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Abstract

A series of random conjugated copolymers (PFO-HBT) derived from 9,9-dioctylfluorene (DOF) and 2-hexylbenzotri-
azole (HBT) is prepared by the palladium-catalyzed Suzuki coupling reaction with the feed HBT molar ratio around 1%,
5% and 15%. By copolymerizing 2-hexylbenzotriazole into the backbone of polyfluorene, an efficient colorfast blue light-
emitting polymer system is developed. The device with the structure of ITO (indium tin oxide)/PEDOT/PVK/PFO-HBT1/
Ba/Al exhibits the highest external quantum efficiency 1.62% with luminance efficiency of 2.69 cd/A, power efficiency of
1.25 lm/W and the CIE coordinates of (0.15, 0.17). The EL spectra are stable at the increased current density and contin-
uous operation without significant change of CIE.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decade, highly-efficiency stable light-
emitting conjugated polymers have drawn great
attention of researchers for their potential applica-
tions both in full-color displays and even in next-
generation lighting source, and tremendous progress
has been made in this field [1–5]. Of all large band
gap light-emitting polymers investigated so far,
polyfluorene (PF) and its derivatives have drawn
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great interests for their exceptional optoelectronic
properties, such as good thermal and chemical sta-
bility, high fluorescence quantum yield, good film-
forming and hole-transporting properties [6–9].
Due to the large energy gap of polyfluorene homo-
polymer, it is a highly attractive class of conjugated
material for applications in polymeric blue light-
emitting devices [10,11]. However, PF-based blue
light-emitting materials suffer from poor color sta-
bility due to the appearance of long-wavelength
green emission during continuous device opera-
tion or at high current density [12]. This phenome-
non is extensively discussed in scientific literatures
as a result of the formation of excimer/aggregate
.
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or ketonic defects resulting from photo- and/or
electro-oxidation of polyfluorene chains [13–15].
The color stability of polyfluorene can be improved,
respectively, by introducing bulky groups to poly-
mer backbone [16], by blending polyfluorene with
high glass transition (Tg) temperature material [17]
or dielectric nanolayer [18], by introducing a small
amount of low bandgap chromophores [19,20] or
spirofluorene [21] structure into polyfluorene back-
bone and by crosslinking the polymers in film
states through the end functionalized styryl groups
[22].

Recently, Takakazu et al. reported 2-hexylbenzo-
triazole-based conjugated copolymers with blue
photoluminescence [23] and n-type benzotriazole-
based conjugated polymers, which are of high pho-
toluminescent quantum yields about 50–70% and
electron-accepting property [24].

Due to blue photoluminescence and electron-
accepting property of benzotriazole [23,24], in this
paper we adopt strategy by introducing a small
amount electron acceptor unit (2-hexylbenzo-
triazole) into the polyfluorene backbone [25] to syn-
thesize an efficient colorfast blue light-emitting
polymer system. The best device performance with
the structure of ITO (indium tin oxide)/PEDOT/
PVK/PFO-HBT1/Ba/Al exhibits the highest exter-
nal quantum efficiency 1.62% with luminance effi-
ciency of 2.69 cd/A, power efficiency of 1.25 lm/W
and the CIE coordinates of (0.15, 0.17).
2. Experimental section

2.1. General methods

1H NMR spectra were recorded on a Bruker
DRX 300 spectrometer operating at 300 MHz
and was referred to tetramethylsilane. GC-MS
were obtained on GC-MS (TRANCE2000, Fiuni-
gan. Co.). Analytical GPC was obtained using a
Waters GPC 2410 in tetrahydrofuran (THF) via a
calibration curve of polystyrene standards. Elemen-
tal analyses were performed on a Vario EL Elemen-
tal Analysis Instrument (Elementar Co.). UV–
visible absorption spectra were measured on a HP
8453 spectrophotometer. PL spectra in solutions
were taken by Fluorolog-3 spectrofluorometer
(Jobin-Yvon) under 325 nm light excitation. PL
spectra in solid thin films were taken by InstaSpecTM

IV CCD spectragraph (Oriel).
Cyclic voltammetry was measured on a Potentio-
stat/Galvanostat model 283 electrochemical work-
station (Princeton Applied Research) at a scan
rate of 50 mV/s with a nitrogen-saturated solution
of 0.1 M tetrabutylammonium hexafluorophos-
phate (Bu4NPF6) in acetonitrile (CH3CN), respec-
tively, with platinum and saturated calomel
electrodes (SCE) as the working and reference
electrodes.

LED was fabricated on pre-patterned indiumtin
oxide (ITO) with a sheet resistance 10–20 X/h.
The substrate was ultrasonically cleaned with ace-
tone, detergent, deionized water and 2-propanol
subsequently. Oxygen plasma treatment was made
for 10 min as the final step of substrate cleaning to
improve the contact angle just before film coating.
Onto the ITO glass a 50 nm-thick layer of poly-
ethylenedioxythiophene-polystyrene sulfonic acid
(PEDOT:PSS) film was spin-coated from its aque-
ous dispersion (Baytron P 4083, Bayer AG), aim-
ing at improving the hole injection and avoiding
the possibility of leakage. PEDOT:PSS film was
dried at 80 �C for 2 h in a vacuum oven. The solu-
tion of the PVK in chlorobenzene was prepared in
a nitrogen-filled dry box and spin-coated on the
top of the ITO/PEDOT:PSS surface. Then the
solution of the copolymers (in toluene) was spin-
coated on the top of the ITO/PEDOT:PSS PVK
surface. The typical thickness of the emitting layer
was 70–80 nm. Then a thin layer of barium as an
electron injection cathode and the subsequent
200 nm-thick aluminum capping layers were ther-
mally deposited by vacuum evaporation through
a mask at a base pressure below 2 · 10�4 Pa.
The deposition speed and thickness of the barium
and aluminum layers were monitored by a thick-
ness/rate meter (model STM-100, Sycon). The
cathode area defines the active area of the device.
The typical active area of the devices in this study
was 0.17 cm2. The spin coating of the EL layer
and device performance tests were carried out
within a glove box (Vacuum Atmosphere Co.)
with nitrogen circulation. Current–luminance–
voltage (I–L–V) characteristics were measured with
a computerized Keithley 236 Source Measure
Unit and calibrated Si photodiode. External quan-
tum efficiency was verified by measurement in
the integrating sphere (IS080, Lab sphere) and
luminance was calibrated by PR705 spectragraph-
photometer (Photo Research) after the encapsula-
tion of devices with UV-curing epoxy and thin
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cover glass. EL spectra were taken by InstaSpecTM

IV CCD spectragraph.
2.2. Materials

All reagents, unless otherwise specified, were
obtained from Aldrich, Acros, and TCI Chemical
Co., and used as received. All the solvents were
further purified under a nitrogen flow. 2,7-Dib-
romo-9,9-dioctylfluorene (1) 2,7-Bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(2) [26] 4,7-dibromo-2-hexylbenzotriazole (3) [23]
were prepared following the procedure described
in the reference and characterized by the GC-MS
and 1H NMR spectra.
2.3. Synthesis of polymer

Carefully purified 2,7-dibromo-9,9-dioctylfluorene
(1), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9,9-dioctylfluorene (2), 4,7-dibromo-2-hex-
ylbenzotriazole (3), (PPh3)4Pd (0) (0.5–2.0 mol%)
and several drops of Aliquat 336 were dissolved in
a mixture of toluene and aqueous 2 M Na2CO3.
The solution was refluxed with vigorous stirring
for 36 h in an argon atmosphere. At the end of poly-
merization, the polymers were end-capped with 2,
7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dioctylfluorene and bromobenzene to remove
bromine and boronic ester end groups in order to
avoid a possible quenching effect or excimer forma-
tion by boronic and bromine end groups in LEDs
[27]. The mixture was then poured into methanol
and the precipitated material was recovered by
filtration and purified by flash column chromatogra-
phy. The resulted polymers were air-dried over-
night, followed by drying in vacuum. In the
process of polymerization, the comonomer feed
ratios of (1+2) to 3 were, respectively, 99:1, 95:5
and 85:15, and the mole ratio of 2,7-bis-(4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluo-
rene (2) to 2,7-dibromo-9,9-dioctylfluorene (1) and
2-hexylbenzotriazole (3) was always remained as 2:
(1+3) = 1:1. The corresponding copolymers were,
respectively, named PFO-HBT1, 5, and 15.
Scheme 1. The synthesis routine of monomers and the
copolymers.
2.3.1. PFO-HBT1

2 (0.50 mmol), 1 (0.49 mmol), and 3 (0.01 mmol)
were used in this polymerization. yield light-yellow
fibers (0.317 g, 81.9% yield). 1H NMR (300 MHz,
CDCl3): 7.88–7.86(m), 7.70–7.66(m), 7.39–7.28(m),
2.15(s), 1.28–1.16(m), 0.86–0.82(t, J = 7.0).
2.3.2. PFO-HBT5

2 (0.50 mmol), 1 (0.45 mmol), and 3 (0.05 mmol)
were used in this polymerization. yield light-yellow
fibers (0.285 g, 75.6% yield). 1H NMR (300 MHz,
CDCl3): 7.88–7.86(m), 7.70–7.66(m), 7.39–7.28(m),
2.14(s), 1.28–1.16(m), 0.86–0.82(t, J = 6.9).
2.3.3. PFO-HBT15

2 (0.50 mmol), 1 (0.35 mmol), and 3 (0.15 mmol)
were used in this polymerization. yield light-yellow
fibers (0.261 g, 72.4% yield). 1H NMR (300 MHz,
CDCl3): 8.09–7.94(m), 7.88–7.86(m), 7.74–7.66(m),
7.39–7.28(m), 4.87–4.81(m), 2.14(s), 1.42(s), 1.28–
1.16(m), 0.95–0.82(t, J = 6.9).
3. Results and discussion

3.1. Synthesis and chemical characterization

The synthetic routes toward the monomers and
copolymers are outlined in Scheme 1. The obtained
copolymers are readily soluble in common organic
solvents, such as toluene, THF and chloroform.
The number-average molecular weights of these
polymers are determined by GPC using a polysty-
rene standard, ranging from 18,000 to 34,500 with
a polydispersity index (Mw/Mn) between 1.55 and
1.89 (Table 1). The actual ratios of substituted fluo-
rene (DOF) to low band-gap monomer (HBT) in
the copolymers estimated by elemental analysis (N



Table 1
Molecular weights of the copolymers and their composition determined by elemental analysis

Copolymers Mn (·103) Mw/Mn C content in
copolymers (%)

N content in
copolymers (%)

The feed ratios of
DOF/HBT

DOF/HBT in
copolymersa

PFO-HBT1 34.5 1.89 88.86 0.20 99:1 98:2
PFO-HBT5 33.5 1.80 88.74 0.38 95:5 96:4
PFO-HBT15 18.0 1.55 87.75 1.23 85:15 86:14

a Molar ratio of DOF/HBT in the copolymers calculated from C and N element contents in the copolymers.
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and C content) are listed in Table 1, which is in
good agreement with the feeding ratios of the two
monomers within the experimental error.
Fig. 1. (a) UV–vis absorption spectra for the copolymers in thin
solid films. (b) UV–vis absorption spectra for the copolymers in
the THF solution.
3.2. Optical properties and electrochemical

characteristics

The UV–vis absorption properties of the conju-
gated polymers are presented in Table 2. Fig. 1
shows the normalized UV–vis absorption spectra
of the polymers in thin solid films and in THF solu-
tion. The absorption spectra of copolymers moni-
tored in thin solid films display one absorption
band with a small bump near the band edge, the
intensity of which increases with increasing HBT
content. The absorption spectra of copolymers in
THF solution are similar to those of the copolymers
in solid films.

The electrochemical properties of the copolymers
are investigated by cyclic voltammetry (CV). Table
2 summarizes oxidation potentials derived from
the onset of the oxidation wave in the cyclic voltam-
mograms of the copolymers. We can record one
p-doping process in all the copolymers, and the
onset of oxidation process of these copolymers is
around 1.4 V which are attributed to the oxidation
process of the DOF segment. The oxidation of
HBT unit cannot be detected probably due to low
HBT content. The optical band gap (Eg) is esti-
mated from the onset wavelength of UV–vis
spectra of the copolymer solid film. HOMO and
Table 2
UV-absorption and electrochemical properties of the copolymers in solid film

Copolymers k(ABS)max (nm) Optical band gapa (eV) Eox (V) HOMO (eV) LUMOb (eV)

PFO-HBT1 382 2.95 1.33 �5.73 �2.78
PFO-HBT5 382 2.93 1.39 �5.79 �2.86
PFO-HBT15 382 2.87 1.40 �5.8 �2.93

a Calculated from the onset of the absorption spectra of the copolymers in thin solid films.
b Calculated from HOMO and optical band gap of the copolymers, respectively.
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LUMO levels calculated by the empirical formu-
las EHOMO = �e(Eox + 4.4) (eV) and ELUMO =
�e(Ered + 4.4) (eV) [28] are also listed in Table 2.
3.3. Photoluminescence properties

Fig. 2 shows the normalized PL spectra of the
polymers in the solutions of THF at a concentration
of 1 * 10�3 M. The PL emission peaks are 463 nm
462 nm and 468 nm, respectively, for PFO-HBT1,
PFO-HBT5 and PFO-HBT15. As shown in Fig. 3,
the PL emission in the solid film are red-shifted
Fig. 2. Normalized PL spectra of the copolymers in THF
solution at 1 * 10�3 mol/L.

Fig. 3. Normalized PL spectra of the copolymers in thin solid
films.
gradually with increasing the content of HBT in
the polymer backbone, peaked at 457, 465 and
472 nm for PFO-HBT1, PFO-HBT5 and PFO-
HBT15, respectively. Similar red shift for blue emit-
ting polymers was reported by other group [29] and
it could be assigned to increased intermolecular
interaction between HBT groups in the neighboring
chains in the solid state.
3.4. Electroluminescent and J–L–V characteristics

of LEDs

Since the HOMO for the copolymer is around
5.7–5.8 eV (Table 2) and the work function of
PEDOT is around 5.0–5.2 eV, it would be possible
to expect a better hole injection once a PVK (work
function 5.5–5.6 eV) is used as the hole injection
anode. We fabricate EL devices with a configuration
ITO/PEDOT:PSS/PVK/PFO-HBT/Ba/Al. Fig. 4
shows the EL spectra of the copolymers in such
devices. The EL emission peaks are 458 nm
464 nm and 470 nm, respectively, for PFO-HBT1,
PFO-HBT5, PFO-HBT15. The device ITO (indium
tin oxide)/PEDOT/PVK/PFO-HBT1/Ba/Al exhib-
its the highest external quantum efficiency 1.62%
with luminance efficiency of 2.69 cd/A and power
efficiency of 1.25 lm/W with the CIE coordinates
of (0.15, 0.17). Similar device performance is
obtained for PFO-HBT5 copolymer. Table 3 lists
device performance for these three copolymers. Sim-
ilar as PL spectra, EL peaks are red-shifted around
12 nm when HBT content increased from 1% to
Fig. 4. Normalized EL spectral of the copolymers with device
configuration ITO/PEDOT:PSS/PVK/PFO-HBT/Ba/Al.



Table 3
Device performances of the copolymers (ITO/PEDOT:PSS/PVK/polymer/Ba/Al) given at point when devices reached maximum external
quantum efficiency

Polymer kELmax (nm) J (mA/cm2) V (v) L (cd/m2) LE (cd/A) EE (lm/w) QEmax (%) CIE

PFO-HBT1 458 2.0 6.75 54.3 2.69 1.25 1.62 (0.15, 0.17)
PFO-HBT5 464 13.4 6.5 384 2.87 1.38 1.73 (0.15, 0.24)
PFO-HBT15 470 1.74 6.3 41.9 2.41 1.20 1.45 (0.15, 0.27)

Fig. 5. J–L–V characteristics of LEDs based on PFO-HBT1.

Fig. 7. Normalized EL spectra with device configuration ITO/
PEDOT:PSS/PVK/PFO-HBT5/Ba/Al after continuous turn-on
at current density of 12 mA/cm2.

M. Sun et al. / European Polymer Journal 43 (2007) 1916–1922 1921
15%. [30] J–L–V curve of the PFO-HBT1-based
device is shown in Fig. 5.

We also make preliminary investigation on color
stability of PFO-HBT-based device. As shown in
Fig. 6, PFO-HBT is found to be good color stability
without long wavelength excimer-like emissions at
500–600 nm in wide range of current density.
Fig. 7 shows EL spectra of PFO-HBT5-based device
taken after 0, 5, 10 and 15 min continuous lighting.
Little change in the EL spectra can be observed dur-
ing the experiment.
Fig. 6. Normalized EL spectra with device configuration ITO/PEDOT
Ba/Al at different current density.
4. Conclusions

In summary, we have developed an efficient sta-
ble blue emitting fluorene-based copolymer system.
The EL spectra are stable at different current den-
sity. No undesired long-wavelength green emission
is observed in the EL spectra. Devices from the
:PSS/PVK/PFO-HBT1 (a) or PFO-HBT1 (b) or PFO-HBT1 (c)
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resulting copolymers show good color coordinate
and color-stability at high current density and in
continuous operation.
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