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We have synthesized poly(9,9-dioctylfluorene-co-9,10-diphienylanthracene) (PFAN), which is based on
the blue light-emitting materials fluorene and anthracene derivative, using Suzuki coupling. These
copolymers synthesized at wide-ranging mol ratios are fully dissolved in ordinary organic solvents and
show high thermal stability. PF50AN50, PF75AN25, and PF90AN10 demonstrate maximum photo-
luminescent wavelengths when Aax =440, 440, and 443 nm and peaks for electroluminescent
properties when \ . = 442,442, and 450 nm, respectively. In all PFAN series, new electroplex-increased
emission peaks appear nearby 540 nm at 13V, 14V, and 15 V, respectively, as driving voltage increases,
with the CIE coordinates being (0.30, 0.36) and change in color observed from blue emission to white

© 2011 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

1. Introduction

For the past several decades, m-conjugated polymer has drawn
keen academic attention in a wide variety of fields including
organic light-emitting diodes (OLEDs) [1-5], organic thin film
transistors (OTFTs) [6-11], organic photovoltaic cells (OPVs) [12-
15], and optical devices [16,17], with OLEDs currently being one of
the most attractive applications. Unlike conventional devices of
liquid crystal display (LCDs) and cathode ray tubes (CRTs), an OLED
is a self-emitting device that does not require any backlight and has
a wide-viewing angle. It also enables the production of ultra-
lightweight thin films and offers many outstanding properties such
as low operating voltage and fast response time. Polymer light-
emitting diodes (PLEDs), in particular, are widely expected to be
the next major advance in the display industry, as they can cover
large areas based on screen printing in the production process—
compared to a small-molecule OLED utilizing a high vacuum
deposition technique—and are flexible enough to realize the
production of flexible displays [18-20].Since the discovery of
poly(phenylenevinylene) in 1990, numerous studies have been
undertaken to realize a wide array of colors [21]. Created as part of
such endeavors are: blue light-emitting materials such as
polyfluorene [22], poly(fluorene-phenothiazine) [23], and poly-
carbazole [24]; poly(phenylene-vinylene) conductor [25] and
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other green light-emitting materials; and orange and red light-
emitting materials such as poly(fluorene-thiophene) [7], poly(-
fluorene-benzothiophene) [26], and poly(fluorene-phenothiazine)
conductor [27]. These materials displaying red, green, and blue
(RGB) can be used to successfully realize full-color displays. At
present, however, green and orange devices are the only two
options that are commercially viable, while blue and red light-
emitting diodes are still in their infancy [28,29].The blue light-
emitting material poly(9,9-di-n-hexylfluorene) (PDHF) was the
first to be developed among these devices, and active research has
since been underway on various types of polyfluorene derivatives,
given fluorene’s high photoluminescence quantum yield, excellent
chemical/thermal stability, good solubility and uniform film
generation, high molecular content, and ease of synthesis [30-
32]. Polyfluorene is also widely used in many studies on white
light-emitting materials owing to the aforementioned advantages
[33-35]. Rigid-rod polyfluorene, however, generally shows a
nematic-type arrangement due to - stacking-induced chain
aggregation upon the generation of a film. This chain aggregation
reduces luminescence quantum yield, and hence some researchers
are applying the bulky aryl group or alkyl chain to the ninth
position of fluorene to minimize chain aggregation and achieve
high light-emitting efficiency [36,37].

Numerous studies are also being carried out regarding anthra-
cene conductor as another blue light-emitting material, as it has
excellent physical properties, high power/current efficiency, and
outstanding external quantum yield. Especially noteworthy is that
anthracene, which has bulky substituents in the ninth and tenth
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positions, was twisted by mutual interactions between these bulky
substituents and demonstrated a non-planar structure. Such non-
planarity of the structure effectively reduced intermolecular -
stacking and minimized concentration quenching. Consequently,
the non-planarity of anthracene conductor facilitates generation of a
stable amorphous film and effective EL properties [38,39].

Against this background, we used a fluorene conductor with
high PL/EL quantum efficiency and a non-planar phenylanthracene
conductor to synthesize—using the Suzuki coupling method—
polyfluorene and three new types of poly(9,9-dioctylfluorene-co-
9,10-diphenylanthracene). Effective blue light emission, at anthra-
cene derivative mol ratios of 50%, 25%, and 10%, respectively, was
obtained. The chemical structure and the synthetic procedure of
the new polymer, PFAN series, are shown in Scheme 1. Anthracene
derivative mol ratio of PF50AN50, PF75AN25, PFOOAN10 are
respectively 50%, 25%, 10%.

2. Experiment

Unless otherwise specified, all the reactions were carried out
under nitrogen atmosphere. Solvents were dried by standard

=
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procedures. All column chromatography was performed with the
use of silica gel (230-400 mesh, Merck) as the stationary phase.
TH NMR spectra were performed in a Bruker ARX 400
spectrometer using solutions in CDCl; and chemical were
recorded in ppm units with TMS as the internal standard.
Electronic absorption spectra were measured in chloroform
using a HP Agilent 8453 UV-vis spectrophotometer. Photolumi-
nescent spectrum was recorded by Perkin Elmer LS 55 lumines-
cence spectrometer. Cyclic voltammetry experiments were
performed with a Zahner IM6eX Potentionstat/Galvanostat. All
measurements were carried out at room temperature with a
conventional three-electrode configuration consisting of plati-
num working and auxiliary electrodes and a non-aqueous Ag/
AgCl reference electrode at the scan rate of 50 mV/s. The solvent
in all experiments was acetonitrile and the supporting electro-
lyte was 0.1 M tetrabutyl ammonium-hexafluorophosphate. DSC
measurements were carried out using a TA instruments DSC
2310 Modulated DSC at a heating rate of 10°C/min. TGA
measurements were performed on NETZSCH TG 209 F3 thermo-
gravimetric analyzer. All GPC analyses were made using THF as
eluant and polystyrene standard as reference. Fabricated device
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Scheme 1. Synthetic scheme of the polymers.



354 H.J. Song et al./Journal of Industrial and Engineering Chemistry 17 (2011) 352-357

structure were ITO/PEDOT:PSS/polymer/BaF,/Ba/Al. PEDOT:PSS
and polymer film were fabricated by spin-coating method.

2.1. Preparation of 9,10-bis(4-bromophenyl)-2-ethylanthracene

To 1,4-dibromobenzene (10.48 g, 44.43 mmol) dissolved in THF
(30 mL) was added 27.76 mL of n-butyllithium (1.6 M in hexane)
slowly at —78 °C. To the suspension, 2-ehtylanthraquinone (5 g,
21.16 mmol) in THF (30 mL) was added dropwise at —78 °C. The
mixture was left to reach room temperature. Cold water (200 mL)
was added and the organic phase separated. The water phase was
extracted with ether (300 mL). The combined organic fractions
were dried over sodium sulfate and the solvent was removed at a
reduced pressure. To this residue were added potassium iodide
(10.45g, 63 mmol), sodium hypophosphite hydrate (18.47 g,
210 mmol), and acetic acid (50 mL), and the mixture was heated
under reflux for 4 h. After cooling, the product washed with plenty
of water, and dried. The compound was purified by column
chromatography over silica gel. Yield 9.60¢g (88%). 'H NMR
(400 MHz, CDCls, 8, ppm): 1-3 (5H, CH», CH3), 7-8 (15H, ArH).

2.2. Preparation of 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)

To 9,9-dioctyl-2,7-dibromofluorene (1.5¢g, 2.73 mmol) dis-
solved in THF (20mL) was added 3.58 mL of n-butyllithium
(1.6M in hexane) slowly at —-78°C. To the suspension,
2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.22 mL,
6 mmol) was added dropwise at —78 °C. The mixture was left to
reach room temperature. Cold water (200 mL) was added and the
organic phase separated. The water phase was extracted with ether
(300 mL). The combined organic fractions were dried over sodium
sulfate and the solvent was removed at a reduced pressure. The
product was purified by recrystallization in hexane. Yield 1.03 g
(60%) 'H NMR (400 MHz, CDCl3, 8, ppm): 1-3 (46H, CH,, CHs), 7-8
(6H, ArH).

2.3. Polymerization of poly(9,9-dioctylfluorene-co-9,10-
diphenylanthracene)

9,10-Bis(4-bromophenyl)-2-ethylanthracene and 2,2’-(9,9-dioc-
tyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane), 9,9-dioctyl-2,7-dibromofluorene, (PPh3)4Pd(0) (1.5 mol%) and
Aliquat 336 were dissolved in a mixture of toluene and an aqueous
solution of 2 M K;COs. The solution was refluxed for 48 h with
vigorous stirring in a nitrogen atmosphere. The whole mixture was
poured into methanol. The precipitate was filtered off, purified with
acetone, chloroform in soxlet.

PF50AN50: Yield: 0.70 g (70%). "H NMR (400 MHz, CDCls, $,
ppm): 1-3 (47H, CH,, CH3), 7-8 (21H, ArH).

PF75AN25: Yield: 0.63 g (63%). 'H NMR (400 MHz, CDCls, §,
ppm): 1-3 (47H, CH,, CH3), 7-8 (13H, ArH).

PF90AN10: Yield: 0.54 g (54%). 'H NMR (400 MHz, CDCls, §,
ppm): 1-3 (47H, CH,, CH3), 7-8 (6.6H, ArH).

3. Results and discussion

We synthesized all polymers based on Suzuki coupling using
monomer 9,10-bis(4-bromophenyl)-2-ethylanthracene, 2,2’-(9,9-
dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane) and 9,9-dioctyl-2,7-dibromofluorene. The synthesized
polymers were refined with methanol, acetone, hexane, and
chloroform sequentially using soxlet. They were easily dissolved in
ordinary organic solvents, including chloroform, toluene, xylene,
and benzene, and most generated films without difficulty. As
described in Fig. 1, 'TH NMR showed that the polymers were
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Fig. 1. 'H NMR spectrum of PFAN series.

successfully synthesized. The spectrum of the aromatic ring for the
PFAN series was observed at 7.2-8.0 ppm, and that of the alkyl side
chain was found at 0.8-2.8 ppm. The aromatic content of the
anthracene core was smaller when the ratio of anthracene
conductor was lower. Each polymer was measured using GPC,
and the results are presented in Table 1. The Mn content in
PF50AN50, PF75AN25, and PF90AN10 was relatively high, at
17,935, 22,100, and 17,001, respectively; their PDI content stood at
1.92, 1.71, and 1.37, respectively.

The thermal properties of the polymers were verified using TGA
and DSC. Fig. 2 illustrates the TGA of the polymers. The thermal
stability of the PFAN series was high enough to show 5% weight
loss at 405 °C, 405 °C, and 407 °C, respectively. The polymers were
scanned at a rate of 10 °C/min and underwent DSC measurement,
and the Tg of the polymers stood at 142-147 °C. On the basis of this
high thermal stability, these polymers are expected to prove stable
in the manufacturing or operation of devices at high temperature.

Table 1

Physical and thermal properties of the polymers.
Polymer M, M, PDI T4 (°C)
PF50AN50 17,933 34,526 1.92 405
PF75AN25 22,100 37,904 1.71 405
PF90AN10 17,001 23,443 137 407
PF 14,181 25,586 1.80 410
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Fig. 2. TGA curve of PFAN series.
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Fig. 3. UV-vis spectroscopy (a) solution (b) film of polymers.

The polymer films were dissolved in chloroform so that the UV-
vis absorption spectrum and PL spectrum could be measured from
both solution and film forms. The results are illustrated in Figs. 3
and 4. The UV spectrum of PF50AN50 was similar to that of the
anthracene group (Amax = 340, 360, 378, 396). This is believed to be
because conjugation between the anthracene core and the
aromatic group in the polymer conductor was not sufficiently
active [40]. The similarity to PF’'s UV spectrum increased as the
content of anthracene core declined further. The band gap energy
between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) was found using the
UV spectrum’s onset value, with PF50AN50, PF75AN25, and
PFO0AN10 demonstrating values of 2.93, 2.97, and 2.99eV.
PF50AN50, PF75AN25, and PFO0AN10 showed respective maxi-
mum light-emitting peaks at 440 nm, 440 nm, and 443 nm in
solution form and at 448 nm, 447 nm and 451 nm in the form of
film, red-shifting by approximately 7-8 nm compared to the
solution. This is presumably due to the impact of intermolecular
interactions caused by -1 stacking. The same shoulder peak as
that found in PF’s PL spectrum was observed as the content of
fluorene conductor was increased. The optical properties of the
PFAN series are summarized in Table 2.

We used the onset value of cyclic voltammetry to derive HOMO
and LUMO levels, and the results are shown in Fig. 5. The scan rate
of cyclic voltammetry was set at 50 mV/s, and Ag/AgCl was used as
reference electrode. The value was calibrated, with ferrocene as the
standard, and substituted into the following equation to derive the
HOMO level.

HOMO level(ev) = —4.8 — (Eonset — Eq2(ferrocene)) (1)
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Fig. 4. PL spectroscopy (a) solution (b) film of polymers.

Using this equation, we found that the HOMO levels of
PF50AN50, PF75AN25, PF90AN10, and PF stood at 6.01, 5.97,
5.85, and 5.79 eV, respectively; we also derived their LUMO levels
using the band gap energy obtained from the UV absorption. The
low band gap properties became more apparent and the HOMO
level declined as the content of anthracene conductor increased.
Table 3 summarizes the electrochemical properties of the PFAN
series.

The electroluminescent properties of the PFAN series are
described in Fig. 6. Single layer emitting diodes (LED) were
manufactured with ITO/PEDOT:PSS/polymer/BaF,/Ba/Al as the
structure. The maximum EL emission peak of PF50AN50,
PF75AN25, and PF90AN10 ranged from 442 nm to 450 nm—
similar to the PL emission peak in the form of film, or blue-shifted
by around 6 nm. The turn-on voltage of the manufactured
PF50AN50, PF75AN25, and PFO0AN10 devices was low, at 5V.
PF75AN25 demonstrated the highest levels of brightness and
efficiency, as the molecular content was relatively higher [41]. As
illustrated in Table 4, PF50AN50, PF75AN25, and PF90AN10
showed maximum luminance levels of 145, 285, and 154 cd/m?

Table 2

Optical properties of polymer.
POlymerS )\max (nm) )\max (nm) EODt (ev)

UV solution UV film PL solution PL film

PF50AN50 336, 381,399 334, 383,404 440 448 2.93
PF75AN25 378 379 440 447 2.97
PF90AN10 380 377 443 451, 477 2.99
PF 384 382 442 434,450 3.00
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Fig. 5. Cyclic voltammogram of PFAN series.

respectively; their CIE coordinates were (0.20, 0.22), (0.23, 0.28),
and (0.20, 0.23), indicating bright blue emission. It should be noted
that, as Fig. 6 suggests, all of the PFAN series showed broader green
and red areas and emitted white light as the voltage was increased.
For instance, PF50AN50, PF75AN25, and PFO0AN10 were displayed
as broad areas with their shoulder emission peaks (544, 538, and
538 nm) appearing at 13V, 14V, and 15V, respectively; the CIE
coordinates were (0.30, 0.36), and white light emitting 20-30 cd/
m? was observed. This, we believe, was affected by electroplex
between intermolecular and intramolecular interactions, but
electroplex is seen only in high driving voltage areas, not in the
case of photoluminescence [42-44]. According to the Kalinowski
model, when electron excitation takes place within D* and A-, the
following two configurations are created: (a) a local excited
configuration |A*D); and (b) a charge transfer configuration |A"D*).
These two configurations can be expressed as the following
equation.

Yex =C1 - |A'D) + G;|AD* (2)

C; and G, represent two types of constants on expressed
mixability; A*D) refers to the electron transition from A to D
(i.e. recombination of the energy level electron in A and HOMO
energy level hole in D) [45-48]. Fig. 7 shows a band diagram
illustrating an electroplex caused by polymer intramolecular and
intermolecular interactions. As the voltage rose, electrons in-
creased from the (a) recombination form to the (b) recombination
form, showing long-pulse energy and resulting in a color shift.
Considering that new emission peaks appeared in PF50AN50,
PF75AN25, and PF90AN10 at 13V, 14V, and 15 V, respectively, we
concluded that electroplex-increased electron transitions in-
creased between fluorene conductors as anthracene conductors
grew in number. This demonstrates that electroplex, a phenome-
non observed primarily in blending and interfaces, may also take
place in a single component due to the influence of intramolecular
and intermolecular interactions.
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Fig. 6. EL luminescent spectra of (a) PF50AN50 (b) PF75AN25 (c) PF90AN10 with
driving voltage.

We plan to design a new copolymer using blue green materials
with different band gap energies to gauge the possibility of
realizing electroplex phenomena. The EL properties of the PFAN
series are summarized in Table 4.

Table 4
EL properties of polymers.

Table 3

Electrochemical properties of the polymers.
Polymer Oxidation HOMO (eV) LUMO (eV) Optical band

onset gap (eV)

PF50AN50 1.67 —6.01 —3.08 293
PF75AN25 1.63 -5.91 -3.00 2.97
PFO0AN10 151 -5.85 -2.86 2.99
PF 1.45 -5.79 —-2.79 3.00

HOMO = —4.8(Egnsec — E12(ferrocene)).
LUMO = Eqpe — HOMO.

Polymers EL emission Max. cd/A CIE coordinates blue,
Amax (nm) brightness white
(cd/m?)
PF50AN50  442(544, 548) 145 0.018 (0.20,0.22) (0.30, 0.36)
PF75AN25  442(538) 285 0.031 (0.23,0.28) (0.30, 0.36)
PF90AN10  450(538) 154 0.015 (0.20,0.23) (0.30, 0.35)
PF 436 46.2 0.003 (0.18,0.13)
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Fig. 7. Energy band diagram of (a) exciton emission (b) electroplex.

4. Conclusion

We have successfully synthesized a new polymer using the
blue-emitting materials anthracene and fluorene, and this polymer
demonstrates excellent solubility and thermal stability. PF50AN50,
PF75AN25, and PFO0AN10 demonstrate maximum photolumines-
cent wavelengths when A, = 440, 440, and 443 nm and peaks for
electroluminescent properties when Ay ax = 442, 442, and 450 nm,
respectively. The EL emission spectra are shown to be blue-shifted
compared to the PL emission spectra. It is especially noteworthy
that the electroplex emission generates a new emission band. New
electroplex-increased emission peaks appear nearby 540 nm at
13V,14V,and 15 V, respectively, as driving voltage increases, with
the CIE coordinates being (0.30, 0.36) and change in color observed
from blue emission to white emission. In conclusion, we have used
blue materials in a single component to observe the electroplex
phenomenon.
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