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a  b  s  t  r  a  c  t

Copolymers  introducing  dithienyl-benzophenazine  (<0.1  mol%)  as  a  dopant  have  been  synthesized  on
a polyfluorene  (PF)  backbone  based  on the  Suzuki  coupling  reaction.  The  UV–vis  spectra  of  polymers
showed  similar  behaviors  in the  solution  and on  the  film.  However,  PL  spectra  were  similar  to  that  of
PF in  solution,  but the peak  around  615  nm  increased  as  the  amounts  of dithienyl-benzophenazine  were
vailable online 19 September 2013
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henazine
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increased  in  the  casting  film.  Compared  with  PF-PDTQ05,  PF-FDTQ  series  showed  red-shift  emission  peak
by increased  conjugation  length  of dithienyl-benzophenazine.  The  emission  intensity  of  PF-FDTQ03  and
PF-FDTQ05  was more  intense  compared  to that of  PF-PDTQ05  due  to  strong  steric-hindrance  of FDTQ.  In
case  of PF-FDTQ05,  the  luminous  efficiency  and  external  quantum  efficiency  were 0.78  cd/A  and  0.64%,
respectively  with  a  maximum  brightness  of 3112  cd/m2.
PLED

. Introduction

For the past decades, �-conjugated polymer has been applied to
iverse applications such as organic light-emitting diodes (OLEDs)
1–6], organic photovoltaic cells (OPVs) [7–9], organic thin-film
ransistors (OTFTs) [10–12], and liquid crystal application (LC) [13].
n particular, polymer light-emitting diodes (PLED) present advan-
ages in large-area fabrication methods, such as ink-jet and screen
rinting with solution processes. As a result, the material has drawn
reat attention as a next-generation material to replace vacuum
eposition with small molecules. Thanks to its convenience and
exibility, polymer film has been popular in the flexible display
ector [8,14].

A number of studies have been focusing on PLED materials in
arious colors since the development of poly(phenylenevinylene)
n 1990 [15]. It has been reported that polyfluorene (PF)
16], poly(phenylenevinylene) (PPV) [17], and poly(methoxy,
thyl-hexyloxy phenylene vinylene) (MEH-PPV) [18] are the
epresentative blue-emitting, green-emitting, and orange and red-

mitting materials, respectively. Full-color displays have been
nabled by such polymers [4,8].

∗ 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 ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.synthmet.2013.08.017
© 2013 Elsevier B.V. All rights reserved.

Recently, there have been more studies on white polymer light-
emitting diodes (WPLED) that introduced diverse chromophores to
the blue emitting material, PF. If chromophore is introduced to a PF
backbone, aggregation and excimers are suppressed. As a result,
effective energy transfer occurs in such materials. Therefore, high-
efficiency WPLEDs can be realized [19,20]. Recently, we  introduced
a small amount of low-band-gap chromophore (<0.3 mol%) to a PF
backbone and had it copolymerized. Depending on the dopant mol
ratio, various color changes (white, green, yellow, etc.) could be
detected with high efficiency [5].

The electron-deficient quinoxaline derivative is a leading
orange-emitting chromophore. Due to thermal and electrochem-
ical stability and high PL and EL efficiency, the quinoxaline
derivative has been widely used in white and orange light-emitting
polymers [21–23]. In addition, the quinoxaline derivative can be
easily tuned in structure with high solubility. Therefore, electronic
characteristics can be changed by introducing various substituents
[24,25].

Recently, the various group reported that with the two  phenyl
rings connected to the single bond between ortho-positions of
quinoxaline derivative [26–28]. These fused-phenyl rings can
enhance the quantum efficiency through steric hindrance between

fused quinoxaline and adjacent derivative and improve interchain
�–� interactions among polymer backbones [29,30].

In this study, 0.03–0.1 mol% of phenazine derivative was
adopted as dopant with an orange emitter and PF as a host. The

dx.doi.org/10.1016/j.synthmet.2013.08.017
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synthmet.2013.08.017&domain=pdf
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orster energy transfer was investigated, as well as the charge
rapping and quantum efficiency between host and dopant, and the
ptimum mol  concentration for effective white-emitting polymer
as realized.

. Experiment

.1. Instruments and characterization

Unless otherwise specified, all the reactions were carried
ut under nitrogen atmosphere. Solvents were dried by stan-
ard procedures. Column chromatography was performed with
he use of silica gel (230–400 mesh, Merck) as the station-
ry phase. 1H NMR  spectra were performed in a Bruker ARX
00 spectrometer using solutions in CDCl3, and chemical con-
entrations were recorded in units of ppm with TMS  as the
nternal standard. Electronic absorption spectra were measured
n chloroform using a HP Agilent 8453 UV–Vis spectrophotome-
er. Photoluminescent spectra were recorded by a Perkin Elmer LS
5 luminescence spectrometer. Cyclic voltammetry experiments
ere performed with a Zahner IM6eX Potentionstat/Galvanostat.
ll measurements were carried out at room temperature with

 conventional three-electrode configuration consisting of plat-
num working and auxiliary electrodes and a nonaqueous Ag/AgCl
eference electrode at the scan rate of 50 mV/s. The solvent in
ll experiments was acetonitrile and the supporting electrolyte
as 0.1 M tetrabutyl ammonium-tetrafluoroborate. TGA measure-
ents were performed on a NETZSCH TG 209 F3 thermogravimetric

nalyzer. All GPC analyses were made by using THF as the eluant
nd polystyrene standard as the reference. Theoretical study was
erformed by using density functional theory (DFT), as approxi-
ated by the B3LYP functional and employing the 6-31G* basis set

n Gaussian09.

.2. EL device fabrication and characterization

The fabricated device structure was ITO/PEDOT:PSS/polymer/
aF2/Ba/Al. All of the polymer light-emitting diodes were prepared
sing the following device fabrication procedure. Glass/indium tin
xide (ITO) substrates [Sanyo, Japan (10 �/�)] were sequentially
atterned lithographically, cleaned with detergent, and ultrasoni-
ated in deionized water, acetone and isopropyl alcohol. Then, the
ubstrates were dried on a hotplate at 120 ◦C for 10 min  and treated
ith oxygen plasma for 10 min  in order to improve the contact

ngle just before the film coating process. Poly(3,4-ethylene-
ioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS, Baytron P
083 Bayer AG) was passed through a 0.45-�m filter before being
eposited onto ITO at a thickness of ca. 32 nm through spin-
oating at 4000 rpm in air, and then dried at 120 ◦C for 20 min
nside a glove box. The light-emitting polymer layer was  then
eposited onto the film by spin coating a polymer solution in
hlorobenzene (1.5 wt.%) at a speed of 1000 rpm for 30 s on top
f the PEDOT:PSS layer. The device was thermally annealed at
0 ◦CC for 30 min  in a glove box. The device fabrication was com-
leted by depositing thin layers of BaF2 (1 nm), Ba (2 nm)  and
l (200 nm)  at pressures less than 10−6 Torr. The active area of

he device was  9.0 mm2. Finally, the cell was encapsulated using
V-curing glue (Nagase, Japan). EL spectra, Commission Inter-
ationale de l’Eclairage (CIE) coordinates, current–voltage, and

rightness–voltage characteristics of devices were measured with

 Spectrascan PR670 spectrophotometer in the forward direc-
ion, and a computer-controlled Keithley 2400 under ambient
onditions.
als 181 (2013) 98– 103 99

2.3. Materials and synthesis of monomers

All reagents were purchased from Aldrich, Acros or
TCI companies. All chemicals were used without further
purification. The following compounds were synthesized
following modified literature procedures: 10,13-bis(5-
bromothiophen-2-yl)-11,12-bis(octyloxy)dibenzo [a,c]phenazine
M1 [29], 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-(hexyloxy)
phenyl)quinoxaline M2, 2,2′-(9,9-dioctyl-9H-fluorene-2,7-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) M3  [31].

2.4. Polymerization

Reaction monomers (PPh3)4Pd(0) (1.5 mol%) and Aliquat 336
were dissolved in a mixture of toluene and an aqueous solution
of 2 M K2CO3. The solution was refluxed for 72 h with vigorous
stirring in nitrogen atmosphere, and then excess amounts of bro-
mobenzene, as an end capper, were added and stirring continued
for 12 h. The whole mixture was  poured into methanol. The precip-
itate was  filtered off, and purified with methanol, acetone, hexane,
chloroform in soxhlet.

PF-FDTQ03. 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) (0.5 equiv), 10,13-bis(5-
bromothiophen-2-yl)-11,12-bis(octyloxy)dibenzo [a,c]phenazine
(M1) (0.0003 equiv); Yield: 0.33 g (76%); 1H NMR  (400 MHz; CDCl3;
Me4Si): ı = 7.85-7.75 (m), 7.71-7.67 (m), 7.62-7.33 (m), 2.11 (br),
1.28-1.13 (m), 0.98-0.79 (m).

PF-FDTQ05. 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) (0.5 equiv), 10,13-bis(5-
bromothiophen-2-yl)-11,12-bis(octyloxy)dibenzo [a,c]phenazine
(M1) (0.0005 equiv); Yield: 0.32 g (74%); 1H NMR  (400 MHz; CDCl3;
Me4Si): ı = 7.85-7.75 (m), 7.71-7.67 (m), 7.62-7.33 (m), 2.11 (br),
1.28-1.13 (m), 0.98-0.79 (m).

PF-FDTQ10. 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) (0.5 equiv), 10,13-bis(5-
bromothiophen-2-yl)-11,12-bis(octyloxy)dibenzo [a,c]phenazine
(M1) (0.001 equiv); Yield: 0.32 g (74%); 1H NMR (400 MHz; CDCl3;
Me4Si): ı = 7.85-7.75 (m), 7.71-7.67 (m), 7.62-7.33 (m), 2.11 (br),
1.28-1.13 (m), 0.98-0.79 (m).

PF-PDTQ05. 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) (0.5 equiv), 5,8-bis(5-
bromothiophen-2-yl)-2,3-bis(4-(hexyloxy)phenyl)quinoxaline
(M2) (0.0005 equiv); Yield: 0.31 g (72%); 1H NMR (400 MHz;
CDCl3; Me4Si): ı = 7.85-7.75 (m), 7.71-7.67 (m), 7.62-7.33 (m), 2.11
(br), 1.28-1.13 (m), 0.98-0.79 (m).

3. Results and discussion

3.1. Synthesis and characterization of the polymers

As shown in Scheme 1, a total of 4 polymers were polyme-
rized through Suzuki coupling reaction by using different mol  ratios
(monomers a, b and c) with 72–76% yield ratio. The polymeriza-
tion was reacted at 90 ◦C for 72 h with palladium catalyst (0) and
2 M potassium carbonate solution. In addition, aliquot 336 and
toluene were used as surfactant and solvent, respectively. Once
the polymerization was completed, it was  end-capped with bro-

mobenzene. All polymers were purified with soxhlet in order of
methanol, acetone and chloroform, and the chloroform fraction
was recovered. All polymers dissolved in general organic solvents
such as THF, chloroform, chlorobenzene and dichlorobenze, and
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Thermal analysis through TGA (see Fig. S2) showed high thermal
stability (around 400◦) at 5 wt.% loss, which reveals applicability to
display application sectors in which high thermal stability (400 ◦C
or higher) is required [5,31]. In addition, thermal characteristics

Table 1
Physical properties of the polymers.

Polymer Mn (kg/mol) Mw (kg/mol) PDI Td (◦C)a ˚PL
b

PF 17.5 32.3 1.84 416 0.79
PF-FDTQ03 15.8 31.5 1.99 412 0.79
PF-FDTQ05 16.1 31.5 1.95 412 0.77
PF-FDTQ10 16.7 35.6 2.13 412 0.78
Scheme 1. Monomer s

 homogenous and transparent film has been formed through
pin-coating.

In the H NMR  spectra obtained (see Fig. S1), an aromatic peak
as found at 7.0–8.0 ppm, while a proton peak originating from an

liphatic peak was detected at 0.8–5.0 ppm. A proton peak from the
mall amount (10−4 mol  against total monomer) of the dithienyl-
enzophenazine (M1) dopant was not observed. As shown in the
eferences, the actual dopant ratio could not be measured through
MR, FT-IR or elemental analysis against the dopant ratio 0.5 mol%
r below [5,32]. As shown in Table 1, according to the measure-
ent of GPC with polystyrene as the standard, the number average

olecular weight of all polymers ranged from 15.8 to 17.0 kg/mol.

he degree of polymerization was similar to that of general EL poly-
er  [5]. The polydispersity indices (PDI) showed a very narrow

istribution (1.93–2.13).
is and polymerization.
PF-PDTQ05 17.0 32.3 1.84 409 0.79

a Temperature resulting in 5% weight loss based on initial weight.
b Solution fluorescence quantum yields measured in chloroform relative to

polyfluorene (ca. 1 × 10−5 M,  ˚PL = 0.79) in chloroform as a standard.
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HOMO (eV) = −4.8 − (Eonset − E1/2 (Ferrocene)) (1)

In contrast, the lowest unoccupied molecular orbital (LUMO)
levels were estimated based on the difference between the HOMO
ig. 1. (a) UV–vis absorption spectra and (b) PL emission spectra in thin film (thick-
ess: 70–80 nm)  of polymers.

imilar to PF were found in all polymers, which means that the
opant introduced to the PF backbone had no effect on polymer
igidity. The weight loss of 45–50% at 400–500 ◦C is the result of
he degradation of the skeletal PF backbone chain structure. The PF
ackbone is decomposed to oligomers or other short chain struc-
ures [33].

.2. Optical and electrochemical properties

Fig. 1 shows the UV–visible spectra and PL spectra of all polymer
lms. As shown in Fig. 1(a), for film state, the absorption spectra of
ll polymers was broad in comparison with those of the solution
see Fig. S3(a)). This kind of result was because the dihedral angle
etween fluorene rings in the thin film is considered to decrease
ue to stronger interchain interaction [32,34,35]. The absorption
eak of the M1  and M2  (dopant) was not observed because of the
mall amount of dopant used.

In case of PL spectra, as shown in Fig. 1(b), as M1  content
ncreased, the 615 nm emission peak broadened, unlike for the
olution, because of increases in the intermolecular interaction
mong the polymer main chains [19]. In addition, PF-FDTQ series
olymers showed the red-shift phenomenon for dopant emission
egion compared with PF-PDTQ (�max = 590 nm), which is the result
f increased conjugation length by rigid structure of M1 compared
o M2  (see Fig. 2(a)). Interestingly, the emission intensity of PF-
DTQ03 and PF-FDTQ05 were more intense compared to that of
F-PDTQ05, which was  caused by strong steric-hindrance of M1

ompared to that of M2  (see Fig. 2(b)). This result might be expected
o show effective quantum efficiency.

According to the comparison between the UV–vis spectra of M1,
2 and PL spectra of PF (see Fig. S4), the absorption spectra of
Fig. 2. (a) PL emission spectra and (b) torsion angle of M1,  M2 through DFT Gaussian
simulation.

M1,  M2  derivative were overlapped in the PL spectra of PF, which
means effective absorption of PF emission energy by M1, M2.  There-
fore, effective Forster energy transfer from PF backbone to M1,  M2
derivative would occur in the copolymer.

Fig. 3 showed the electrochemical properties of the polymers
which were measured through cyclic voltammetry (CV). The high-
est occupied molecular orbital (HOMO) levels of polymers were
calculated using the oxidation onset value of polymers and the ref-
erence energy level (4.8 eV below the vacuum level) of ferrocene as
follows:
Fig. 3. Cyclic voltammograms of polymers and band diagram of PF, M1 and M2
(inset).
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Table 2
Optical and electrochemical properties of polymers.

Polymer Solution, �max (nm) Film, �max (nm) EHOMO (eV) ELUMO (eV)

Absorption Emission Absorption Emission

PF 388 417, 439 382 434, 458 5.77 2.95
PF-FDTQ03 388 417, 439 387 435, 458, 614 5.80 2.98
PF-FDTQ05 388 417, 439 387 435, 458, 613 5.83 3.03
PF-FDTQ10 388 417, 439 387 434, 457, 616 5.85 3.02
PF-PDTQ03 388 417, 439 387 432, 586, 590 5.83 3.01

l
o
t

L
H
t
l
t
i
b
t
[

3
c

T
d
a
w
t
7
P
t

T
S

Fig. 4. EL luminescence spectra of polymers.

evel and the optical band gap calculated from UV–vis absorption
nset value of polymer thin film. The HOMO and LUMO levels of
he polymers and optical band gap are exhibited in Table 2.

The HOMO levels of all polymers were −5.80 to –5.85 eV and the
UMO levels were −2.98 to −3.03 eV, respectively. In terms of the
OMO and LUMO levels, all polymers were similar with PF, because

he M1,  M2  dopant content was very small (0.1 mol% or less), having
ittle effect on the polymer backbone [5]. The inset in Fig. 3 shows
he energy band diagrams of PF, M1  and M2  derivative. As shown
n these diagrams, the energy level of the M1,  M2  dopant exists
etween the HOMO and LUMO levels of PF. Thus, it was  expected
hat charge trapping would effectively occur from PF to M1,  M2
5,35].

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

Fig. 4 shows the electroluminescent spectra of the EL device.
he brightness–voltage and efficiency–current density of the EL
evice are shown in Fig. 5(a) and (b), respectively, and their char-
cteristics are summarized in Table 3. The device was fabricated
ith ITO/PEDOT:PSS/polymer/BaF2/Ba/Al structure, as shown in
he inset of Fig. 4, and the emission layer was fabricated to
0–80 nm thickness through spin-coating. In case of PF-FDTQ03,
F-FDTQ05 and PF-FDTQ10, emissions broadened at 550–700 nm as
he M1  derivative content increased, because of incomplete energy

able 3
ummary of EL device performances of polymers.

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

PF 424, 484 0.13 0.05 

PF-FDTQ03 434, 628 0.66 0.41 

PF-FDTQ05 434, 628 0.78 0.53 

PF-FDTQ10 434, 632 0.46 0.33 

PF-PDTQ05 434, 596 0.70 0.31 
Fig. 5. (a) voltage–luminance (V–L), (b) current density–external quantum effi-
ciency (J–EQE) curve.

transfer from fluorene derivative to M1  derivative. Furthermore,
as M1  derivative content increased, spectra intensity increased
at 630 nm with similar pattern to the PL spectra. In case of PF-
PDTQ05, on the other hand, emissions broadened at 550–670 nm
with �max = 596 nm.  The EL spectra of PF-FDTQ series showed the
red-shift phenomenon compared with that of PF-PDTQ, which is

due to red-shifted emission of M1  by increased conjugation length
compared to emission of M2.

Overall, differences were found between the PL spectra and EL
spectra. Unlike in the PL spectra, similar intensity was found in

antum efficiency (%) Maximum brightness (cd/m2) CIE coordinate (x, y)

527 (0.21, 0.29)
2880 (0.32, 0.23)
3112 (0.38, 0.25)
2212 (0.48, 0.31)
3502 (0.40, 0.32)
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range–red emissions (�max = 596, 628 nm)  in the blue emission
�max = 432 nm)  of the EL spectra. It has been confirmed that the
ow energy level of M1,  M2 derivative worked as a charge trapping
ite. This kind of result is matched with the HOMO and LUMO levels
f the dopant confirmed in electrochemical measurements [5,19].
s shown in Table 3, the CIE coordinates of PF-FDTQ05 and PF-
DTQ05 were (0.38, 0.25) and (0.40, 0.32), respectively, which are
lose to the pure white coordinates of (0.33, 0.33).

The best EL performance was exhibited in PF-FDTQ05, which
as observed with 0.78 cd/A luminous efficiency, 0.53% external

uantum efficiency (EQE), 3112 cd/m2 maximum brightness, and
IE coordinates of (0.38, 0.25). Stable luminous efficiency and the
est performance occurred in PF-FDTQ05 because of the well-
alanced electron and hole injection in the M1  derivative ratio and
ffective energy transfer and charge trapping between fluorene and
1 derivative [5,35]. In terms of EL performance, EQE of PF-FDTQ05

howed improvement of 1.7 times compared to that of PF-PDTQ05,
hich might be because M1  have high quantum efficiency by steric-
indrance. The EL performance of PF-FDTQ10 was  relatively poorer
han that of other polymers because the M1  derivative worked as

 charge trapping site along the polymer backbone and exhibited
xciton quenching [19].

. Conclusions

We  successfully synthesized white-emitting polymers contain-
ng phenazine and quinoxaline on a PF backbone. The synthesized
olymers showed good solubility and thermal stability. In case
f PL spectra, as phenazine derivative (M1) content increased,
he 615 nm emission peak broadened compared with quinoxline
erivative (M2, 590 nm)  because of increased conjugation length
y rigid structure of M1.  Interestingly, the emission intensity of
F-FDTQ03 and PF-FDTQ05 were more intense compared to that
f PF-PDTQ05, which was caused by strong steric-hindrance of
1 compared to that of M2.  In terms of EL performance, EQE of

F-FDTQ05 showed improvement of 1.7 times compared to that
f PF-PDTQ05, which might be because M1  have high quantum
fficiency by steric-hindrance. The luminous efficiency, maximum
rightness, and CIE coordinates of the device were 0.78 cd/A, 0.53%
xternal quantum efficiency, 3112 cd/m2, and (0.38, 0.25), close to
hite emission, respectively.
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