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a b s t r a c t

Two novel diketopyrrolopyrrole (DPP)-based copolymers P1e2 were prepared by doping red emitting
DPP monomer (1 mol%) into benzothiadiazole, alkoxybenzene and 9,9-dialkylfluorene-based copolymers
through base-free Suzuki polymerization. P1 contained the pendants of electron-transport oxadiazole
and hole-transport carbazole, but P2 did not contain them. P1 had higher glass transition temperature
than P2. The electroluminescence (EL) devices of P1 and P2 (ITO/PEDOT:PSS/polymer/CsF/Al) exhibited
red emission with external quantum efficiency of 0.63% and 0.18%, and with brightness of 2681 and
885 cd/m2, respectively. The results show that the EL properties of P1 are much better than that of P2
due to the introduction of oxadiazole and carbazole as the pendants. The pendants could restrain
aggregation which might induce fluorescence quenching and are of benefit to keep high charge mobility.
The efficient energy transfer existed among the pendants, polymer backbone and DPP unit. These factors
should be responsible for the higher EL performance of P1.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Diketopyrrolopyrrole (DPP) derivatives are a class of strongly
fluorescent heterocyclic pigments and their structures could be
easily optimized through variations of substituents at the 2,5- and
3,6-positions [1e3]. However, high content of DPP unit in the DPP-
based conjugated polymer decrease the quantum yield in solid
state and the electroluminescence (EL) efficiency of the polymeric
light-emitting diodes (PLED) [4,5]. The EL performance is enhanced
by doping low content of DPP unit (guest) in the main chain of
polyfluorene (host) but emission wavelength is blue shifted [4].

In the dopant/host system, carrier trapping and subsequent
direct carrier recombination on the guest molecule can adjust
charge balance in emitting layer and enhance the device efficien-
cies [6e10]. Besides this positive effect, charge trapping can lower
carrier mobility and often cause a high operating voltage [11e15],
even disturb the original charge balance and decrease the EL
performance [4,12,15]. This negative effect can be addressed by
using of a blend of carrier transport material with EL polymer [13].
The unavoidable drawback of the approach is the possible phase
separation between two different kinds of materials, which reduces
the lifetime and stability of the devices [16,17].
.

All rights reserved.
In solid state, luminogenic molecules lie in close vicinity and
incline to form aggregates. Chromophore aggregation could usually
quench the emission of organic luminophoreswhich have very high
luminescence efficiencies in the dilute solutions, due to formation of
detrimental species such as excimers [18e21]. This effect can be
mitigated by covalently attaching branched chains, bulky cyclics,
spiro kinks, and dendritic wedges to aromatic rings [22]. Moreover,
balanced charge injection andmobility and high chargemobility are
desirable to move the charge recombination zone away from the
near electrodes and improve the exciton generation rate in high
efficient electroluminescent devices [6,23,24]. However, in conju-
gated polymers, charge transport occurs via on-chainmigration and
interchain hopping of carriers between adjacent chainswhich is the
rate limiting step. The interchain charge transport can occur at only
where there is sufficient overlapofwave functions betweenpolymer
chains. The bulky substituent should hinder the interchain interac-
tionandchainmovement. Asa result, chargemobilityof thepolymer
with bulky pendant is lower than one without bulkyl pendant
[25e27]. Thisnegativeeffect canbeovercomebygraftingoxadiazole
and carbazole units as pendants into conjugated polymers, because
these substituents have good charge conduction property
[23,24,28e30]. That is to say, the grafted copolymers could facilitate
charge transport and injection, decrease operating voltage, and
enhance maximum brightness and EL efficiency in the emitting
diodes [16,30e35]. Furthermore, by incorporating benzothiadiazole
(BT) and dioctyloxybenzene into the fluorene polymer, the resulting
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copolymers possess high electron and hole transporting properties
and high EL performance [36].

In this paper, lowcontent of red emittingDPPmonomer (1 mol%)
was doped into the main chain of benzothiadiazole and alkoxy-
benzene-based polyfluorene through Suzuki polymerization to
obtain high efficient red emitting polymer. Oxadiazole as the elec-
tron-transport moiety, and N-carbazolyl as the hole-transport
moiety were introduced to the copolymers as pendants, in order to
restrain aggregation induced fluorescence quenching and the
negative impact of dopant, to obtain balanced charge injection and
mobility, and lower operating voltage. The photophysical, electro-
chemical and electroluminescence properties of the polymers were
evaluated and comparedwith the polymer without the pendants as
well as with the polymer without the dopant.

2. Experimental

2.1. Instrumentation and materials

NMR (1H and 13C) spectra were collected on a Bruker DRX 400
spectrometer (in CDCl3 or DMSO-d6, TMS as internal standard).
APCI-MS spectra were recorded with a Bruker Esquire HCT plus
mass spectrometer. Elemental analysis was performed using
a Vario EL III instrument. Fourier transform infrared (FT-IR) spec-
tra were recorded on an RFX-65A (Analect Co.) spectrometer.
The number-average molecular weight (Mn) and weight-average
molecular weights (Mw) were determined by Waters GPC 515�410
in tetrahydrofuran (THF) with a calibration curve of polystyrene
standards. Ultravioletevisible (UVevis) absorption spectra were
recorded on an HP 4803 instrument. Cyclic voltammetry (CV)
was carried out on an EG&G model 283 computer-controlled
potential/galvanostat (Princeton Applied Research) with platinum
electrodes at a scanning rate of 50mV/s against a calomel reference
electrode with a nitrogen-saturated solution of 0.1 M tetrabutyl
ammonium hexafluorophosphate (Bu4NPF6) in acetonitrile. Ther-
mogravimetric analysis (TGA) was conducted on a Pyris 1 TGA
under a heating rate of 10 �C/min and a N2 flow rate of 20 mL/min.
Differential scanning calorimetry (DSC) measurement was per-
formed on a Diamond DSC under N2 at a heating rate of 10 �C/min.
PL and EL spectra were recorded on an Instaspec IV CCD spectro-
photometer (Oriel Co.). The current-luminance voltage (I�L�V) was
measured using a Keithley 236 source measurement unit and
a calibrated silicon photodiode. The luminancewas calibrated using
a PR-705 Spectra Scan spectrophotometer (Photo research).

4-Hydroxybenzo hydrazide [37], 2,5-dioctyl-3,6-bis(40-
formylphenyl)pyrrolo[3,4-c]pyrrole-1,4-dione [38],1,4-dibromo-2,5-
bi-octyloxybenzene [39], 4,7-dibromo-2,1,3-benzothiadia-zole [40],
9,9-bis(N-carbazolyl-hexyl)-2,7-dibromofluorene [41], 2,7-dibromo-
9,9-dioctyl fluorine [42]were synthesized according to the published
literature; other chemicals were obtained from commercially avail-
able resources.

2.2. 1,4-Dibromo-2,5-bis(6-bromohexyloxy)benzene (3)

A mixture of hydroquinone (5.416 g, 49 mmol), NaOH (4.328 g,
108.2 mmol) and ethanol (105 ml) was added dropwise into the
solutionof1,6-dibromohexane (60 g, 245 mmol) andethanol (75 ml)
at 90 �C. After refluxing for 4 h, the mixture was extracted with
CH2Cl2 and the residuewas removed. The solutionwaswashed with
H2O and the solventwas evaporated under reduced pressure. To oily
product ethanol (200 ml) was added that gave precipitates of 1,4-bis
(6-bromohexyloxy)benzene (2) as white solid (9.43 g, yield ¼ 44%),
mp: 87e90 �C. The product was used directly for the next step
without further purification. Amixture of Br2 (9.632 g, 60 mmol) and
CH2Cl2 (15 ml) was added dropwise into the solution of 2 (10.5 g,
24 mmol) in CH2Cl2 (50 ml) at 0 �C. Themixturewas stirred for 4 h at
0 �C followed by stirring for 14 h at room temperature. After that
NaHSO3 aqueous solution was added into the mixture until brown
color disappeared. The mixture was extracted with CH2Cl2, washed
with water and dried over MgSO4. After filtration, the solvent was
evaporated under reduced pressure and the residue was recrystal-
lized with CH2Cl2 and ethanol to give 3 as white solid (12.207 g,
yield ¼ 86%). mp: 90e91 �C. 1H NMR (400 MHz, CDCl3, d, ppm):
7.09 (s, 2H, Ar), 3.96 (t, J ¼ 6.4 Hz, 4H, CH2), 3.43 (t, J ¼ 6.8 Hz, 4H.
CH2), 1.92e1.89 (m, 4H, CH2), 1.84e1.81 (m, 4H, CH2), 1.54e1.51 (m,
8H, CH2).

2.3. 4-tert-Butyl-N0-(4-hydroxybenzoyl)benzohydrazide (6)

A solution of DMF (100 ml), pyridine (20.8 g, 263 mmol) and
4-tert-butylbenzoyl chloride (25.78 g, 131 mmol) was added
dropwise to the solution of 4-hydroxybenzo hydrazide (20 g,
131 mmol) and DMF (450 ml) at 0 �C. The mixture was stirred at
0 �C for 4 h. It was poured into water and washed with water.
The crude product was redissolved in NaOH aqueous solution.
After filtration, the red solution was neutralized with HCl to give
6 as white solid (25.87 g, yield ¼ 63.1%). mp: 258e260 �C. 1H
NMR (400 MHz, DMSO-d6, d, ppm): 10.33 (s, 1H, OH), 10.22 (s,
1H, NH), 10.12 (s, 1H, NH), 7.84 (d, J ¼ 8 Hz, 2H, Ar), 7.79 (d,
J ¼ 8 Hz, 2H, Ar), 7.52 (d, J ¼ 8 Hz, 2H, Ar), 6.83 (d, J ¼ 8 Hz, 2H,
Ar), 1.30 (s, 9H, CH3).

2.4. 4-(5-(4-tert-Butylphenyl)-1,3,4-oxadiazol-2-yl)phenol (7)

A mixture of 6 (21.107 g, 67.5 mmol), pyridine (1.069 g,
13.5 mmol) and SOCl2 (215 ml) was stirred at 88 �C for 6 h. The
solvent was removed and the residue was poured into ice water.
After filtration, filter cake was recrystallized with ethanol to give 7
as white solid (14.371 g, yield ¼ 72.3%). mp: 240e242 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm): 10.36 (s, 1H, OH), 8.00 (d, J ¼ 8 Hz,
2H, Ar), 7.94 (d, J ¼ 8 Hz, 2H, Ar), 7.62 (d, J ¼ 8 Hz, 2H, Ar), 6.97 (d,
J ¼ 8 Hz, 2H, Ar), 1.31 (s, 9H, CH3).

2.5. 2-(4-6-(5-Bromo-4-(6-(4-(5-(4-(2-bromopropan-2-yl)
phenyl)-1,3,4-oxadiazol-2-yl)phenoxy)hexyloxy)-2-methylphenoxy)
hexyloxy)phenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadizaole (8)

A mixture of 3 (7.06 g, 11.9 mmol), 7 (7.0 g, 23.8 mmol), NaOH
(1.07 g, 26.2 mmol), tetrabutyl ammonium bromide (1.50 g,
4.65 mmol), DMSO (70 ml) and ethanol (70 ml) was heated to 90 �C
for 6 h. After that the mixture was poured into water (500 ml) and
precipitates were separated. These precipitates were washed with
water then ethanol followed by recrystallization with CH2Cl2 and
ethanol to give 8 as white solid (12.14 g, yield ¼ 73.2%). mp:
169e172 �C 1H NMR (400 MHz, DMSO-d6, d, ppm): 8.06e8.02 (m,
8H, Ar), 7.52 (d, J¼ 8.4 Hz, 4H, Ar), 7.07 (s, 2H, Ar), 7.00 (d, J¼ 8.8 Hz,
4H, Ar), 4.04 (t, J ¼ 6.4 Hz, 4H, CH2), 3.96 (t, J ¼ 6.4 Hz, 4H, CH2),
1.85e1.84 (m, 8H, CH2),1.58e1.56 (m, 8H, CH2),1.35 (s,18H, CH3); 13C
NMR (100 MHz, CDCl3, d, ppm): 161.9, 155.2, 150.0, 128.7, 126.7,
126.0, 121.1, 118.5, 116.2, 115.0, 111.1, 70.0, 68.0, 35.1, 31.1, 29.0, 25.7,
25.7; MS (APCI) calcd for C54H60 Br2N4O6 1020.3, found 1021.3. Anal.
Calc. for C54H60Br2N4O6: C, 63.53;H, 5.92;N, 5.49. Found:C, 63.69;H,
6.15; N, 5.46.

2.6. 2,5-Dioctyl-3,6-bis{40-[2-(4-bromophenyl)-2-cyano-vinyl]-
phenyl}pyrrolo[3,4-c] pyrrole-1,4-dione (11)

A mixture of 2-(4-bromophenyl)acetonitrile (122 mg, 0.625
mmol), 2,5-dioctyl-3,6-bis(40-formylphenyl)pyrrolo[3,4-c]pyrrole-
1,4-dione (142 mg, 0.25 mmol) and potassium carbonate (863 mg,
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6.25 mmol) in absolute ethanol (4 ml) was refluxed for 2.5 h. After
cooling, the mixture was poured into H2O (5 ml) and washed with
water. Precipitates were separated and recrystallized with CH2Cl2
andmethanol which gave 11 as red solid (100 mg, yield¼ 43%). mp:
263e264 �C. 1H NMR (400 MHz, CDCl3, d, ppm): 7.96 (d, J ¼ 8.0 Hz,
4H, Ar), 7.87 (d, J ¼ 8.0 Hz, 4H, Ar), 7.52e7.47 (m, 10 H, Ar and
CH¼ C), 3.76 (t, J ¼ 7.2 Hz, 4H, NCH2), 1.52 (m, 4H, CH2), 1.17 (m,
20H, CH2), 0.81 (t, J¼ 6.8 Hz, 6H, CH3); 13C NMR (100 MHz, CDCl3, d,
ppm): 162.4, 147.5, 140.6, 135.5, 132.8, 132.3, 129.8, 129.7, 129.4,
127.4, 124.0, 117.3, 111.8, 110.6, 41.9, 31.7, 29.4, 29.1, 29.0, 26.7, 22.6,
14.1; MS (APCI) calcd for C52H52N4O2Br2 924.2, found 925.7. Anal.
Calc. for C52H52N4O2Br2: C, 67.52; H, 5.67; N, 6.06. Found: C, 67.59;
H, 5.70; N, 6.04.

2.7. Synthesis of P1

A mixture of 11 (9.3 mg, 0.01 mmol), 8 (168.4 mg, 0.163mmol),
9,9-bis(N-carbazolyl-hexyl)-2,7-dibromofluorene (135.7 mg, 0.163
mmol), 4,7-dibromo-2,1,3-benzothiadiazole (48.5 mg, 0.163mmol),
9,9-dihexylfluorene-2,7-bis(trimethyleneboronate) (258.9 mg,
0.500 mmol), tetrakis(triphenylphosphine)-palladium(0) (18.0 mg,
0.015 mmol), tetrabutyl ammonium fluoride (523 mg, 2.00 mmol)
Scheme 1. Synthese
and anhydrous toluene (10 ml) was stirred at 120 �C for 60 h. 9,9-
Dihexylfluorene-2,7-bis(trimethyleneboronate) (30.0 mg, 0.060
mmol)wasadded, andagain stirred for6 h. Bromobenzene (31.0 mg,
0.200 mmol)was added, and further stirred for 6 h. Themixturewas
cooled to room temperature, and washed with water. The organic
layer was collected, and methanol was added. The precipitate was
collected and dissolved in CHCl3, and then acetone was added. The
precipitate was collected and extracted with acetone in Soxhlet
apparatus for 24 h to give P1 as orange solid (349 mg, yield ¼ 78%).
FT-IR (film, cm�1): 3051, 2928, 2856, 1612, 1495, 1462, 1377, 1256,
1013, 817, 749.

P0 was prepared as yellow solid (333 mg, yield ¼ 75%) by using
the same synthetic procedure of P1. FT-IR (film, cm�1): 3051, 2928,
2856, 1613, 1495, 1459, 1377, 1255, 1013, 817, 750.

P2 was prepared as orange solid (176 mg, yield ¼ 56%) by using
the same synthetic procedure of P1. FT-IR (film, cm�1): 2927, 2855,
1608, 1460, 1377, 1252, 816.

2.8. Light-emitting diode (LED) fabrication and characterization

The polymers were dissolved in toluene and THF and filtered
through a 0.45-mm filter. Patterned indium tin oxide (ITO) coated
s of monomers.



Scheme 2. Syntheses and composition of polymers.
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glass substrates were cleaned with acetone, detergent, distilled
water, and 2-propanol and subsequently in an ultrasonic bath. After
treatment with oxygen plasma, 40 nm of poly(3,4-ethylenedi-
oxythiophene) (PEDOT) doped with poly(styrenesulfonic acid)
Table 1
Structural, thermal, and pohotophysical data of the polymers.

Polymer Mw PDI Td
(�C)

Tg
(�C)

labs
a (nm) lPL

b (nm)

P0 25848 2.55 407 101 296, 370, 438
(296, 370, 457)

416, 438, 542
(546)

P1 28138 2.90 403 103 296, 370, 438
(296, 370, 457)

416, 438, 542
(544, 618)

P2 17296 2.08 412 85 370, 438 (370, 457) 416, 438, 542
(534, 626)

a The absorption peaks in CHCl3 and film (in brackets).
b The PL emission peaks in CHCl3 and film (in brackets).
(PSS; Batron-P 4083, Bayer AG) was spin-coated onto the ITO
substrate, followed by drying in a vacuum oven. A thin film of the
polymer was coated onto the anode via spin casting inside a dry
box. The film thickness of the active layers was 80 nm, as measured
with Alfa Step 500 surface profiler (Tencor). A thin layer of CsF
(1.5 nm) and subsequently 120 nm layers of Al were vacuum-
evaporated subsequently on the top of an EL polymer layer under
a vacuum of 1 � 10�4 Pa.
3. Results and discussion

3.1. Synthesis and characterization

The synthetic route of the monomers and polymers are shown
in Schemes 1 and 2. Anhydrous and base-free Suzuki polymeriza-
tion [43] was used for preparation of the polymers to suppress the



Fig. 1. 1H NMR spectra of copolymers in CDCl3.

Fig. 3. Absorption spectra of polymers in film.
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hydrolysis of amide configuration of DPP ring. The resulting
copolymers could be readily dissolved in common organic solvents,
such as chloroform, toluene, and THF. Their chemical structures
were verified by 1H NMR (Fig. 1) and FT-IR. Gel-permeation
chromatography (GPC) analysis with polystyrene standards
showed that these copolymers had weight-average molecular
weights (Mw) of 28138e17296 with polydispersity indices (PDI,
Mw/Mn) of 2.90e2.08 (Table 1). Decomposition temperatures of the
polymers were almost similar, with 5% weight loss temperatures
ranging from 403 to 412 �C, which indicated their good thermal
stability. Glass transition temperatures of P0 and P1 were 101 and
103 �C, respectively. The values were higher than that of P2 (85 �C),
showing that the introduction of oxadiazole and carbazole side
chains could improve the morphological stability of the polymers.
3.2. Spectroscopic properties

P0 and P1 had identical UVeVis absorption spectra in CHCl3 and
film (Table 1). The absorptions at 370, 438 nm could be attributed to
the polyfluorene part and benzothiadiazole part of the polymer,
respectively. The absorption of DPP unit (lmax ¼ 519 nm) was not
observed in the absorption spectra of the polymers (Fig. 2).
Fig. 2. Absorption spectra of DPP monomer and polymers in CHCl3.
Moreover, all polymers showed broad absorption bands centered at
457 nm in film (Fig. 3).

The PL spectra of all polymers were similar and the emission
band of DPP unit (lem ¼ 604 nm) was hardly observed, due to the
low DPP content in the dilute solution (Fig. 4). In contrast, the PL
spectra of P1 and P2 in film exhibited a strong emission peak from
DPP at 618 and 626 nm, respectively. The emission peak of polymer
backbone became weak, indicating that energy transferred to the
DPP unit via Förster energy transfer because of the efficient overlap
of the absorption spectrum of DPP with PL spectrum of P0 (Figs 2
and 5). The emission peak of the DPP unit was red shifted 8 nm
from P1 to P2. The reason for this might be that the carbazole and
oxadiazole in the side chains of P1 could more efficiently restrict
pep aggregation and intramolecular planarization of DPP than
octyl of P2 [22,34,35].
3.3. Electrochemical properties

Cyclic voltammetry measurements on drop-cast all polymers
and DPP monomer films were conducted in acetonitrile with
Bu4NPF6 as the electrolyte, calomel electrode as reference elec-
trode. The HOMO and LUMO levels were determined from onset
Fig. 4. PL spectra of DPP monomer and polymers in CHCl3.



Fig. 5. PL spectra of polymers in film. Fig. 6. EL spectra of polymers.

Y. Jin et al. / Polymer 51 (2010) 5726e5733 5731
potential of first oxidation and reduction peak during anodic and
cathodal sweep in the cyclic voltammetry measurements, respec-
tively (EHOMO ¼ �(Eoxdþ 4.4) eV, ELUMO ¼ �(Eredþ 4.4) eV) [23]. As
the 1,3,4-oxadiazole and carbazole units were introduced into
copolymer, the HOMO energy level increased. The HOMO energy
levels of P0 and P1 (�5.66 eV and �5.68) were closer to that of
PEDOT:PSS (�5.2 eV) [44] than that of P2 (�5.74 eV). This means
that the hole-injection barriers for P1 and P0 decreased relative to
P2. However, the LUMO levels of P0, P1 and P2 were similar. The
HOMO and LUMO levels of DPP monomer (�5.58 and �3.57 eV)
were above and below the corresponding values of P0 (�5.66 and
�3.44 eV), respectively. Considering the extended conjugated
length of the DPP unit in conjugation with neighboring conjugated
segments in the polymer backbone, the actual HOMO level of the
DPP unit in the backbone should be above �5.58 eV and the actual
LUMO level should be below �3.57 eV. This indicated possible
charge trapping of the DPP unit in the electroluminescence process
[45] (Table 2).
Table 3
Performances of Double-Layer LED Devices (ITO/PEDOT:PSS/Polymer/CsF/Al).

Polymer lem
(nm)a

CIE (x, y)b Von
c

(V)
LEmax

d

(cd/A)
EQE
(%)

Bmax
e

(cd/m2)
VBmax

f

(V)
CDBmax

g

(mA/cm2)
3.4. Electroluminescence properties

The EL spectra of polymers were collected at current density
12 mA/cm2. The EL spectra of P1 and P2 exhibited a strong emission
peak from DPP at 620 and 624 nm, respectively, while the EL
emission P0 at 548 nm was from polymer backbone (Fig. 6). The
dramatic difference between the PL and EL spectra reveals that
Förster energy transfer does not account solely for the observed EL.
Another dominant mechanism for exciting DPP would be direct
charge trapping at the dopant unit, followed by recombinationwith
opposite charges [7e10] (Table 3).

The maximum luminance efficiency of the polymer LED with
the configuration of ITO/PEDOT:PSS/P1/CsF/Al was 2.21 cd/A, while
that of P0 and P2 were 5.86 and 0.29 cd/A, respectively. The CIE
coordinates of P1 and P2 were (0.61, 0.37) and (0.64, 0.35) which
Table 2
Electrochemical Data of the Copolymers and DPP monomer.

Polymer/Monomer Eoxd
a (V) Ered

a (V) HOMOb (eV) LUMOb (eV)

P0 1.26 �0.96 �5.66 �3.44
P1 1.28 �0.96 �5.68 �3.44
P2 1.34 �0.93 �5.74 �3.47
6 1.18 �0.83 �5.58 �3.57

a Onset potential vs calomel electrode.
b Estimated from the onset potential.
were close to the standard red (0.66, 0.34) demanded by the
National Television System Committee. The maximum external
quantum efficiency (EQE) of P1 and P2 were 0.63%, 0.18%, which
were higher than that of the red emission polymer PF-DPP50
(EQEmax ¼ 0.13%, CIE (0.62, 0.37)) [4]. The higher electrolumines-
cence performance of P1might be due to several reasons. The bulky
substituents of carbazole and oxadiazole could mitigate chromo-
phore aggregation and restrict formation of detrimental species
such as excimers [22,34,35]. The lower hole-injection barrier is of
benefit to holes injection, which might be of benefit to balanced
charge injection. Oxadiazole and carbazole substituents have
good charge conduction property [23,24,29,30], which could facil-
itate charge transport. High charge mobility is desirable to move
the charge recombination zone away from the near electrodes and
improve the exciton generation rate in high efficient electrolumi-
nescent devices [6,23,24]. Carbazole group acted as a hole trapping
site for efficient electron-hole recombination to yield blue-emitting
excitons [46] and the energy could transfer to polymer backbone
and then to DPP unit. Energy transfer also existed among oxadia-
zole, polymer backbone and DPP unit [33]. These factors could
enhance EL performance.

Carbazole has high HOMO level which is of benefit to hole
injection and good hole conduction property [30]. Oxadiazole has
good electron mobility [24,28]. Thus grafting oxadiazole and
carbazole units as pendants into conjugated polymers should
enhance current density. However, the current density of P1 was
slightly lower than that of P2 below 9.7 V.

During charge transport process of the conjugated polymer,
charge carriers will move along the backbone and hop at only
P0 548 (0.42, 0.56) 3.1 5.86 1.26 5940 8.0 227
P1 620 (0.61, 0.37) 5.0 2.21 0.63 2681 10.3 236
P2 624 (0.64, 0.35) 5.0 0.29 0.18 885 12.0 289

a Emission maximum of EL spectrum.
b Calculated from the EL spectrum.
c Turn-on voltage (defined as the voltage required to give a luminance of

1 cd/m2).
d Maximum luminous efficiency.
e Maximum brightness.
f Operating voltage at the maximum brightness.
g Current density at maximum brightness.



Fig. 7. (a) Current densityevoltage (JeV), and (b) luminescenceevoltage (LeV) char-
acteristics of PLEDs of the polymers with the configuration of ITO/PEDOT:PSS/polymer/
CsF/Al.

Fig. 8. EQE of OLEDs with the configuration of ITO/PEDOT:PSS/polymer/CsF/Al.
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where two polymer chains are packed closely and form sufficient
overlap of wave functions. Interchain hopping of carriers between
adjacent chains is the rate limiting step. The bulky substituents of
P1 should restrict interchain interaction and chain movement and
lower the mobility of carriers [25e27]. Furthermore, the incor-
porated carbazole pendant acted as a trap for the holes [46].
However, the high content (33 mol%) of carbazole in P1 should be
enough to open additional charge hopping channel among the
carbazole units [12,47]. Moreover, the lower hole-injection barrier
is of benefit to holes injection and oxadiazole group could enhance
electron mobility [28,35]. These competition effects might be
responsible for the comparable current density between P1 and
P2. The current density of P1 increased more sharply with the
enhanced voltage than that of P2. The possible reason is that the
charge mobility of pendants might have larger dependence of the
electric field than that for polymer backbone [48]. The driving
voltage at 100 cd/m2 was 3.9, 6.6, and 7.6 V for P0, P1, and P2,
respectively (Fig. 7b).

EQE of the devices are displayed in Fig. 8. Although the initial
quantum efficiency of P0 and P1 was higher than that of P2, the
roll-off of the quantum efficiency for P2 was much smaller than
that of P0 and P1. The quantum efficiency of P2 was maintained
almost the same with 0.17%e0.18% between 250 cd/m2 and
885 cd/m2 (EQE¼ 0.17% at 250 cd/m2, 100 mA/cm2; EQE¼ 0.18% at
885 cd/m2, 300 mA/cm2). In contrast, P0 and P1 exhibited
considerable reduction of efficiency with increasing current
density. According to logm f bF1/2, where m is the carrier mobility
and F is the electric field strength [25,48], the hole and electron
mobilities of P0 and P1 might be more different than that of P2 in
the high applied electric field. The recombination zone of carriers
might extend to hole transporting layer or cathode with
increasing current [49,50] and the degree of the extension was
much larger in P0 and P1 than that in P2. Therefore, the sharp
reduction of EL quantum efficiency in P0 and P1 might relate to
the imbalanced electron and hole mobilities.
4. Conclusions

In conclusion, a series of benzothiadiazole, alkoxybenzene and
fluorene-based copolymers were synthesized through base-free
Suzuki polymerization. Introduction of oxadiazole and carbazole as
the pendants enhanced glass transition temperature. The electro-
chemical measurements revealed that the pendants could affect
electrochemical characteristics, andDPPunit and carbazole pendant
could act as charge trapping sites in the polymers. The competition
effects of restricted interchain carriers hopping, charge trapping,
lower hole-injection barrier and enhanced charge mobility by oxa-
diazole and carbazole might be responsible for the comparable
current density between P1 and P2. The roll-off of the quantum
efficiencies for P1 and P0 were much larger than that of P2, which
might relate to the imbalanced electron and hole mobilities in the
high applied electric field. The maximum luminescences of P0, P1,
and P2 were 5940, 2681, and 885 cd/m2 and the maximum EL effi-
ciencies were 1.26%, 0.63%, and 0.18%, respectively. The CIE coordi-
natesofP1andP2were (0.61, 0.37) and (0.64, 0.35)whichwereclose
to the standard red (0.66, 0.34) demandedby theNational Television
System Committee. P1 possessed higher electroluminescence
performance due to the introduction of oxadiazole and carbazole
pendants compared to P2. The pendants could restrain aggregation
which might induce fluorescence quenching and are of benefit to
keep high charge mobility. The efficient energy transfer existed
among the pendants, polymer backbone and DPP unit. These factors
shouldbe responsible for thehigherELperformanceofP1. It isworth
mentioning that the EL quantum efficiency of P1 was reduced in
comparison toP0. Themain reasonmaybe a lowquantumefficiency
of DPP monomer which acts as a quench center for fluorescence.
Structure modification of DPP monomers and optimization of EL
devices should increase their EQE.
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