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Multifunctional Deep-Blue Emitter Comprising an
Anthracene Core and Terminal Triphenylphosphine
Oxide Groups
By Chen-Han Chien, Ching-Kun Chen, Fang-Ming Hsu, Ching-Fong Shu,*

Pi-Tai Chou,* and Chin-Hung Lai
A highly efficient blue-light emitter, 2-tert-butyl-9,10-bis[40-(diphenyl-

phosphoryl)phenyl]anthracene (POAn) is synthesized, and comprises

electron-deficient triphenylphosphine oxide side groups appended to the

9- and 10-positions of a 2-tert-butylanthracene core. This sophisticated

anthracene compound possesses a non-coplanar configuration that results in

a decreased tendency to crystallize and weaker intermolecular interactions in

the solid state, leading to its pronounced morphological stability and high

quantum efficiency. In addition to serving as an electron-transporting blue-

light-emitting material, POAn also facilitates electron injection from the Al

cathode to itself. Consequently, simple double-layer devices incorporating

POAn as the emitting, electron-transporting, and -injecting material produce

bright deep-blue lights having Commission Internationale de L’Eclairage

coordinates of (0.15,0.07). The peak electroluminescence performance was

4.3% (2.9 cd A�1). For a device lacking an electron-transport layer or alkali

fluoride, this device displays the best performance of any such the deep-blue

organic light-emitting diodes reported to date.
1. Introduction

Organic light-emitting diodes (OLEDs) have attracted consider-
able attention after they were first reported by Tang et al. in
1987.[1] They are being developed extensively because of their
great potential use in such applications as flat-panel displays and
lighting sources.[1–6] To realize commercial full-color displays, the
development of primary RGB emitters remains an equally
important challenge for this foreseeable future. It is particularly
difficult to generate high-performance blue emissions because
the intrinsically wide band gapmakes it hard to inject charges into
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blue emitters. Therefore, the electrolumi-
nescence (EL) performance of blue light-
emitting devices is often inferior to that of
green- and red-EL counterparts. In addition
to the need for efficiency, promising blue
emitters must also match the National
Television System Committee (NTSC) stan-
dard color definition for display applications.
Thus, the preparation of novel blue-light-
emitting materials exhibiting high EL effi-
ciencies and Commission Internationale de
L’Eclairage (CIE) coordinates (y, <0.10) is a
pressing concern for the development of
full-color displays.

Generally, OLEDs are constructed in
multilayer structures, possessing a hole-
transport layer (HTL), an emission layer
(EML), and an electron-transport layer
(ETL).[7] In such a multilayer configuration,
both holes and electrons can be injected
smoothly into the EML to achieve efficient
charge recombination. Nevertheless, the
sequential deposition of these layers provides additional complex-
ity and increases the cost of the mass production of OLEDs. To
overcome these issues, several organic light-emitting materials
possessing charge-transporting characteristics have been devel-
oped[8–12] such that their devices can be simplified to double- or
even single-layer structures that exhibit acceptable EL efficiency.
The application of simpler devices that operate with high
efficiency would help reduce the overall cost and increase the
extent of OLED commercialization.

In this study, we prepared a multifunctional deep-blue
emitter, 2-tert-butyl-9,10-bis[40-(diphenylphosphoryl)phenyl]an-
thracene (POAn), for incorporation in simple devices exhibiting
highly efficient blue EL. In general, anthracene-based molecules
possess excellent photoluminescence (PL) and EL characteris-
tics.[12–18] We suspected that appending two electron-deficient
triphenylphosphine oxide (TPPO) groups at the 9- and 10-
positions of 2-tert-butylanthracene would provide us with an
electron-transporting blue-light-emitting material.[19–23] Theore-
tical calculations suggested that POAn would possess a non-
coplanar conformation, which would effectively mitigate its close
packing, thereby leading to the formation of stable amorphous
films. In addition, we found that this new blue emitter provided
facile electron injection at the interface between POAn and Al.
Adv. Funct. Mater. 2009, 19, 560–566
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We constructed simple double-layer devices having the
configuration ITO/HTL/POAn/Al that exhibited efficient EL
performance (4.3% and 2.9 cd A�1) and CIE color coordinates of
(0.15,0.07).
 A
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E
RFigure 1. Optimized geometry and frontier orbitals of POAn.
2. Results and Discussion

2.1. Synthesis and Characterization

Scheme 1 presents the synthetic route that we followed to obtain
the electron-transporting blue-light-emitting material POAn. We
synthesized the key intermediate, 2-tert-butyl-9,10-bis(4-bromo-
phenyl)anthracene (1), using a procedure reported previously.[12]

Lithiation of 1 with excess n-BuLi and subsequent treatment with
chlorodiphenylphosphine gave a phosphine-containing inter-
mediate, which we converted to its phosphine oxide through
oxidationwith 30% aqueousH2O2.We characterized the structure
of POAn using 1H and 13C NMR spectroscopy, high-resolution
mass spectrometry (HRMS), and elemental analysis (EA).

2.2. Theoretical Calculations

To obtain a better understanding of the molecular and electronic
structures of POAn, we used the Gaussian 03 program to perform
quantum chemical calculations.[24] We used the PM3 method to
calculate the three-dimensional geometry of POAn;[25] after
obtaining a converged geometry, we performed vibrational
frequency analysis to confirm that the imaginary frequency
had the value of zero expected for a minimum. Figure 1 depicts
the molecular structure of POAn derived from the theoretical
calculations. The aryl substituents at the 9- and 10-positions of the
anthracene have highly twisted configurations, with torsion
angles of 89.18 with respect to the plane of the central anthracene
unit. In addition, the presence of tert-butyl and triphenylpho-
sphine oxide groups provided steric bulk, which suppressed close
molecular packing in the solid state. As a result, the geometrical
characteristics of POAn effectively reduced the intermolecular
interactions of its p system and its crystallinity, leading to a higher
solid state PL quantum efficiency from stable amorphous organic
thin films. Figure 1 also displays the frontier molecular orbitals of
POAn. The electron density distribution of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
Br Br
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Scheme 1. Synthesis of POAn.
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orbital (LUMO) of POAn are localized predominantly on the
highly conjugated anthracene chromophore, suggesting that the
presence of the sophisticated electron-accepting groups would
not influence the emission of the anthracene core, which
continues to result from its p–p� transition. Nevertheless, we
expected the TPPO groups to exert an inductive effect that would
affect the HOMO and LUMO energies of the anthracene unit to
some extent.
2.3. Thermal Properties

We used thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) to characterize the thermal proper-
ties of POAn under a nitrogen atmosphere. POAn exhibits highly
thermal stability, as evidenced by its 5% weight losses of 460 8C in
the TGA thermogram, which suggested to us that POAnwould be
capable of enduring the vacuum thermal sublimation process
during OLED fabrication. From the DSC examination, we
observed a distinct glass transition temperature (Tg) at 146 8C
during the first heating scan and no exothermic transition arising
from crystallization at temperatures up to 350 8C. These
properties are consistent with the calculated non-coplanar
conformation of POAn and the tert-butyl group’s effect on its
symmetry.[12,15] We also recorded atomic force microscopy (AFM)
images to investigate the morphological stability POAn. As
illustrated in Figure 2a, a thin film of POAn prepared through
vapor deposition exhibited a uniform surface morphology having
a root-mean-square (RMS) surface roughness of 0.350 nm. This
film did not undergo any significant morphological change (RMS
surface roughness: 0.383 nm) after annealing at 100 8C for 24 h
(Fig. 2b). Highly thermal resistance is of critical importance for
organic materials used in OLEDs because of the inevitability of
joule heating occurring under their typical operating conditions.
Consequently, we suspect that the use of POAn, which is
thermally and morphologically stable, may lead to improved
device lifetimes.
2.4. Photophysical Properties

We recorded the absorption (UV–Vis) and PL spectra of POAn
from both a dilute solution and a neat film on a quartz plate.
Figure 3 reveals that the absorption spectrum in dichloromethane
exhibits the characteristic vibration patterns of an isolated
anthracene moiety (lmax¼ 360, 376, 396 nm)[26] as well as the
absorption band of the peripheral TPPO groups (lmax¼ 265 nm).
Upon excitation at 376 nm, the solution displays a blue PL having
an emission maximum at 435 nm. The absorption and emission
spectra of the POAn thin film are similar to those acquired in
ag GmbH & Co. KGaA, Weinheim 561
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Figure 2. AFM topographic images (top and angled views) of POAn films:

a) pristine; b) after annealing at 100 8C for 24 h under a nitrogen atmos-

phere.

562
dilute solution, implying the significant intermolecular interac-
tions do not occur in the ground state; we ascribe the
bathochromic shift in the solid state PL spectrum (14 nm) to
the differences in the dielectric constants of the two environ-
ments.[27] Thus, it appears that the non-coplanar conformation of
POAn (vide supra) that prevented close molecular packing in the
solid state also effectively inhibited excimer formation and
fluorescence quenching. The fluorescence quantum yield (Ff) of
POAn in dilute cyclohexance reached as high as 0.98 when using
9,10-diphenylanthracene (DPA; Ff¼ 0.90, in cyclohexane) as the
calibration standard.[28] In addition, we employed an integrating
sphere apparatus to estimate the solid state quantum yield
(Ff¼ 0.71) on the quartz plate. Such a high fluorescence
quantum yield in the solid state is very desirable characteristic
for POAn to be used as an efficient blue-light-emitting material.
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Figure 3. UV–Vis absorption and PL spectra (excitation at 376 nm) of

POAn in dilute dichloromethane solution and in the solid state.

� 2009 WILEY-VCH Verlag GmbH &
2.5. Electrochemistry

We conducted cyclic voltammetry (CV) measurements using a
three-electrode cell, with ferrocene as the internal standard, to
investigate the electrochemical behavior of POAn at ambient
temperature (Fig. 4). During the anodic scan in dichloromethane,
POAn exhibited a reversible oxidation process at 0.85 V (E1/2

ox)
with an onset potential of 0.80V. Upon cathodic sweeping in
THF, we detected a reversible reduction potential (E1/2

red) of
�2.42V, together with an onset potential of �2.30V. In
comparison with the phosphine oxide-free counterpart DPA,
which has values of E1/2

red and E1/2
ox of �2.52 and þ0.84 V,

respectively, the incorporation of the electron-accepting phos-
phine oxide functionalities in POAn moderately decreased the
reduction potential while only slightly changing its oxidation
potential. This lower reduction potential implies that the
phosphine oxide groups in POAn would facilitate electron
injection into the emitting layer of POAn-based devices. On the
basis of the onset potentials of oxidation and reduction, we
estimated the HOMO and LUMO levels of POAn to be 5.60 and
2.50 eV, respectively, with regard to ferrocene (4.80 eV below
vacuum).[29] Compared to DPA, the HOMO and LUMO in POAn
are lower in energy by 0.02 and 0.12 eV, respectively. The
electrochemical results are consistent with the theoretical
prediction that the phosphine oxide functionality in POAn is
decoupled from the main anthracene core; consequently, the
inductive effect on the frontier orbitals of POAn is smaller than
that of molecules containing polar phosphine oxide groups
directly attached to the chromophore.[22,30]
2.6. Electroluminescence Properties of OLEDs

In addition to serving as an efficient blue-light emitter, POAn
exhibits facile electron-transporting properties because of the
presence of the TPPO groups on the anthracene chromo-
phore.[19–23] Therefore, using this electron-transporting blue
emitter, we realized simple bilayer electroluminescent devices
that did not feature an ETL.[7] In addition to its electron-
transporting capabilities, it is notable that POAn can also function
as an efficient electron-injection layer (EIL) through direct contact
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Figure 4. Cyclic voltammograms of POAn and DPA recorded at a scanning

rate of 50mV s�1.
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with the Al cathode. To investigate the nature of the electron
injection from the cathode to the organic (anthracene) layer, we
prepared two types of electron-only devices: electron-only device
A having the configuration indium tin oxide (ITO)/2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (BCP, 30 nm)/anthracene deri-
vative (60 nm)/1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene
(TPBI) (20 nm)/LiF (15 Å)/Al (100 nm) and electron-only device B
having the configuration ITO/BCP (30 nm)/anthracene derivative
(80 nm)/Al (100 nm). Here, ‘‘anthracene derivative’’ refers to
either POAn or the commercially available blue-light-emitting
material 2-tert-butyl-9,10-bis(2-naphthyl)anthracene (TBADN).[31]

Because of the large ionization potential (IP) of 6.5 eV for BCP, no
hole injection occurred from the anode to the organic layers.
Because only electrons could be injected from the cathode to the
organic layers, the measured current density–voltage (I–V)
characteristics were dominated by electrons. Figure 5a provides
the I–V characteristics of the type-A devices. The device
containing POAn exhibited a lower threshold voltage than that
featuring TBADN, suggesting that the introduction of the TPPO
groups improved the degree of electron injection within the
POAn [electron affinity (EA)¼ 2.5 eV] layer relative to that within
the commercial TBADN (EA¼ 2.3 eV, measured by CV). In the
electron-only device B, we replaced both the TPBI and LiF layers
by the anthracene compounds to examine the feasibility of
Figure 5. Current density–voltage (I–V) curves of the electron-only devices

a) A and b) B incorporating POAn and TBADN, respectively. Inset: energy

level diagrams and device structures of the electron-only devices.
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electron injection directly from the Al cathode to the anthracene
derivative. Because we deposited the high-work-function Al
cathodes (4.3 eV) directly on the top of the anthracene
compounds, the barriers for electron injection between the
cathodes and the anthracene layers were quite large (1.8 eV for
POAn; 2.0 eV for TBADN). As a result, electron injection in the
type-B device based on TBADN was obviously difficult (Fig. 5b),
with a relatively high turn-on voltage at 19.5 V (corresponding 1
mA cm�2) and the maximum current density reaching 20.1 mA
cm�2 before device degradation. In contrast, the type-B device
incorporating POAn exhibited efficient electron injection,
presumably because of some type of interaction at the interface
between the POAn layer and the Al metal. The exact nature of this
phenomenon remains unclear; however, like hydroxyl or
phosphonate groups containing materials, the phosphoryl
functionality in POAn may also interact with the Al atoms of
the cathode to enhance electron injection.[32–34] The efficient
electron injection from the cathode to the blue-emitting POAn
suggested that this system had great promise to realize simple
double-layer EL devices lacking a LiF film as the EIL.

We utilized the TPPO-containing POAn, which possesses high
PL quantum efficiency as well as good electron injection and
transport, as a simultaneous emission, electron-injection, and
-transport layer to fabricate double-layer devices (Fig. 6) having
the configuration ITO/9,9-bis[4-(N,N-diphenylamino)phenyl]fluor-
ene (BPAF, 30 nm)/POAn (70 nm)/Al (100 nm), where the
fluorene/triphenylamine hybrid (BPAF)[35] was employed to
mediate hole injection and transport and to confine the electrons
and excitons within the emitting layer because of its low EA (2.0
eV) and large band gap energy (Eg¼ 3.4 eV). For comparison and
optimization, we also fabricated a multilayer device: ITO/BPAF
(30 nm)/POAn (30 nm)/TPBI (40 nm)/LiF (15 Å)/Al (100 nm), in
which TPBI and LiF layers were inserted between the emitting
POAn and the Al cathode to facilitate electron transport and
injection and also to block holes. Table 1 summarizes the key EL
data of these devices. Figure 7a reveals that the double- and
multiple-layer devices possess similar I–V characteristics,
indicating that the absence of TPBI and LiF layers did not
deteriorate the electron injection and transport processes in the
simplified double-layer device. Notably, the EL efficiency of this
double-layer device reached 4.3% (2.9 cd A�1) at a current density
of 1.3 mA cm�2. Figure 7b presents the corresponding EL
spectrum and reveals that the CIE color coordinates of (0.15, 0.07)
at a bias of 7 V represent a pure blue emission that almost
matches the standard blue point recommended by the NTSC.
Even at a practical brightness of 100 cd m�2, the device
Figure 6. Energy level diagrams of the materials comprising the double-

layer and multilayer devices.
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Table 1. EL performances of devices incorporating POAn.

Device Double-layer Multilayer

Turn-on voltage [V][a] 3.0 3.0

Max. EQE [%] 4.3 4.7

Max. LE [cd A�1] 2.9 3.2

Max. PE [lm W�1] 2.9 3.3

EQE [%][b] 4.1 4.5

LE [cd A�1][b] 2.7 3.0

PE [lm W�1][b] 1.9 2.3

EL lmax [nm][c] 444 445

CIE, x and y[c] (0.15, 0.07) (0.15, 0.07)

[a] Recorded at 1 cd m�2. [b]Recorded at 100 cd m�2. [c] At 7 V.
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performance remained high at 4.1% and 2.7 cd A�1 (3.7 mA
cm�2). These values—as well as its high PL quantum efficiency
and facile electron injecting/transporting characteristics—make
POAn a promising candidate for realizing simple and efficient
deep-blue-light-emitting devices.

The EL performance of the multilayer device featured an
enhanced device efficiency of 4.7% (3.2 cd A�1) at a current
density of 0.6 mA cm�2 (Fig. 8); these values approach the
theoretical limit of 5% expected for fluorescence-based OLEDs. At
a brightness of 100 cd m�2, the resulting efficiencies remained
high (4.5% and 3.0 cd A�1 at 3.4 mA cm�2). We attribute the
improved performance to the more-balanced charge flux and
better exciton confinement within the emission layer, due to the
presence of TPBI as the electron-transport layer and the exciton-
blocker in the multilayer device. The EL efficiency of this POAn-
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based device is one of the highest reported for a deep-blue EL
device having CIE coordinates of (y,< 0.10).[2,9,36,37] From
Figure 8, we note that the degrees of efficiency roll-off are
almost identical for the multilayer and bilayer devices, even at a
high current density of 100 mA cm�2, indicating that the issue of
exciton-polaron (electron carrier) annihilation in the simple
bilayer device may not be important and is comparable to that in
the multilayer device.[38] This result also suggests that the exciton
formation zone is located adjacent to HTL, because of the good
electron-transporting property of POAn. Otherwise, the EL
efficiency in the bilayer device would be significantly reduced
due to exciton-polaron annihilation and/or cathode quenching,
especially at a higher density.
3. Conclusion

We have developed a novel deep-blue emitter, POAn, comprising
a 2-tert-butylanthracene core and two electron-deficient TPPO
termini. The non-coplanar conformation provides POAn with
steric bulk that mitigates the close packing of its molecules in the
solid state, resulting in a stable amorphous thin film and
pronounced PL efficiency. In addition to serving as an electron-
transporting emitter, the presence of the TPPO units results in
POAn exhibiting facile electron injection when directly contact-
ing the Al cathode. Simple double-layer devices prepared using
POAn as the simultaneous emission, electron-transport, and
-injection layer exhibited deep-blue emissions (0.15, 0.07) and
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 560–566
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excellent EL performances (4.3% and 2.9 cd A�1). These values
are comparable to those of more-conventional multilayer blue EL
devices. We believe that this novel molecular design can be
applied to generate other advanced materials for use in OLED
displays.
E
R

4. Experimental

Materials: 2-tert-Butyl-9,10-bis(4-bromophenyl)anthracene [7] andBPAF
[35] were prepared according to reported procedures. Solvents were dried
using standard procedures. All other reagents were used as received from
commercial sources, unless otherwise stated.

Characterization: 1H and 13C NMR spectra were recorded on Varian
Unity (300 Hz) and Varian INOVA (500MHz) spectrometers. Mass spectra
were obtained using JEOL JMS-HX 110 and Finnigan/Thermo Quest MAT
95XL mass spectrometers. DSC was performed using a Seiko Exstar
6000DSC instrument operated at heating and cooling rates of 10 and 50 8C
min�1, respectively. TGA was undertaken using a DuPont TGA 2950
instrument. The thermal stability of the samples under a nitrogen
atmosphere was determined by measuring their mass losses while heating
at a rate 10 8C min�1. UV–Vis spectra were measured using an HP 8453
diode-array spectrophotometer. PL spectra were obtained using a Hitachi
F-4500 luminescence spectrometer. An integrating sphere (Labsphere) was
applied to measure the solid state quantum yield when excited at a
wavelength of 365 nm. Measurements of the oxidation and reduction
potentials were undertaken, respectively, in anhydrous CH2Cl2 and
anhydrous THF, containing 0.1 M TBAPF6 as the supporting electrolyte,
at a scan rate of 50mV s�1. The potentials were measured against an Ag/
Agþ (0.01 M AgNO3) reference electrode using ferrocene as the internal
standard. The onset potentials were determined from the intersection of
two tangents drawn at the rising current and background current of the
cyclic voltammogram. AFM measurements were performed in the tapping
mode under ambient conditions using a Digital Nanoscope IIIa
instrument.

Device Fabrication: The EL devices were fabricated by vacuum
deposition of the materials at 10�6 Torr onto ITO glass having a sheet
resistance of 25V square�1. All of the organic layers were deposited at a
rate of 1.0 Å s�1. The cathode was completed through thermal deposition
of LiF (15 Å) at a deposition rate of 0.1 Å s�1 and then capping with Al metal
(100 nm) through thermal evaporation at a rate of 4.0 Å s�1. The current–
voltage–luminance relationships of the devices were measured using a
Keithley 2400 source meter and a Newport 1835C optical meter equipped
with an 818ST silicon photodiode. The EL spectrum was obtained using a
Hitachi F4500 spectrofluorimeter.

2-tert-Butyl-9,10-bis[4(-(diphenylphosphoryl)phenyl]anthracene
(POAn): A solution of n-BuLi in hexane (2.5 M, 3.7 mL) was added slowly
(over 2 h) under nitrogen to a stirred solution of 2-tert-butyl-9,10-bis(4-
bromophenyl)anthracene (2.00 g, 3.70 mmol) in anhydrous THF (150 mL)
at �78 8C. Chlorodiphenylphosphine (2.87 mg, 13.0 mmol) was then
added dropwise while maintaining the temperature below �60 8C. The
color of the solution gradually changed to pale yellow. The mixture was
warmed to room temperature and stirred for 4 h. The reaction mixture
was then quenched with water (100 mL) and extracted with ethyl acetate
(2� 50 mL). The combined organic phases were dried (MgSO4) and
concentrated under reduced pressure. The residue was dissolved in CH2Cl2
(100 mL) and added with 30% aqueous H2O2 (30 mL). After stirred for 1 h
at room temperature, the organic phase was collected, dried (MgSO4), and
concentrated under reduced pressure. The crude product was purified
through column chromatography (dichloromethane/acetone, 20:1) to
afford POAn (2.03 g, 70.2%). 1H NMR (300 MHz, CDCl3, d): 1.27 (s, 9H),
7.34–7.36 (m, 2H), 7.47–7.49 (m, 2H), 7.53–7.65 (m, 19H), 7.78–7.94 (m,
12H). 13C NMR (125 MHz, CDCl3, d): 30.60, 35.01, 120.61, 125.11, 125.17,
125.38, 126.29, 126.52, 126.54, 128.10, 128.63 (d, JC,P¼ 12.3 Hz), 128.66
(d, JC,P¼ 11.6 Hz), 128.70 (d, JC,P¼ 3.5 Hz), 129.16, 129.56, 131.51 (d,
JC,P¼ 12.3 Hz), 131.53 (d, JC,P¼ 12.3 Hz), 131.52 (d, JC,P¼ 104.6 Hz),
131.57 (d, JC,P¼ 2.8 Hz), 131.75 (d, JC,P¼ 104.6 Hz), 131.82, 131.97,
Adv. Funct. Mater. 2009, 19, 560–566 � 2009 WILEY-VCH Verl
132.17, 132.25, 132.65, 132.81, 135.63, 135.84, 143.19 (d, JC,P¼ 2.6 Hz),
143.44 (d, JC,P¼ 2.0 Hz), 147.82. HRMS (m/z): [MþþH] calcd for
C54H45O2P2 787.2895; found 787.2889. Anal. calcd for C54H45O2P2: C
82.42, H 5.64; found: C 82.25, H 5.89.
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