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ABSTRACT: We have developed efficient white-light-emitting polymers through the incorporation of low band
gap green-light-emitting benzothiadiazole and red-light-emitting bisthiophenylbenzothiadiazole moieties into the
backbone of a blue-light-emitting bipolar polyfluorene copolymer. Partial energy transfer from the blue-fluorescent
polyfluorene backbone to the green- and red-fluorescent components resulted in individual emissions from the
three emissive species. By carefully controlling the concentrations of the low-energy-emitting species in the
resulting copolymers, the emission of white light, with contributions from each of the three primary colors, was
achieved. Efficient polymer light-emitting devices prepared using these copolymers exhibited luminance efficiencies
as high as 4.87 cd/A with color coordinates (0.37, 0.36) that were very close to the ideal CIE chromaticity
coordinates for pure white light (0.33, 0.33). In addition, the color coordinates remained almost unchanged over
a range of operating potentials. A mechanistic study suggested that energy transfer from the fluorene segments
to the low band gap units, rather than charge trapping, was the main operating process involved in the
electroluminescent process.

Introduction

White organic light-emitting diodes (WOLEDs) have received
considerable attention because of their potential for application
in solid-state lighting and in backplane lighting for liquid crystal
displays.1 Among these devices, white-light OLEDs based on
semiconductor polymers (PLEDs) are of particular interest for
their ready solution-processibility, which allows spin-coating
and printing methods to be utilized for the preparation of large-
area-display devices.2 In principle, the emission color of
polymers can be easily tuned through covalently binding a guest
chromophore to an emissive polymeric host at appropriate
doping levels, which typically results in the partial or complete
quenching of the host emission and the emergence of the dye
emission. By tuning the dye concentration to realize complete
energy transfer, devices exhibiting improved efficiencies and
saturated red, green, and blue (RGB) colors have been realized.3

Polyfluorenes (PFs) that emit in the blue region are very
promising candidates for light-emitting materials because of their
high photoluminescence (PL) and electroluminescence (EL)
efficiencies and high thermal stabilities.4 In addition, PFs can
be readily color-tuned through chemical incorporation of low
band gap comonomers or through physically doping with lower-
energy fluorescent and phosphorescent dyes.5,6 Consequently,
PFs can function as both the host and the blue emitter in white-
light-emitting devices. Several authors have reported white
emissions from dye-functionalized PF copolymers.7 For ex-
ample, Tu et al.7b demonstrated that dichromatic white light
could be achieved from a polyfluorene copolymer chemically
doped with 1,8-naphthalimide segments at a very low concen-
tration. In this case, the combination of a blue emission from
the fluorene segments and an orange emission from the 1,8-
naphthalimide segments led to the human visual perception of
emitted white light. Recently, Liu et al.7c successfully achieved
a white electroluminescence (EL) comprising the three primary
colors based on a PF copolymer prepared through Suzuki
copolymerization with a small amount of a fluorescent green

chromophore attached to the side chain and a red chromophore
covalently bound to the polymer backbone. This device
exhibited a maximum brightness of 3786 cd/m2 at 19.4 V and
a maximum luminance efficiency of 1.59 cd/A.

We have demonstrated thatPFTO, a bipolar charge-
transporting polyfluorene derivative, is not merely an efficient
blue emitter but also an ideal polymeric host for low-energy
dopants.8 In this study, therefore, we incorporated red and green
fluorescent components into this dipolar PF copolymer with the
aim of achieving white light emission from a single PF
copolymer. The green- and red-emitting moieties in these
copolymers were formed by incorporating small amounts of 4,7-
dibromo-2,1,3-benzothiadiazole (3)5aand 4,7-bis(5-bromothiophen-
2-yl)-2,1,3-benzothiadiazole (4),5b respectively, in the co-
polymerization mixture. By carefully controlling the concentra-
tions of these low-energy-emitting species in the resulting
copolymers, white electroluminescence, with contributions from
all three primary colors, was achieved, accompanied by a
maximum luminance efficiency of 4.87 cd/A, which corresponds
to an external quantum efficiency of 2.22%.

Experimental Section

Materials. Monomers1-5 and copolymerPFTO were prepared
according to reported procedures.5a,b,8a,9The solvents were dried
using standard procedures. All other reagents were used as received
from commercial sources unless otherwise stated.

Characterization. 1H and13C NMR spectra were recorded on
Varian UNITY INOVA AS500 (500 MHz) and Bruker-DRX 300
(300 MHz) spectrometers. Mass spectra were obtained using a JEOL
JMS-HX 110 mass spectrometer. Size exclusion chromatography
(SEC) was performed using a Waters chromatography unit inter-
faced with a Waters 410 differential refractometer; three 5µm
Waters styragel columns (300 mm× 7.8 mm) were connected in
series in order of decreasing pore size (104, 103, and 102 Å); THF
was the eluent. Standard polystyrene samples were used for
calibration. Differential scanning calorimetry (DSC) was performed
using a SEIKO EXSTAR 6000DSC unit at heating and cooling
rates of 20 and 40°C min-1, respectively. Samples were scanned
from 30 to 250°C, cooled to 0°C, and then scanned again from
30 to 250°C. The glass transition temperatures (Tg) were determined* Corresponding author. E-mail: shu@cc.nctu.edu.tw.
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from the second heating scan. Thermogravimetric analysis (TGA)
was undertaken using a DuPont TGA 2950 instrument. The thermal
stabilities of the samples were determined under a nitrogen
atmosphere by measuring their weight loss while heating at a rate
of 20 °C min-1. UV-vis spectra were measured using an HP 8453
diode-array spectrophotometer. PL spectra were obtained from a
Hitachi F-4500 luminescence spectrometer. The ionization potentials
of organic thin films were measured using a Riken-Keiki AC-2
atmospheric low-energy photoelectron spectrometer.10

Farbrication of Light-Emitting Devices. LED devices were
fabricated in the form ITO/poly(styrenesulfonate)-doped poly(3,4-
ethylenedioxythiophene) (PEDOT) (35 nm)/polymer emitting layer
(50-70 nm)/TPBI (30 nm)/Mg:Ag (100 nm)/Ag(100 nm). The
PEDOT was spin-coated directly onto the ITO glass and dried at
80 °C for 12 h under vacuum to improve the hole injection
capability and increase the substrate’s smoothness. The light-
emitting layer was spin-coated on top of the PEDOT layer using
chlorobenzene as the solvent; the sample was then dried for 3 h at
60 °C under vacuum. Prior to film casting, the polymer solution
was filtered through a Teflon filter (0.45µm). The TPBI layer,
which was used as an electron-transporting layer that would also
block holes and confine excitons, was grown through thermal
sublimation in a vacuum (3× 10-6 Torr).11 Subsequently, the
cathode Mg:Ag (10:1, 100 nm) alloy was deposited through
coevaporation onto the TPBI layer; this process was followed by
placing an additional layer of Ag (100 nm) onto the alloy as a
protection layer. The current-voltage-luminance relationships were
measured under ambient conditions using a Keithley 2400 source
meter and a Newport 1835C optical meter equipped with an 818ST
silicon photodiode.

4,7-Bis(9,9-dihexylfluoren-2-yl)-2,1,3-benzothiadiazole (GM).
A mixture of 4,7-dibromo-2,1,3-benzothiadiazole (3, 90.0 mg, 306
µmol), 2-(9,9-dihexylfluoren-7-yl)-4,4,5,5-tetramethyl-1,3,2-di-
oxaborolane12 (330 mg, 717µmol), Aliquat 336 (ca. 9 mg), aqueous
K2CO3 (2.0 M, 2.0 mL), and toluene (10 mL) was degassed;
tetrakis(triphenylphosphine)palladium (ca. 8 mg) was then added
while flushing vigorously with nitrogen. After heating at 105°C
for 12 h, the reaction mixture was poured into water (10 mL) and
extracted with EtOAc (2× 10 mL). The organic extracts were dried
(MgSO4) and concentrated under reduced pressure. The residue was
purified through column chromatography (CH2Cl2/n-hexane, 1:4)
to afford GM (156 mg, 63.7%).1H NMR (300 MHz, CDCl3): δ
0.62-0.76 (m, 20H), 1.02-1.09 (m, 24H), 1.88-2.03 (m, 8H),
7.23-7.33 (m, 6H), 7.70 (dd,J ) 5.9, 1.7 Hz, 2H), 7.79 (d,J )
8.4 Hz, 2H), 7.81 (s, 2H), 7.88 (d,J ) 0.9 Hz, 2H), 7.94 (dd,J )
8.0, 1.7 Hz, 2H).13C NMR (75 MHz, CDCl3): δ 14.0, 22.6, 23.8,
29.7, 31.5, 40.3, 55.2, 119.7, 120.0, 122.9, 123.9, 126.8, 127.2,
127.9, 128.1, 133.6, 136.2, 140.7, 141.3, 151.1, 151.3, 154.4. HRMS
(m/z): [M+] calcd for C56H68N2S, 800.5103; found, 800.5109.

4,7-Bis[5-(9,9-dihexylfluoren-2-yl)thiophen-2-yl]-2,1,3-ben-
zothiadiazole (RM ). Using the procedure described forGM , the
Suzuki coupling reaction between 4,7-bis(5-bromothiophen-2-yl)-
2,1,3-benzothiadiazole (4, 100 mg, 218µmol) and 2-(9,9-dihexyl-
fluoren-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (221 mg, 480
µmol), followed by column chromatography (EtOAc/n-hexane,
1:10) and recrystallization fromn-hexane, gaveRM (84.9 mg,
40.4%).1H NMR (300 MHz, CDCl3): δ 0.64-0.66 (m, 8H), 0.74
(t, J ) 6.8 Hz, 12H), 1.05-1.13 (m, 24H), 1.98-2.04 (m, 8H),
7.29-7.35 (m, 6H), 7.48 (d,J ) 3.9 Hz, 2H), 7.65 (s, 2H), 7.70
(m, 6H), 7.93 (s, 2H), 8.14 (d,J ) 3.9 Hz, 2H),13C NMR (75
MHz, CDCl3): δ 14.0, 22.6, 23.7, 29.7, 31.5, 40.4, 55.2, 119.8,
120.0, 120.1, 122.9, 123.9, 124.7, 125.3, 125.7, 126.8, 127.2, 128.6,
132.8, 138.3, 140.5, 141.1, 146.5, 150.9, 151.6, 152.6. HRMS (m/
z): [M + + H] calcd for C64H73N2S3, 965.4936; found, 965.4943.

Preparation of WPFTO-II. Aqueous K2CO3 (2.0 M, 2.0 mL)
was added under a nitrogen atmosphere to a mixture of monomers
1 (47.3 mg, 53.9µmol), 2 (55.5 mg, 53.6µmol), 3 (6.80× 10-3

M in toluene, 128µL, 0.87 µmol), 4 (1.09× 10-3 M in toluene,
440µL, 0.48µmol), 5 (70.0 mg, 109µmol), and Aliquat 336 (ca.
13 mg) in toluene (1.5 mL). Tetrakis(triphenylphosphine)palladium
(ca. 2 mg) was added while flushing vigorously with nitrogen, and

then the mixture was heated at 105°C for 36 h. The end groups
were capped by heating the resulting mixture under reflux for 8 h
with benzeneboronic acid (26.6 mg, 220µmol) and then for 8 h
with bromobenzene (34 mg, 220µmol). The mixture was cooled
to room temperature and the product precipitated into a mixture of
MeOH and H2O (7:3) to obtain the crude polymer, which was
dissolved in THF, reprecipitated into MeOH, and then washed with
acetone for 48 h using a Soxhlet apparatus. Drying under vacuum
gaveWPFTO-II (95.9 mg, 74.4%).1H NMR (300 MHz, CDCl3):
δ 0.68-0.74 (m, 20H), 0.86-0.91 (m, 12H), 1.05 (br, 40H), 1.33
(br, 26H), 1.55 (br, 8H), 2.02 (br, 8H), 2.50 (br, 8H), 6.90-7.14
(m, 24H), 7.50-7.82 (m, 30H), 7.93-8.08 (m, 10H).13C NMR
(125 MHz, CDCl3): δ 13.96, 14.00, 14.03, 22.4, 22.5, 23.9, 29.2,
30.0, 31.1, 31.66, 31.69, 33.6, 35.0, 35.1, 40.2, 55.2, 55.3, 64.7,
65.8, 120.1, 120.3, 120.9, 121.0, 121.3, 121.5, 121.8, 122.9, 124.55,
124.63, 126.1, 126.2, 126.7, 127.3, 127.4, 127.6, 128.8, 128.9,
129.1, 137.5, 138.5, 139.0, 140.2, 141.0, 141.8, 145.3, 146.7, 149.2,
150.8, 151.9, 152.8, 155.4, 164.0, 164.7. Anal. Calcd: C, 87.13;
H, 7.91; N, 3.55. Found: C, 86.56; H, 7.92; N, 3.41.

Preparation of PFTO-I. Following the procedure described for
the preparation ofWPFTO-II , a mixture of monomers1 (47.3 mg,
53.9µmol), 2 (55.6 mg, 53.7µmol), 3 (6.80× 10-3 M in toluene,
103 µL, 0.70 µmol), 4 (1.09 × 10-3 M in toluene, 440µL, 0.48
µmol), and5 (70.0 mg, 109µmol) was copolymerized to yield
PFTO-I (94.9 mg, 73.7%).PFTO-I exhibited the same1H and
13C NMR spectroscopic and elemental analysis results as those of
WPFTO-II because both of these copolymers had very similar
chemical structures and compositions.

Preparation of PFO-III. Following the procedure described for
the preparation ofWPFTO-II , a mixture of monomers1 (94.5 mg,
107.8µmol), 3 (6.80× 10-3 M in toluene, 128µL, 0.87µmol), 4
(1.09× 10-3 M in toluene, 440µL, 0.48 µmol), and5 (70.0 mg,
109µmol) was copolymerized to yieldPFO-III (88.0 mg, 73.2%).
1H NMR (300 MHz, CDCl3): δ 0.67-0.75 (m, 10H), 1.03 (br,
20H), 1.32 (br, 18H), 1.99 (br, 4H), 7.48-7.51 (m, 12H), 7.69-
7.73 (m, 6H), 7.93 (d,J ) 7.8 Hz, 2H), 8.00 (d,J ) 8.4 Hz, 4H),
8.08 (d,J ) 7.8 Hz, 4H).13C NMR (125 MHz, CDCl3): δ 14.0,
22.5, 23.8, 29.1, 29.9, 31.1, 31.6, 35.1, 40.2, 55.3, 65.8, 120.1,
121.0, 121.3, 122.9, 124.5, 126.0, 126.7, 127.3, 127.6, 128.9, 139.0,
139.7, 140.2, 141.8, 149.2, 150.8, 151.8, 155.4, 164.0, 164.7. Anal.
Calcd: C, 84.7; H, 7.30; N, 5.07. Found: C, 83.46; H, 7.36; N,
5.07.

Results and Discussion

Synthesis of Polyfluorene Copolymers.Scheme 1 illustrates
the synthetic route (and the feed ratio of the comonomers) used
to prepare polyfluorene derivatives possessing bipolar pendent
groups. The oxidiazole (OXD)-containing monomer1, the
triphenylamine (TPA)-containing monomer2, 4,7-dibromo-
2,1,3-benzothiadiazole (3), 4,7-bis(5-bromothiophen-2-yl)-2,1,3-
benzothiadiazole (4), and the diboronate5 were prepared
according to reported procedures.5a,b,8a,9The copolymersPFTO-I
andWPFTO-II were synthesized through Suzuki polyconden-
sation using Pd(PPh3)4 as the catalyst and Aliquat 336 as the
phase-transfer reagent in a mixture of toluene and aqueous K2-
CO3 (2.0 M).13 When polymerization was complete, the end
groups of the PF chains were capped by heating the mixture
under reflux sequentially with phenylboronic acid and bro-
mobenzene.14 For the sake of comparison, we also prepared the
blue-light-emitting polymerPFTO (Mw andMn were 5.2× 104

and 3.3× 104 g mol-1, respectively) through the copolymeri-
zation of monomers1, 2, and5, as reported previously.8a

The dye-attached polyfluorene copolymers are readily soluble
in common organic solvents, such as toluene, chlorobenzene,
chloroform, and THF. The weight-average molecular weights
(Mw) of PFTO-I and WPFTO-II , as determined through gel
permeation chromatography (GPC) using polystyrenes as stan-
dards, were 5.8× 104 and 4.7× 104 g mol-1, respectively,
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with polydispersities of 2.0 and 2.1, respectively. We investi-
gated these materials’ thermal properties using thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) under a nitrogen atmosphere. As revealed in Figure 1,
PFTO-I and WPFTO-II exhibited their 5% weight losses at
temperatures of 425 and 415°C, respectively, and distinct glass
transition temperatures (Tg) at 187 and 188°C, respectively.
The relatively high values ofTg may help to suppress morpho-
logical changes from occurring upon exposure to heat, an
essential characteristic of polymers intended for use as emissive
materials in light-emitting applications.15

Optical Properties. Figure 2 presents the absorption and
emission spectra ofPFTO-I andWPFTO-II in diluted CHCl3
solutions and in the solid state. The absorption spectra of
PFTO-I andWPFTO-II are similar to those ofPFTO, both
in solution and in the solid state, with the absorption contribu-
tions from the benzothiadiazole (BT) and 4,7-di-(thiophen-2-
yl)-benzothiadiazole (DTBT) based units being barely observ-
able in the absorption spectra because of these components’
very small abundances in the copolymers. For the same reason,

the photoluminescence (PL) spectra ofPFTO-I andWPFTO-
II in dilute CHCl3 solutions (Figure 2a) are similar to that of
PFTO. The presence of the BT- and DTBT-based moieties,
however, clearly affects the luminescence properties of the thin
films. As indicated in Figure 2b, the PL spectra ofPFTO-I
andWPFTO-II films spin-coated onto quartz substrates contain,
in addition to their PF emissions, two distinct emission bands
centered at 520 and 610 nm, which we attribute as originating
from the BT- and DTBT-based moieties, respectively. To further
understand the interactions between the fluorene segments and
the low-energy-emitting species, we prepared two model
compounds,GM andRM , to investigate the optical behavior
of the green- and red-emitting moieties in the backbones of the
dye-attached copolymers. Figure 3 displays the optical properties
of GM and RM in dilute CHCl3 solutions and the emission
spectrum ofPFTO in the solid state. The absorption spectra of
GM andRM overlap well with the emission spectrum ofPFTO,
which might imply that the efficient energy transfer occurred

Scheme 1. Synthesis of PFTO-I, WPFTO -II, PFO -III, and PFTO and Chemical Structures of Model Compounds

Figure 1. TGA thermograms ofPFTO-I andWPFTO-II recorded at
a heating rate of 20°C min-1. Inset: DSC traces ofPFTO-I and
WPFTO-II recorded at a heating rate of 20°C min-1.

Figure 2. Absorption and PL spectra ofPFTO-I andWPFTO-II in
(a) dilute CHCl3 solutions and (b) the solid state.
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from the fluorene segments to the low-energy-emitting moieties
in the dye-attached copolymers. The enhanced green and red
emission intensities in the solid-state PL spectra presented in
Figure 2b indicate that energy transfer from the fluorene
segments to the low-energy-emitting segments was facilitated
through both intra- and interchain channels. On the other hand,
the emission ofGM also overlaps with the absorption ofRM ,
which implies that a cascade energy transfer, mediated by BT-
based units, could occur from the fluorene segments to the
DTBT-based moieties. Because the energy transfer efficiency
is very sensitive to the distance between the donor and acceptor,
however, such a cascade energy transfer can be discounted
because the concentrations of the BT- and DTBT-based units
in the dye-attached copolymers were very low; i.e., the average
distance between these two moieties was quite long.8b In
comparison with the intensity of the signal in the PL spectrum
of WPFTO-II , the green emission ofPFTO-I had decreased
slightly, which is consistent with the small reduction of the feed
ratio of monomer3 in the latter system.

Electrochemical Properties.Cyclic voltametry (CV) was
employed to investigate the redox behavior of the copolymers
and to estimate their HOMO and LUMO energy levels. The
electrochemical behavior of the polymer film coated on a glassy
carbon electrode was studied in an electrolyte of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in aceto-
nitrile; ferrocene was used as the internal standard.PFTO-I
andWPFTO-II exhibited the same redox behavior asPFTO,
with the onset potentials of the oxidation and reduction at 0.45
and-2.32 V, respectively. In addition, we did not observe any
electrochemical behavior attributable to the BT and DTBT units
in PFTO-I and WPFTO-II because of their low contents in
the polymer backbones. These results indicate that the introduc-
tion of a small number of green- and red-emitting moieties did
not affect the electrochemical properties of the resulting
polymers. Similar phenomena have been observed from studies
of other fluorene-based copolymers.16 On the basis of the onset
potentials, we estimated the HOMO and LUMO energy levels
of these three copolymers to be-5.25 and -2.48 eV,
respectively, in relation to the energy level of the ferrocene
reference (4.8 eV below the vacuum level).17

White Electroluminescence From Dye-Attached PF Co-
polymers.To investigate the EL characteristics of thePFTO-I
andWPFTO-II copolymers, we fabricated devices having the
configuration ITO/PEDOT/polymer emitting layer/TPBI/Mg:
Ag/Ag. The TPBI layer was employed as an electron-transport-
ing layer that would also block holes and confine excitons. Both
of these copolymers can emit white light under the influence
of an electric field. As depicted in Figure 4, the resulting devices
exhibited broadband emissions covering the entire visible region,

from 400 to 700 nm, with main peaks centered at 427, 518,
and 602 nm. The peak positions of these three individual bands
are quite close to those identified in Figure 3 for the blue-,
green-, and red-emitting model compounds. Therefore, we assign
the peak in the blue region to the characteristic emission of the
polyfluorene moieties and the other two peaks in the green and
red regions to the BT- and DTBT-based units, respectively. In
addition, we conclude that no exciplex emission contributed to
the resulting white electroluminescence because no undesired
peaks are visible in the EL spectra. The Commission Interna-
tionale d’EÄ nclairage (CIE) chromaticity coordinates of the EL
spectral emissions from thePFTO-I andWPFTO-II devices
at a bias of 9 V were (0.37, 0.34) and (0.37, 0.36), respectively,
which are both located in the white light region and very close
to the equienergy white point (0.33, 0.33). ThePFTO-I - and
WPFTO-II -based devices exhibited voltage-independent and
stable white light emissions. At lower driving voltage (7 V),
the CIE coordinates of the white-emitting devices were (0.36,
0.32) and (0.36, 0.35), repectively; even when the driving
voltage increased to 17 V, the CIE color coordinates of these
devices changed only slightly, to (0.33, 0.35) and (0.34, and
0.38), respectively, but remained in the white light region.

Because the EL spectra ofPFTO-I andWPFTO-II are quite
similar to their corresponding PL spectra presented in Figure
2, energy transfer from the fluorene segments to the BT- and
DTBT-based units is probably the main operating mechanism
involved in the EL process.18 To better understand the operating
mechanism behind the emissions of white light, we employed
the model compoundsGM and RM to evaluate the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of the green- and red-
emitting species embedded in the polymer backbones. Here, the
HOMO energy levels ofGM and RM were -5.6 and-5.5
eV, respectively; we determined these values directly using
photoelectron spectroscopy.10 From the absorption onset wave-
length of thin film samples, we determined that the optical band
gaps ofGM andRM were 2.5 and 2.0 eV, respectively, and
calculated the LUMO energy levels from these optical band
gaps, assuming a HOMO-LUMO separation equal to the
photon energy at the onset of the optical absorption. Figure 5
presents an energy level diagram based on the two model
compounds andPFTO that we constructed to obtain information
regarding the charge-transporting mechanism in the EL devices.
The HOMO and LUMO levels ofPFTO were-5.3 and-2.5
eV, respectively. In this device configuration, holes would be
the majority carriers because of the relatively lower injection
barrier (0.1 eV) from the ITO/PEDOT electrode to the next
organic layer (PFTO). According to this energy diagram, it is
not possible for the BT- and DTBT-based units to play any

Figure 3. PL spectrum ofPFTO in the solid state and the PL and
absorption spectra ofGM andRM in dilute CHCl3 solutions. Figure 4. EL spectra of the devices incorporatingPFTO-I or WPFTO-

II as the emitting layer at an applied potential of 9 V.
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roles in the trapping of the major carrier; this finding is
consistent with our previous observation of only slight differ-
ences between the EL and PL spectra of the individual
polymers.18 To further verify this speculation, we prepared
another polyfluorene copolymer (PFO-III , Scheme 1,Mw and
Mn were 4.0× 104 and 2.2× 104 g mol-1, respectively), which
has a HOMO energy level of-5.8 eV, by replacing the TPA
pendent groups ofWPFTO-II with OXD groups;9b in this case,
the BT- and DTBT-based units would serve as trapping sites
for holes with a depth of 0.2-0.3 eV. Figure 6 displays the EL
and PL spectra of the OXD-based PF copolymer. The PL
spectrum ofPFO-III is almost identical to that ofWPFTO-II
in Figure 2b because these copolymers have the same composi-
tions of BT and DTBT units in their backbones. However, unlike
WPFTO-II , which exhibits similar EL and PL spectra, forPFO-
III there is a dramatic difference between the EL and PL spectra;
the relative intensities of the green and red emissions in
comparison with the blue emission are significantly enhanced
in the emission spectrum under the influence of an electric field.
This result is consistent with the notion that the BT and DTBT
units do indeed serve as effective sites for charge trapping in
PFO-III and that the charge trapping mechanism is significant
in the PFO-III -based device.8c,18a

Figure 7 displays the current density-voltage-luminance (I-
V-L) curves of the white-light-emitting devices. ThePFTO-I
andWPFTO-II devices were turned on at applied voltages of
7.2 and 5.5 (corresponding to 1 cd/m2), respectively, and a
brightness of 103 cd/m2 was achieved at ca. 10 V for the both
devices. As plotted in Figure 8, the maximum luminance
efficiency of white electroluminescence was 4.87 cd/A, corre-
sponding to an external quantum efficiency of 2.22%, obtained
from theWPFTO-II device at a bias of 7 V and a brightness
of 59 cd/m2. The PFTO-I device exhibited a slightly lower
luminance efficiency of 3.99 cd/A, which is partially due to its
lower contribution from the green emission region, where human
eyes are most sensitive among the RGB regions. Table 1
summarizes the characteristics of the white-light-emitting
devices incorporating the dye-attached copolymers. At a bias
of 10 V, theWPFTO-II device reached a brightness of 1146

cd/m2 while retaining a high luminance efficiency of 3.8 cd/A.
We note that the EL efficiency of theWPFTO-II device is
likely to be the highest obtained among fluorescent white-light-
emitting devices based on a single-component polymer with the
emission contributed from the three primary colors.7c-e We
attribute this high performance to the balanced charge injection
and transport provided by the polar side chains of the dye-
attached copolymers as well as to effective exciton confinement
within the emitting layer caused by the presence of hole/exciton
blocking (TPBI) layer.

Figure 5. Energy level scheme proposed for the devices having the
configuration ITO/PEDOT/polymer/TPBI/Mg:Ag.

Figure 6. PL and EL spectra of thePFO-III film.

Figure 7. Current density-voltage-luminance characteristics of
PLEDs incorporatingPFTO-I andWPFTO-II .

Figure 8. Plots of the luminance efficiency as a function of the current
density for the white-light-emitting devices.

Table 1. Molecular Weights and Electroluminescent Performances of
PFTO-I and WPFTO-II Copolymers

PFTO-I WPFTO-II

Mw, Mn (104 g mol-1) 5.8, 3.0 4.7, 2.3
turn-on voltage (V)a 7.2 5.5
voltage (V)b 9.9 (13.7)c 9.3 (12.8)c

brightness (cd/m2)b 666 (2390)c 804 (2940)c

luminance efficiency 3.34 (2.39)c 4.03 (2.94)c

(cd/A)b

external quantum 1.63 (1.17)c 1.84 (1.34)c

efficiency (%)b

maximum brightness 4320 (at 20 V) 5000 (at 19 V)
(cd/m2)

maximum luminance 3.99 4.87
efficiency (cd/A)

maximum external 1.95 2.22
quantum efficiency (%)

EL peak positions (nm)d 427, 452, 517, 603 427, 452, 519, 601
CIE coordinates,d x andy 0.37 and 0.34 0.37 and 0.36

a At 1 cd/m2. b At 20 mA/cm2. c Data in parentheses were recorded at
100 mA/cm2. d At 9 V.
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Conclusions

We have demonstrated efficient white electroluminescence
from PF-based copolymers (PFTO-I andWPFTO-II ) contain-
ing both hole- and electron-transporting pendent groups, with
small concentrations of BT-based green-light-emitting and
DTBT-based red-light-emitting units covalently linked to the
backbone of a bipolar blue-light-emitting polyfluorene,PFTO.
As a result of partial energy transfer from the blue-fluorescent
polyfluorene to the green- and red-fluorescent components, the
copolymers exhibit white light emission comprising the indi-
vidual emissions from the three emissive species. The EL
devices based onPFTO-I andWPFTO-II were turned on at
low applied voltages in the region 5-7 V. The luminance
efficiency reached as high as 4.87 cd/A, corresponding to an
external quantum efficiency of 2.22%. The resulting white
electroluminescence exhibited emission contributions from all
three primary colors, with the CIE coordinates close to the equal-
energy white point. At a brightness of 103 cd/m2, the luminance
efficiency could be retained at a high level (ca. 4 cd/A) for the
WPFTO-II device.
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