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Stable, Glassy, and Versatile Binaphthalene Derivatives
Capable of Efficient Hole Transport, Hosting, and Deep-
Blue Light Emission
By Bin Wei, Ji-Zhong Liu, Yong Zhang, Jian-Hua Zhang, Hua-Nan Peng,

He-Liang Fan, Yan-Bo He, and Xi-Cun Gao*
Organic light-emitting diodes (OLEDs) have great potential applications in

display and solid-state lighting. Stability, cost, and blue emission are key

issues governing the future of OLEDs. The synthesis and photoelectronics of

a series of three kinds of binaphthyl (BN) derivatives are reported. BN1–3 are

‘‘melting-point-less’’ and highly stable materials, forming very good,

amorphous, glass-like films. They decompose at temperatures as high as

485–545 -C. At a constant current density of 25mA cm�2, an ITO/BN3/Al

single-layer device has a much-longer lifetime (>80 h) than that of an ITO/

NPB/Al single-layer device (8 h). Also, the lifetime of a multilayer device based

on BN1 is longer than a similar device based on NPB. BNs are efficient and

versatile OLED materials: they can be used as a hole-transport layer (HTL), a

host, and a deep-blue-light-emitting material. This versatility may cut the cost

of large-scale material manufacture. More importantly, the deep-blue

electroluminescence (emission peak at 444 nm with CIE coordinates (0.16,

0.11), 3.23 cd A�1 at 0.21mA cm�2, and 25200 cdm�2 at 9 V) remains very

stable at very high current densities up to 1000mA cm�2.
1. Introduction

Organic light-emitting diodes (OLEDs) have been extensively
studied due to their great potential in flat-panel displays and as a
solid-state lighting source.[1] However, some of the critical factors,
such as stability, cost and blue-emitting materials/devices, have
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not yet been fully resolved and still govern

large-scale OLEDs’ marketing.
As to the first issue, there are many

intrinsic and extrinsic factors that affect the
lifetime of OLEDs, such as electrochemical
and interfacial degradation, coverage of
particles, and encapsulation. Detailed
investigations have been undertaken and
efforts from a physical point of view such as
doping of the hole-transport layer (HTL),[2]

introducing a CuPc buffer layer at the hole-
injecting contact,[3] or using a mixed
emitting layer,[4] modifying the indium
tin oxide (ITO) surface,[5] encapsulation,[6]

and driving strategies[7] have been made to
improve OLED stability. Although recent
studies have confirmed the instability of the
cationic tris(8-hydroxyquinolinato)alumi-
nium (Alq3) species at the N,N0-bis-(1-
naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40-
diamine (NPB)/Alq3 interface as one of the
main device-degradation mechanisms for
small-molecule Alq3-based OLEDs,[8] many reports have revealed
that the morphological instability of the hole-transport layer is
responsible for the device lifetime, especially at higher tempera-
tures, and, from the synthetic organic chemistry point of view,
many hole-transporting materials with high glass-transition
temperatures (Tg) have been synthesized.[9] This is very important
because such devices not only need to be operated at high
temperatures sometimes but also need to be operated at high
current densities with high luminance in the lighting source. In
these circumstances, materials with a high Tg are better, to be able
to resist heat. In addition, not all OLED devices are Alq3-based.
Blue-, red- or white-light-emitting devices do not necessarily use
the NPB/Alq3 interface. Therefore, materials with a high glass-
transition temperature are still highly desirable.

As to the second issue, the cost ofmanufacturingOLEDsmainly
comes from the synthesis of thematerials and the fabrication of the
devices.On thematerials-synthesis side, up tonow,OLEDmaterials
with various colors, including blue, green, red, and white light, and
various functions including hole injection and transport, electron
injection and transport guest and host, fluorescence and phosphor-
escence, have been synthesized. For full-color displays and white-
lighting, many kinds of materials with great quantities are needed.
One way to reduce the cost of materials synthesis is large-scale-
Adv. Funct. Mater. 2010, 20, 2448–2458
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manufacture based on a large quantity-demand. If a material is
multifunctional as will be reported in this paper (and thus, can be
usedforhole transport, asahostandfor lightemission),notonlywill
the synthesis route andapparatusbesimplifiedorsaved,but also the
order-forms will increase. As a result, the total cost will be greatly
diminished. The third issue will be discussed in Section 2.8.

Hinted by the higher glass-transition temperature for NPB
(95 8C) than for N,N0-diphenyl-N,N0-(m-tolyl)benzidine (TPD)
(65 8C)[10] and the only structural difference being the naphthyl
group for the former and the m-tolyl group for the latter, also, the
commonly used 4, 4’-N,N’-dicarbazolyl-1,10-biphenyl (CBP) host
material having a similar biphenyl structure as NPB, we changed
the biphenyl backbone into binaphthyl (BN) and expected that the
enlarged conjugation and bulky backbone of binaphthyl compared
to the biphenyl group can give us some exciting results. The ideas
were initiated early in 2004 and we reported some preliminary
results in 2006.[11] In the same year, Bai’s group[12] also reported a
hole-transporting material containing binaphthyl and triphenyla-
mine chromophores. However, the chemical structures of the
reported compounds are different from those that are reported
here and the results of theprevious reportswere rather elementary.
In this paper, we present the synthesis and properties of a series of
three kinds of molecular materials with binaphthyl as the
backbone (BN1: 400,4000-N,N-diphenylamine-4,40-diphenyl-1,10-
binaphthyl; BN2: 400,4000-(9H-9-carbazole)-4,40-diphenyl-1,10-
binaphthyl; and BN3: 4,40-bis(9-(p-fluorophenyl)-9H-3-carbazo-
lyl))-1,10-binaphthyl). They are versatile: they function as highly
Scheme 1. Synthesis routes for BN1–3.

Adv. Funct. Mater. 2010, 20, 2448–2458 � 2010 WILEY-VCH Verl
efficient hole-transport, host and deep-blue-emitting materials;
they possess very high decomposition temperatures with Td (the
heating point corresponding to 5% weight loss) exceeding 485 8C,
up to 545 8C.Moreover, they have a very peculiar thermal property
rarely reported for small organic molecules until now: they do not
have a specific unifiedmelting point. This peculiaritymay assist in
the formation of highly amorphous thin films, which is one of the
most-important factors governing the stability of OLEDs.

2. Results and Discussion

2.1. Synthesis

The synthetic routes for BN1–3 are outlined in Scheme 1. The
design idea to target these compounds was simple: connect the
binaphthyl backbone with various modifying groups by C�C
bonding that canbeeasily realizedby theSuzuki coupling reaction.
The synthesis can be generalized into three steps. Firstly, 1,10-
binaphthyl-4,40-diamine was iodized through the diazo-reaction.
Although the yield in this step was only 62%, the procedure was
simple and the product could be thoroughly purified by train
sublimation.[13] Then, the brominated triphenylamine, phenyl-
carbazole and fluorinated phenyl-carbazole groups were changed
into boronic acid. Finally, the products were synthesized through
the Pd(PPh3)4-catalyzed Suzuki coupling reaction. The overall
ag GmbH & Co. KGaA, Weinheim 2449
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yield of BN1–3 of the total three steps was 30%, 35% and 22%
respectively.
2.2. Measurements

The 1H NMR spectra were collected using a Bruker 400MHz
spectrometer. The absorption spectra were obtained using a
Perkin–Elmer Lambda-35 UV-vis spectrometer. The photolumi-
nescence (PL) spectra were collected using a Hitachi F-4500
fluorescence spectrophotometer. ThePLemissionquantumyields
(PLQYs) weremeasured at room temperature in dichloromethane
solution.Quinine in 1.0 NH2SO4 (F¼ 0.48 at 313 nm)was used as
a reference.[14] To obtain the quantum-yield data as precisely as
possible, the absorption and PL had to be measured in a single
machine run to compare the integrated emission areas. The
difference between the refractive index of the solvent and that of
the standard should also be counted. Differential thermal analysis
(DTA) and thermogravimetric analysis (TGA)wereperformedona
Perkin–Elmer MAS-5800 instrument with a heating/cooling rate
of 10 8Cmin�1 and a nitrogen flow rate of 90mlmin�1. Cyclic
voltammetry (CV) was performed on a CHI 600C instrument in
anhydrous N,N-dimethylformamide (DMF) containing 0.1 M

(Bu)4NClO4 as the supporting electrolyte at a scan rate of
100mVs�1. The working electrode was glass carbon and the
reference electrodewasAg/AgCl. Atomic forcemicroscopy (AFM)
measurements were performed in the tapping mode under
ambient conditions using a SPI 4000 instrument.
2.3. Device Fabrication

Thedeviceswere fabricatedbyconventionalvacuumdepositionof the
organic layers andcathodeontoanITO-coatedglass substrateundera
base pressure lower than 5� 10�6Torr. Al was used as the cathode.
The ITO was cleaned by UV-ozone treatment at 150 8C. The entire
organic layers and theAl cathodewere depositedwithout exposure to
the atmosphere. The deposition rates for the organic materials, LiF,
and Al were typically 0.1, 0.025, and 0.5nms�1, respectively.
2.4. Device Measurement

The devices weremeasuredwith aHewlett–Packard 4140B source
measure unit and a PR-650 luminance color meter. The color
meter was placed on the bottom of the test device to measure the
front luminance. The fluorescence spectra were recorded using a
Jasco FP-75 spectrophotometer. For the lifetime measurements,
the devices were encapsulated with glass lids under a N2

atmosphere. The voltage rise and luminance degradation were
recorded simultaneously every hour.
2.5. Glassy Materials for Amorphous Films and Stable Devices

The stability of OLED devices is governed by many factors.
Although some of them are not yet fully known, advanced
amorphous materials especially the hole-transporting materials
mainly developed byShirota’s group are oftendesigned to increase
� 2010 WILEY-VCH Verlag GmbH & C
the thermal stability of the material and overall efficiency of the
device, to resist Joule heating.[15] In general, the wise choice and
design of advancedmaterials with high thermal stability, very good
carrier-transport ability and matched energy levels are undoubt-
edly the basis for a well-performed, stable device. Figure 1
compares the thermal properties of BN1–3 with those of NPB,
measured by DTA and TGA. The TGA results indicate that BN1–3

exhibit Td of 485, 492, and 545 8C, respectively, while Td for NPB is
only410 8C.Thishigh thermal stability apparentlyderives fromthe
molecular structure of the bulky binaphthyl backbone that retards
the stretching and rotating of themolecules and sucks the thermal
energy. In addition, the DTA curves for BN1–3 show no apparent
endothermal incidents in the whole heating process from room
temperature up to the decomposition of the materials, while for
NPB, there is an evident endothermal peak at 280 8C correspond-
ing to its melting point. We did not observe any apparent sharp
melting phenomena for the BNs under the microscope of the lab-
usemelting-point-measurement instrument. Thismeans the BNs
have neither a melting point nor a glass-transition temperature.
This is a very peculiar character for small-molecule materials. As
we know, though the glass-transition temperature cannot be easily
determined for all materials, themelting point for almost all small
organicmaterials is definite. These ‘‘melting-point-less’’materials
may imply highly amorphous films. Themelting point of a solid is
the temperature range at which its state changes from solid to
liquid. A solid can be regarded as a highly organized, frozen, or
crystallized liquid; a liquid can be regarded as a highly disordered,
melted, or amorphous solid. Some materials, such as glass, may
hardenwithout crystallizing and they are called amorphous solids.
Amorphous materials, including some polymers, do not have a
truemeltingpoint as there isnoabruptphase changeat any specific
temperature. Instead, there is a gradual change in their viscoelastic
properties over a range of temperatures. Such materials are
characterized by a glass-transition temperature referring to the
transformationof a glass-forming liquid into a glass,whichusually
occurs upon rapid cooling. Structurally, the bulky binaphthyl unit
makes the whole molecule possess a non-coplanar configuration
that results in a decreased tendency to crystallize and weaker
intermolecular interactions in the solid state, leading to their
pronounced morphological stability and high quantum efficiency
(Section 2.8). These materials can now, in a sense, be said to be
polymeric small molecules. Figure 2 shows photos taken using an
ordinary digital camera and a fluorescence microscope. They look
like real transparent and fluorescent glasses.

AFM further proves the thermal stability and amorphism.
Figure 3 compares the topography of the NPB film and the BN1–3

films under different temperatures. The NPB film crystallized at
100 8C in 20minutes. For BN1, the roughness changed from
0.257 nm at room temperature to 0.550 nm at 100 8C. Although at
higher temperature, 150 8C, the roughness changed to 1.239 nm,
the morphology seemed much flatter than that of NPB. For BN3,
the fluorine-substituted carbazole groups made the film keep
much-better amorphism even than BN1 at a very high annealing
temperature, 300 8C, with the roughness changing from0.228 nm
toonly0.272 nm.ForBN2, themorphology seemedflattenedwitha
significant change, however: it was rather glass like, than
crystallized, like NPB.

To test the device stability, we omitted the Alq3 layer and
fabricated single-layered devices (unpacked), because we were
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 2448–2458
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Figure 1. a) DTA and TGA curves for BN1. b) DTA and TGA curves for BN2.

c) DTA and TGA curves for BN3. d) DTA and TGA curves for NPB. The

sudden change at �380 8C for BN3 derives from instrumental noise.

Figure 2. a) Photo of the vacuum-sublimed BN1 sample. b) Photo of

the vacuum-sublimed BN1 sample under 365 nmUV excitation. c) Photo of

the vacuum-sublimed BN2 sample taken using a Leica DM 5000B micro-

scope 5�. d) Photo of the vacuum-sublimed BN2 sample taken using a

Leica DM 5000B microscope 5� under UV excitation.

Adv. Funct. Mater. 2010, 20, 2448–2458 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2451
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Figure 3. Comparison of the AFM images of the NPB, and the BN1–3 thin films (60 nm) at room temperature and under different annealing temperatures

(20minutes). The top row from left to right: NPB, BN1, BN2, BN3 at room temperature; the bottom row from left to right: NPB 100 8C, BN1 150 8C, BN2

150 8C, BN3 300 8C.

2452
worried that Alq3 might disturb the film. From Figure 4, we see
that the voltage for the NPB-based device increased very early
(at ambient temperature). In a period of only 8 h, the device
became short-circuited due to some kind of crystallization,
while the voltage for the BN1-based device kept constant for a
much-longer time (more than 80 h). Therefore, the BN1-based
single-layer device was much-more stable than the NPB-based
single-layer device.
2.6. As a HTL Material and the Device Stability

The OLED device structure is usually multilayered, where each
component is equally important. For HTL materials, amorphous
amines are themost widely and successfully used.[15] Our amines,
as HTLs, were first determined by the CV curves of their highest-
occupied-molecular-orbital (HOMO) levels, with those for NPB
and BN1–3 being 5.47, 5.67, 5.97, and 5.71 eV respectively.
Especially for BN1, the CV curve was completely reversible. This
reversibility means very good electrochemical stability and can
contribute to the device stability in the end.[16] Apparently, these
binaphthalene derivatives possess higherHOMOlevels thanNPB,
which may result in difficulties for holes to be injected from the
Figure 4. Stability test: voltage output of the devices in air under a constant

current density of 25mA cm�2.

� 2010 WILEY-VCH Verlag GmbH & C
ITO. However, that is not the end of the story. The emission
efficiency of an OLED is dependent not only on the hole injection,
but also on the hole-electron pair recombination. Besides, we can
insert a ‘‘ladder’’ layer (which can also be called a buffer or hole
injection layer (HIL) layer) between the ITO and the HTL to assist
hole injection to the HTL with the higher HOMO level. In single-
layer cells, as illustrated in Figure 5, we can see that the current
density plotted against electric field for the BN1-based hole-only
device coincided very well with that of an Alq3-based electron-only
device. The carriermobilitywas electric-field dependent.[17] Under
both low and high electric fields, the current density of the BN1

matched very well with that of Alq3. Therefore, this well-matched
carrier injection may counteract the effect of the higher HOMO
level when BN1 is used in the BN1/Alq3-based devices. This
assumption was confirmed by the performance of the following
real devices. In Figure 6, the BN2-based device is the poorest: it
displays the lowest current density, luminance and efficiency. This
clearly proves the difficulty for holes to be injected into BN2, which
has the highest HOMO level of the three BNs. For the BN1,3-based
devices at high voltage, the current density increased quickly and
the luminance and efficiency surpassed those of the NPB-based
device. Especially for the BN1-based device, the highest efficiency
reached 8.03 cdA�1, more than 3 times higher than that of the
Figure 5. Current density vs. electric field for the hole-only devices, ITO/

NPB or BN1–3 (60 nm)/Au (50 nm), and the electron-only device, ITO/Alq3
(60 nm)/LiF/Al (150 nm).

o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 2448–2458
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Figure 6. a) Current-density–voltage curves for the ITO/NPB or BN1–3

(60 nm)/Alq3 (60 nm)/LiF/Al (50 nm) devices. b) Luminance–voltage

curves for the ITO/NPB or BN1–3 (60 nm)/Alq3 (60 nm)/LiF/Al (50 nm)

devices. c) Efficiency–current-density curves for the ITO/NPB or BN1–3

(60 nm)/Alq3 (60 nm)/LiF/Al (50 nm) devices. In all of the devices, BN1–3

functions as a HTL.

Figure 7. a) Current-density–voltage curve for the ITO/NPB (30 nm)/BN1,3

(30 nm)/Alq3 (60 nm)/LiF/Al (50 nm) devices. b) Luminance–voltage (and

inset: efficiency–current-density) curves for the ITO/NPB (30 nm)/BN1,3

(30 nm)/Alq3 (60 nm)/LiF/Al (50 nm) devices. In all of the devices, BN1–3

functions as the HTL and NPB as the HIL.
device with NPB as the HTL (2.39 cdA�1). In addition, the device
performance with BN1 and BN3 as the HTL could be further
improved by inserting a 30 nm NPB buffer layer. As shown in
Figure 7, the current efficiency and maximum luminance of the
ITO/NPB/BN1/Alq3/LiF/Al device were 9.48 cdA�1 and 25
300 cdm�2 respectively. Figure 8 compares the stability between
Adv. Funct. Mater. 2010, 20, 2448–2458 � 2010 WILEY-VCH Verl
the sealed ITO/NPB/Alq3/LiF/Al and ITO/NPB/BN1/Alq3/LiF/Al
devices. The half-lifetime (defined as the time elapsed before the
luminance of the OLED decreases to half of its initial value) for the
device with NPB as the sole HTLwas 66 h and, for the device with
NPB as the HIL and BN1 as the HTL, was 110 h. The luminance
decay for the latter device becamemuch slower after the initial tens
of hours. In addition, there was a sharp increase in the driving
voltage for the former while for the latter, the driving-voltage
increase was flatter. Therefore, we can say that an OLED device
with BN1 as the HTL material has a very-good lifetime.
2.7. As a Host Material

To avoid concentration quenching and enhance energy harvesting,
fluorescentmaterials areoftendopedor solved inhostmaterials, as
guest materials. A principle for doing this is making a wise choice
of the hostmaterial, whichmust be able to initiate effective energy
harvesting and transfer to the guest. Practically, the emission
from the host must have an efficient overlap with the absorption
of the guest. However, this choice of host material is still awkward
because there are indeed few host materials in stock: typically
ag GmbH & Co. KGaA, Weinheim 2453
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Figure 8. a) Luminance (L)/initial luminance (L0) for ITO/NPB (50 nm)/

Alq3 (60 nm)/LiF/Al (dashed line) and ITO/NPB (30 nm)/BN1 (20 nm)/

Alq3/LiF/Al (solid line). b) Driving voltage (V)/initial driving voltage (V0) vs.

time for ITO/NPB (50 nm)/Alq3 (60 nm)/LiF/Al (dashed line) and ITO/

NPB (30 nm)/BN1 (20 nm)/Alq3/LiF/Al (solid line). Both devices were

driven at 20mA cm�2. The L0 values were 485 cdm�2 and 1176 cdm�2,

respectively, for the former device and the latter.

Figure 9. a) Luminance–voltage curves for the ITO/NPB (60 nm)/cou-

marin 6 (5%) doped in BN1–3 or CBP (60 nm)/Alq3(60 nm)/LiF/Al

(50 nm) devices, where BN1–3 work as host materials. b) Efficiency–current

density curves for the ITO/NPB (60 nm)/coumarin 6 (5%) doped in BN1–3

or CBP (60 nm)/Alq3 (60 nm)/LiF/Al (50 nm) devices.

2454
4,40-bis(N-dicarbazolyl)-1,10-biphenyl(CBP),Alq3,1,3,5-tris(N-phenyl-
benzimidazol-2-yl)benzene (TPBI), and 9,10-di(2-naphthyl)
anthracene (AND).[18] Figure 9 compares the device performance
of the coumarin 6 guest emittingmaterial doped inCBP and BN1–3

as host materials. Both the luminance and efficiency of the BN1–3-
based devices were superior to those of the CBP-based device. In
addition, the turn-on voltages (at which the luminance could be
detected by the instrument) for coumarin 6 in BN1–3 were 3.0,
4.0, and 4.0 V respectively, whereas for coumarin 6 in CBP, it
was 4.5 V.
2.8. As a Light-Emitting Layer (EML) Material

The development of primary RGB emitters remains an important
challenge to realize commercial full-color displays and lighting. In
particular, it is difficult to generate high-performance blue
emission because the intrinsically wide band gap makes it hard
to inject charges into blue-emitting materials. As a result, the
� 2010 WILEY-VCH Verlag GmbH & C
performance of blue-light-emitting devices is usually not as good
as that of their green or red counterparts. In addition, the National
Television SystemCommittee (NTSC) standard of color definition
for displays imposes strict requirements for blue-emitting devices
to obey. Because the power consumption of a full-color OLED is
highlydependentupon thecolorof theblueemission, apure/deep-
blue color (the smaller the y-value of the Commission
Internationale de L’Eclairage (CIE), the deeper the blue emission)
needs less power consumption in the device. Thus, developing
deep-blue-color-emitting OLEDs is of particular importance in
energy saving. However, in general, the main obstacles for
realizing high-efficiency pure-blue OLEDs are the stringent
requirements of the materials’ high fluorescence quantum yield,
wide-energy band gap, high thermal stability, and good thin-film
morphology. Few materials have been able to meet these
requirements so far. Thus, the preparation of novel pure/deep-
blue-light-emitting materials exhibiting high efficiencies with a
very-good CIE coordinate of y< 0.15 is greatly needed and is a
main concern of the OLED field. Over the past few years, many
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 2448–2458
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Table 1. PLQY (%) (at 313 nm excitation, in dichloromethane solution),
HOMO level and decomposition point of the compounds.

Compound PLQY [%] HOMO [eV] Td [8C]

NPB 16.08 5.47 410

BN1 80.57 5.67 485

BN2 83.49 5.97 492

BN3 52.86 5.71 545

Figure 11. Current efficiency and external quantum efficiency plotted

against current density for a device with the structure: ITO/NPB

(50 nm)/BN1 doped in BN2 (20 nm)/TPBI (40 nm)/LiF (0.5 nm)/Al

(150 nm). Inset: photo of a blue-emitting device.
blue emitters have been used, such as iridium(III)bis(4,6-
difluorophenyl)-pyridinato-N,C2’)picolinate (FIrpic),[9a,19] 4,40-
bis(2,2-diphenylethenyl)biphenyl (DPVBi),[20] spirofluorene,[21]

big p-conjugating molecules like anthracene,[22] carbazole or
triphenylamine modified molecules,[23] and aluminum, lithium
and zinc complexes.[24] Of these materials, the blue-emitting,
phosphorescent iridiumcomplexeshave attractedmuchattention.
However, recently, some problems have been found in electropho-
sphorescence materials (PhOLEDs) for white lighting: the
operational lifetimes are not as long as expected for this class of
Figure 10. a) Luminance–voltage (and inset: current-density–voltage)

curves for the ITO/NPB (30 nm)/BN1 (30 nm)/BN1,3 (5%) doped in

BN2 or CBP (60 nm)/Alq3 (60 nm)/LiF/Al (50 nm) device, where BN1 works

first as the HTL then as the EML guest and BN2 as the host for the EML.

b) Electroluminescence spectra (and inset: efficiency–current density)

curves for the ITO/NPB(30 nm)/BN1(30 nm)/BN1,3 (5%) doped in BN2

or CBP (60 nm)/Alq3(60 nm)/LiF/Al(50 nm) device.

Adv. Funct. Mater. 2010, 20, 2448–2458 � 2010 WILEY-VCH Verl
materials, the cost of the noble iridiumcomplexes is comparatively
high and blue PhOLED emitters are relatively rare compared with
the large number of green or red PhOLEDs. In addition, the
external quantum efficiency of true blue PhOLEDs is not so high
and they often exhibit a serious efficiency roll-off at high driving-
current density due to triplet-triplet annihilation. Based on the
above summary, the enthusiasm for PhOLEDs might diminish
and that for electrofluorescent OLEDS (FLOLEDs) might revive
instead.[21b,25]

Our experiments demonstrate that BNs have very-high PL
efficiencies (Table1).A rigid substitute, like carbazole, inBN2 leads
to ahigherPLefficiency,while an electron-withdrawing group, like
fluorine, in BN3 reduces the PL efficiency.We therefore have used
BNs as EMLs to fabricate OLEDs. Figure 10a demonstrates the
luminance and current density vs. voltage and the inset of Figure
10b demonstrates the efficiency vs. current-density curves of a
blue-emitting OLEDwith BN1 doped in BN2 or BN1 doped in CBP
as the EML. The highest luminance reached was 4000 cd cm�2 at
11.5 V (273mAcm�2) and the efficiency reached more than
4.9 cdA�1 (8.6% external quantum efficiency) at 0.87mAcm�2.
After inserting ahole-blocking layer between theEML layer and the
cathode (namely a TPBI layer between the BN1 and the LiF (Fig.
11)), the highest luminance reached was 25 200 cdm�2. Although
the highest efficiency, at 3.2 cdA�1, became smaller than for the
device without the TPBI layer, the efficiency-versus-current-
density curve remained stable until very-high current densities
were reached (2.35 cdA�1 at 1000mAcm�2 vs. 1.46 cdA�1 at
272mAm�2 for ITO/NPB/BN1 doped in BN2/Alq3/LiF/Al). This
means that the efficiency does not roll off under high current
densities. TheemissionofBN1doped inBN2was apure, deep-blue
color with CIE coordinates of (0.16, 0.11). (Fig. 10b)
3. Conclusions

We have synthesized a series of arylamine- or carbazole-modified
binaphthyl derivatives that are versatile inOLEDapplications: they
are efficient hole-transport, host andblue-light-emittingmaterials.
ag GmbH & Co. KGaA, Weinheim 2455
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This three-in-one property may significantly reduce the cost of
materialsmanufacture. In addition, they are a class of novel glassy
materials: they do not have a unified melting point, can form
thermally stable amorphous films and decompose at very-high
temperatures.WithBN1 as theHTL, the current efficiency reached
8.03 cdA�1, 3 times higher than that of the device with NPB as the
HTL (2.39 cdA�1).Moreover, by introducingNPB as a buffer layer
andwith BN1 as theHTL, themaximumefficiency and luminance
of the device, ITO/NPB/BN1/Alq3/LiF/Al, was further improved
to 9.48 cdA�1 and 25 300 cdm�2 respectively. In addition, the
lifetimes for BN1-based single-layer hole-only devices and multi-
layerOLEDdeviceswithBN1 as theHTL layerwere longer than the
counterpart NPB-based devices. As a host material, compared to
the device with coumarin 6 as the emitting element in a CBP host,
deviceswith coumarin 6 in aBNhost exhibited ahigher luminance
and efficiency and a very-low onset voltage. As a light-emitting
material, the PL quantum efficiencies for BN1–3 in dichloro-
methanewere very high due to the rigid binaphthyl backbone. The
efficiency of the device with BN1 doped in BN2 as the EML reached
4.9 cdA�1 (external efficiency 8.6%) at 0.87mAcm�2, emitting a
pure,deep-blue light (444 nm)withaCIEcoordinate of (0.16, 0.11).
By inserting a hole-blocking TPBI layer, the highest luminance
reached more than 25 200 cdm�2 and the highest efficiency
reached 3.2 cdA�1 (5.6% external efficiency). More importantly,
the efficiency versus current density remained very stable
through very-high current densities (2.35 cdA�1 or 4.2% at
1000mAcm�2).
4. Experimental

1,4-dibromobenzene, 1-bromo-4-fluorobenzene, diphenylamine, carba-
zole, n-BuLi, B(OCH3)3, 18-Crown-6, Pd(PPh3)4 and NBS were bought
from Alfa Aesar. 1,10-binaphthyl-4,40-diamine was purchased from
Sinopharm Chemical Reagent Co. (SCRC). N,N-diphenyl-4-bromoaniline
(1), 9-(p-bromophenyl)-9H-carbazole (2) and 9-(p-fluorophenyl)-9H-
carbazole (3) were synthesized by the Ullmann reaction, a procedure
that can be commonly found in the literature. For example, the procedure
for the synthesis of compound 1 was as follows: 170ml of
o-xylene was added to a three-necked flask containing 35.3 g (125mmol)
of 1,4-dibromobenzene, 20.3 g (120mmol) of diphenylamine, 2.1 g
(12mmol) of 1,10-phenanthroline, 6.5 g of CuBr and 10 g of KOH. The
mixture was refluxed for 72 h under N2 protection. After cooling,
the organic phase was separated and condensed. Chromatography of
the resulting residue on �200–300mesh silica gel with petroleum ether
afforded a white powder. The solvent was evaporated and the solid was
recrystallized in ethanol. White crystals were obtained.

Yield: 21.6 g, 63.5%; mp 124–125 8C; 1H NMR (400MHz, CDCl3, TMS,
d): 6.87 (d, J¼ 8.8, 2H), �6.96–7.01 (m, 5H), �7.16–7.20 (m, 5H), 7.25
(d, J¼ 7.6Hz, 2H). ESI-MS (m/z): 323.65 [M]þ; Anal. calcd for C18H14BrN:
C 66.68, H 4.35, N 4.32; found: C 66.43, H 4.30, N 4.28.

For 2, 1H NMR (400MHz, CDCl3, TMS, d): 7.28 (d, J¼ 16.4Hz, 2H),
7.45 (t, J¼ 11.6Hz, 6H), 7.74 (d, J¼ 6.8Hz, 2H); 8.14 (d, J¼ 6.8Hz, 2H).
ESI-MS (m/z): 345.97 [MþHþNa]þ, 362.0 [MþHþK]þ; Anal. calcd for
C18H12BrN: C 67.10, H 3.75, N 4.35; found: C 65.65, H 3.23, N 4.22.

For 3, 1HNMR (400MHz, CDCl3, TMS, d):�7.27–7.34 (m, 6 H), 7.41 (t,
J¼ 8.0Hz, 2 H), �7.50–7.54 (m, 2 H), 8.14 (d, J¼ 7.6. Hz, 2 H). ESI-MS
(m/z): 261.81 [M]þ; Anal. calcd for C18H12FN: C 82.74, H 4.63, N 5.36;
found: C 82.80, H 4.38, N 5.39.

Synthesis of 3-Bromo-9-(p-fluorophenyl)-9H-carbazole (4): 9.79 g
(0.055mol) of NBS were added slowly (over 1 h) to a three-necked flask,
cooled by ice-salt and equipped with a magnetic stirrer, containing 13.05 g
(0.05mol) of 3, 7 g of silica gel and 50ml of CH2Cl2. After addition, the
� 2010 WILEY-VCH Verlag GmbH & C
stirring was continued for two and a half hours. 40ml water was added to
quench the reaction and the stirring was continued for another half hour
with 20ml of 1 N HCl addition. The solid substances were filtered off and
then washed with CH2Cl2 three times. The filtrate was transferred into a
500ml separating funnel and extracted using 2 N HCl three times. The
CH2Cl2 was rotated and a pale-yellow oil was obtained. The oil was
recrystallized in hexane and a white solid product was obtained.

Yield: 9.54 g, 56%; mp 79–80 8C; 1H NMR (400MHz, CDCl3, TMS, d):
7.19 (d, J¼ 8.8, 1 H), �7.28–7.33 (m, 4 H), 7.43 (d, J¼ 7.6Hz, 1 H),
�7.46–7.51 (m, 3 H), 8.09 (d, J¼ 7.6Hz, 2 H), 8.25 (s, 1 H); ESI-MS (m/z):
362.01 [MþNa]þ; Anal. calcd for C18H11BrFN: C 63.55, H 3.26, N 4.12;
found: C 63.15, H 2.77, N 4.12.

General Procedure for the Synthesis of 5, 6, and 7: n-BuLi was added
slowly into a three-necked flask, protected by N2 and cooled by dry-ice
(�78 8C), containing 10mmol of Ar-Br (1, 2 or 4) and 50ml of
tetrahydrofuran (THF). The reaction was kept at �78 8C for 1 h. 30mmol
of B(OCH3)3 were added rapidly to the flask and the reaction continued for
2 h. As the temperature was raised to 0 8C, 50ml of 2 N HCl was added to
the flask and the reaction continued for another 3 h. Ether was used to
extract the product and was rotated to dryness. White powders were
obtained.

4,4(-Di-iodobinaphthyl (8): 11.38 g (40mol) of 1,10-binaphthyl-4,40-
diamine were added to a 250ml three-necked flask containing 30ml of
HCl and 30ml of water, and the solution was stirred. The flask was cooled
to less than 5 8C by ice-salt, and stirred for 1 h. 5.87 g (85mmol) of NaNO2

solved in 10ml of water were added slowly to the flask to proceed the
diazoniation until the KI-starch turned blue. The temperature wasmanaged
to be kept below �5 8C and stirring continued for another 30min. A
brilliant-yellow diazoniated solution was obtained and was kept in the
refrigerator. Then, the diazoniated solution was added slowly to a three-
necked flask containing 13.28 g (80mmol) of KI and 10ml of water. A
yellowish-brown solid appeared and nitrogen was released. After addition,
the stirring was continued for 4 h, and the temperature was slowly raised to
50–60 8C until no further nitrogen was released. 20% NaOH solution was
added to make the solution slightly basic. The solution was filtered and the
yellowish-brown solid was washed with water. The dried solid was train-
sublimated and small, yellow crystals were obtained.

Yield: 12.33 g, 61%; mp 229–230 8C; 1H NMR (400MHz, CDCl3, TMS,
d): 7.17 (d, J¼ 7.2Hz, 2H),�7.26–7.34 (m, 4H),�7.55–7.59 (m, 2H), 8.20
(d, J¼ 7.6Hz, 4H); ESI-MS (m/z): 507.11 [MþH]þ, 382.01 [M� IþH]þ;
Anal. calcd for C20H12I2: C 47.46, H 2.39; found: C 47.62, H 2.52.

400,4000-N,N-diphenylamine-4,4(-diphenyl-1,1(-binaphthyl (BN1), 400,4000-
(9H-9-carbazole)-4,4(-diphenyl-1,1(-binaphthyl (BN2), 4,4( bis(9-(p-
fluorophenyl)-9H-3-carbazole))-1,1(-binaphthyl (BN3): 0.25 g (0.2mmol)
of Pd(PPh3)4 and 1.3 g (12.0mmol) of Na2CO3 saturated solution were
added to a three-necked flask containing 1.01 g (2.0mmol) of 8, 1.35 g
(5.0mmol) of Ar-B(OH)2 (5, 6, 7), 60ml of toluene and 20ml of ethanol.
The mixture was refluxed for 19 h. After that, the organic phase was
separated and condensed. Chromatography of the resulting residue on a
�200–400mesh silica gel with toluene afforded BN1–3. The solvent was
evaporated and the solid was recrystallized in ethanol. A white powder was
obtained.

For BN1, yield: 75.6%; 1H NMR (400MHz, CDCl3, TMS, d): 7.34 (t,
J¼ 7.2Hz, 4 H), 7.41 (t, J¼ 4.8Hz, 2 H), 7.49 (t, J¼ 8.0Hz,4 H), 7.55 (t,
J¼ 7.6Hz,2 H), 7.63 (t, J¼ 8.4Hz,6 H), �7.66–771 (m, 4 H), 7.77 (d,
J¼ 7.6Hz, 4 H), 7.87 (d, J¼ 7.6Hz, 4 H), 8.19 (t, J¼ 7.2Hz, 6 H); ESI-MS
(m/z): 764.73 [MþHþNa]þ; Anal. calcd for C56H40N2: C 90.78, H 5.44, N
3.78; found: C 90.17, H 5.69, N 3.70.

For BN2, yield: 82.3%; 1H NMR (400MHz, CDCl3, TMS, d): 7.34 (t,
J¼ 7.2Hz, 4 H), 7.41 (t, J¼ 4.8Hz, 2 H), 7.49 (t, J¼ 8.0Hz, 4 H), 7.55 (t,
J¼ 7.6Hz, 2 H), 7.63(t, J¼ 8.4Hz, 6 H), �7.66–771 (m, 4 H), 7.77
(d, J¼ 7.6Hz, 4 H), 7.87 (d, J¼ 7.6Hz, 4 H), 8.19 (t, J¼ 7.2Hz, 6 H); ESI-
MS (m/z): 774.79 [MþK]þ; Anal. calcd for C56H36N2: C 91.27, H 4.92, N
3.80; found: C 90.64, H 4.98, N 3.74.

For BN3, yield: 82.3%; 1HNMR (400MHz, CDCl3, TMS, d): 8.41 (s, 2 H),
8.18 (q, J¼ 12.2Hz, 4 H), 7.66 (m, 14 H), 7.48 (m, 8 H), 7.34 (m, 4 H); ESI-
MS (m/z): 774.66 [MþH]þ; Anal. calcd for C56H34N2F2: C 87.03, H 4.43, N
3.62; found: C 86.32, H 3.46, N 4.94.
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