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a  b  s  t  r  a  c  t

The  dithienylquinacridone  derivative  that  produces  orange  emission  in  fluorene,  a  representative  blue
light-emitting  material,  was  added  in a  small  quantity  as  a dopant  to synthesize  poly[fluorene-co-
DTQuinacridone]  (PFTQ)  using  the  Suzuki  coupling  reaction.  The  copolymer  was  synthesized  at  various
mole  ratios  and  was  soluble  in  organic  solvents.  The  luminous  efficiency  of PFTQ3  was  0.50  cd/A,  the
vailable online 5 October 2011
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power  efficiency  was  0.24  lm/W,  and  the  maximum  brightness  was 1450  cd/m2. In addition,  the  device
made  from  PFTQ3  emitted  white  light  with  the  CIE coordinates  of (0.31,  0.35).  After  thermal  treat-
ment,  its  luminous  efficiency,  power  efficiency  and  maximum  brightness  were  0.71  cd/A,  0.34  lm/W,
and  3905  cd/m2, respectively,  corresponding  to an  improvement  of  about  1.4  times  of  the  sample  prior
to  thermal  treatment.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In the last decade, the �-conjugated polymer has been investi-
ated for various applications including in organic light-emitting
iodes (OLED) [1–5], organic thin film transistors (OTFT) [6–11],
rganic photovoltaic cells (OPV) [12–17].  The application that
as drawn the greatest attention is its use in the organic light-
mitting diode (OLED). Specially, polymer light-emitting diodes
PLED) has gained great attention as the next-generation material in
he display industry because it allows manufacturing of large films
hrough a screen printing method, compared to small molecule
LEDs that use a high vacuum deposition technique; it also enables

he implementation of flexible displays due to the flexibility of the
lement [18–20].

Since the discovery of poly(phenylenevinylene) in
990 [21], a number of studies have been investigated
o polymer light-emitting diode materials; polyflu-
rene [22], poly(fluorene–phenothiazine) [23] and
olycarbazole [24] as blue light-emitting materials;
oly(phenylene–vinylene) [25] as green light-emitting material;
oly(fluorene–thiophene) [7],  poly(fluorene–benzothiophene)

26] and poly(fluorene–phenothiazine) derivatives [27] as orange
nd red light-emitting materials. It is possible to produce a full
olor display using these polymers to generate the red, green and

∗ Corresponding author. Tel.: +82 2 450 3498; fax: +82 2 444 0765.
E-mail address: dkmoon@konkuk.ac.kr (D.K. Moon).

379-6779/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2011.09.026
blue (R, G, B) colors. While green and orange color elements are
commercially available, blue and red light-emitting diodes have
not found widespread applications [28,29].

A number of studies have also been investigated on materials
that generate white emission in addition to the previous studies
on red-, green- and blue-emitting materials. As a result, OLED has
gained attention as a next-generation lighting source, which can
replace fluorescent light and act as an alternative material for the
backlight unit of LCDs [28–30].  Currently there are two  methods
to produce a white light-emitting material: blending RGB materi-
als and making a single polymer. Blending RGB materials, however,
results in material with low efficiency and unstable colors because
of phase separation [31,32]. To resolve these issues, researchers
have been investigating methods to develop elements in a single
polymer system. There are two methods to produce white light-
emitting materials in a single polymer system: inserting a small
quantity of green and red dopants in a blue-emitting backbone
[33,34],  and inserting a small quantity of orange dopant in a blue
backbone [35].

The fluorene derivative has been applied to white light-emitting
materials in a single polymer system as a blue backbone. This is
because fluorene has a high efficiency of photoluminescent (PL)
quantum yield, high chemical and thermal stability, good solu-
bility, even film formation, high molecular weight, and is easy

to synthesize [36–38].  However, rigid-rod polyfluorene displays
a nematic-type of arrangement due to chain aggregation as film
formation. This chain aggregation reduces luminescent quantum
yield. To minimize chain aggregation and maximize emission

dx.doi.org/10.1016/j.synthmet.2011.09.026
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:dkmoon@konkuk.ac.kr
dx.doi.org/10.1016/j.synthmet.2011.09.026
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fficiency, an aryl group or alkyl chain is applied to the 9-position
f fluorene to enhance the performance of the fluorene derivative
39,40].

Quinacridone is chemically stable and has a high PL quantum
fficiency. However, its maximum PL intensity is at 536 nm,  which
ndicates a yellowish orange emission. When this polymer is added
n a small quantity to a blue backbone, the material will emit a
luish white light. Furthermore, the effective charge trapping does
ot occur because the highest occupied molecular orbital (HOMO)

evel is 5.9 eV, which is lower than the base level of polyfluorene,
hich is 5.8 eV [41–46].  On the other hand, the PL spectrum of
ithienylquinacridone showed a red-shift of approximately 30 nm
hen compared to that of the quinacridone and the HOMO level of
ithienylquinacridone showed 5.46 eV. The PL spectrum was  then
ed-shifted and the HOMO level was increased. As a result, effective
harge trapping occurred as expected. However, there is no report
f use of dithienylquinacridone in polymer light emitting diodes.

In this study, we synthesized the dithienylquinacridone
erivative as an orange dopant. The compound poly(9,9-
ioctylfluorene-co-dithienylquinacridone) (PFTQ), a new polymer
nabling effective white-light emission, was synthesized using
ithienylquinacridone, a novel orange chromophore, with a blue-
mitting fluorene backbone at 0.01% and 0.03% molar concentration
hrough Suzuki coupling. The oxadiazole derivative with good elec-
ron transport properties and a carbazole derivative with good
ole transport properties were applied to the backbone to improve
he electron and hole transporting abilities. Then, the polymers
PFoxdTQ3, PFoxdCzTQ3), which also have effective hole and elec-
ron transport properties, were synthesized with the concentration
f 0.03 mol% to compare their properties.

. Experiment

.1. Materials and measurement

All reagents were purchased from Aldrich, Acros or TCI. All
hemicals were used without further purification. The following
ompounds were synthesized according to modified literature
rocedures: 2,2′-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-
etramethyl-1,3,2-dioxaborolane) (M3) [5],  9-(heptadecan-
-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
arbazole (M4) [47], 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-
uorene (M5) [48], and 4-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-
-yl)phenol (M6) [49].

Unless otherwise specified, all reactions were carried out under
itrogen. Solvents were dried using standard procedures. All col-
mn  chromatography was performed with the use of silica gel
230–400 mesh, Merck) as the stationary phase. 1H-NMR spec-
ra were performed in a Bruker ARX 400 spectrometer using
DCl3 as the solvent and chemical shifts were recorded in units
f ppm, with TMS  as the internal standard. The elemental anal-
ses were measured with EA1112 using a CE Instrument. All
f the thin films were fabricated using a GMC2 spin coater
Gensys, Korea), and their thickness was measured using an
lpha step 500 surface profiler (KLA-Tencor). Electronic absorp-
ion spectra were measured in chloroform using a HP Agilent
453 UV–vis spectrophotometer. PL spectra were recorded using a
erkin Elmer LS 55 luminescence spectrometer. Cyclic voltammetry
xperiments were performed with a Zahner IM6eX Potention-
tat/Galvanostat. All measurements were carried out at room
emperature with a conventional three-electrode configuration

onsisting of platinum working and auxiliary electrodes and a non-
queous Ag/AgCl reference electrode at a scan rate of 50 mV/s.
he solvent in all experiments was acetonitrile and the support-
ng electrolyte was 0.1 M tetrabutyl ammonium-tetrafluoroborate.
ls 161 (2011) 2451– 2459

TGA measurements were performed on a NETZSCH TG 209
F3 thermogravimetric analyzer. All GPC analyses were made
using THF as the eluant and polystyrene standard as a refer-
ence.

2.2. EL device fabrication and characterization

The fabricated device structure was  ITO/PEDOT:PSS/polymer
/BaF2/Ba/Al. All of the polymer light emitting diodes were prepared
using the following device fabrication procedure. The glass/indium
tin oxide(ITO) substrates [Sanyo, Japan(10 �/�)] were sequentially
lithographically patterned, cleaned with detergent, and ultrasoni-
cated in deionized water, acetone and isopropyl alcohol. Then the
substrates were dried on a hotplate at 120 ◦C for 10 min  and treated
with oxygen plasma for 10 min  in order to improve the contact
angle just before the film coating process. Poly(3,4-ethylene-
dioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS, Baytron P
4083 Bayer AG) was  passed through a 0.45 �m filter before being
deposited onto ITO at a thickness of ca. 32 nm through spin-coating
at 4000 rpm in air and then dried at 120 ◦C for 20 min  inside a
glove box. The light-emitting polymer layer was then deposited
onto the film by spin coating a polymer solution in chlorobenzene
(1.5 wt.%) at a speed of 1000 rpm for 30 s on top of the PEDOT:PSS
layer. The device was thermally annealed at 90 ◦C for 30 min  in a
glove box. The device fabrication was  completed by depositing thin
layers of BaF2 (1 nm), Ba (2 nm)  and Al (200 nm)  at pressures less
than 10−6 torr. The active area of the device was  9.0 mm2. Finally,
the cell was  encapsulated using UV-curing glue (Nagase, Japan). EL
spectra, Commission Internationale de l’Eclairage (CIE) coordinates,
current–voltage, and brightness–voltage characteristics of devices
were measured with a Spectrascan PR670 spectrophotometer at the
forward direction and a computer-controlled Keithley 2400 under
ambient condition.

2.3. Synthesis of monomers

2.3.1. Synthesis of
5,12-dihexylquinolino[2,3-b]acridine-7,14(5H,12H)-dione (1)

KOH (22.11 g, 160 mmol) was added to a stirred mixture of
quinacridone (5 g, 16.0 mmol) in DMSO (50 mL)  at room tempera-
ture. The mixture was stirred for 30 min, followed by the addition of
1-bromohexane (22.47 mL,  160 mmol). The resulting mixture was
stirred for another 24 h at room temperature, and then poured into
water and extracted with ethyl acetate (EA). The organic layer was
washed with brine and dried over anhydrous sodium sulfate. After
the solvent was removed, the crude product was purified with silica
gel column using MC  as the eluent. The end product had a yield of
2.90 g, or 37.7%. 1H-NMR (CDCl3) ı = 8.67 (s, 2H), 8.51 (d, 2H), 7.69
(t, 2H), 7.45 (d, 2H), 7.21 (t, 2H), 4.46 (t, 4H), 1.97 (m,  4H), 1.62 (m,
4H), 1.45 (m,  8H), 0.95 (m,  6H). C32H36N2O2: Calcd. C 79.96, H 7.55,
N 5.83, O 6.66; Found C 79.96, H 7.09, N 5.77, O 6.72.

2.3.2. Synthesis of 2,9-dibromo-5,12-dihexylquinolino[2,3-
b]acridine-7,14(5H,12H)-dione
(M1)

A mixture of compound 1 (2 g, 4.16 mmol), CH3COONa (0.887 g,
10.81 mmol) and acetic acid (50 mL)  was  heated to reflux while
being stirred. A solution of Br2 (0.495 mL,  9.56 mmol) in acetic acid
(50 mL)  was then added drop-wise to the mixture and stirred for
1 h. After the mixture was  cooled, the precipitated solid was col-
lected by filtration and washed with aqueous NaHSO3 and water.

The crude product was recrystallized from EA to give a red crys-
talline compound. The end product had a yield of 2.49 g, or 93.7%.
1H-NMR (CDCl3) ı = 8.68 (s, 2H), 8.62 (d, 2H), 7.80 (d, 2H), 7.40 (d,
2H), 7.26 (s, 2H), 4.47 (t, 4H), 1.95 (m,  4H), 1.59 (m,  4H), 1.43 (m,
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H), 0.95 (m,  6H). C32H34Br2N2O2: Calcd. C 60.20, H 5.37, N 4.39, O
.01; Found C 60.20, H 5.67, N 4.46, O 5.20.

.3.3. Synthesis of 5,12-dihexyl-2,9-di(thiophen-2-
l)quinolino[2,3-b]acridine-7,14(5H,12H)-dione
3)

A mixture of compound 2 (1 g, 1.56 mmol), 2-(tributylstannyl)
hiophene (2.33 g, 6.26 mmol), dichlorobis-(triphenylphosphine)
alladium(II) (0.25 g, 0.635 mmol), DMF  (10 mL)  and THF (10 mL)
as heated overnight under reflux. It was then cooled and the

olvent was removed under reduced pressure. The product was
urified with a silica gel column using EA/CHCl3 as eluent. The end
roduct had a yield of 0.23 g, or 23.7%. 1H-NMR (CDCl3) ı = 8.78 (d,
H), 7.99 (d, 2H), 7.54 (d, 2H), 7.43 (s, 2H), 7.33 (d, 2H), 7.13 (d, 2H),
.55 (t, 4H), 2.02 (m,  4H), 1.65 (m,  4H), 1.46 (m,  8H), 0.96 (m,  6H).
40H40N2O2S2: Calcd. C 74.50, H 6.25, N 4.34, O 4.96, S 9.94; Found
 74.50, H 6.25, N 4.36, O 5.90, S 10.15.

.3.4. Synthesis of 2,9-bis(5-bromothiophen-2-yl)-5,12-
ihexylquinolino[2,3-b]acridine-7,14(5H,12H)-dione
M2)

Compound 3 (0.23 g, 0.37 mmol) was dissolved in CHCl3 (10 mL)
nd acetic acid (10 mL). Subsequently, NBS (0.14 g, 0.81 mmol) was
dded to this solution. The mixture was heated at 40 ◦C for 3 h and
oured into water, and then extracted with CHCl3. The organic layer
as washed with brine and then dried over anhydrous sodium sul-

ate. After removal of the solvent, the crude product was purified by
ecrystallization in CHCl3. The yield of the end product was  0.22 g,
r 77%. 1H-NMR (CDCl3) ı = 8.70 (d, 4H), 7.89 (d, 2H), 7.51 (d, 2H),
.14 (d, 2H), 7.07 (d, 2H), 4.52 (t, 4H), 2.02 (m,  4H), 1.63 (m,  4H),
.43 (m,  8H), 0.96 (m,  6H). C40H38Br2N2O2S2: Calcd. C 59.85, H 4.77,

 3.49, O 3.99, S 7.99; Found C 58.73, H 4.62, N 3.42, O 4.08, S 8.34.

.3.5. Synthesis of 5,5′-(4,4′-(6,6′-(2,7-dibromo-9H-fluorene-9,9-
iyl)bis(hexane-6,1-diyl))bis(oxy)bis(4,1-phenylene))bis(2-(4-
ert-butylphenyl)-1,3,4-oxadiazole)
M7)

Compounds M5 (5.04 g, 7.763mmol) and M6  (5.03 g,
7.08 mmol) were dissolved in DMF  (80 mL)  and the reaction
ixture stirred at 90 ◦C for 24 h under nitrogen. CHCl3 was then

dded to the reaction mixture and the organic phase washed
ith water and brine. After drying over sodium sulfate, CHCl3
as removed under reduced pressure and the crude product was
urified by column chromatography over silica gel. The yield of the
nd product was 6.79 g, or 81%. 1H-NMR (CDCl3) ı = 7.96 (d, 8H),
.46 (d, 6H), 7.39 (d, 4H), 6.88 (d 4H), 3.84 (t, 4H), 1.89 (m, 4H), 1.58
m,  6H), 1.18 (m,  6H), 1.09 (m,  4H), 0.55 (m,  4H). C61H64Br2N4O4:
alcd. C 68.03, H 5.99, N 5.20, O 5.94; Found C 67.45, H 5.97, N 5.11,

 6.25.

.4. Polymerization

Reaction monomers (PPh3)4Pd(0) (1.5 mol%) and Aliquat 336
ere dissolved in a mixture of toluene and an aqueous solution

f 2 M K2CO3. The solution was refluxed for 72 h with vigorous
tirring under nitrogen, and an excess amount of bromobenzene,
cting as the end capper, was added while the stirring continued for
nother 12 h. The entire mixture was then poured into methanol.
he resulting precipitate was filtered off, purified with acetone and
hloroform in soxhlet.

PFQ3. 9,9-dioctylfluorene-2,7-dibromofluorene (0.499 equiv.),
,2′-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-

,3,2-dioxaborolane) (M3) (0.50 equiv.), 2,9-dibromo-5,12-
ihexylquinolino[2,3-b]acridine-7,14(5H,12H)-dione(M1)
0.0003 equiv.); Yield: 0.29 g (68%); 1H-NMR (CDCl3) ı = 7.85–7.83
m), 7.71–7.25 (m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).
ls 161 (2011) 2451– 2459 2453

PFTQ1. 9,9-dioctylfluorene-2,7-dibromofluorene (0.499 equiv.),
2,2′-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (M3) (0.50 equiv.), 2,9-bis(5-bromothiophen-
2-yl)-5,12-dihexylquinolino[2,3-b]acridine-7,14(5H,12H)-dione
(M2) (0.0001 equiv.) were used in this polymerization. Yield: 0.28 g
(66%). 1H-NMR (CDCl3) ı = 7.85–7.83 (m), 7.71–7.25 (m), 2.11 (m),
1.25–1.13 (m), 0.83–0.79 (m).

PFTQ3. 9,9-dioctylfluorene-2,7-dibromofluorene (0.499 equiv.),
2,2′-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (M3) (0.50 equiv.), 2,9-bis(5-bromo
thiophen-2-yl)
-5,12-dihexylquinolino[2,3-b]acridine-7,14(5H,12H)-
dione (M2) (0.0003 equiv.) were used in this polymerization.
Yield: 0.30 g (71%). 1H-NMR (CDCl3) ı = 7.85–7.83 (m), 7.71–7.25
(m), 2.11 (m), 1.25–1.13 (m), 0.83–0.79 (m).

PFoxdTQ3. 5,5′-(4,4′-(6,6′-(2,7-dibromo-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy)bis (4,1-phenylene))bis
(2-(4-tert-butylphenyl)-1,3,4-oxadiazole) (M7) (0.499 equiv.),
2,2′-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (M3) (0.50 equiv.),
2,9-bis(5-bromothiophen-2-yl)-5,12-dihexylquinolino[2,3-
b]acridine-7,14(5H,12H)-dione (M2) (0.0003 equiv.) were used
in this polymerization. Yield: 0.49 g (36%). 1H-NMR (CDCl3)
ı = 8.11–7.83 (m), 7.77–7.70 (m), 7.57–7.51 (m), 6.94–6.92 (m),
3.90 (O), 2.16–2.03 (m), 1.66 (m), 1.25–1.12 (m), 0.80–0.77 (m).

PFoxdCzTQ3. 5,5′-(4,4′-(6,6′-(2,7-dibromo-9H-fluorene-
9,9-diyl)bis(hexane-6,1-diyl))bis (oxy)bis (4,1-phenylene))bis
(2-(4-tert-butylphenyl)-1,3,4-oxadiazole) (M7) (0.499 equiv.),
9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (M4) (0.50 equiv.),
2,9-bis(5-bromothiophen-2-yl)-5,12-dihexylquinolino[2,3-
b]acridine-7,14(5H,12H)-dione (M2) (0.0003 equiv.) were used
in this polymerization. Yield: 0.55 g (41%). 1H-NMR (CDCl3)
ı = 8.29–7.83 (m), 7.80–7.57 (m), 7.52–7.50 (m), 6.92–6.90 (m),
4.74 (N), 3.89 (O), 2.43–2.03 (m), 1.66 (m), 1.32–1.15 (m), 0.90–0.77
(m).

3. Results and discussion

3.1. Synthesis and characterization of the polymers

To compare Quinacridone of Wang and co-workers [42] and
dithienylquinacridone, we  synthesized polymers in same method.
Polymers were synthesized by Suzuki coupling reaction accord-
ing to Schemes 1 and 2, using the monomers listed. While
the yield of polymers PFQ3, PFTQ1 and PFTQ3 was  over 65%,
the yield of polymers PFoxdTQ3 and PFoxdCzTQ3 was 36–41%.
The synthesized polymers were refined by a soxhlet extrac-
tor using methanol, acetone and chloroform, in that order. The
polymers dissolved well in general organic solvents including
chloroform, toluene, xylene and benzene, and the films were
easily made. As illustrated in Fig. 1, the 1H-NMR spectrum
indicates the successful synthesis of the polymer. The spec-
trum of the aromatic ring of the PFTQ series was  observed at
7.0–8.0 ppm and the spectrum of an alkyl side chain was  con-
firmed at 0.8–4.0 ppm. Because M1  & M2  comprised a small
ratio of the total compound, its aromatic and aliphatic peaks
were almost indistinguishable. According to the GPC measure-
ment of each polymer as shown in Table 1, The number–average
molecular weight (Mn) of PFQ3, PFTQ1, PFTQ3, PFoxdTQ3 and
PFoxdCzTQ3 were relatively high: 23,700, 13,600, 14,600, 13,300

and 15,000, respectively. Polydispersity indices (PDIs) of these
polymers were 2.03, 1.93, 2.19, 2.07 and 2.00, respectively.
The thermal properties of the polymers were measured by
TGA. Polymers PFQ3, PFTQ1, PFTQ3, PFoxdTQ3 and PFoxdCzTQ3
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Scheme 1. Synthesis of monomers a

ad 5% weight loss at the temperatures of 358, 423, 413,
16 and 424 ◦C, respectively, displaying high thermal stability.
hus, it is estimated that the polymers will be stable during

he manufacturing or operation process of a device at high
emperatures.

Fig. 1. 1H-NMR spectra of polymers.
lymerization of PFQ3, PFTQ1, PFTQ3.

3.2. Optical and electrochemical properties

The UV–vis absorption spectra and PL spectra of the polymers
were investigated both in chlorobenzene and as films cast from
solution. Figs. 2 and 3 display the absorption and photolumines-
cence (PL) spectra of the polymers in dilute solution (5 �g/mL)
and thin film (thickness: 80 nm). The absorption peaks for PFQ3,
PFTQ1 and PFTQ3 in solution were located at 384, 386 and 385 nm,
respectively, while maxima absorption peaks for all of polymers
showed 382 nm in film, similar to the spectrum of polyfluorene. The
absorption bands of the dithienylquinacridone derivative were not
observed at 510 and 545 nm due to its low concentration. Polymers

PFoxdTQ3 and PFoxdCzTQ3 also showed nearly the same spectra,
with another absorption band appearing around 300 nm because
of the oxadiazole moiety. PFoxdCzTQ3 showed broader absorp-
tion spectrum in the range from 250 nm to 300 nm than that of

Table 1
Physical and thermal properties.

Polymer Mn Mw PDI Td(◦C)

PFQ3 23,700 48,200 2.03 358
PFTQ1 13,600 26,300 1.93 423
PFTQ3 14,600 32,000 2.19 413
PFoxdTQ3 13,300 27,600 2.07 416
PFoxdCzTQ3 15,000 30,000 2.00 424
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Scheme 2. Polymerizati

FoxdTQ3 due to the effect of the carbazole derivative. The film
ast showed nearly the same results. The maximum absorption
eak position of the film displayed a blue-shift of about 2–3 nm
ompared to the solution, which may  be caused by �–� stacking.
he optical band gap energy between the HOMO level and the low-
st unoccupied molecular orbital (LUMO) level was  obtained using
he onset value of the absorption spectrum. Since the onset val-
es of PFQ3, PFTQ1, PFTQ3, PFoxdTQ3 and PFoxdCzTQ3 absorption
pectra were similar, the band gap energy of the polymers was
.00 eV.

The maxima of the PL spectra of PFQ3, PFTQ1, PFTQ3, PFoxdTQ3
nd PFoxdCzTQ3 in a solution state were similarly observed at
17 nm,  while their maxima in the film state differed. For PFQ3,
FTQ1 and PFTQ3 as films, the maxima of the PL spectra were
bserved at 437 nm,  and the shoulder peaks of PFQ3, PFTQ1 and
FTQ3 were found at 462 and 540 nm,  462 and 557 nm,  464 and
58 nm,  respectively. The PFQ3 peak observed around 540 nm was
ue to quinacridone, whereas the PFTQ1 and PFTQ3 peaks observed
round 557 nm were due to dithienylquinacridone. Compared to
FQ3, Both PFTQ1 and PFTQ3 showed red-shifted PL spectrum of
7 nm,  it originated from extended conjugated length by segment
f thiophene. The maxima of the PL spectra of PFoxdTQ3 and PFoxd-
zTQ3 were at 425 and 428 nm,  respectively, which showed a
lue-shift by about 8–11 nm compared to PFTQ1 and PFTQ3. This

esult may  be due to the ultraviolet-blue light emission from the
xadiazole and carbazole derivative [46].

As shown in Fig. 4, the absorption spectrum of
ithienylquinacridone overlapped with the PL spectrum of
FoxdTQ3, PFoxdCzTQ3.

polyfluorene. This phenomenon indicates that the effective Forster
energy transfer is expected from the fluorene segment to the
dithienylquinacridone derivative (M2). Furthermore, the PL spec-
trum of the dithienylquinacridone derivative showed a red-shift
of approximately 30 nm when compared to the spectrum of the
quinacridone derivative (M1). This is a result of the extended
�-conjugation of quinacridone by the thiophene group in the main
chain.

Fig. 5 describes the HOMO and LUMO levels acquired using the
onset values of cyclic voltammetry [50]. The scan rate of cyclic
voltammetry was  set at 50 mV/s and the reference electrode was
Ag/AgCl. The HOMO value was  calculated using the Eq. (1) after
compensation using ferrocene:

HOMO(eV) = −4.8 − (Eonset − E1/2(Ferrocene)) (1)

As a result, the PFQ3, PFTQ1, PFTQ3, PFoxdTQ3 and PFoxdCzTQ3
HOMO levels were 5.77, 5.77, 5.77, 5.73 and 5.71 eV, respec-
tively. However, the LUMO level was  barely observable using cyclic
voltammetry. Thus the LUMO values were obtained using the
optical band gap acquired by UV absorption in the HOMO level
above, which were 2.77, 2.77, 2.77, 2.73 and 2.71 eV, respectively.
PFoxdTQ3 and PFoxdCzTQ3 had a little high HOMO levels, it origi-
nated from the oxadiazole and carbazole derivatives. This indicates
that hole injection may  be more effective compared with PFTQ1

and PFTQ3. Moreover, as shown in the energy level diagram in
Fig. 5, the HOMO level of dithienylquinacridone (M2) was  5.46 eV
and the LUMO level was 3.31 eV, whereas the HOMO level of
quinacridone (M1) was  5.76 eV and the LUMO level was 3.37 eV.
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Table 2
Optical and electrochemical properties of polymers.

Polymer Solution Film EHOMO (eV) ELUMO
a

(eV)

Absorption Emission Absorption Emission

PFQ3 384 418, 440 386 437, 462, 540 5.77 2.77
PFTQ1  386 417, 441 382 438, 462, 557 5.77 2.77
PFTQ3 385 417, 440 382 438, 464, 558 5.77 2.77
PFoxdTQ3 300, 385 417, 441 300, 383 425, 449, 558 5.73 2.73

9, 387 428, 450, 559 5.71 2.71

I
d
fl
o

3
c

s
m
w
u
m
p

F
(

PFoxdCzTQ3 300, 390 417, 441 29

a ELUMO = EHOMO − Eoptical band gap.

t is expected that charge trapping from the fluorene segment to
ithienylquinacridone may  be more effective than that from the
uorene segment to quinacridone [33,42].  Table 2 summarizes the
ptical and electrochemical properties.

.3. Electroluminescence properties and
urrent–voltage–luminance characteristics

Fig. 6 shows the electroluminescence properties of the PFTQ
eries. The structure of the single light-emitting diode (LED) was
ade as ITO/PEDOT:PSS/polymer/BaF2/Ba/Al. The polymer, which

as the active layer, was about 70 nm thick and was  made
sing a spin-coating method. The turn-on voltage of the device
ade for this study was 5 V. The EL emission spectrum of the

olymer was generally broad, which was slightly different from

ig. 2. UV–vis absorption spectrum (a) in solution (5 �g/mL) and (b) in thin film
thickness: 80 nm)  of the PFTQ series.

Fig. 3. Normalized PL emission spectrum (a) in solution (5 �g/mL) (b) in thin film
(thickness: 80 nm)  of the PFTQ series and (c) PL spectrum intensities of PFTQ3,
PFoxdTQ3, PFoxdCzTQ3 in the same thickness (80 nm).
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Table 3
Summary of EL device performances of the PFTQ series.

Polymer EL emission �max Luminous efficiency
(cd/A)

Power efficiency
(lm/W)

Maximum brightness
(cd/m2)

EQE (%) CIE coordinates (x,y)

PFQ3 434, 462, 490, 540 0.41 (0.52)a 0.19 (0.23)a 1757 (3825)a 0.10 (0.18)a (0.23, 0.29) (0.21, 0.26)a

PFTQ1 434, 462, 494, 556 0.38 (0.83)a 0.19 (0.34)a 1805 (3011)a 0.14 (0.33)a (0.28, 0.34) (0.23, 0.25)a

PFTQ3 434, 462, 492, 558 0.50 (0.71)a 0.24 (0.34)a 1450 (3905)a 0.12 (0.25)a (0.31, 0.35) (0.26, 0.29)a

PFoxdTQ3 426, 452, 562 0.31 (0.40)a 0.14 (0.21)a 763 (1437)a 0.11 (0.13)a (0.28, 0.29) (0.28, 0.29)a

)a

t
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A number of studies aimed at improving the performance of
devices using thermal treatment have been conducted because
thermal treatment improves the interfacial adhesion between
PFoxdCzTQ3 428, 452, 562 0.34 (0.21)a 0.18 (0.09

a EL performance after thermal treatment at 120 ◦C for 10 min.

he PL spectrum. It is estimated that the charge trapping of
ithienylquinacridone had an impact on the results above. The
olymer showed strong emission peaks at 430, 460 and 560 nm.
he peaks around 430 and 460 nm originated from fluorene,
xadiazole and carbazole derivatives. The peak around 560 nm
as caused by the dithienylquinacridone derivative. PFoxdTQ3

nd PFoxdCzTQ3 had broader peaks around 500 nm compared
o PFTQ1 and PFTQ3, which was likely to be caused by the
–� aggregation of the oxadiazole derivative. PFQ3 and PFTQ1

howed bright blue color emissions, whereas PFTQ3, PFoxdTQ3
nd PFoxdCzTQ3 showed white color emission. In particular, the
FTQ3 polymer with CIE coordinates of (0.31, 0.35) was close
o pure white light with the coordinates (0.33, 0.33) suggesting
hat PFTQ3 had the best performance among all polymers. The
uminous efficiency, power efficiency and maximum brightness of
FTQ3 were 0.50 cd/A, 0.24 lm/W,  and 1450 cd/m2, respectively.
he properties of PFTQ3 were superior to that of PFQ3 because
harge trapping was more effective in dithienylquinacridone
ompared to quinacridone. Device structure of Wang group is
TO/PEDOT:PSS/polymer/Ca/Al. On the other hand, Our device
tructure is ITO/PEDOT:PSS/polymer/BaF2/Ba/Al. The structure of
evice had a big effect on CIE coordinate and power conversion
fficiency [51]. As a result, it showed different result compared to
esult of Wang group. Therefore, we fabricated device of PFQ3 and
FTQ3 in the same conditions to demonstrate excellent properties
f PFTQ3 compared to PFQ3. As shown in Table 3, EQE value of
FTQ3 was superior to that of PFQ3 because charge trapping was
ore effective in dithienylquinacridone compared to quinacridone.

ontrary to what was expected, the properties of PFoxdTQ3 and
FoxdCzTQ3 were not superior to the properties of PFTQ3 despite
heir pure white emissions. This is because charge transportation

as hindered by the dominant shielding effect of the fluorene back-

one of the oxadiazole derivative [52]. Therefore, it is expected
hat effective transport properties can be acquired by adjusting
he mole ratio of the oxadiazole derivative to less than 50 mol%. To

ig. 4. UV–vis absorption spectrum of M2 and PL emission spectrum of PF, M1,  M2.
1106 (1628)a 0.11 (0.07)a (0.31, 0.34) (0.30, 0.34)a

demonstrate shielding effect, photoluminescence spectra of PFTQ3,
PFoxdTQ3, PFoxdCzTQ3 were investigated as films cast (thickness:
80 nm)  in the same condition. As shown in Fig. 3(c), it showed
that PL intensities of PFoxdTQ3, PFoxdCzTQ3 were much lower
compared to that of PFTQ3, which implies oxadiazole derivative
exhibit dominant shielding effect of fluorene backbone. Thus, as
other work, we  believe that these electroluminescence character-
istics could be further improved by reduction of dominant shielding
effect and efficient electron injection through introducing small
ratio of oxadiazole derivative. [53,54].
Fig. 5. (a) Cyclic voltammograms of polymers. (b) The energy levels of PF, M1 and
M2.
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Fig. 6. EL luminescence spectrum of the PFTQ series.

missive layers and cathodes, and it also increases contact area
34,55]. Thus, the device properties were evaluated after thermal
reatment at 120 ◦C for 10 min, as shown in Table 3. The luminous

fficiency, power efficiency and maximum brightness of PFTQ1
nd PFTQ3 were 0.83 and 0.71 cd/A, 0.34 and 0.34 lm/W,  and 3011
nd 3905 cd/m2, respectively. The results after thermal treatment

ig. 7. (a) Voltage–luminance (V–L) curve. (b) Current density–luminous efficiency
J–LE)  curve.
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were improved by about 1.4 to 2.1 times compared to results prior
to thermal treatment. As mentioned above, this is because the
interfacial adhesion improved and contact area increased. After
annealing, CIE coordinates of PFQ3, PFTQ1, PFTQ3 were blue-shifted
to (0.21, 0.26), (0.23, 0.25), and (0.26, 0.29), respectively. It can be
seen that annealing the active layer at above 120 ◦C reinforces the
blue emission obviously. The increased blue emission peaks are
caused by crystalline �-phase PF emission in active films [56,57].
The voltage–luminance (V–L), current density–luminous efficiency
(J–LE) curve and properties of the device are summarized in Fig. 7
and Table 3.

4. Conclusions

In this study, a new white-emitting polymer was  successfully
synthesized by applying dithienylquinacridone, which is a novel
orange-emitting chromophore, onto a fluorene (blue-emitting
chromophore) backbone. The synthesized PFTQ polymer series
showed good solubility and thermal stability. The emission peaks
in the EL emission spectrum were generally broader than those in
the PL emission spectrum due to charge trapping of the dopant. The
PFTQ3 polymer presented the best properties among all polymers
studied, with luminous efficiency, power efficiency and maximum
brightness values of 0.50 cd/A, 0.24 lm/W,  and 1450 cd/m2, respec-
tively. Its CIE coordinates (0.31, 0.35) were close to pure white.
After thermal treatment, the luminous efficiency, power efficiency
and maximum brightness of PFTQ3 were evaluated and found
to be 0.71 cd/A, 0.34 lm/W,  and 3905 cd/m2, respectively, due to
the improvement of interfacial adhesion and increase of contact
area. The results after thermal treatment were improved by about
1.4–2.1-fold compared to prior to thermal treatment. In conclusion,
the realization of white light emission using a blue chromophore
and a novel orange chromophore was  verified.
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