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A new anthracene derivative 9,10-bis[3,5-di(4-tert-butylphenyl)phenyl]anthracene (BPPA) was synthesized via Suzuki cou-
pling reaction and characterized by 1H NMR spectrum, mass spectrum, and elemental analysis. BPPA exhibits deep-blue emis-
sion both in solution and in solid thin film. This compound has a non-planar structure that results in high thermal stability and 
the phenomenon of polymorphism. The non-doped device based on this material shows stable deep-blue emission with the 
1931 Commission international de I’Eclairage (CIE) coordinate of (0.15, 0.05) under different applied voltages. The device 
exhibits the maximum external quantum efficiency of 2.2% at 14.9 mA/cm2 with luminance of 105 cd/m2. 
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1  Introduction 

Since the pioneering work on organic light emitting diodes 
(OLEDs) by the Kodak [1] and Cambridge groups [2], 

OLEDs have attracted considerable attention due to their 
potential application in flat panel displays. Three basic col-
ors, red, green and blue, are essential for the full color 
OLEDs. During the past two decades, significant progress 
has been made in this field [3–6]. However, the perform-
ances of the blue-light-emitting OLEDs are still relatively 
poor in comparison with those of the red- and green-light- 
emitting OLEDs. Although the use of dopant emitters in the 
host-guest systems is an effective approach to improve the 
electroluminescence (EL) efficiency, the non-doped devices 
are more preferable for the purpose of the concise fabrica-
tion process. In addition to efficiency, color purity is an-

other important essential for display applications. The 1931 
CIE coordinate of blue emission specified in the National 
Television System Committee (NTSC) standard is (0.14, 
0.08). In addition, it is well known that the power consump-
tion of a full-color OLED is highly dependent upon the 
color of blue emission [7]. The deeper the blue color 
(smaller CIE y-value) is, the lower the power consumption 
of the device is. Recently, several deep-blue OLEDs with 
the 1931 CIE coordinates close to the NTSC standard have 
been reported [7–15], but the OLEDs with the coordinate of 
y < 0.05 are still rare [16, 17]. 

Anthracene derivatives usually have a high fluorescence 
quantum yield, wide energy gap, and good thermal stability. 
Thus, they have been widely used as deep-blue emitting 
materials in OLEDs [7, 9, 15, 18–20]. In this paper, we re-
port a novel anthracene derivative 9,10-bis[3,5-di(4-tert- 
butylphenyl)phenyl]anthracene (BPPA). The 3,5-di(4-tert- 
butylphenyl)phenyl groups end-capped at the 9- and 10- 
positions of the central anthracene core are highly twisted to 
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increase steric hindrance and cause molecular non-planarity. 
This compound exhibits a high glass transition temperature 
(Tg) and a phenomenon of polymorphism. The non-doped 
device based on BPPA shows stable deep-blue emission 
with the 1931 CIE coordinate of (0.15, 0.05) and high ex-
ternal quantum efficiency of 2.2%.  

2  Experimental 

Commercially available reagents were used without further 
purification unless otherwise stated. 1H NMR spectrum was 
recorded in CDCl3 solution on a Bruker Avance 400 spec-
trometer with tetramethylsilane (TMS) as the internal stan-
dard. Elemental analysis was performed on a Vario III ele-
mental analyzer. Mass spectrum was obtained on a BIFLEXIII 
MALDI-TOF spectrometer. The UV absorption and photo-
luminescence spectra were recorded on a Hitachi U-3010 
UV-vis spectrophotometer and a Hitachi F-4500 fluores-
cence spectrophotometer, respectively. With the heating rate 
of 10 °C/min under a nitrogen atmosphere, thermal gravim-
etric analysis (TGA) and differential scanning calorimetry 
(DSC) measurements were performed on a TA Instrument 
TGA2050 and a TA Instruments DSC2910, respectively. 
Cyclic voltammetry measurement was performed using a 
CHI600A analyzer with the scan rate of 500 mV/s in the 
CH2Cl2 solution. The electrolytic cell was a conventional 
three-electrode cell in which a Pt disc working electrode, a 
Pt wire auxiliary electrode, and a saturated calomel elec-
trode (SCE) as the reference electrode were employed. 
Tetra-n-butylammonium hexafluorophosphate (0.1 M) was 
used as the supporting electrolyte.  

BPPA was synthesized via the Suzuki coupling reaction 
(Scheme 1). 3,5-Di(4-tert-butylphenyl)benzene boronic acid 
(1; 0.85 g, 2.2 mmol), 9,10-dibromoanthracene (2; 0.336 g, 
1 mmol), tetrakis(triphenylphosphine)palladium [Pd(PPh3)4] 
(20 mg), tetrahydrofuran (THF; 20 mL), and aqueous potas-
sium carbonate (2 M, 5 mL) were sequentially added to a 
round bottom flask (50 mL). The resulting mixture was 
purged with nitrogen for 30 min, refluxed overnight, and 
poured into 100 mL water. The precipitate was filtered, 
washed several times with water, and dried. The crude  

 

Scheme 1  Synthetic route of BPPA. Reagents and conditions: THF, 
K2CO3, Pd(PPh3)4, reflux. 

product was purified by column chromatography (eluent = 

dichloromethane/hexane, 1:10 v/v), and then recrystallized 
in toluene to give the product as a white solid (yield: 0.53 g, 
62%). 1H NMR (400 MHz, CDCl3)  (ppm): 7.87–8.04 (6H, 
m), 7.69–7.74 (12H, m), 7.50 (8H, d, J = 6.64), 7.34–7.38 
(4H, m), 1.38 (36H, s); MALDI-TOF MS m/z 59.3; Anal. 
calcd for C46H34: C, 92.26; H, 7.74; Found: C, 92.14; H, 
7.78. 

Indium-tin-oxide (ITO)-coated glass substrates with the 
sheet resistance of 50 /□ were cleaned with isopropyl 
alcohol and deionized water, dried in an oven over 120 °C, 
and treated with UV-ozone. A 30 nm thick film of poly(3, 
4-ethylenedioxy thiophene) doped with poly(styrene sul-
fonate) (PEDOT:PSS) was spin-coated on the ITO glass 
substrates. After being dried at 120 °C for 30 min under the 
nitrogen atmosphere, the substrate was transferred to the 
vacuum deposition system with a base pressure of < 5 × 107 
torr. The device was fabricated by evaporating organic lay-
ers onto the PEDOT:PSS layer sequentially with an evapo-
ration rate of 1–2 Å/s. After CsF layer was evaporated onto 
the organic layers, the Mg:Ag alloy cathode was prepared 
by co-evaporation of Mg and Ag at the volume radio of 
10:1. EL spectra and CIE color coordinates were measured 
with a spectrascan PR650 photometer and the current-voltage- 
luminescence characteristics were measured with a com-
puter-controlled Keithley 2400 SourceMeter under ambient 
atmosphere. 

3  Results and discussion 

To gain insight into the electronic structure and the stereo-
structure of BPPA, quantum chemical calculations were 
carried out using the B3LYP/6-31G(d) method [21]. The 
reliability of the method can be found in previous reports 
[22–24]. The aryl substituents at the 9- and 10- positions of 
the anthracene core are highly twisted toward the anthra-
cene backbone with the torsion angle of 91.9°, which indi-
cates that BPPA has a non-planar structure. The non-planarity 
of the structure can limit the intermolecular interactions, 
and facilitate the formation of stable amorphous film. The 
electron densities of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) are almost concentrated on the anthracene unit 
(Figure 1), suggesting that the absorption and emission of 
BPPA are controlled mostly by the central anthracene unit. 
Combining the half-wave oxidation potential (E1/2

ox) and the 
UV-vis absorption edge of BPPA, the HOMO and LUMO 
energy levels are estimated to be 5.91 and 2.89 eV, respec-
tively.  

The UV-vis absorption and photoluminescence (PL) 
spectra of BPPA in dilute CH2Cl2 solution are shown in 
Figure 2. The absorption spectrum exhibits the characteris-
tic vibration patterns of the isolated anthracene group at 336, 
356, 375 and 397 nm [9, 10]. The strong absorption 
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Figure 1  Calculated HOMO (a) and LUMO (b) orbitals of BPPA. 

 

Figure 2  The absorption and photoluminescence spectra of BPPA in 
dilute CH2Cl2 solution (dotted line) and in solid film (solid line). 

band at 260 nm can be assigned to the aryl groups at the 9- 
and 10-positions of the anthracene core. When BPPA is 
excited at 260 or 375 nm, the same PL spectra with max = 

415 and 436 nm are observed, which indicates that the en-
ergy can be transferred from the side groups to the central 
anthracene unit. Fluorescence quantum yield (f) of BPPA 
in the dilute CH2Cl2 solution has been measured to be 0.95 
by using 9,10-diphenylanthracene (f = 0.90) as the calibra-    
tion standard [25]. The absorption spectrum of BPPA as a 
solid thin film on a quartz disc is almost identical to that of 
BPPA in dilute CH2Cl2 solution (Figure 2), which implies 
that the intermolecular interactions are very weak in the 

solid film. The PL spectrum of the solid thin film shows a 
deep-blue emission with a structureless peak at 438 nm.  

The thermal properties of BPPA were investigated 
through TGA and DSC under the nitrogen atmosphere. 
BPPA exhibits a high thermal stability, the decomposition 
temperature (Td), which corresponds to a 3% weight loss 
upon heating during TGA, is around 410 °C. DSC meas-
urements were performed from 30 to 405 °C under the ni-
trogen atmosphere. Upon the first heating, an endothermic 
solid-solid phase transition was observed at 381 °C before 
the melting temperature (Tm) of 391 °C (Figure 3). The 
melted sample was rapidly cooled by liquid nitrogen to 
form a glassy state. When the amorphous glassy sample was 
heated again, a glass transition occurred at 207 °C. The high 
glass transition temperature (Tg) indicates that BPPA can 
form highly stable amorphous films. Upon further heating 
beyond Tg, an exothermic multi-peak due to crystallization 
was observed at around 320 °C, and then two endothermic 
solid-solid phase transition were observed at 377 and 381 °C, 
respectively, which indicates that BPPA has multiple crystal 
forms. The phenomenon of polymorphism suggests that 
BPPA has different conformers, which is responsible for the 
ready formation of the amorphous state.[26] 

To investigate the EL properties of BPPA, we fabricated 
the non-doped device with a configuration of ITO/PEDOT: 
PSS (30 nm)/NPB (15 nm)/TCTA (15 nm)/BPPA (30 nm)/ 
TPBI (30 nm)/CsF (2 nm)/Mg:Ag. In this device, ITO and 
CsF/Mg:Ag are the anode and the cathode, respectively; 
PEDOT:PSS is the hole-injection layer (HIL); 4,4′-bis[N-(1- 
naphthyl)-N-phenyl amino] biphenyl (NPB) is the hole- 
transporting layer (HTL); 4,4′,4″-tri(N-carbazolyl)triphenyl-     
amine (TCTA) is used as the hole-transporting and electron- 
blocking layer (HT-EBL); 1,3,5-tris(N-phenylbenzimidazol) 
benzene (TPBI) is used as the electron-transporting layer and 
hole-blocking layer (ET-HBL); BPPA is the emitting layer 
(EML).  

 

Figure 3  The DSC curves of BPPA (dotted line for the first heating of 
the original sample, solid line for the second heating of the amorphous 
glassy sample).  
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Figure 4 shows the normalized EL spectra of the device 
at different applied voltages. All the emission peaks are at 
430 nm with very narrow FWHM (the full width at half 
maximum) of about 55 nm. The EL spectra show no emis-
sion in the longer wavelength region which is often ob-
served in the case of intermolecular - stacking or charge- 
transfer complexes formed at the EML/HTL or EML/ETL 
interface. The high quality emission should be attributed to 
the non-planar structure of BPPA. While increasing the ap-
plied voltage from 5 to 10 V, the EL spectra remain un-
changed，which is desirable for OLEDs. The 1931 CIE 
coordinate (0.15, 0.05) of this device is far beyond the 
NTSC blue standard, which may provide an enlarged color 
gamut for color displays. Up to now, the devices with CIE 
coordinates of y < 0.05 are still very rare to our knowledge 
[16, 17].  

Schematic energy level diagram of the BPPA based de-
vice is shown in Figure 5. It can be seen that the hole-injection 
barrier at the TCTA/BPPA interface and the electron-injection 
barrier at the BPPA/TPBI interface is 0.21 and 0.09 eV, 
respectively. These small carrier-injection barriers indicate 
that both holes and electrons could be readily injected into 
the emitting layer. In addition, from the energy level dia-
grams, it is also obvious that there are large hole-injection  

 

Figure 4  The EL spectra of the BPPA based device at different applied 
voltages. 

 

Figure 5  Relative energy level alignments of the BPPA based device. 

 

Figure 6  The current density-voltage-luminance characteristics of the 
BPPA based device. 

barrier (0.39 eV) at the BPPA/TPBI interface and large 
electro-injection barrier (0.59 eV) at the TCTA/BPPA in-
terface, which should efficiently prevent both holes and 
electrons leaving the emitting layer. Figure 6 shows the 
current density-voltage-luminance characteristics of the 
device. The turn-on voltage is 4.3 V, and the maximum lu-
minance is 1280 cd/m2 at the voltage of 10 V and the cur-
rent density of 420 mA/cm2. The device exhibits the maxi-
mum external quantum efficiency of 2.2% (current effi-
ciency of 0.7 cd/A) at 14.9 mA/cm2 with the luminance of 
105 cd/m2. 

4  Conclusion 

A highly efficient deep-blue anthracene derivative BPPA 
was synthesized. This compound has a high thermal stabil-
ity (Td = 410 °C and Tg = 207 °C), and exhibits the phe-
nomenon of polymorphism, which implies that it can form 
the stable amorphous thin film readily. The non-doped de-
vice based on this material shows stable deep-blue emission 
at 430 nm under different applied voltages. A maximum 
external quantum efficiency of 2.2% was achieved at 14.9 
mA/cm2 with the luminance of 105 cd/m2. The 1931 CIE 
coordinate (0.15, 0.05) of this device is far beyond the 
NTSC blue standard, which may provide an enlarged color 
gamut for color displays.  
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