants (Ir(III) bis(2-(4,6-difluoro-
phenyl)pyridinato-N,C2)picolinate (FIrpic) for blue and
Ir(III) bis(2-(20-benzothienyl)pyridinato-N,C30)acetylaceto-
nate (BtpIracac) for red. Note that we fabricated those de-
vices based on the same structure shown in Fig. 8 except
for the dopants. Fig. 9 clearly shows that using the new
materials reduce operation voltages in both colors. In addi-
tion, as one can see from Fig. 9, the devices comprising the
new materials in both luminescent colors showed compa-
rable external QEs to the corresponding reference devices
with BCP and Alq. However, a slight but obvious difference
in the QEs between the BpyB and TpyB devices could be
observed in the blue devices. Because both ET

gs are almost
the same, the difference probably results from a change
of the recombination zone due to higher electron mobility
of BpyB – the triplet energies of FIrpic and also maybe CBP
possibly leak to NPB. The lower operation voltages and the
comparable external QEs indicate that both BpyB and TpyB
are also useful for phosphorescent OLEDs in both colors.
Further optimization of device structures, including
changes of host and other materials, should lead to higher
external QEs at low operating voltage.
Fig. 9. J–V-external QE characteristics of phosphorescent OLEDs with
BpyB or TpyB as dual-function hole-blocking and electron-transporting
materials and of a reference OLED with the conventional structure: (a)
blue-light-emitting phosphorescent OLED with FIrpic as the dopant; (b)
red-light-emitting phosphorescent OLED with BtpIracac as the dopant.
Device structures are the same as shown in Fig. 8 except for the dopants.
3.3. Electron mobility

Finally, we would like to briefly discuss electron mobil-
ity in the new materials. Fig. 10 shows the transient elec-
tron photocurrent waveform with double logarithmic
scale, obtained by TOF measurement, for the BpyB film.
Although each photocurrent waveform was not clear
non-dispersive, we could clearly see that the transits of
photogenerated charge carriers – electrons in this case be-
come faster with increasing applied voltages because the
photocurrents decayed faster with the increasing. In accor-
dance with the conventional method to determine a transit
time (tT) for dispersive transportations, we drew the two
auxiliary straight lines as shown in the figure and deter-
mined the tT at the crossing point of the auxiliary lines.
Note that the two slopes of the two auxiliary lines for each
photocurrent are almost the same as each other, and this
also endorses that the observed photocurrents are due to
drift motions in the film. If we take electron mobility l
to be.

l ¼ Dd=ðtTVÞ ð1Þ

where D is the distance between the two electrodes
(4.0 lm), d is the thickness of the prepared BpyB layer
(3.9 lm), and V is the applied voltage, we can determine,
for example, that l = 2.6 � 10�4 cm2 V�1 s�1 at the electric
field E = V/D = 1.13 � 106 V cm�1. This mobility is two
orders of magnitude higher than that for Alq (1.3 �
10�6 cm2 V�1 s�1) at approximately the same electric field
[33]. This high mobility probably accounts for the better J–
V curve for the OLED with BpyB than for the OLED with the
corresponding reference.Fig. 11 shows electron mobility as
a function of the square root of the applied electric field for
several materials, including BpyB and TpyB. Both BpyB and
TpyB show mobility that is at least an order of magnitude
higher than that of Alq. This high mobility is comparable to
that of a representative ET material with high electron
mobility: a silole derivative, 2,5-bis(60-(20,20 0-bipyridine))-
1,1-dimethyl-3,4-diphenylsilole (PyPySiPyPy) [33,34]. The
Fig. 10. Electron transient photocurrent for time-of-flight measurements
of BpyB at applied voltages, to the Al cathode, of 350, 450, and 550 V. The
dashed lines in green are for guides to determine the transit time of the
photocurrent at 550 V and the three short red arrows represent each
transit time. The inset shows the structure of the OLED device used.



Fig. 11. Electron mobility as a function of electric field for BpyB, TpyB,
and Alq. Data for Alq are from Murata (refer text).
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mobility was relatively high but lower than that (1.0 �
10�3 cm2 V�1 s�1 at 6.4 � 105 V cm�1) of tris-pyridyl
substituted 1,3,5-triphenylbenzene (TmPyPB) reported by
Kido et al. [29] of which structure was similar to BpyB,
and we are unsure about the reasons for the difference at
present. In addition, mobility is lower for TpyB than for
BpyB. Although we are also not sure at present about the
reason, the lower mobility reflects the higher operating
voltages for TpyB devices than for BpyB devices, as shown
in all of the figures showing J–V characteristics.

4. Conclusion

We demonstrated that tris-bipyridine-substituted
benzene (BpyB) and tris-terpyridine-substituted benzene
(TpyB) are good ET-layer materials for OLEDs. Electron
mobilities for these new materials (�10�4 cm2/Vs) are
much higher than that for Alq and almost the same as that
for conventional high-mobility ET materials such as bath-
ophenanthroline and silole derivatives. OLEDs with these
new materials operate at lower voltages than does an OLED
with Alq as an ET material. The new materials are also
useful for phosphorescent OLEDs in blue-, green-, and
red-light-emitting devices, where they work as both elec-
tron-transporting and hole-blocking materials. Phospho-
rescent OLEDs with the new materials operate at lower
voltage (while maintaining comparable external quantum
efficiencies) than do the corresponding reference devices
with BCP/Alq as electron-transporting and hole-blocking
layers.
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