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ABSTRACT: We have developed efficient white-light-emitting polymers through the
incorporation of low-bandgap orange-light-emitting benzoselenadiazole (BSeD) moi-
eties into the backbone of a blue-light-emitting bipolar polyfluorene (PF) copolymer,
which contains hole-transporting triphenylamine and electron-transporting oxadiazole
pendent groups. By carefully controlling the concentrations of the low-energy-emitting
species in the resulting copolymers, partial energy transfer from the blue-fluorescent
PF backbone to the orange-fluorescent segments led to a single polymer emitting white
light and exhibiting two balanced blue and orange emissions simultaneously. Efficient
polymer light-emitting devices prepared using this copolymer exhibited luminance effi-
ciencies as high as 4.1 cd/A with color coordinates (0.30, 0.36) located in the white-light
region. Moreover, the color coordinates remained almost unchanged over a range of
operating potentials. A mechanistic study revealed that energy transfer from the PF
backbone to the low-bandgap segments, rather than charge trapping, was the main
operating process involved in the electroluminescence process. © 2007 Wiley Periodicals,

Inc. J Polym Sci Part A: Polym Chem 45: 2938-2946, 2007
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INTRODUCTION

White polymer light-emitting diodes (WPLEDs)
have attracted considerable attention because of
their potential applications in solid state lighting
and in back panel lighting for liquid crystal dis-
plays.'™® In addition, PLEDs have the advantage
of allowing large and flexible areas to be covered
using solution processes, including spin-coating
and ink-jet printing techniques, which are gener-
ally less expensive than the high-vacuum deposi-
tion techniques*~” used commonly for small mole-
cules. Generally, to achieve white emission from a
PLED, it is desirable to utilize more than one
active polymer because the emission of a single
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polymer typically does not span the entire visible
spectrum. Although several white-light-emitting
single-polymer systems have been reported to ex-
hibit blue emissions from the polymer itself and
orange emissions from aggregating, excimer, or
electroplex components, these systems have suf-
fered from low efficiency.®1° Various approaches
toward realizing efficient WPLEDs have been
described, "' especially for devices based on
small-molecule-doped polymers or polymer-blend
systems. More recently, single polymers emitting
white light have been prepared through chemical
incorporation of low-bandgap moieties into blue-
emitting polymers.'®23 Preparing WPLEDs from
single polymers is desirable because it has advan-
tages over blend systems in terms of avoiding
both phase separation and complex fabrication
processes.
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Polyfluorenes (PF's) are very promising candi-
dates for blue-light-emitting materials because of
their high photoluminescence (PL) and electrolu-
minescence (EL) efficiencies and high thermal
stabilities.?*2" In addition, PFs can be readily
color-tuned through chemically or physically dop-
ing with lower-energy dyes.?®3° Consequently,
PFs can function as both the host and the blue
emitter in white-light-emitting devices. We have
demonstrated that PF-TPA-OXD, a bipolar
charge-transporting PF derivative containing
hole-transporting triphenylamine (TPA) and elec-
tron-transporting oxadiazole (OXD) pendent
groups, is not merely an efficient blue emitter
with good spectral stability but also it is an ideal
polymeric host for low-energy dopants.!®17:35:40
In this study, therefore, we incorporated orange-
emitting benzoselenadiazole (BSeD) units cova-
lently into the backbone of this dipolar PF copoly-
mer with the aim of achieving white light emis-
sion from a single PF copolymer. By carefully
controlling the concentrations of the low-energy-
emitting species in the resulting copolymers,
partial energy transfer from the blue-fluorescent
PF backbone to the orange-fluorescent segments
resulted in a white-light-emitting single polymer
exhibiting two balanced blue and orange emis-
sions simultaneously. White EL was achieved,
accompanied by a maximum luminance efficiency
of 4.1 cd/A.

EXPERIMENTAL

Materials

Monomers 1-4,7"*% the model compound 4,7-
bis(9,9-dihexyl-2-fluorenyl)-2,1,3-benzoselenadia-
zole (BF-BSeD),'® and the blue-light-emitting
polymer PF-TPA-OXD*? were prepared accord-
ing to reported procedures. The solvents were
dried using standard procedures. All other
reagents were used as received from commercial
sources unless otherwise stated.

Characterization

'H and '®C NMR spectra were recorded on Varian
Unity 300 MHz and Bruker-DRX 300 MHz spec-
trometers. Mass spectra were obtained using a
JEOL JMS-HX 110 mass spectrometer. Size
exclusion chromatography was performed using a
Waters chromatography unit interfaced to a
Waters 410 differential refractometer; three 5-um
Waters styragel columns (300 X 7.8 mm?) were
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connected in series in order of decreasing pore
size (10%, 103, and 10% A); tetrahydrofuran (THF)
was the eluent. Standard polystyrene samples
were used for calibration. Differential scanning
calorimetry (DSC) was performed using a Seiko
EXSTAR 6000 DSC unit operated at heating and
cooling rates of 20 and 40 °C/min, respectively.
Samples were scanned from 30 to 300 °C, cooled
to 0 °C, and then scanned again from 30 to 300 °C.
The glass-transition temperatures (7)) were
determined from the second heating scan. Ther-
mogravimetric analysis (TGA) was undertaken
using a DuPont TGA 2950 instrument. The ther-
mal stability of the samples under a nitrogen
atmosphere was determined by measuring their
weight loss while heating at a rate of 20 °C/min.
UV-Vis spectra were measured using an HP 8453
diode-array spectrophotometer. PL spectra were
obtained using a Hitachi F-4500 luminescence
spectrometer. Cyclic voltammetry (CV) measure-
ments were performed using a BAS 100 B/W
electrochemical analyzer operated at a scanning
rate of 50 mV/s; the supporting electrolyte was
0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFg) dissolved in anhydrous acetonitrile.
The potentials were measured against an Ag/Ag™
(0.01 M AgNO3) reference electrode with ferro-
cene as the internal standard. The onset poten-
tials were determined from the intersection of
two tangents drawn at the rising and background
currents of the cyclic voltammogram.

Fabrication of LEDs

We fabricated LED devices having the structure
ITO/poly(styrenesulfonate)-doped poly(3,4-ethyl-
enedioxythiophene) (PEDOT:PSS) (35 nm)/poly-
mer emitting layer (50-70 nm)/TPBI (30 nm)/
Mg:Ag (100 nm)/Ag (100 nm). The PEDOT was
spin-coated directly onto indium tin oxide (ITO)
glass and dried at 80 °C for 12 h in vacuo to
improve both the hole injection capability and the
smoothness of the substrate. 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 in vacuo. Prior to
film casting, the polymer solution was filtered
through a Teflon filter (0.45 ym). The TPBI layer,
which we used as an electron transporting layer
that would also block holes and confine excitons,
was grown through thermal sublimation in a vac-
uum of 3 X 107° torr. Subsequently, the cathode
Mg:Ag (10:1, 100 nm) alloy was deposited through
coevaporation onto the TPBI layer; this process
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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 pho-
todiode.

General Polymerization Procedure

Aqueous potassium carbonate (2.0 M, 0.72 mL)
and Aliquat 336 (~20 mg) were added to a mix-
ture of monomers 1-4 in distilled toluene
(1.44 mL). The mixture was degassed and then
Pd(PPhjs), (12 mg, 5.5 mol %) was added in one
portion while flushing vigorously with nitrogen.
The solution was heated at 110 °C for 24 h under
nitrogen. The end groups were then capped by
heating the mixture under reflux for 12 h with
benzeneboronic acid and then for 12 h with bro-
mobenzene. The reaction mixture was cooled to
room temperature and the product was precipi-
tated into a mixture of MeOH and H,O [3:7 (v/v),
100 mL]. The crude polymer was collected and
washed with excess MeOH. The polymer was dis-
solved in THF, reprecipitated into MeOH, washed
with acetone for 48 h using a Soxhlet apparatus,
and then dried under vacuum to afford the
desired copolymers.

TOF-BSeDy, 25

A solution of monomers 1 (52.3 mg, 59.7 umol), 2
(61.8 mg, 59.7 ymol), 3 (500 yL, 0.60 umol, 1.20
X 1072 M solution in toluene), and 4 (77.1 mg,
120 umol) was copolymerized to yield TOF-
BSeD, 25 (106 mg, 83.5%). 'H NMR (500 MHz,
CDCl3): 0 0.71-0.76 (m, 20 H), 0.89 (t, J = 4.0 Hz,
12 H), 0.91 (m, 40 H), 1.28 (m, 26 H), 1.62 (m, 8
H), 2.05 (m, 8 H), 2.53 (m, 8 H), 6.91-7.18 (m,
24H), 7.55-17.86 (m, 30H), 7.97-8.11 (m, 10H). '*C
NMR (125 MHz, CDCly): 6 14.0, 14.1, 22.4, 22.5,
23.8, 29.2, 30.0, 31.1, 31.7, 33.6, 35.0, 35.1, 40.3,
55.3, 64.7, 65.8, 120.0, 121.0, 121.3, 121.8, 122.3,
122.9, 123.9, 124.5, 124.6, 126.0, 126.7, 127.3,
128.0, 128.3, 128.9, 129.1, 129.8, 131.9, 137.5,
138.5, 138.9, 140.3, 145.3, 146.7, 149.2, 150.8,
151.9, 152.8, 155.4, 164.0, 164.7. Anal. Calcd: C,
87.16; H, 7.91; N, 3.55. Found: C, 86.12; H, 7.72;
N, 3.73.

TOF-BSeD0.5

A mixture of monomers 1 (52.1 mg, 59.4 umol),
2 (61.5 mg, 59.4 umol), 3 (200 uL, 1.20 umol, 6.00

X 10~* M solution in toluene), and 4 (77.1 mg,
120 umol) was copolymerized to yield TOF-
BSeDy 5 (115 mg, 75.9%). TOF-BSeD, 5 exhib-
ited virtually identical 'H and *C NMR spectra
as those of TOF-BSeD,s5 because these two
copolymers had very similar chemical structures
and compositions.

TOF-BSQDOJ

A solution of monomers 1 (49.3 mg, 56.2 umol), 2
(568.2 mg, 56.2 umol), 3 (200 uL, 1.60 pmol, 8.00
X 1072 M solution in toluene), and 4 (73.3 mg,
114 umol) was copolymerized to yield TOF-
BSeD,.; (106 mg, 81.2%). TOF-BSeD, ;7 exhibited
virtually identical 'H and '3C NMR spectra as
those of TOF-BSeD, .5 because these two copoly-
mers had very similar chemical structures and
compositions.

RESULTS AND DISCUSSION

Synthesis

Scheme 1 illustrates the synthetic route followed
for the preparation of TOF-BSeD, copolymers,
including the feed ratios of the comonomers. The
OXD-containing monomer 1,*! TPA-containing
monomer 2,*2 4,7-dibromo-2,1,3-benzoselenadia-
zole (8),*>** and the diboronate 4*° were synthe-
sized according to reported procedures. The
copolymers TOF-BSeD,, incorporating orange-
light-emitting BSeD units in the PF main chain,
were synthesized through Suzuki coupling
between the dibromides 1-3 and the diboronate
4. To fine-tune the relative intensity of the blue
and orange emissions, the content of BSeD units
in the copolymers was controlled within the range
from 0.25 to 0.70 mol %. The copolymerizations
were performed using Pd(PPhs), as the catalyst
and Aliquat 336 as the phase-transfer reagent in
a mixture of toluene and aqueous KoCO3 (2.0 M).
When the polymerizations were complete, the end
groups of the polymer chain were capped by heat-
ing the mixture under reflux sequentially with
phenylboronic acid and bromobenzene. The re-
sultant polymers were random copolymers pos-
sessing backbones consisting of fluorene seg-
ments of different lengths separated by single
BSeD units at both ends of each segment. The sele-
nium content in TOF-BSeD,. (0.033—0.094 wt %),
as measured using inductively coupled plasma
mass spectrometry (ICP-MS), matched the mono-
mer feed ratio agreeably (0.029-0.105 wt %).
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model compound.

The TOF-BSeD,. copolymers readily dissolved
in common organic solvents, such as toluene,
chlorobenzene, chloroform, and THF. Their num-
ber-average molecular weights (M,,), determined
using gel permeation chromatography with poly-
styrenes as standards, were in the range 3.1-5.8
X 10* g/mol with polydispersities ranging from
1.7 to 1.9. We investigated the thermal properties
of these copolymers using TGA and DSC. All the
polymers exhibited good thermal properties, with
5% weight losses occurring above 400 °C and
glass transition temperatures (7)) at ~180 °C.
Such relatively high-temperature glass transi-
tions can prevent morphological changes from
occurring upon exposure to heat; this characteris-
tic is an essential one for polymers that are to be
used as emissive materials for light-emitting
applications.

Photophysical Properties

Figures 1 and 2 display the absorption and PL
spectra of TOF-BSeD, in dilute THF solutions
and in solid films; for the sake of comparison, the
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Synthesis of PF copolymers and chemical structure of orange-emitting

absorption and PL spectra of PF-TPA-OXD are
also provided. The absorption spectra of TOF-
BSeD, are similar to those of PF-TPA-OXD,
both in solution and in the solid state, with two
major absorptions appearing at ~300 and 390 nm.
The first absorption in the short-wavelength
region originates from the combined absorptions
of the TPA and OXD pendent groups; the second
arises from zn-7* transitions of the conjugated PF
backbone. There was no detectable absorption
band for the BSeD units (at ~440 nm for the
model compound BF-BSeD, Fig. 3) because of
their very low abundances in these copolymers.
For the same reason, the PL spectra of TOF-
BSeD,, in dilute solutions displayed two vibronic
peaks (at 420 and 444 nm) that are identical to
those observed in the PL spectrum of PF-TPA-
OXD:; i.e., the spectral features represented only
the polyfluorenyl chromophoric segments. In con-
trast, the incorporation of BSeD units into the
main chain greatly enhanced the luminescence
properties in the thin films. As indicated in Fig-
ure 2(b), the PL spectra of TOF-BSeD, films
spin-coated onto quartz substrates contain, in
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Figure 1. UV-vis absorption spectra of the copoly-
mers (a) in dilute THF solutions and (b) in the solid
state.

addition to their PF emissions, a longer-wave-
length emission band observed in the orange
region arising from the narrow-bandgap BSeD
units. To further understand the interactions
between the fluorene segments and the low-
energy-emitting species, we prepared a model
compound, BF-BSeD, and investigated the opti-
cal behavior of the orange-emitting moieties in
the backbones of the dye-attached copolymers.
Figure 3 indicates that the absorption spectrum
of BF-BSeD overlaps well with the emission
spectrum of PF, implying that efficient energy
transfer occurred from the fluorene segments
to the low-energy-emitting moieties in the dye-
attached copolymers. The enhanced orange
emission intensities in the solid state PL spectra
presented in Figure 2(b) indicate that energy
transfer from the fluorene segments to the
low-energy-emitting segments was facilitated
through both intra- and interchain channels
because of the shorter distances between the poly-
mer chains in the solid state. With the increase of
the content of BSeD unit, the contribution of the
orange emission in Figure 2(b) enlarges. In the
case of TOF-BSeD,, this copolymer exhibits
relatively balanced intensities of the blue and

a
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Figure 2. PL spectra of the copolymers (a) in dilute
THF solutions and (b) in the solid state.

orange emissions, resulting in white emission
(vide post).

Furthermore, to investigate the energy trans-
fer between the pendent TPA and OXD groups
and the main chain, the solid films were also
excited at 300 nm, i.e., the absorption maxima of
the side chains. We found that the PL spectra

1.0

—— PL of PF-TPA-OXD
== Abs andFL of EF-BSeD

o
w

o
n

o
=

Abs JEmission Intensity (au.)

400 S00 B00 w00
Wawvelength (nm)

Figure 3. PL spectrum of PF-TPA-OXD (excited at

390 nm) in the solid state and the PL and absorption

spectra of BF-BSeD (excited at 440 nm) in dilute THF
solution.
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Figure 4. PL (solid lines, excited at 300 nm) and exci-
tation (dashed lines, monitored emission at 550 nm)
spectra of (a) TOF-BSeDy 25, (b) TOF-BSeD, 5, and (c)
TOF-BSeD, ; in the solid state.

superimposed well with that obtained under exci-
tation of the PF segments at 390 nm (Fig. 4). No
luminescence was detectable at ~360 nm from ei-
ther the TPA or OXD side chains. Moreover, the
excitation spectra, monitored at 550 nm, were
almost identical to the absorption spectra. These
results reveal that, in addition to direct energy
transfer from the excited polyfluorenyl segments
to the doped BSeD units, a cascade energy trans-
fer, mediated by the PF backbone, occurred from
the excited TPA and OXD pendent groups to the
lower-energy BSeD sites.

Electrochemical Properties

We employed CV to investigate the redox behav-
ior of the copolymers and to estimate their
HOMO and LUMO energy levels. The electro-
chemical behavior of the polymer films coated
onto glassy carbon electrodes was studied using
an electrolyte of 0.1 M TBAPFg in acetonitrile;
ferrocene was employed as the internal standard.
TOF-BSeD,. exhibited similar redox behavior to
that of PF-TPA-OXD, with onset potentials for
oxidation and reduction at 0.50 and —2.30 V,
respectively. In addition, we did not observe any
electrochemical behavior attributable to the
BSeD units in TOF-BSeD,. because of their low
contents in the polymer backbones. These results
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indicate that the introduction of a small number
of orange-emitting moieties did not affect the elec-
trochemical properties of the original polymers.
Similar phenomena have been observed from
studies of related fluorene-based copolymers.'522
Based on the onset potentials, we estimated the
HOMO and LUMO energy levels of these three
copolymers to be —5.30 and —2.50 eV, respec-
tively, in relation to the energy level of the ferro-
cene reference (4.8 eV below the vacuum level).*

EL Properties

To evaluate the EL properties of the polymers, we
fabricated devices having the configuration ITO/
PEDOT (35 nm)/TOF-BSeD,. (50-70 nm)/TPBI
(30 nm)/Mg:Ag (100 nm)/Ag (100 nm). The TPBI
layer was employed as an electron-transporting
layer that would also block holes and confine exci-
tons. As indicated in Figure 5, the EL spectra of
the three polymers display dual emissions com-
prising both blue emissions (at ~430 and 450 nm)
from the polyfluorenyl segments and orange
emissions (at ~550 nm) from the BSeD units.
Because the EL spectra of TOF-BSeD,. are quite
similar to their corresponding PL spectra pre-
sented in Figure 2(b), energy transfer from the
fluorene segments to the BSeD-based units is
probably the main operating mechanism involved
in the EL process.*”*® Figure 6 presents an
energy level diagram, based on TOF-BSeD, and
the model compound BF-BSeD,'¢ that we con-
structed to obtain information regarding the
charge-transporting mechanism in the EL devi-
ces. In our device configuration, holes would be

—o— TOF-BSeD,
—o— TOF-BSeD

a5

—&— TOF-BSeD,

(=]
=]

Emission Intensity (au.)
(=] (=]
L] =

(=)
f=]

400 S00 &00 700
Wavelength (nm)
Figure 5. EL spectra of the ITO/PEDOT/TOF-

BSeD,/TPBI/Mg:Ag devices recorded at an applied
potential of 9 V.
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Figure 6. Energy level diagram for the materials
involved in EL devices having the configuration ITO/
PEDOT/polymer/TPBI/Mg:Ag.

the majority carriers because of the relatively
lower injection barrier (0.1 eV) from the ITO/
PEDOT electrode to the next organic layer (TOF-
BSeD,). The energy diagram suggests that the
BSeD units could not work as trapping sites for
holes, the major carriers, and that the charge
trapping mechanism is insignificant in the TOF-
BSeD,-based devices. As a result, we observed
very few differences between the PL and EL spec-
tra of these polymers. This finding is consistent
with our previous observations of only slight dif-
ferences between the EL and PL spectra of the
individual polymers.'®

Emission lntensityla.u.}

Figure 7. EL spectra of the device based on TOF-
BSeD,. ;7 operated at various driving potentials.
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Figure 8. Current density-voltage-luminance charac-
teristics of the TOF-BSeD, ;-based device.

Among the EL spectral emissions of the three
copolymers, the emission of TOF-BSeD,, was
especially wide, covering the entire visible region
(400-700 nm) with relatively balanced intensities
of the blue and orange emissions, resulting in an
apparent white color. The Commission Interatio-
nale d’Enclairage (CIE) chromaticity coordinates
of the device were (0.30, 0.36) at a bias of 9 V,
quite close to the equienergy white point (0.33,
0.33). Moreover, the emission color remained
almost constant under different bias conditions.
As indicated in Figure 7, the EL spectra of the
TOF-BSeD, 7-based device remained practically
unchanged when the bias was increased from 7 to
11 V. In contrast, the emissions of white-light
OLEDs based on polymer blend systems and sin-
gle polymers containing small-molecule dyes are
typically sensitive to the driving voltage, probably
because of phase separation or dye aggrega-
tion.??%%50 The bias-independent white emission
exhibited by our single-polymer system, in which
the chromophore units are dispersed covalently
within the polymer matrix, is desirable for dis-
play or illumination applications. Figure 8 dis-
plays the current density-voltage-luminance (I-V-
L) curves of the TOF-BSeD, 7-based white-light-
emitting devices. The device was turned on at an
applied potential of 6.7 V (corresponding to 1 cd/
m?) and a brightness of 10® cd/m? was achieved at
~11 V. As plotted in Figure 9, the maximum lumi-
nance efficiency of white EL was 4.1 cd/A, corre-
sponding to an external quantum efficiency of
1.5%, obtained at a bias of 10 V and a brightness
of 394 cd/m?. Even when the luminance in our
white-light-emitting device was increased to the
order of 10® cd/m? (at ~27 mA/cm?), the corre-
sponding EL efficiency was virtually unchanged
at 3.9 cd/A.
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CONCLUSIONS

We have developed a single polymer that emits
white light by incorporating small amounts of or-
ange-light-emitting benzoselenadiazole moieties
into the backbone of a bipolar blue-light-emitting
PF. As a result of partial energy transfer from the
blue-fluorescent PF to the orange-fluorescent
component, the copolymers TOF-BSeD, exhibit
dual emissions comprising the individual emis-
sions of the two emissive species. Through tuning
of the content of BSeD, white-light emission was
realized in the TOF-BSeD,; system. Efficient
polymer light-emitting devices prepared using
this copolymer exhibited luminance efficiencies
as high as 4.1 cd/A with CIE coordinates (0.30,
0.36) located in the white-light region. Even when
the luminance in the white-light-emitting device
was increased to the order of 10° cd/m? (at ~27
mA/cm?), the corresponding EL efficiency still
maintained at 3.9 cd/A. Moreover, because phase
separation did not occur in this covalently doped
single-polymer system, the color coordinates
remained almost unchanged upon varying the
operating potential.
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