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Abstract
Amino-containing copolymers were synthesized by Suzuki polycondensation based on 9,9-di(2-ethylhexy)fluorene, 9-dimethylaminopropyl
carbazole and 4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (�15 mol%) units. The copolymers had high glass-transition temperature (Tgs:
86e145 �C), excellent thermal stability (Td (5% loss): 400 �C) and emitted red light at 658 nm. The peak was shifted from 614 to 658 nm when the
4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole content was increased from 0.1 to 15 mol%. The dimethylaminopropyl group in the side chain
of the copolymer significantly lowered the barrier height of the interface between the metal cathode and the polymer. Thus, aluminium can be
used as the cathode in polymer light-emitting devices and operated at a level of performance similar to that achieved with metal cathodes such as
barium.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer light-emitting devices (PLEDs) have received re-
markable scientific and industrial attentions due to their poten-
tial applications in large area flat-panel displays [1e3]. During
the past decades, a variety of conjugated polymers have been
synthesized in order to identify promising candidates for high-
resolution, full color, flat-panel displays [4e6].

Polyfluorenes (PFs) and their derivatives have emerged as
a promising class of light-emitting conjugated polymers
because of their high photoluminescent (PL) and electrolumi-
nescent (EL) yields as well as easy tenability of physical
properties through chemical structure modification and/or co-
polymerization [7e9]. The emission color of polyfluorenes
also can be tuned over entire visible region by incorporating
narrow-band gap co-monomers into polyfluorene backbone
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[10e12]. Red light-emitting polyfluorene was first synthesized
by alternating copolymerization of fluorene and 4,7-dithienyl-
2,1,3-benzothiadiazole (DBT) [13], after which, a series of
saturated red-emitting copolymers were synthesized by using
different co-monomers such as qunquethithiphene-100,100-
dioxide [14,15], 2,5-bis(20-vinyl-thienyl) thiophene [16], and
2,1,3-naphthoselenadiazole [17].

It is well known that good electron and hole injections are
necessary to obtain highly efficient PLEDs [18,19]. Recently,
Huang et al. reported the amino-containing polyfluorene-based
conjugated polymers with a small amount of narrow-band gap
(NBG) co-monomers such as 2,1,3-benzothiazole [20] in the
polymer main chain, and found that these kinds of polymers
could provide good device performance by using a high-
work-function metal such as Al, Ag, Au as the cathode, due
to interface dipole formation between the light-emitting
polymer and the high-work-function cathode [21].

Carbazole-based copolymers have good hole-injection
properties due to the electron-donating capabilities associated
with the nitrogen in carbazole unit [22e27]. Therefore, the
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incorporation of carbazole unit into the polymer chain will ef-
fectively raise the highest occupied molecular orbital (HOMO)
energy levels and reduce the barrier height for hole injection
between the anode or anode buffer layer and the light-emitting
layer in PLEDs.

In this paper, with the purpose of utilizing high-work-
function metal as cathode and more effectively reducing the
barrier height for hole injection, aminoalkyl group containing
carbazole unit was employed since it can facilitate electron
and hole injection simultaneously. The copolymers based on
fluorene, containing aminoalkyl group carbazole (CzN) and
4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (DHTBT) units
were synthesized and investigated.
2. Experimental part
2.1. Materials
All reagents, unless otherwise specified, were purchased
from Aldrich and Acros, and were used as received. All
solvents were carefully dried and purified under nitrogen
flow. All manipulations involving air-sensitive reagents were
performed in a dry argon atmosphere. The monomer 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di(2-eth-
ylhexyl)-fluorene (1) was synthesized according to published
procedure [28].
2.2. Instrumentations
The 1H and 13C NMR spectra were recorded on a Bruker
DRX 300 in deuterated chloroform solution. The number-
average molecular weights (Mn) were determined by a Waters
GPC 2410 in tetrahydrofuran (THF) with a calibration curve
of polystyrene standards. Elemental analyses were performed
on a Vario EL elemental analysis instrument (Elementar Co.).
UVevis absorption spectra were recorded on an HP 8453
UVevis spectrophotometer. Cyclic voltammetry was carried
out on a CHI660A electrochemical workstation in a solution
of tetrabutylammonium hexafluorophosphate (Bu4NPF6,
0.1 M) in acetonitrile (CH3CN) at a scanning rate of 50 mV/s
at room temperature under argon. A platinum electrode
coated with a thin polymer film was used as the working
electrode. A Pt plate was used as the counter electrode and
a saturated calomel electrode was used as the reference elec-
trode. The thermogravimetric analysis (TGA) of the polymers
was performed at a heating rate of 20 �C/min with
a NETZSCH TGA-209 thermal analyzer under nitrogen atmo-
sphere. The thermal transitional properties of the polymers
were measured with a NETZSCH DSC-204 differential
scanning calorimeter (DSC) under a nitrogen atmosphere at
a heating rate of 10 �C/min.

The photoluminescence (PL) efficiencies were determined
in an IS080 integrating sphere (Labsphere) with 325 nm
excitation of a HeCd laser (Mells Griot). PL and EL spectra
were recorded on an Instaspec IV CCD spectrophotometer
(Oriel Co.).
2.3. Synthesis of 3,6-dibromo-9-
dimethylamiopropylcarbazole (2)
3,6-Dibromocarbazole (9.75 g, 30 mmol), NaH (0.96 g,
40 mmol) and 100 mL THF were added to a three-necked flask
and stirred at room temperature for 2 h under a nitrogen
atmosphere. 3-Dimethylaminopropyl chloride hydrochloride
(11.0 g, 70 mmol) and NaOH (3.0 g, 75 mmol) were first
diluted in 20 mL water and cooled, then the upper layer of so-
lution was added dropwise to the above mixture. The reaction
mixture was refluxed for an additional 24 h. After the removal
of the solvent under a reduced pressure, the residue was puri-
fied by column chromatography on silica gel using petroleum
ether/ethyl acetate/triethylamine (v/v¼ 20:5:1) as eluent.
Recrystallization from ethanol gave the compound (yield:
88%) as white solid, mp: 118e119 �C. 1H NMR (300 MHz,
CDCl3) d (ppm): 8.12 (d, J¼ 1.89 Hz, 2H), 7.54 (dd, J1¼
1.89 Hz, J2¼ 8.70 Hz, 2H), 7.35 (d, J¼ 8.70 Hz, 2H) (carba-
zole ring), 4.33 (t, J¼ 6.66 Hz, 2H, carbazoleeNeCH2e),
2.20 (s, 6H, eNeCH3), 2.18 (t, J¼ 3.72 Hz, 2H, eNe
CH2e), 1.97 (m, 2H, eCH2e). 13C NMR (75 MHz, CDCl3)
d (ppm): 139.44, 129.01, 123.45, 123.18, 112.00, 110.61
(carbazole rings), 56.14 (carbazoleeNeCH2e), 45.39 (eNe
CH2e), 40.70 (eNeCH3), 26.79 (alkyl, eCH2e). Element
Anal. Calcd for C17H18Br2N2: C, 49.78%; H, 4.42%; N,
6.83%. Found: C, 49.80%; H, 4.46%; N, 6.80%.
2.4. Synthesis of 4,7-bis(5-bromo-4-hexyl-2-thienyl)-
2,1,3-benzothiadiazole (3) [29e31]
To a solution of 3-hexylthiophene in anhydrous THF at
�30 �C, n-BuLi was added dropwise and the mixture was
stirred at the same temperature under N2 for 2 h. Then tributyl-
chlorostannane was added, and the mixture was stirred at
�30 �C for 30 min. The mixture was poured into saturated
aqueous sodium hydrogen carbonate, and the organic phase
was separated and washed with saturated aqueous brine and
then dried over an anhydrous sodium sulfate. The solvent was
removed under a reduced pressure, and the residue was purified
by column chromatography on neutral alumina using petro-
leum ether as eluent to give tributyl-(4-hexyl-2-thienyl)stan-
nane as colorless oil. The PdCl2(PPh3)2 was added to
a solution of 4,7-dibromo-2,1,3-benzothiadiazole and tributyl-
(4-hexyl-2-thienyl)stannane in THF. The mixture was refluxed
in a nitrogen atmosphere for 6 h. After the removal of the sol-
vent, the residue was purified by column chromatography on
silica gel using petroleum ether/dichloromethane (v/v¼ 1:1)
as eluent. Recrystallization from ethanol gave the compound
4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole as orange
needles, which were dissolved into THF solution. After the
solid dissolved completely, N-bromosuccinimide (NBS) was
added in one portion. The mixture was stirred at a room temper-
ature for 2 h, then the hexane was added into the mixture. The
white precipitate formed was filtered off and the filtrate was
extracted with ether. The organic phase were combined and
washed with brine and dried over anhydrous sodium sulfate.
The solvent was removed at a reduced pressure to give the
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product as a red solid (yield: 82%), mp: 102e103 �C. 1H NMR
(300 MHz, CDCl3) d (ppm): 7.75 (s, 2H, benzothiadiazole
ring), 7.70 (s, 2H, thiophene rings), 2.63 (t, J¼ 7.50 Hz, 4H,
eCH2e), 1.71e1.62 (m, 4H, eCH2e), 1.43e1.25 (m, 12H,
eCH2e), 0.93e0.89 (m, 6H, eCH3). 13C NMR (75 MHz,
DCl3) d (ppm): 152.20, 143.07, 138.49, 128.06, 125.27,
124.81, 111.62 (aryl rings), 31.66, 29.76, 29.70, 28.99, 22.64,
14.13 (alkyl chain). Element Anal. Calcd for C26H30N2S3Br2:
C, 49.84%; H, 4.83%; N, 4.47%; S, 15.35%. Found: C,
50.58%; H, 5.06%; N, 4.37%; S, 14.86%.

3. Polymerization

General procedures of Suzuki polycondensation taking
PFCzNeDHTBT1 as an example: 2,7-bis(4,4,5,5-tetramethyl
-1,3,2-dioxaborolan-2-yl)-9,9-di(2-ethylhexyl)-fluorene (1)
(0.642 g, 1 mmol), 3,6-dibromo-9-dimethylaminopropylcar-
bazole (2) (0.4018 g, 0.98 mmol), 4,7-bis(5-bromo-4-hexyl-
2-thienyl)-2,1,3-benzothiadiazole (3) (0.0125 g, 0.02 mmol),
and (PPh3)4Pd(0) (8 mg) were dissolved in 10 mL mixture
of toluene/THF (2:1(v/v)) and 2 mL of 2 M Na2CO3 aqueous
solution. The mixture was refluxed with vigorous stirring for
3 days under argon. Then 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-di(2-ethylhexyl)fluorene (0.064 g)
and bromobenzene(0.4 mL) were added and continue reac-
tion for 12 h, respectively. The whole mixture was poured
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Scheme 1. Synthetic rou
into methanol. The resulted solid was filtered and washed
for 24 h with mixture solution acetone/water to remove olig-
omers and catalyst residues. Yield: 70%.

PFCzNeDHTBT1: 1H NMR (300 MHz, CDCl3) d (ppm):
8.44 (s, 2H), 7.85e7.72 (m, 8H), 7.60e7.57 (m, 2H) (aryl
rings), 4.49 (br s, 2H, carbazoleeNeCH2e), 2.38e2.16 (m,
16H), 0.94e0.59 (m, 35H) (alkyl chain). Element Anal.
Found: C, 84.36%; H, 9.01%; N, 3.78%; S, 0.43%.

PFCzNeDHTBT5: 1H NMR (300 MHz, CDCl3) d (ppm):
8.44 (s, 2H), 7.85e7.71 (m, 8H), 7.60e7.57 (m, 2H) (aryl
rings), 4.49 (br s, 2H, carbazoleeNeCH2e), 2.83e2.71 (m,
1H), 2.37e2.29 (m, 14H), 1.68 (m, 2H), 1.33 (m, 2H),
0.93e0.61 (m, 36H) (alkyl chain). Element Anal. Found: C,
84.92%; H, 8.72%; N, 3.36%; S, 1.57%.

PFCzNeDHTBT10: 1H NMR (300 MHz, CDCl3) d (ppm):
8.44 (s, 2H), 7.85e7.72 (m, 8H), 7.60e7.57 (m, 2H) (aryl
rings), 4.49 (br s, 2H, carbazoleeNeCH2e), 2.82e2.72 (m,
1H), 2.37e2.16 (m, 16H), 1.74 (m, 2H), 1.34 (m, 4H),
0.93e0.59 (m, 44H) (alkyl chain). Element Anal. Found: C,
83.02%; H, 9.15%; N, 3.86%; S, 2.59%.

PFCzNeDHTBT15: 1H NMR (300 MHz, CDCl3) d (ppm):
8.44 (s, 2H), 7.87e7.72 (m, 9H), 7.60e7.49 (m, 4H) (aryl
rings), 4.49 (br s, 2H, carbazoleeNeCH2e), 2.83e2.71 (m,
1H), 2.37e2.13 (m, 15H), 1.74 (m, 2H), 1.38e1.26 (m, 5H),
0.93e0.55 (m, 46H) (alkyl chain). Element Anal. Found: C,
83.42%; H, 8.86%; N, 3.78%; S, 3.52%.
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Table 1

Physical and thermal properties of the polymers

Polymer Mn (�103) PDI DHTBT/CzN/F content (mol%) Tg (�C) Td
b (�C)

In feed ratio In polymera

PFCzNeDHTBT01 10.0 1.5 0.1/49.9/50 0.1/49.6/50.3 145 395

PFCzNeDHTBT1 6.6 1.6 1/49/50 1.5/48.4/50.1 141 400

PFCzNeDHTBT5 8.4 1.3 5/45/50 5.1/44.7/50.2 100 403

PFCzNeDHTBT10 9.3 1.3 10/40/50 9.7/39.8/50.5 97 412

PFCzNeDHTBT15 6.4 1.4 15/35/50 14/36/50 86 404

a Calculated from the results of elemental analysis.
b Temperature at a 5% weight loss.
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3.1. LED fabrication and characterization
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The PLEDs were fabricated on ITO-covered glass sub-
strates. Patterned indium tin oxide (ITO)-coated glass sub-
strates were cleaned with acetone, detergent, distilled water,
and isopropyl alcohol, subsequently in an ultrasonic bath. After
treatment with oxygen plasma, 150 nm of poly(3,4-ethylene-
dioxythiophene) (PEDOT) doped with poly(styrenesulfonic
acid) (PSS) (Batron-P 4083, Bayer AG) was spin-coated onto
the ITO substrate followed by drying in a vacuum oven at
80 �C for 8 h. For some devices, poly(vinylcarbazole) (PVK,
Aldrich) from 1,1,2,2-tetrachloroethane solution was coated
on top of a dried PEDOTePSS layer subsequently. The poly-
mers were dissolved in toluene and filtered through a 0.45 mm
filter. A thin film of polymer was coated onto the anode by
spin-casting inside a dry box. The film thickness of the active
layers was around 70 nm, as measured with an Alfa Step 500
surface profiler (Tencor). A thin layer of Ba (4e5 nm) and sub-
sequently Al (200 nm) were vacuum-evaporated subsequently
on the top of the EL polymer layer under a vacuum of
1� 10�4 Pa. Device performances were measured inside a dry-
box. Currentevoltage (IeV) characteristics were recorded by
a Keithley 236 source meter. EL spectra were recorded by Oriel
Instaspec IV CCD spectrograph. Luminance was measured by
a PR 705 photometer (Photo Research). The external quantum
efficiencies were determined by a Si photodiode with calibra-
tion in an integrating sphere (IS080, Labsphere).

To avoid contamination of volatile low-work-function metal
(Ba) during Al cathode deposition on top of the PFCzNe
DHTBT layer, an evaporation chamber was thoroughly cleaned
through baking at 120e130 �C and at a high vacuum
(<1� 10�4 Pa) before Al deposition. The control devices
[ITO/PEDOT/MEHePPV/(or Ba)Al] were fabricated. The
extra quantum efficiencies of the devices 1.94% and 0.014%,
respectively, with the configuration: ITO/PEDOT/MEHe
PPV/(or Ba)/Al ensured that high-work-function metal Al
was not contaminated by low-work-function Ba in the evapora-
tion chamber from the previous deposition.

4. Results and discussion
40
4.1. Synthesis and characterization
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Fig. 1. TGA curves of the copolymers.
Copolymers were synthesized from co-monomers 1, 2 and
3 by Suzuki polycondensation (shown in Scheme 1). The feed
ratios of DHTBT monomer are 0.1, 1, 5, 10, 15 mol%, and
the corresponding copolymers are named, respectively, as
PFCzNeDHTBT01, PFCzNeDHTBT1, PFCzNeDHTBT5,
PFCzNeDHTBT10 and PFCzNeDHTBT15. The monomer
feed molar ratios were adjusted in order to investigate the
effect of composition on the physical and optical properties
of copolymers. The actual composition of PFCzNeDHTBT
copolymer calculated from the sulfur, nitrogen and carbon
results of elemental analyses is close to the feed ratios of
monomers as listed in Table 1. All the copolymers have
good solubility in common solvents such as chloroform,
toluene, and THF, since 2-ethylhexyl substituents in the 9-
position of fluorene and n-hexyl substituents in the 4-position
of thiophene and 9-dimethylaminopropyl group in the N-
position of carbazole were employed to improve the solubil-
ity of the resulted copolymers. The number-average molecule
weights (Mn) of the synthesized copolymers are in the range
of 6000e10000 g/mol with polydispersity index (PDI) of
around 1.3e1.6, typical for a polycondensation reaction.

The thermal properties of polymers were evaluated by
TGA and DSC. TGA reveals excellent thermal stabilities of
copolymers as shown in Fig. 1. The thermal decomposition
temperatures (5% weight loss) of PFCzNeDHTBT01,
PFCzNeDHTBT1, PFCzNeDHTBT5, PFCzNeDHTBT10
and PFCzNeDHTBT15 are 395, 400, 403, 412 and 404 �C,
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respectively (Table 1). The residual weights of copolymers are
all greater than 50% when the temperature rise to 800 �C. The
high residual yields of the copolymers could be explained by
the intramolecular carbonization during the heating process
due to their torsion structure in the backbone, which makes
two nearby main chains carbonize easily with each other
[32]. All the copolymers showed same one-step decomposi-
tion process and the initial weight loss started at about
Table 2

Optical and electrochemical properties of the copolymers

Polymer labs (nm) Band gapa (eV) Eox (V

PFCzN DHTBT

PFCzNeDHTBT01 343 3.10 e 0.83

PFCzNeDHTBT1 344 3.08 e 0.85

PFCzNeDHTBT5 345, 507 3.05 2.11 0.84

PFCzNeDHTBT10 347, 512 3.03 2.09 0.87

PFCzNeDHTBT15 347, 515 3.04 2.08 0.87

a Estimated from the onset wavelength of absorption of polymers in film.
b Calculated from HOMO level and the optical band gap.
350 �C, which could be ascribed to side chain decomposition
upon heating process. The glass-transition temperature (Tg) of
PFCzNeDHTBT01, PFCzNeDHTBT1, PFCzNeDHTBT5,
PFCzNeDHTBT10 and PFCzNeDHTBT15 were 145, 141,
100, 97 and 86 �C (Table 1), as determined by differential
scanning calorimetry (DSC). With the content of DHTBT
unit increasing, the Tgs of the copolymers decrease. This
owes to the weaker intermolecular interactions and the in-
creasing intrachain irregularity caused by introducing more
DHTBT units to copolymer main chain [33].
4.2. UVevis absorption and electrochemical properties
The absorption spectra of the copolymers in CHCl3 solu-
tion and in film are shown in Fig. 2. All the polymers show
similar absorption spectra in solution (Fig. 1a) and in film
(Fig. 1b). The spectra of copolymers are dominated by two ab-
sorption bands peaked at around 345 nm (Table 2), which can
be attributed to the FCzN segments [32] in the copolymers,
and peaked at around 510 nm, which can be attributed to the
DHTBT unit incorporated into the polymer main chain [30].
The low-energy absorption intensities increase with the in-
creasing content of DHTBT unit in the copolymers.

The electrochemical properties of the copolymers were
investigated by cyclic voltammetry (CV) in order to gauge
their electronic properties. All the electrochemical data of
the copolymers obtained from the films are listed in Table 2.
The copolymers show one p-doping wave but failed to
detect n-doping process. The copolymers show only one
quasi-reversible oxidation wave with the onsets around
0.83e0.87 eV. The oxidation waves can be assigned to the
oxidation process for the PFCzN segment [32]. The highest
occupied molecular orbital (HOMO) levels are calculated
according to the following empirical formulas: EHOMO¼
�e(Eoxþ 4.40) (eV) [34], and the lowest unoccupied molec-
ular orbital (LUMO) levels are estimated from the optical
band gap that are calculated from the absorption onset of
copolymers in thin film (Table 2). HOMO and LUMO levels
of copolymers, respectively, decrease from �5.23 and
�2.13 eV to �5.27 and �3.19 eV with the increase of
DHTBT content, indicating a much lower barrier for hole
and electron injection from PEDOTePSS (5.2 eV) [35],
and Ba (2.8 eV) or Al (4.2 eV) [36], respectively.
) HOMO (eV) LUMOb (eV) lPL (nm) QEPL (%)

�5.23 �2.13 414, 595 49

�5.25 �2.17 415, 613 67

�5.24 �3.13 415, 615 41

�5.27 �3.18 415, 634 41

�5.27 �3.19 415, 636 36
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4.3. Photoluminescence properties
Fig. 3 shows the PL spectra of the copolymers in CHCl3 so-
lution and in the thin film, respectively. In CHCl3 solution
(Fig. 3a), with the copolymer concentration of 1� 10�5 mol/
L (by repeat unit), except copolymer PFCzNeBHTBT01, all
the copolymers show two emission peaks at around 405 and
630 nm. The emission intensities peaked at 405 nm decrease
while the intensities peaked at 630 nm increase with increas-
ing the DHTBT content in the copolymers. Therefore, 405
and 630 nm emissions can be assigned to FCzN segment
and DHTBT unit in the copolymers, respectively. In the thin
film, the emission of FCzN segment is completely quenched
except the copolymer PFCzNeBHTBT01, and PL emission
is dominated by the red emission at around 630 nm with the
DHTBT content even as low as 1 mol% (Fig. 3b). PL emission
peaks are gradually red-shifted with the increasing DHTBT
content in the copolymers, from 595 nm for PFCzNe
BHTBT01 to 636 nm for PFCzNeBHTBT15. The PL effi-
ciencies (QEPL) of the copolymers are listed in Table 2. All
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the polymers possess high PL efficiencies due to the effective
intra- and intermolecular energy transfer in these copolymers.
It is shown that the PL efficiencies increase when small
amount of DHTBT unit are introduced into polymer backbone.
The PL efficiencies of PFCzNeDHTBT01 and PFCzNe
DHTBT1 are enhanced up to 49% and 67%, respectively,
compared with 19% for PF-alt-CzN copolymer [32]. Further
increasing DHTBT content to 15 mol%, the PL efficiencies
of copolymers are slightly decreased from 41% for PFCzNe
DHTBT5 to 36% for PFCzNeDHTBT15. It is due to the
fact that the strong inter-chain interaction between amino-
alkyl-substituted cabarzole unit is disturbed severely by the
small amount of DHTBT unit introduced into polymer back-
bone, which suppress both radiative decay from FCzN seg-
ment and excimer emission in PFCzN inter-chain aggregates.
4.4. Electroluminescent properties
Owing to the low electron affinity and low drifting mobility
of electron in EL polymers, the electron injection between the
emitting layer and the metal cathode should be improved to ob-
tain a more balanced charge carriers in the device. Low work
functional metals, such as Ba (work function 4¼ 2.8 eV) and
Ca (4¼ 2.9 eV), are typically used as cathodes to facilitate
the electron injection. Since low work functional metals are sus-
ceptible to degradation upon exposure to water and oxygen,
more stable electron injection cathodes made of high work func-
tional metals are desirable. The PFCzNeDHTBT copolymer
can function as both light-emitting and electron injection layers
simultaneously. The EL spectra of these copolymers are pre-
sented in Fig. 4. It is shown that only a red emission is observed
even though the DHTBT content is as low as 0.1 mol%. This
fact indicates that energy transfer in EL process from FCzN seg-
ment to DHTBT unit is efficient and complete, as like the case of
PL emission. The quenched host emission at DHTBT content as
low as 1 mol% for both PL and EL processes implies that the
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Fig. 4. EL spectra of the devices based on the polymers.



Table 3

Device performances of the polymers with PEDOT as an anode buffer

Polymer Anode buffer Cathode Bias (V) Lmax (cd/m2) EQEmax (%) lEL, max (nm) CIE coordinates

x y

PFCzNeDHTBT01 PEDOT Ba/Al 9.4 338 0.39 614 0.58 0.40

Al 11.1 81 0.11

PFCzNeDHTBT1 PEDOT Ba/Al 14.4 430 0.22 625 0.63 0.37

Al 14.9 154 0.15

PFCzNeDHTBT5 PEDOT Ba/Al 6.4 243 0.55 643 0.65 0.34

Al 8.8 165 0.32

PFCzNeDHTBT10 PEDOT Ba/Al 5.0 484 0.59 652 0.67 0.33

Al 6.6 408 0.28

PFCzNeDHTBT15 PEDOT Ba/Al 6.7 410 0.57 658 0.68 0.32

Al 9.2 387 0.30
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energy transfer of PFCzNeDHTBT copolymers occurs mainly
via trapping mechanism. The generated exciton is efficiently
confined on the DHTBT site, so that polymers emit exclu-
sively the narrow-band-gap component DHTBT. EL peaks
are generally 20 nm red-shifted (Tables 2 and 3) in comparison
with the PL emission of corresponding copolymers. The red-
shifted EL emission with the increasing DHTBT content, as
observed in PL spectra, from 614 nm for PFCzNeDHTBT01
to 658 nm for PFCzNeDHTBT15, indicates an aggregation
among DHTBT units of neighboring chains.

The EL performances of polymers were examined in the de-
vice configuration of ITO/PEDOT (or PVK)/polymer/(or Ba)/
Al. The detailed device performances are listed in Tables 3
and 4. It is shown that all polymers show similar external quan-
tum efficiencies, regardless of whether a low functional metal
Ba or a high functional metal Al was used as the cathode.
The maximum external quantum efficiencies (EQEmax)s of de-
vices with Al as cathode and PVK as anode buffer layer for
PFCzNeDHTBT01, PFCzNeDHTBT1, PFCzNeDHTBT5,
PFCzNeDHTBT10 and PFCzNeDHTBT15 are 0.18%,
0.23%, 0.75%, 0.84% and 0.77%, respectively (Table 4). The
(EQEmax)s for PFCzNeDHTBT10 are 1.10% and 0.84% at
the luminance of 624 and 507 cd/m2, respectively, with device
configuration: ITO/PEDOT/PVK/polymer/(or Ba)/Al.
Table 4

Device performances of the polymers with PVK as an anode buffer

Polymer Anode buffer Cathode Bias (V) Lmax

PFCzNeDHTBT01 PVK Ba/Al 16 184

Al 22 83

PFCzNeDHTBT1 PVK Ba/Al 23 203

Al 22 197

PFCzNeDHTBT5 PVK Ba/Al 13 197

Al 12 197

PFCzNeDHTBT10 PVK Ba/Al 10 624

Al 11 507

PFCzNeDHTBT15 PVK Ba/Al 10 489

Al 11 470
The comparable device efficiencies achieved by Al and Ba
cathodes for copolymers in this paper indicate that the barrier
height on the interface between the active layer and Al cathode
is significantly reduced to allow efficient electron injection
[36]. Tables 3 and 4 compare the device performances of poly-
mers using PEDOTePSS or PVK as anode buffer. It can be
found that the device efficiencies are significantly enhanced
for all copolymers except PFCzNeDHTBT01 and PFCzNe
DHTBT1 when PVK was used as anode buffer. Since
HOMO and LUMO levels for the copolymer are around
�5.2 and �3.1 eV (Table 2), while the work functions of PE-
DOT and Ba are around 5.0e5.2 eV and 2.8 eV, respectively,
obviously there exists no injection barrier for electron, while
there is a barrier of 0.2 eV for hole to overcome. The current
densities (J ) and luminances (L) of the devices versus voltage
(V) of the device of PFCzNeDHTBT10 copolymer with
different configurations are shown in Fig. 5. It is noticeable
that the devices with Al cathode show almost the same oper-
ating voltage as the devices with Ba/Al cathode. Moreover,
as shown in Fig. 5, the decreased current densities of the de-
vices with PVK buffer layer compared with PEDOT devices
indicate that the electron leakage current is depressed leading
to an enhanced efficiency. Therefore, it suggests that PVK
(HOMO: �5.4 eV, LUMO: �1.9 eV) [37] plays a role of
(cd/m2) EQEmax (%) lEL, max (nm) CIE coordinates

x y

0.30 614 0.58 0.40

0.18

0.30 625 0.63 0.37

0.23

0.72 643 0.65 0.34

0.75

1.10 652 0.67 0.33

0.84

1.00 658 0.68 0.32

0.77
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electron-blocking and leads to more balanced charge carriers
in the device.

5. Conclusions

Amino-containing saturated red light-emitting copolymers
PFCzNeDHTBT were synthesized via Suzuki polycondensa-
tion. The dimethylaminopropyl group in the polymer side
chain can lower the barrier height on the interface between
metal cathode and light-emitting polymer. As a result, high
work functional metal Al can be used as cathode in PLEDs
with similar device performances to those with lower work
functional metal Ba cathode. The (EQEmax)s of the copolymer
PFCzNeDHTBT10 achieved 0.84% (or 1.1%) with the device
configuration: ITO/PEDOT/PVK/polymer/Al (or Ba/Al) with
an emission peaked at 650 nm.
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