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Highly Efficient Non-Doped Blue-Light-Emitting Diodes Based
on an Anthrancene Derivative End-Capped with

Tetraphenylethylene Groups**

By Ping-1 Shih, Chu-Ying Chuang, Chen-Han Chien, Eric Wei-Guang Diau, and Ching-Fong Shu*

A novel blue-emitting material, 2-tert-butyl-9,10-bis[4-(1,2,2-triphenylvinyl)phenyl]anthracene (TPVAn), which contains an an-
thracene core and two tetraphenylethylene end-capped groups, has been synthesized and characterized. Owing to the presence
of its sterically congested terminal groups, TPVAn possesses a high glass transition temperature (155 °C) and is morphological-
ly stable. Organic light-emitting diodes (OLEDs) utilizing TPVAn as the emitter exhibit bright saturated-blue emissions (Com-
mission Internationale de L’Eclairage (CIE) chromaticity coordinates of x =0.14 and y =0.12) with efficiencies as high as 5.3 %
(5.3 cd A" )—the best performance of non-doped deep blue-emitting OLEDs reported to date. In addition, TPVAn doped with
an orange fluorophore served as an authentic host for the construction of a white-light-emitting device that displayed promising
electroluminescent characteristics: the maximum external quantum efficiency reached 4.9 % (13.1 cd A™!) with CIE coordinates

located at (0.33, 0.39).

1. Introduction

Organic light-emitting devices (OLEDs) have been attract-
ing considerable attention because of their potential applica-
tion within flat-panel displays."? Efficient blue-light OLEDs
are of particular interest because they are desired for use as
blue light sources in full-color display applications;**! further-
more, they can also serve as hosts for exothermic energy trans-
fer to lower-energy fluorophores to realize white-light
OLEDs." 1! Although the use of dopant emitters in the guest-
host system can improve the electroluminescence (EL) effi-
ciency significantly,““ﬂ the addition of dopants is usually a
complicated and expensive process during the mass production
of OLEDs. Because phase separation upon heating is an impor-
tant cause of performance degradation in some guest (or dop-
ant)-host systems!'"’ ™! and considering that some of these
OLEDs will be operated under harsh conditions (, e.g., at high
temperatures), the use of a single-component host emitting
layer may be more pragmatic for application than the use of
guest-host-type emitting layers. Although several blue host
emitters have been reported for the fabrication of non-doped
blue OLEDs,**?*?!] high-performance blue-light-emitting ma-
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terials exhibiting ideal color purity, good stability, and high
fluorescence efficiency remain relatively rare.

Because anthracene derivatives possess outstanding photolu-
minescence and electroluminescence properties, they have
been used widely as emitting materials in OLEDs.'>13225] [
this paper, we report the synthesis and characterization of a
novel, deep-blue-emitting material, 2-tert-butyl-9,10-bis[4-
(1,2,2-triphenylvinyl)phenyl]anthracene (TPVAn, Scheme 1),
for use in non-doped blue-light OLEDs. In TPVAR, two tetra-
phenylethylene groups are end-capped at the 9- and 10-posi-
tions of the central anthracene core to increase structural bulk
and non-planarity through the tendency of the phenyl rings to
twist. The non-planarity of this molecular structure effectively
diminishes its degree of intermolecular n—-n stacking and re-
duces concentration quenching; meanwhile, the sterically bulky
units facilitate the formation of stable amorphous films.*?! In
addition, we expected that the introduction of a tert-butyl unit

Scheme 1. Synthetic Pathway of TPVAn
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Scheme 1. Synthetic pathway of TPVAn
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at the C2 position of the anthracene moiety might enhance the
morphological stability of this material’s thin films during an-
nealing processes.>?’l In comparison with other blue-light-
emitting materials for non-doped OLEDs, TPVAn provides
higher thermal stability, good color purity, and better emitting
efficiency.

2. Results and Discussion

2.1. Synthesis

Scheme 1 illustrates the synthetic route used for the prepara-
tion of the anthracene derivative end-capped with two tetra-
phenylethylene moieties. The lithiation of commercially avail-
able 1-bromo-1,22-triphenylethene (1) with an excess of
n-BulLi, followed by treatment with n-butyl borate and hydro-
lysis in aqueous HCI, gave 1,2,2-triphenylvinylboronic acid (2).
The key intermediate, 2-fert-butyl-9,10-bis(4-bromophenyl)an-
thracene (3), was obtained as reported previously by reaction
of monolithiated 1,4-dibromobenzene with 2-tert-butylanthra-
quinone and then reduction of the intermediate diol with po-
tassium iodide and sodium hypophosphite in acetic acid.>!
Subsequent Pd-catalyzed Suzuki coupling between the boronic
acid 2 and the dibromide 3 afforded the target compound. The
structure of TPVAn was characterized using 'H and *C NMR
spectroscopy, elemental analysis, and high-resolution mass
spectrometry.

2.2. Thermal Properties

The thermal properties of TPVAn were investigated through
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TPVAn exhibits high thermochemical sta-
bility, as evidenced (through TGA) by a 5 %-weight-loss tem-
perature under nitrogen atmosphere of 445 °C (inset of Fig. 1).
DSC was performed in the temperature range from 40 to
330°C. Figure 1 displays the DSC curves of a sublimated sam-
ple of TPVAn, which melted at 298 °C on the first heating only,
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Figure 1. DSC traces of TPVAn recorded at a heating rate of 20 °Cmin™". In-
set: TGA thermogram of TPVAn recorded at a heating rate of 20 °C min™".
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and then changed into a glassy state upon cooling from the
melt. When the amorphous glassy sample was heated again, a
glass transition occurred at 155 °C; no exothermic peak due to
crystallization appeared at temperatures up to 350 °C. On sub-
sequent cooling and heating cycles, only the glass transition
phenomenon remained in the DSC thermogram, i.e., without
recrystallization. The prominent stability of the amorphous
glass state of TPVAn is due presumably to the presence of the
sterically bulky tetraphenylvinyl end-capping groups coupled
with the rigid tert-butyl-substituted anthracene core. In addi-
tion, the high molecular weight of TPVAn may also play a role
in raising its glass transition temperature.

Because of its excellent thermal and morphological stabili-
ties, we were able to prepare homogeneous and stable amor-
phous thin films of TPVAn through vacuum deposition. As re-
vealed by atomic force microscopy (AFM), an evaporated film
of TPVAn exhibited (Fig. 2) a uniform surface that underwent
no morphological changes when annealed at 100 °C for 9 h un-
der a nitrogen atmosphere; the root-mean-square surface

20.0 nm
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0.0 nm

0
0 : . 3.00
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Figure 2. AFM topographic image (tapping mode) of a TPVAn film after
annealing at 100°C for 9 h under a nitrogen atmosphere. The film was va-
por-deposited onto a silicon wafer under vacuum.

roughness of this annealed film was very narrow (0.33 nm). In
contrast, annealing a film of 9,10-di(2-naphthyl)anthracene
(ADN), which is a prototypical material for blue-light-emitting
electroluminescent devices, ! induced the degradation of
the surface morphology and the formation of large crystals on
the annealed layer.* Thus, our thermal analysis of TPVAn
clearly demonstrates that it possesses excellent thermal stabil-
ity and is a potent blue-light-emitting material that inhibits
crystallization in the solid state.

2.3. Photophysical Properties

Figure 3 displays the absorption and photoluminescence
(PL) spectra of TPVAn in dilute solution and as a solid film on
a quartz plate. For the sample in THF solution, we attribute
the absorption peaks in the region from 350 to 400 nm with

Adv. Funct. Mater. 2007, 17, 3141-3146



P.-1 Shih et al./Anthracene-Based Non-Doped Blue-Light-Emitting Dio

FUNCTIONAL

des

1.0 L1.0__
T 3
= solution L
S 0.8 S F0.8°g
8 ~ — — -thin film Q
8 8
2 0.6 069
© o
2 £
O 0.4 Lo4 E
73 S
] ©
< -t
0.2 L0228
o

0.0 - T = 0.0

300 400 500 600 700

Wavelength (nm)

Figure 3. UV-vis absorption and PL spectra of TPVAn in dilute THF solu-
tion (solid lines) and in the solid state (dashed lines).

characteristic vibronic pattern to the n—n* transitions of an-
thracene,[31] and the absorption band at 316 nm to the n—n*
transitions of the peripheral 4-(1,2,2-triphenylvinyl)phenyl
groups.”? Upon excitation at 380 nm, the solution displays a
blue PL having an emission maximum at 448 nm. The absorp-
tion and emission spectra of the TPVAn thin film are similar to
those obtained in dilute solution, but with red-shifts of 3 and
6 nm, respectively. These small spectral shifts in the solid state
spectra suggest that if any intermolecular interactions occurred
they were quite weak, i.e., they were restrained effectively by
the bulky tetraphenylvinyl groups. Although TPVAn exhibited
a weak blue emission in solution, e.g., its fluorescence quantum
yield in cyclohexane was 0.06 [using 9,10-diphenylanthracene
(@¢=0.90) as the reference], the blue emission was greatly en-
hanced in the solid state. In addition, when we blended TPVAn
with poly(methyl methacrylate) (PMMA), the resultant film
emitted a bright blue light; the quantum yield of 0.89 [relative
to 9,10-diphenylanthracene (1.0)] was significantly higher than
the value measured in solution. We attribute this enhanced
emission to the restricted intramolecular rotation of the phenyl
peripheries in the solid state.’** In dilute solution, twisting of
the olefinic double bond of the 4-(1,2,2-triphenylvinyl)phenyl
group might facilitate approach between the excited and
ground states of TPVAn and, thus, the occurrence of efficient
internal conversion; this situation is similar to tetraphenylethy-
lene undergoing rapid radiationless decay

along the ethylenic torsional coordi-

nate.’¥! In the solid state, however, the

through sequential vapor deposition of the materials onto ITO
glass under vacuum (3 x 107° Torr); the fabrication and charac-
terization of these EL devices are similar to techniques we
have reported previously.*®! Device I was designed as our
standard blue-light-emitting device having the following con-
figuration: indium tin oxide (ITO)/4,4’-bis|N-(1-naphthyl)-N-
phenylamino] biphenyl (NPB) (30 nm)/(TPVAn) (40 nm)/
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) (40 nm)/
Mg:Ag (100 nm)/Ag (100 nm). NPB and TPBI were employed
as the hole-transporting layer (HTL) and the electron-trans-
porting layer (ETL), respectively. Figure 5 and Table 1 sum-
marize the EL characteristics of device I. Using the conven-
tional NPB as the HTL, the device exhibited a maximum
external quantum efficiency of 3.1% (3.1cdA™!) at
17.6 mA cm™ with Commission Internationale de L’Eclairage
(CIE) color coordinates located at (0.15, 0.11); these values re-
veal that the emitter TPVAn possesses an authentic and prom-
ising blue emission. For comparison and optimization purposes,
in device II we replaced NPB with a novel fluorene/triaryl-
amine  hybrid,  tris[4-(9-phenylfluoren-9-yl)phenyl]amine
(TFTPA), which possesses a larger ionization potential (IP), a
larger energy gap, and a smaller electron affinity (EA) relative
to those of NPB.*’! Device II displayed enhanced EL perfor-
mance in comparison with device I; its maximum external
quantum efficiency reached 4.1 % (4.1 cd A™!) at 25.8 mA cm™
(see Fig. 5 and Table 1). According to the energy level diagram

d3idvd 11Ind

Table 1. Performance of Devices I-IV.

Device | 1 1 v
Turn-on voltage [V] [a] 3.9 3.4 4.9 39
Voltage [V] [b] 6.6 6.2 6.7 9.3
Brightness (cd/m?)[b,c] 625 (2961) 810 (3614) 993 (4165) 2234 (9125)
E.Q.E. [%] [b,q] 3.1 (3.0) 4.1 (3.6) 5.0 (4.2) 4.2 (3.4)
L.E. [cd/A] [b,c] 3.1 (3.0) 4.0 (3.6) 5.0 (4.2) 11.2 (9.1)
Max E.Q.E. [%] 3.1 4.1 5.3 4.9
Max L.E. [cd/A] 3.1 4.1 53 13.1
Max P.E. [Im/W] 1.5 2.1 2.8 7.5

EL Amax [nm] [d] 454 454 456 556
CIE, x and y[d] 0.15and 0.11 0.14and 0.11 0.14and 0.12 0.33 and 0.39

[a] Recorded at 1 cd m™. [b] Recorded at 20 mA/cm?. [c] Data in parenthe-
ses were recorded at 100 mA/cm?. [d] At 7 V.

degree of internal conversion was insignif- o 23 ) 2, 1 .,
icant because the rigid environment inhib- 5.7 LUMO 9.7 LUMO 9.7 LUMO
. .. . 2.9 2.9 2.9
ited the twisting motion of TPVAn, result-
ing in the observed enhanced emission. - -
=z - Mg/Ag 3 - Mg/Ag - - Mg/Ag
2| 2| 337 3| 3| 2 [37 3| 3| 237
. . 5| @ Pls| = >l s| =
2.4. Electroluminescence Properties of 5 = 3 = g =
. ITO ITO ITO/
LED Devices Ty TR PEDOT
. o . 5.2
To evaluate the applicability of using 5.3
i HOMO 5.7 56 57 56 57
TPVAn as the emitting layer (EML), we : 3 HOMO ' 53 HOMO : 3
fabricated three different non-doped ) ' '
blue-emitting devices (I-III, Fig. 4)  Figure 4. Energy level diagrams for the OLED devices I-IIl.
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Figure 5. Plots of a) external quantum efficiency and b) luminance effi-
ciency and brightness as functions of the current density for devices I-111.

in Figure 4, we attribute this improved device efficiency to the
smaller barrier for hole injection from the HTL to the EML
and to the better electron-blocking capability of TFTPA
(EA=2.2 eV) relative to that of NPB (EA=2.3 eV). As a re-
sult, more excitons can be confined within the emissive layer.
We note that device II exhibited lower driving voltages than
did device 1. This finding implies that the operating voltages
also would be influenced by the energy offset between the
HOMO energy levels of the HTL and the EML, which is small-
er in device II. Similar observations have been reported.[40’41]
In device III, we inserted a well-known hole injection material
poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythio-
phene) (PEDOT) between the ITO anode and TFTPA (HTL)
to smoothen the relatively rough ITO layer, reduce the interfa-
cial surface area, and lower the leakage current.*’! The inser-
tion of a PEDOT layer in device III led to slightly higher driv-
ing voltages, due to the increase of the
total thickness of organic layers.*”! Never-
theless, this subtle adjustment had a signif-
icant impact on the device efficiency; in-

based deep-blue-light-emitting OLEDs (Table 2).'** More-
over, in devices I-III the high EL efficiency occurred at the
brightness of ca.. 1000 cd m™, which appears to be more practi-
cal for commercial applications; even at a high current density
(ca. 100 mA cm™), these three devices displayed gratifying lev-
els of efficiency (e.g., 4.2 % and 4.2 cd A™! for device III).
According to the EL spectra in Figure 6, devices I-11I all ex-
hibited saturated deep blue emissions with peak maxima cen-
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Figure 6. EL spectra of devices |-Ill at an applied voltage of 7 V, and of de-
vice Ill at an applied voltage of 15 V. Inset: Respective CIE coordinates.

tered at 454 nm that did not shift upon changing the applied
voltage. These EL spectra were quite similar to the PL spec-
trum of the TPVAn film, indicating that both the EL and PL
originated from the same radiative decay process of singlet ex-
citons and that all of the emissions originated exclusively from
the TPVAn layer in these devices, with no emission interfer-
ence from adjacent carrier transporting layers. Figure 6 and
Table 1 indicate that the corresponding CIE coordinates of de-
vices I-11I were very close to the standard blue emission recom-
mended by the National Television Standards Committee
(NTSC).

In addition to the non-doped deep-blue OLEDs, we also fab-
ricated a white-light-emitting device (device IV), using TPVAn
as the host material, having the following architecture: ITO/
PEDOT/NPB (30 nm)/TPVAR:0.25 wt % of 4-(dicyanomethyl-
ene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-py-

Table 2. Electroluminescence data for the deep-blue-light-emitting OLEDs (na: not available).

deed, device III exhibited the highest  peyice Emitting Max EQ.E. MaxLE  Emission CIE Ref.

efficiency among these three devices: its  architecture material %] [cd/A] wavelength *y)

maximum external quantum efficiency of Non-doped Anthracene derivative 5.3 5.3 456 (0.14,0.12)  This paper

53% (5.3 cd Ail) at 41 mAcm™ is the Non-doped  Distyrylbenzene derivative na 4.3 460 (0.16, 0.13) [4]

highest reported to date for any non-  Non-doped 2,2"-Bistriphenylenyl 42 4.0 458 (0.14,0.17) 5]

doped deep-blue-light-emitting OLED, Non-doped  Spirobifluorene derivative 4.2 3.6 450 (0.15, 0.09) (6]
Doped Styrylamine derivative 5.1 5.4 na (0.14,0.13) [16]

and is comparable to those of guest-host-
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ran (DCJTB) (40 nm)/TPBI (30 nm)/Mg:Ag (100 nm)/Ag
(100 nm). The EL spectrum of device IV (Fig. 7) displays a
composite emission band: one signal (at ca. 456 nm) is a char-
acteristic emission of the TPVAn host, while the other (at
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Figure 7. EL spectra of device IV operated at various driving potentials. In-
set: Respective CIE coordinates.

ca. 556 nm) originates from the emission of DCJTB. The corre-
sponding CIE coordinates of this white-light-emitting device
were located at (0.33, 0.39), close to the central region of white
light. Furthermore, the CIE coordinates of device IV under-
went a negligible shift from (0.33, 0.39) at 7 V to (0.31, 0.37) at
19 V (inset of Fig. 7), reflecting its insensitivity toward changes
in the operating potential. Moreover, this device exhibited a sa-
tisfying EL performance (Fig. 8): the maximum luminance was
above 30000 cdm™ at 19 V and the maximum external quan-
tum efficiency reached as high as 4.9 % (13.1 cd A™), which is
superior to that of other conventional fluorescent white-light-
emitting OLEDs."1%1213] Tn addition, when we increased the
luminance of our white-light-emitting device up to the order of
5x10° cdm™ (at ca. 52 mA cm™), the corresponding EL effi-
ciency remained above 10 cd A™".

E100

E10

— ) %

E0.1

External Quantum Efficiency (%)
Luminance efficiency (cd/A)

T

T T T
0 40 80 120 160
Current Density (mA/cm®)

200

Figure 8. External quantum efficiency and luminance efficiency plotted as
functions of the current density for device IV.
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3. Conclusions

We have realized efficient deep-blue non-doped OLEDs
based on a novel highly thermally stable blue-light-emitting
material, TPVAn, which comprises a 2-fert-butylanthracene
core and two sterically bulky tetraphenylethylene peripheral
groups. The TPVAn-based non-doped devices exhibited satis-
fying deep-blue emissions with CIE coordinates located at
ca. (0.14, 0.11), very close to the standard blue CIE coordi-
nates. Moreover, these devices displayed excellent EL efficien-
cy: the maximum external quantum efficiency reached 5.3 %
(5.3 cd A™) at 4.09 mA cm>—the best performance reported
to date for non-doped deep-blue-light-emitting OLEDs. In ad-
dition to achieving highly efficient blue fluorescence, we dem-
onstrated that TPVAn doped with an orange fluorophore
could serve as an authentic host for the construction of a
white-light-emitting device that displayed promising EL char-
acteristics: CIE coordinates located at (0.33, 0.39) and maxi-
mum external quantum efficiency reaching 4.9 % (13.1 cd A™).

4. Experimental

Characterization: "H and *C NMR spectra were recorded using Var-
ian UNITY INOVA 500 MHz, Varian Unity 300 MHz, and Bruker-
DRX 300 MHz spectrometers. Mass spectra were obtained using a
JEOL JMS-HX 110 mass spectrometer. DSC analysis was performed
using a SEIKO EXSTAR 6000DSC unit operated at heating and cool-
ing rates of 20 and 50°Cmin”, respectively. Samples were scanned
from 40 to 330°C, cooled to 0°C, and then scanned again from 40 to
330°C. The glass transition temperatures (7,) were determined from
the second heating scan. Thermogravimetric analysis was undertaken
using a DuPont TGA 2950 instrument. The thermal stabilities of the
samples under a nitrogen atmosphere were determined by measuring
their weight loss while heating at a rate of 20 °Cmin~'. UV-vis spectra
were measured using an HP 8453 diode-array spectrophotometer. PL
spectra were obtained using a Hitachi F-4500 luminescence spectrome-
ter. The HOMO energies of organic thin films were measured using a
Riken-Keili AC-2 atmospheric low-energy photoelectron spectrome-
ter; the LUMO energies of materials were estimated by subtracting the
optical energy gap from the measured HOMO. Atomic force microsco-
py measurements were performed using a Digital Nanoscope IIla in
tapping mode under ambient conditions.

1,2,2-Triphenylvinylboronic Acid (2): n-Butyllithium in hexane
(6.0 mL, 2.5 m) was added slowly under nitrogen to a stirred solution of
1-bromo-1,22-triphenylethene (1, 2.00 g, 5.99 mmol) in anhydrous
THF (40 mL) at —-78 °C. Gradually, the color of the reaction mixture
changed to green; the stirring was continued for 30 min, while the tem-
perature was raised to —20°C. The reaction mixture was cooled to
—-78°C and then tri-n-butylborate (4.05 mL, 15.0 mmol) was added
dropwise. This mixture was warmed to room temperature and stirred
for another 8 h. Thereafter, the reaction mixture was quenched with
aqueous HCl (2.0M, 10 mL) and extracted with diethyl ether
(2x25 mL). The combined organic phases were dried (MgSO,4) and
concentrated under reduced pressure. The crude product was washed
several times with n-hexane to give 2 (1.50 g, 83.5%). 'H NMR
(300 MHz, CDCL): 6 4.13 (s, 2H), 6.88-6.92 (m, 2H), 7.00-7.19 (m,
8H), 7.29-7.38 (m, 5H). *C NMR (75 MHz, CDCl;): ¢ 126.2, 127.0,
127.6, 128.2, 128.4, 128.6, 129.3, 129.8, 130.7, 141.9, 142.2, 143.7, 153.2.
MS (m/z): 300 [M]".

2-tert-Butyl-9,10-bis(4-(1,2,2-triphenylvinyl)phenyl)anthracene (TPVAn):
Aqueous K,COj3 (2.0M, 10 mL) was added to a solution of 2 (1.35 g,
4.50 mmol), 2-tert-butyl-9,10-bis(4-bromophenyl)anthracene (3, 1.00 g,
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1.84 mmol), and Aliquat 336 (ca. 220 mg) in toluene (30 mL). After
degassing, tetrakis(triphenylphosphine)palladium (ca. 25 mg) was
added under a flow of nitrogen, and then the mixture was heated at
110°C while stirring under nitrogen. After 5 h, the reaction mixture
was cooled to room temperature and then poured into aq. methanol
(70 % methanol, 80 mL); the yellow precipitate was filtered off, washed
with methanol, and dried under vacuum. This crude product was puri-
fied through column chromatography (n-hexane/EtOAc, 9:1) to afford
TPVAn (1.10 g, 67.2%) as a yellowish powder. 'H NMR (300 MHz,
CDCls): 6 1.30 (s, 9H), 7.08-7.22 (m, 37H), 7.26-7.33 (m, 3H), 7.43 (dd,
J=92,2.0 Hz, 1H), 7.56-7.62 (m, 4H). >C NMR (125 MHz, CDCl;): 6
30.9, 35.0, 121.2, 124.36, 124.45, 124.7, 126.52, 126.56, 126.8, 126.9,
127.6,127.7,127.8, 128.3, 129.4, 129.7, 129.9, 130.6, 130.8, 131.2, 131.28,
131.37, 131.41, 131.5, 136.4, 136.6, 137.10, 137.16, 140.9, 141.0, 141.2,
141.5,142.9, 143.0, 143.4, 143.5, 143.7, 143.8, 143.9, 147.0. HRMS (m/z):
[M* +H] caled. for C7oHss 895.4304; found 895.4299. Anal. Calcd for
CyoHsy4: C, 93.92; H, 6.08. Found: C, 94.06; H, 6.22.
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