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a b s t r a c t

A series of novel blue light-emitting copolymers PCC-1, PCC-2, and PCC-3, composed of different ratios of
electron-withdrawing segments (spirobifluorene substituted with cyanophenyl groups) and electron-
donating segments (carbazole-triphenylamines), has been synthesized and characterized. In order to
investigate the effect of hole/electron charge transporting segments, two reference polymers PSF and
PCF, containing only one charge transporting moiety in the polymer backbone, were also synthesized.
Incorporation of the rigid spirobifluorene units substituted with cyanophenyl groups into the polymer
backbone improved not only the thermal stabilities but also the photoluminescence efficiencies. The
polymers except PSF possess similar hole injection barriers but different hole transporting abilities. With
the device configuration of ITO/PEDOT:PSS/polymers:PBD/CsF/Ca/Al, PCC-2 showed the best perfor-
mance with the lowest turn-on voltage of 3.1 V, the highest luminance of 6369 cd/m2, the highest current
efficiency of 1.97 cd/A, and the best power efficiency of 1.40 lm/w.

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

Since the first report of polymer light-emitting diodes (PLEDs)
[1], fabricating ultrathin, full-color, and large-area displays have
stimulated intense research interest and tremendous progress in the
last decade [2]. The solution processability for PLEDs allows the
fabrication of product by printing techniques, e.g. inkjet printing,
which is more cost friendly and commercially viable compared with
vacuum deposition process [3]. To realize PLED-based displays, high
performance blue, green and red light-emitting polymers are
required. In comparison with red [4] and green [5] emitters, only
a few blue light-emitting polymers show promising applications for
PLEDs [6]. Thus, development of stable and efficient blue light-
emitting polymers is urgently required.

Among all the conjugated polymers investigated in PLEDs so far,
polyfluorenes (PFs) have been recognized as promising candidates
þ65 6872 0785.
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for blue emitters due to their high photoluminescence efficiency,
good chemical and thermal stability [7]. In the family of PFs, spi-
robifluorene with unusual rigid three-dimensional structure
exhibits excellent thermal and spectral stability [8]. The properties
of spirobifluorene could be easily tuned by attaching different
functional groups onto either fluorene unit. In the past decade,
a number of spirobifluorene-based light-emitting materials have
been developed [9–12].

In the PLED device, the balance of electron/hole transport
through the device is critical. It can be achieved by fabricating
multilayer devices through incorporating charge transporting
layer(s), or doping charge transporting materials into the emissive
layer, or introducing electron withdrawing/donating segments into
the backbones of emitting polymers [13]. From the synthetic point
of view, incorporating electron and/or hole transporting monomers
into polymer backbone is a common and effective approach. As for
the hole-transporting moieties, triphenylamines (TPAs) and
carbazole derivatives have been often used [14]. For the electron-
withdrawing segments, a great number of groups have been
investigated, such as pyridine [15], oxadiazole [16], cyano group
[17], triazole [18], etc. Among them, the cyano group has been
widely used because of its strong electron withdrawing property
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and good luminescence efficiency [19,20]. Polymers containing
only electron-donating segment or only electron-withdrawing
segment showed poor device performance. Jenekhe et al. [16e]
compared the performances of poly[fluorenevinylene–dipheny-
loxadiazole], poly[fluorenevinylene–triphenylamine] and the
polymer comprised both functional segments, and found that the
bipolar copolymer showed better efficiency (1.34 cd/A) over those
of poly(oxadiazole–fluorene) (0.83 cd/A) and poly(triphenylamine-
fluorene) (0.80 cd/A), when the poly(N-vinylcarbazole) (PVK) was
used as the host material. Jin et al [17c] reported three copolymers
composed of fluorene units and strong electron-withdrawing cyano
groups. The copolymers emitted yellow to orange light rather than
blue light. These ‘‘hole-only’’ or ‘‘electron-only’’ materials showed
either low efficiencies or undesirable emitting color. Therefore, the
polymers containing both electron-donating and electron-with-
drawing segments could overcome the drawbacks of the materials
discussed above.

In this work, we report a series of fluorene-based copolymers,
consisting of cyanophenyl groups as electron transporting pendants
and carbazole-triphenylamines comonomer as hole transporting
segments. The copolymers were prepared via the Suzuki coupling
reaction with three comonomers: 20,70-dibromo-2,7-bis(40-cyano-
phenyl)-9,90-spirobifluorene (M1), 4-(9H-carbazol-9-yl)-40,400-dib-
romotriphenylamine (M2), and 9,9-dihexylfluorene-2,7-bis(trime-
thyleneborate) (M3). In the monomer M1 [21], the two cyano groups
are attached onto one of the fluorene units in spirobifluorene through
a phenylene group. Such a design can enhance the electron trans-
porting property of the polymer but avoid strong intramolecular
interaction. Generally, strong intra- and/or inter-molecular inter-
action will lead to large red shift of emission spectrum and reduced
efficiency, and is thus undesirable for blue light emitting materials.
M2, containing the carbazole-triphenylamine basic structure, has
outstanding hole transporting character. These two monomers were
conjugated but also separated by the alkyl substituted fluorene
(M3), which can further reduce the intramolecular interaction. With
different feed ratios of M1 and M2, random copolymers PCC-1, PCC-
2, and PCC-3 were synthesized. For comparison, two reference
copolymers PSF and PCF were also prepared. The electrolumines-
cence (EL) performances of these copolymers were evaluated using
two device configurations: ITO/PEDOT:PSS/polymers/CsF/Ca/Al and
ITO/PEDOT:PSS/polymers:PBD/CsF/Ca/Al. One used the pure poly-
mer as the emissive layer, and the other used 30% of 2-(4-tert-
butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) doped in the
polymer to form the emissive layer to raise the device performance,
such as the color purity and EL efficiency [22]. With the later device
configuration, maximum luminance of 6369 cd/m2 and the highest
current efficiency of 1.97 cd/A for PCC-2 were achieved.
2. Experimental section

2.1. Materials

2,7-Dibromo-9,90-spirobifluorene (1) was purchased from
Pacific ChemSource. 4-Carbazol-9-yl-phenylamine (4) was synthe-
sized according to the literature reported [14a]. 4-Cyanophe-
nylboronic acid and phenylboronic acid were bought from Boron
Molecular. Tetrakistriphenylphosphine palladium [Pd0(PPh3)4] and
palladium acetate [Pd(OAc)2] were purchased from Strem Chem-
icals. 1-Bromo-4-iodobenzene was bought from Alfa Aesar. 1,10-
Bis(diphenylphosphino)-ferrocene, tetrabutylammonium bromide,
and 9,9-dihexylfluorene-2,7-bis(trimethyleneborate) were
obtained from Aldrich. Sodium tert-butoxide and bromobenzene
were commercial available from Fluka. All the solvents were A.R.
grade and used without further purification.
Synthesis of 2,7-Bis(40-cyanophenyl)-9,90-spirobifluorene (2) [21]:
To a mixture of 2,7-dibromo-9,90-spirobifluorene (1) (1.76 g,
3.7 mmol) and 4-cyanophenylboronic acid (2.04 g, 13.9 mmol),
Pd(PPh3)4 (0.23 g, 0.20 mmol) was added in argon atmosphere.
Toluene (32 mL) and 2 M Na2CO3 (16 mL) was added into the mixture
and heated to reflux with continuous stirring in the dark for 24 h
under the protection of nitrogen. After cooling to room temperature,
the organic layer was separated and the aqueous layer was extracted
with ethyl acetate. The combined organic layer was washed with
water, brine and dried over sodium sulfate. The solvent was removed
under reduced pressure and the crude product was purified by silica
gel column chromatography with n-hexane/ethyl acetate (5:1) as
eluent to give 2 as a white powder (1.94 g, 77.5%). 1H NMR (CDCl3,
400 MHz, ppm) d 7.98 (d, J¼ 8.0 Hz, 2H), 7.89 (d, J¼ 7.6 Hz, 2H), 7.64
(dd, J¼ 1.6, 8.0 Hz, 2H), 7.60 (d, J¼ 8.4 Hz, 4H), 7.52 (d, J¼ 8.4 Hz, 4H),
7.41 (t, J ¼ 7.6 Hz, 2H), 7.14 (t, J ¼ 7.6 Hz, 2H), 6.94 (s, 2H), 6.80 (d,
J ¼ 7.6 Hz, 2H). 13C NMR (CDCl3, 100 MHz, ppm) d 150.43, 147.96,
145.17, 141.85, 141.51, 139.29, 132.39, 128.15, 128.08, 127.63, 127.26,
124.08, 122.76, 120.90, 120.28, 118.79, 110.87, 66.11. Anal. Calcd for
C39H22N2: C, 90.32; H, 4.28; N, 5.40. Found: C, 90.35; H, 4.41; N, 5.53.

Synthesis of 20,70-Dibromo-2,7-bis(40-cyanophenyl)-9,90-spirobi-
fluorene (M1) [21]: To a solution of 2,7-bis(40-cyanophenyl)-9,90-
spirobifluorene (2) (1.04 g, 2.0 mmol) in 25 mL of dichloromethane
at 0 �C, 40 mg (0.3 mmol) of iron(III) chloride was added. A solution
of bromine (0.71 g, 4.4 mmol) in 10 mL of dichloromethane was
added into the stirring mixture dropwise at 0 �C. After stirring at
room temperature for 48 h, the solution was cooled to 0 �C again
and an aqueous solution of sodium sulfite was added slowly till the
dark color disappeared. The organic layer was separated and the
aqueous layer was extracted with dichloromethane. The combined
organic layer was washed with brine and dried over sodium sulfate.
The solvent was removed and the residue was purified by column
chromatography eluting with n-hexane/ethyl acetate (5:1) fol-
lowed by recrystalization with ethanol to give M1 (1.12 g, 82.5%).1H
NMR (CDCl3, 400 MHz, ppm) d 7.99 (d, J ¼ 8.0 Hz, 2H), 7.72 (d,
J ¼ 8.0 Hz, 2H), 7.69 (dd, J ¼ 1.6, 8.0 Hz, 2H), 7.64 (d, J ¼ 8.4 Hz, 4H),
7.53–7.57 (m, 6H), 6.91 (dd, J ¼ 2.0, 6.8 Hz, 4H). 13C NMR (CDCl3,
100 MHz, ppm) d 149.75, 148.66, 144.93, 141.37, 139.72, 139.67,
132.47, 131.64, 127.90, 127.72, 127.36, 122.75, 122.20, 121.73, 121.23,
118.74, 111.09, 65.71. Anal. Calcd for C39H20Br2N2: C, 69.25; H, 2.98;
N, 4.14. Found: C, 69.59; H, 3.02; N, 4.20.

Synthesis of 4-(9H-Carbazol-9-yl)-40,400-dibromotriphenylamine
(M2): A mixture of 4-carbazol-9-yl-aniline (3) (1.29 g, 5.0 mmol), 1-
bromo-4-iodobenzene (3.39 g, 12.0 mmol), Pd(OAc)2 (224.5 mg,
1.0 mmol), 1,10-bis(diphenylphosphino)–ferrocene(1.11 g, 2.0 mmol)
and sodium tert-butoxide (1.92 g, 20.0 mmol) was purged with
nitrogen, and then dry toluene (20 mL) was added. The mixture was
refluxed for 24 h in the dark under nitrogen protection. The
suspension was dispersed in 100 mL toluene and filtered to remove
the solid. The filtrate was washed with water, brine and dried over
sodium sulfate. After the solvent was removed, the residue was
purified by column chromatography with n-hexane/dichloro-
methane (4:1) to give M2 as white solid (464 mg, 16.3%).1H NMR
(CD2Cl2, 400 MHz, ppm) d 8.16 (d, J ¼ 7.6 Hz, 2H), 7.45 (m, 10H), 7.30
(m, 4H), 7.09 (d, J ¼ 8.8 Hz, 4H). 13C NMR (CD2Cl2, 100 MHz, ppm)
d 146.39,146.11,141.00,132.66,132.50,128.05,125.90,125.88,124.99,
123.25, 120.18, 119.85, 115.95, 109.72. Anal. Calcd for C30H20Br2N2: C,
63.40; H, 3.55; N, 4.93. Found: C, 64.34; H, 3.70; N, 4.96.

General Procedures for Suzuki Polymerization Taking PSF as an
Example: To a 25 mL round bottom flask charged with M1 (270.5 mg,
0.40 mmol), 9,9-dihexylfluorene-2,7-bis(trimethyleneborate) (M3)
(200.9 mg, 0.40 mmol), potassium carbonate (198.1 mg, 1.45 mmol)
and tetrabutylammonium bromide (30.72 mg, 0.10 mmol) was
added Pd(PPh3)4 (1.2 mg) in glove-box. Degassed toluene (3.5 mL)
and water (0.8 mL) was added into the mixture by syringe. After
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Fig. 1. TGA curves of the polymers recorded under flowing nitrogen conditions.
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heating the mixture at 83 �C under nitrogen atmosphere for 42 h,
excess phenylboronic acid and bromobenzene were added as end-
capping reagents. The mixture was extracted with chloroform for
three times, and the combined organic extracts were washed with
water, brine and dried over sodium sulfate. The salt was filtered off
and the filtrate was concentrated into a small volume. The polymer
solution was added dropwise into stirred methanol. After filtration,
the collected solid was purified by reprecipitating into methanol and
then Soxhlet extraction with acetone. The polymer was dried under
vacuum to give 283.0 mg of light yellow solid with a yield of 83.3%.
GPC (THF) Mn ¼ 4.6 kDa, Mw ¼ 5.9 kDa, PDI¼ 1.28. 1H NMR (CD2Cl2,
400 MHz, ppm) d 8.01–8.10 (m, 4H), 7.35–7.76 (m,18H), 7.05–7.15 (m,
4H),1.92 (br, 4H), 0.92–0.99 (m,12H), 0.52–0.71 (m,10H). Anal. Calcd
for [C64H52N2]n: C, 90.53; H, 6.17; N, 3.30. Found: C, 90.41; H, 6.41;
N, 3.17.

PCC-1: M1 (202.9 mg, 0.30 mmol), M2 (85.2 mg, 0.15 mmol),
M3 (226.0 mg, 0.45 mmol), 299.1 mg of light yellow solid, yield
81.7%. GPC (THF) Mn ¼ 12.9 kDa, Mw ¼ 22.8 kDa, PDI ¼ 1.77. 1H
NMR (CD2Cl2, 400 MHz, ppm) d 8.17 (d, J ¼ 6.8 Hz, 2H), 8.02–8.12
(m, 8H), 7.30–7.81 (m, 60H), 7.05–7.16 (m, 8H), 1.92–2.09 (m,
12H), 0.93–1.00 (m, 36H), 0.51–0.77 (m, 30H). Anal. Calcd for
[C183H156N6]n: C, 90.11; H, 6.45; N, 3.45. Found: C, 89.78; H, 6.85;
N, 3.36.
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Fig. 2. DSC measurements of the polymers recorded under flowing nitrogen
atmosphere.
PCC-2:. M1 (338.2 mg, 0.50 mmol), M2 (284.1 mg, 0.50 mmol),
M3 (502.3 mg, 1.00 mmol), 435.4 mg of light yellow solid, yield
54.7%. GPC (THF) Mn¼ 16.5 kDa, Mw¼ 26.0 kDa, PDI¼ 1.57. 1H NMR
(CD2Cl2, 400 MHz, ppm) d 8.17 (d, J¼ 6.8 Hz, 2H), 8.02–8.12 (m, 4H),
7.31–7.82 (m, 42H), 7.08–7.16 (m, 4H), 1.94–2.10 (m, 8H), 0.93–1.10
(m, 24H), 0.52–0.77 (m, 20H). Anal. Calcd for [C119H104N4]n: C,
89.56; H, 6.45; N, 3.45. Found: C, 89.88; H, 6.80; N, 3.46.

PCC-3: M1 (101.5 mg, 0.15 mmol), M2 (170.5 mg, 0.30 mmol),
M3 (226.0 mg, 0.45 mmol), 214.9 mg of light yellow solid, yield
62.2%. GPC (THF) Mn¼ 14.5 kDa, Mw¼ 29.3 kDa, PDI¼ 2.02. 1H NMR
(CD2Cl2, 400 MHz, ppm) d 8.17 (d, J¼ 7.2 Hz, 4H), 8.02–8.12 (m, 4H),
7.31–7.83 (m, 66H), 7.07–7.16 (m, 4H), 1.91–2.10 (m, 12H), 0.92–1.10
(m, 36H), 0.51–0.77 (m, 30H). Anal. Calcd for [C174H156N6]n: C,
89.65; H, 6.75; N, 3.61. Found: C, 89.50; H, 7.02; N, 3.48.

PCF: M2 (340.98 mg, 0.60 mmol), M3 (301.4 mg, 0.60 mmol),
284.0 mg of light yellow solid, yield 63.9%. GPC (THF) Mn¼ 17.6 kDa,
Mw ¼ 45.0 kDa, PDI ¼ 2.56. 1H NMR (CD2Cl2, 400 MHz, ppm) d 8.17
(d, J ¼ 7.2 Hz, 2H), 7.30–7.82 (m, 24H), 2.10 (br, 4H), 1.10 (br, 12H),
0.78 (br, 10H). Anal. Calcd for [C55H52N2]n: C, 89.15; H, 7.07; N, 3.78.
Found: C, 89.04; H, 7.28; N, 3.68.

2.2. Measurement and characterization

1H and 13C NMR spectra were measured using a Bruker 400
spectrometer operating respectively at 400 MHz for 1H and
100 MHz for 13C in deuterated chloroform or methylene chloride
solution with a tetramethylsilane (TMS) as a reference for the
chemical shifts. Elemental analysis was performed on a Flash 1112
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Fig. 3. UV–vis absorption and PL spectra for the copolymers (a) in dilute toluene
solution and (b) in thin film.
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Series elemental analyzer. The molecular weights of the polymers
were determined with a Waters 2690 gel permeation chromatog-
raphy (GPC) using a polystyrene standards eluting with tetrahy-
drofuran. Thermo gravimetric analysis (TGA) was carried out on
a TA TGA-Q500 analyzer with a nitrogen flow at a heating rate of
10 �C/min. Differential scanning calorimetry (DSC) was performed
on a TA DSC-Q100 modulated DSC instrument at a heating rate of
10 �C/min and a cooling rate of 10 �C/min under nitrogen atmo-
sphere. The UV–vis absorption and photoluminescence (PL) spectra
were recorded on a Shimadzu UV-3101 scanning spectrophotom-
eter and on a Perkin–Elmer LS 55 fluorescence spectrometer,
respectively. Cyclic voltammetry (CV) measurements were con-
ducted on a three-electrode AUTOLAB (model PGSTAT30) work-
station in a solution of Bu4NPF6 (0.10 M) in acetonitrile at a scan rate
of 100 mV/s at room temperature.

2.3. Device fabrication and performance measurements

The PLEDs were fabricated on indium tin oxide (ITO) coated
glass substrates. The substrates were pre-cleaned sequentially in
detergent solution, distilled water, acetone, and methanol in an
ultrasonic bath. The cleaned substrates were treated with oxygen-
argon plasma and spin-coated with 50 nm of poly(ethylene diox-
y)thiophene/poly(styrenesulfonic acid) (PEDOT:PSS), followed by
drying at 120 �C in air for 30 min to remove residual water. For
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DOT:PSS/polymers/CsF/Ca/Al); (b) Luminance versus applied bias voltage; (c) Current
ded at the voltage of 8 V.
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Fig. 6. (a) Current density versus applied bias voltage (inset: device configuration of ITO/PEDOT:PSS/polymers:PBD/CsF/Ca/Al); (b) Luminance versus applied bias voltage;
(c) Current efficiency versus current density for devices; and (d) The normalized EL spectra of the polymers mixed with PBD recorded at the voltage of 8 V.
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device 1, as shown in Fig. 5a, the polymers were spin-coated from
a chloroform solution onto the ITO/PEDOT:PSS surface and
annealed at 120 �C for 30 min to form a 80 nm-thick emitting layer.
For device 2, as shown in Fig. 6a, a solution of 70 wt.% polymer and
30 wt.% PBD in chloroform, which was pre-filtered through Teflon
filter (0.45 mm), was then spin-coated on top of the PEDOT:PSS layer
followed by annealing at 120 �C for 30 min to form a 80 nm-thick
emitting layer. A 1 nm-thick CsF buffer layer was grown through
thermal sublimation in a vacuum of 1 � 10�5 Pa onto the emitting
layer both in device 1 and 2. The cathode was composed of 10 nm
Ca and 100 nm Al, which were successively thermally deposited.
The corresponding configuration of device 1 was ITO/PEDOT:PSS
(50 nm)/polymers (80 nm)/CsF (1 nm)/Ca (20 nm)/Al (100 nm),
whereas that of device 2 was ITO/PEDOT:PSS (50 nm)/poly-
mers:PBD (80 nm)/CsF (1 nm)/Ca (20 nm)/Al (100 nm). The steady-
state current–voltage–luminance (I–V–L) characteristics were
recorded using a Keithley 2400 source meter with a calibrated Si
photodiode. The EL spectra were measured by a PR650 SpectraScan
spectrophotometer. All measurements were carried out at room
temperature under ambient conditions.
BrBr CNB
HO

HO

Pd(PPh3)4
Na2CO3 aq.
toluene

1 2

NC

Scheme 1. Syntheti
3. Results and discussion

3.1. Synthesis and characterization

Scheme 1–3 show the chemical structures and the synthetic
routes to the monomers and copolymers. The synthesis starts with
commercially available 2,7-dibromo-9,90-spirobifluorene (1) by
Suzuki coupling reaction to get the intermediate compound 2. The
key monomer M1 was obtained by bromination of compound 2
using bromine with the catalyst of iron(III) chloride [21]. Compound
3 was converted to M2 by reacting with 1-bromo-4-iodobenzene
using the Ullmann reaction. In an attempt to select the optimal ratio
of the monomers, copolymers with different ratios of monomers
were prepared via Suzuki-coupling reactions. The feed molar ratios
between M1 and M2 were 1:0, 2:1, 1:1, 1:2, and 0:1 in PSF, PCC-1,
PCC-2, PCC-3, and PCF, respectively. The copolymers were purified
by reprecipitation of polymer chloroform solution in methanol and
Soxhlet extraction by acetone. The yields were 54.7–83.3%. The
number-average molecular weights (Mn) of the polymers were
determined by gel permeation chromatography (GPC) against
FeCl3/Br2
CH2Cl2

M1

CN CNNC

BrBr

c route for M1.
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Scheme 2. Synthetic route for M2.
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polystyrene standards eluting with THF ranged from 4600 to 17 600
with a polydispersity index from 1.28 to 2.56 (Table 1). All the
copolymers showed good solubility in toluene, dichloromethane,
chloroform, and tetrahydrofuran and could be processed into high
quality films by spin-coating for device fabrication. PSF, which was
copolymerized only with M1 and M3, precipitated from solution
during the polymerization propagation. Owing to its poor solubility,
PSF had the lowest molecular weight (Mn ¼ 4600) compared with
other polymers. The chemical structures of the monomers were
verified by 1H and 13C NMR spectra. The 1H NMR spectra of the
copolymers were consistent with their statistic chemical structures.
The actual molar ratios of the monomers in each polymer calculated
from 1H NMR are in good agreement with the corresponding feed
molar ratios. The NMR spectra of the polymers are shown in the
Supplementary Content. The elemental analysis results showed
good purities of these polymers.

3.2. Physical properties

The thermal properties of the copolymers were evaluated by
thermo gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). The TGA and DSC spectra of these polymers are
shown in Fig. 1 and Fig. 2, respectively. The decomposed temper-
ature (Td, 5 wt.% loss) and glass-transition temperature (Tg) of the
polymers are shown in Table 1. Tds and Tgs of the polymers are
higher than 400 �C and 200 �C, respectively. The first stage of
weight loss (w20%) below 480 �C is due to the decomposition of
alkyl groups. Even at 800 �C, there is only about 30% weight loss.
The TGA results indicate that the polymers possess extremely good
thermal stability. It is worthwhile to note that the Tgs of the poly-
mers are increasing steadily with the composition of spirobi-
fluorene moiety in the copolymers, from 213 �C for PCF to 260 �C
for PSF. This indicates that the incorporation of the rigid spirobi-
fluorene linkage in the polymer backbone results in significant
reduction of the segmental mobility [23].

The normalized UV–vis and PL spectra of the polymers in dilute
(10�6 M) toluene solution are shown in Fig. 3a. The absorption
maxima are in the range of 359–378 nm corresponding to the p–p*
Scheme 3. Synthetic rout
transition of the polymer backbone. The absorption maxima are in
the range of 359–378 nm corresponding to the p–p* transition of
the polymer backbone. The absorption spectra of copolymers PCC-
1, PCC-2, and PCC-3 peak at 360–371 nm, lying between those of
PSF (359 nm) and PCF (378 nm). The absorption bands of the
polymers are red-shifted steadily with increasing the content of
carbazole-triphenylamines. This might be due to the elevated
HOMO energy levels of the polymers. In the emission spectra, PSF
has the shortest emission peak at 414 nm with a vibronic shoulder
at around 436 nm. PCF has an emission peak at 425 nm with
a shoulder at 449 nm; while PCC-1 and PCC-3 have similar but
slightly red-shifted emission maxima at 428 and 429 nm, respec-
tively. It should be noted that PCC-2, whose molar ratio of M1 and
M2 is 1:1, has the most red-shifted emission peak at 449 nm and
the largest Stokes shift of 83 nm among the polymers. The large
Stokes shift may result from structural differences between the
ground and excited states [24,25] as well as migrated excitons in
the segments of the chain where ring rotates more flexibly [26].

Fig. 3b shows the normalized UV–vis and PL spectra of the
copolymers in thin films. The absorption maxima are in the range of
367–381 nm, which are red-shifted by 1–12 nm from the respective
spectra in dilute solution. At the same time, the emission maxima of
the polymers are red-shifted by 6–23 nm. The emission peak of
PCC-2 in thin film is only red-shifted by 6 nm with respect to that in
dilute toluene solution. This phenomenon could be ascribed to the
weak inter-molecular interaction and the suppressed aggregation
[24a,27]. The Stokes shifts of PSF, PCC-1, PCC-2, PCC-3, and PCF in
solid states are 59, 79, 88, 77, and 54 nm, respectively. The largest
Stokes shift of PCC-2 in thin film is consistent with the observation
of PCC-2 in solution. All the physical properties of the polymers are
summarized in Table 1. The optical band gaps of these polymers
calculated from their respective onset wavelengths of absorption
spectra in thin films gave similar values of 2.77–2.88 eV.

3.3. Electrochemical properties

The electrochemical properties of the polymers were investi-
gated by cyclic voltammetry (CV). The CV measurement on drop-cast
polymer film on Pt foil electrode was conducted in a solution of tetra-
n-butylammonium hexafluorophosphate (nBu4NPF6, 0.1 M) in
acetonitrile at room temperature. An Ag/Agþ electrode was used as
the reference electrode, and a gold electrode was used as the counter
electrode. The highest occupied molecular orbital (HOMO) levels of
the polymers were calculated from their respective onset oxidation
potentials according to the equation HOMO ¼ �(Eox

onset þ 4.4) eV
with the ferrocene oxidation potential as the standard [28]; the
lowest unoccupied molecular orbital energy (LUMO) levels could
only be estimated from the corresponding HOMO energy levels and
optical band gaps (Eg). In Fig. 4, the polymers showed reversible or
e for the copolymers.



Table 1
Physical Properties of the Polymers.

Polymer Mn(�103) Mw/Mn Td
a(�C) Tg

b(�C) lAbs
c(nm) lem

c(nm) lAbs
d(nm) lem

d(nm)

PSF 4.6 1.28 436 260 359 414 (436) 371 430 (446)
PCC-1 12.9 1.77 431 255 360 429 370 449
PCC-2 16.5 1.57 433 238 366 449 367 455
PCC-3 14.5 2.02 430 235 371 428 374 451
PCF 17.6 2.56 428 213 378 425 (449) 381 435

a The temperature at which 5% weight loss of the sample was reached from TGA under nitrogen atmosphere.
b Evaluated by DSC during second heating cycle at a rate of 10 �C/min.
c Maximum absorption/emission wavelengths in dilute toluene solutions (10–6 M).
d Maximum absorption/emission wavelengths in thin films.
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partially reversible oxidation process. The onset oxidation potential
at 1.31 V observed in PSF can been assigned to the oxidation of flu-
orene components [29]. It can be seen that PCC-1, PCC-2, PCC-3, and
PCF demonstrated one oxidation band in the range from 0.8 to 1.2 V
besides the fluorene band (1.2–1.7 V). The first band can be ascribed
to the oxidation of carbazole-triphenylamine segments and used to
estimate the onset oxidation potentials [30]. The calculated HOMOs
and LUMOs of the polymers are summarized in Table 2. As shown in
Fig. 4 and Table 2, the onset oxidation potentials of all the polymers
were observed in the region of 0.86–1.31 V. The HOMO values of the
polymers were estimated to be in the range of �5.26 to �5.71 eV,
therefore the LUMO energy levels were calculated to be in the range
of �2.38 to �2.94 eV from the optical band gaps and HOMO values.
Although all the HOMO values of the polymers except PSF are very
close to that of PCF, it can be clearly seen in Fig. 4 that the first
oxidation band assigned to carbazole-triphenylamine becomes
weaker when the content of M2 in the polymer backbone reduced.
These results indicate all the copolymers have similar hole injection
barriers but different hole transporting properties. In other words,
the hole and electron transporting properties of the copolymers
could be effectively manipulated through tuning the feed ratios of
M1 and M2.

3.4. Electroluminescence properties

The initial electroluminescence (EL) performances of these
polymers were investigated by fabricating multilayer devices with
the configuration of ITO/PEDOT:PSS (50 nm)/polymers (80 nm)/CsF
(1 nm)/Ca (20 nm)/Al (100 nm) (device 1). In this device configu-
ration, poly(ethylene dioxy)thiophene mixed with poly(styrene
sulfonic acid) (PEDOT:PSS) was used as the hole injection and
transport layer, and cesium–fluoride (CsF) (1 nm) was used as the
electron-injection layer. 20 nm of Ca and 100 nm of Al were
deposited onto CsF layer as the cathode. As summarized in Table 3,
the reference polymer PCF presented the lowest luminance
(1427 cd/m2) and efficiency, which should be ascribed to the poor
electron transporting property of the polymer. Another reference
polymer PSF showed high current efficiency but low brightness;
thereby this structure was not the best one. Yang et al. [31] reported
Table 2
Electrochemical Properties of the Polymers.

Polymer Eg
a (eV) Eox

onset
b (V) HOMOc (eV) LUMOd (eV)

PSF 2.77 1.31 �5.71 �2.94
PCC-1 2.87 0.87 �5.27 �2.40
PCC-2 2.86 0.86 �5.26 �2.40
PCC-3 2.87 0.86 �5.26 �2.39
PCF 2.88 0.86 �5.26 �2.38

a Determined from UV–vis absorption spectra.
b Eox

onset: onset oxidation potential.
c HOMO ¼ �(Eox

onset þ 4.4) eV.
d Estimated from HOMO levels and the optical band gaps. LUMO ¼ HOMO þ Eg.
the comparison of the current efficiencies of fuorene-based
copolymers with hole- or electron-transporting segments: PF-
Carbazole (0.02 cd/A), PF-Spirobifluorene (0.23 cd/A), PF-Oxadia-
zole (0.40 cd/A). The efficiencies of PSF and PCF are higher than
those of PF-Oxadiazole and PF-Carbazole reported [31], respec-
tively. The polymers we prepared also exhibited higher brightness
than the polyfluorenene with quinoline substituents [32]. Thereby,
the cyano groups and carbazole-triphenylamine units functioned
well as the electron-withdrawing and electron-donating moieties,
respectively. When the copolymers containing both M1 and M2
building blocks were used as the active layers, the devices
demonstrated higher efficiencies than PCF. The efficiencies are
sustained over a wide range of current density. Among the three
copolymers incorporated with M1 and M2, PCC-2 showed the
lowest turn-on voltage (3.7 V), highest luminance (3024 cd/m2) and
current efficiency (0.64 cd/A). All these polymers exhibit good
spectral stability during device operated at different voltages.
Fig. 5d shows the EL spectra of these polymers at the applied
voltage of 8 V. It can be observed that the EL spectra of the polymers
are all dissimilar to their PL spectra in thin films. PSF showed
a broad emission band with the maximum emission wavelength at
488 nm and two shoulders at 432 and 460 nm corresponding to the
CIE color coordinates of (0.21, 0.28) at 8 V; whilst its PL spectrum
peaked at 430 nm with one shoulder at 446 nm. Its EL emission
bands at 432, 460, and 488 nm could be assigned to the vibronic
0-0, 0-1, and 0-2 transitions, respectively. Similar phenomenon was
also observed for the PCF-based device: its EL peaked at 436 nm
with two shoulders at 460 and 488 nm with the CIE coordinates of
(0.19, 0.22), but its PL spectrum showed the maximum emission at
435 nm without an obvious shoulder. The EL spectra of the other
three copolymers are all broader and red-shifted by 30–55 nm
compared with their corresponding PL spectra. The difference
between the PL and EL spectra may be caused by the different
emission mechanism: the PL emission only involves exciton
migration and relaxation, but in EL both charge migration and
energy transfer are involved. [33,34] Moreover, the recombination
of electron-hole in EL increases the formation of excimers, which
may be another reason.

To further optimize the device, the devices with doped emitting
layers were fabricated (device 2). 5-Biphenyl-2-(4-tert-butyl)-
phenyl-1,3,4-oxadiazole (PBD) was chosen to mix with each poly-
mer with a weight ratio of 3:7 to raise the color purity, brightness
and EL efficiency because PBD can block the holes from migrating to
cathode side thus can enhance the recombination probability with
electrons. Fig. 6a–d show the EL performances of these polymers in
doped devices. As can be seen in Table 4, all the doped devices
showed higher brightness, lower turn-on voltages and much better
efficiencies. Actually, the maximum luminances have been
improved ranging from 68% to 152% for the five doped devices,
compared to the pure polymer-based devices. The improvements
for PCC-1, PCC-2, and PCC-3 are even more obvious than PSF and
PCF. The turn-on voltages were reduced by 0.6–1.5 V. The



Table 3
EL performance of the polymers in devices with the configuration of ITO/PEDOT:PSS/polymers/CsF/Ca/Al.

Emissive
Layer

Vturn-on
a

(V)
Lmax

b

(cd/m2)
VL,max

c

(V)
h@100 cd/m2d

(cd/A)
h@1000 cd/m2e

(cd/A)
hmax

f

(cd/A)
hmax

g

(lm/w)
lEL

h

(nm)
CIE1931i

(x, y)

PSF 4.5 1505 8.7 0.68 0.57 0.70 0.44 488 (432, 460) (0.21, 0.28)
PCC-1 4.7 2108 10.5 0.57 0.57 0.61 0.34 504 (0.24, 0.38)
PCC-2 3.7 3024 9.5 0.54 0.64 0.64 0.38 492 (0.20, 0.34)
PCC-3 4.7 1717 11.7 0.55 0.52 0.58 0.35 481 (0.17, 0.26)
PCF 5.5 1427 12.1 0.38 0.33 0.38 0.23 436 (460, 488) (0.19, 0.22)

a Turn-on voltage corresponding to 1 cd/m2 of lumiance.
b Maximum luminance.
c Driving voltage corresponding to maximum luminance.
d Current efficiency at the luminance of 100 cd/m2.
e Current efficiency at the luminance of 1000 cd/m2.
f Maximum current efficiency.
g Maximum power efficiency.
h Maximum EL wavelength.
i Measured at 8 V.

Table 4
EL performance of the polymers in devices with the configuration of ITO/PEDOT:PSS/polymers:PBD/CsF/Ca/Al.

Emissive Layer Vturn-on
a

(V)
Lmax

b

(cd/m2)
VL,max

c

(V)
h@100 cd/m2d

(cd/A)
h@1000 cd/m2e

(cd/A)
hmax

f

(cd/A)
hmax

g

(lm/w)
lEL

h(nm) CIE1931i

(x, y)

PSF/PBD 3.5 2530 8.7 0.91 0.96 0.98 0.67 456 (432, 484) (0.16, 0.16)
PCC-1/PBD 3.2 5306 10.3 1.52 1.61 1.64 1.12 484 (0.16, 0.27)
PCC-2/PBD 3.1 6369 10.9 1.86 1.91 1.97 1.40 484 (0.16, 0.27)
PCC-3/PBD 3.2 4072 10.3 1.10 1.12 1.16 0.81 472 (0.16, 0.21)
PCF/PBD 4.7 2466 10.9 0.39 0.55 0.56 0.22 444, 464 (0.16, 0.17)

a Turn-on voltage corresponding to 1 cd/m2 of luminance.
b Maximum luminance.
c Driving voltage corresponding to maximum luminance.
d Current efficiency at the luminance of 100 cd/m2.
e Current efficiency at the luminance of 1000 cd/m2.
f Maximum current efficiency.
g Maximum power efficiency.
h Maximum EL wavelength.
i Measured at 7 V.
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maximum efficiencies for the three copolymers were improved by
one to two folds. The device fabricated with PCC-2/PBD showed the
best performance: 3.1 V of turn-on voltage, 6368 cd/m2 of
maximum brightness, 1.97 cd/A of current efficiency and 1.40 lm/W
of power efficiency. The EL spectra of the polymers/PBD devices
driven at 7 V are shown in Fig. 6d. The emission peaks are blue-
shifted and narrower compared with their EL spectra in device 1.
The device performances of the polymers with the configuration of
device 2 are summarized in Table 4. All the results suggest that the
best ratio of M1:M2 is 1:1 to achieve the best device performance
among these devices based on the copolymers.
4. Conclusion

We have designed and successfully synthesized a new series of
blue light emitting polymers PSF, PCC-1, PCC-2, PCC-3, and PCF
containing cyano-spirobifluorenes and/or carbazole-triphenyl-
amines. The feed ratios of two monomers (M1 and M2) in PSF, PCC-
1, PCC-2, PCC-3, and PCF were varied from 1:0, 2:1, 1:1, 1:2, to 0:1,
respectively. TGA and DSC analyses indicated that the thermal
properties of the polymers were enhanced by incorporation of the
rigid spirobifluorene units into the polymer backbone. Investiga-
tion of the cyclic voltammetric behavior of the polymer films
revealed that all the polymers except PSF have similar HOMO
energy levels, which are mainly determined by the carbazole-tri-
phenylamine units. Although the copolymers PCC-1, PCC-2, PCC-3
and PCF have similar barriers for hole injection, their hole trans-
porting abilities are different and it can be effectively tuned by
changing the feed ratios between M1 and M2. The EL performances
of the three copolymers and two reference polymers were evalu-
ated with two device configurations: ITO/PEDOT:PSS/polymers/
CsF/Ca/Al (device 1) and ITO/PEDOT:PSS/polymers:PBD (30%)/CsF/
Ca/Al (device 2). Doping the polymers with 30 wt.% of PBD as the
active layers can dramatically improve the device performance.
Among the copolymers, PCC-2 demonstrated the best performance
with the lowest turn-on voltage of 3.1 V, the highest luminance of
6369 cd/m2, the highest current efficiency of 1.97 cd/A, and the best
power efficiency of 1.40 lm/w. All the EL results suggest that the
best ratio of M1:M2 is 1:1 to achieve the best device performance.
The monomer M1 and M2 are good electron-transporting and hole-
transporting segments, respectively, therefore might be useful in
further study of PLEDs.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.polymer.2010.01.024
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