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ABSTRACT: Linear (P1) and hyperbranched polyfluorenes (PF1-PF5) containing hole-transporting [(4-(9-
carbazolyl)butoxyphenyl)] side groups and different amounts of branching triphenyl-1,2,4-triazole units (mole
fraction: 0-0.22) have been synthesized to investigate hyperbranched structure-optoelectronic property
relationship. The hyperbranched polymers have been characterized by NMR, FT-IR, UV-vis, GPC, thermo-
gravimetric analysis, and fluorescence spectroscopy. They show good solubility in common organic solvents
such as CHCl3, toluene, and CH2Cl2 and exhibit excellent thermal stability with decomposition temperatures
higher than 446°C. Their absorption maxima (λmax) appear at 349-378 nm (both in CHCl3 and in the film state),
and furthermore, a linear relationship between 1/λmax and 1/(1- ntriazole) has been correlated. The structures of
PF1-PF5 effectively suppress detrimental excimer formation (∼550 nm) under thermal annealing. However, in
PF3-PF5, a new PL emission (∼520 nm) appeared after thermal annealing at 200°C for 1 h, which was attributed
to complexes formed from carbazole and triazole chromophores. Both electrochemical results and MNDO
semiempirical calculation suggest that oxidation and reduction start from the side carbazole and branching triazole
moieties, respectively. Two layer EL devices (ITO/PEDOT/PF1or PF2/Al) were fabricated and their optoelectronic
properties were investigated. The EL spectra ofPF1andPF2are similar to their own PL spectra with the maximum
brightness being 161 cd/m2 (at 19.1 V) and 212 cd/m2 (at 19.0 V), respectively.

Introduction

Recently, electroluminescent (EL) polymers have been ex-
tensively investigated owing to their good film-forming proper-
ties, easy fabrication via spin-coating, and their tunable lumi-
nescence properties, which make them excellent candidates in
both single- and multilayer polymer light-emitting diodes
(PLEDs).1 The most extensively studied EL polymers are the
linear conjugated ones, such as poly(p-phenylenevinylene)
(PPV),1 polyfluorene (PF),2 and their derivatives.3 Polyfluorenes
(PFs)2 are promising materials for blue light-emitting diodes
because of their high photoluminescence (PL) and electrolu-
minescence (EL) efficiencies.4 However, there are some draw-
backs that hamper their potential applicability, such as the
undesired green emission that appears upon thermal annealing
or device operation.5 This low-energy emission band has been
attributed to the formation of interchain interaction (excimers
or aggregates)6 in the solid state and/or ketonic defects.7,8 To
minimize interchain interaction, several attempts have been
made to use longer and branched side chains or bulky substit-
uents,9 copolymerization techniques,10 dendrimer attachment,11

end-capping of PFs with bulky groups,12 cross-linking of PFs,13

and oligomer approach.10,14

Recently, hyperbranched polymers have drawn a lot of
attention and consideration to diminish formation of interchain
interaction due to their highly branched and globular molecular
structures.15 Therefore, light-emitting hyperbranched polymers

are of current interest for developing efficient electroluminescent
devices and other photonic devices.16 Moreover, Halim et al.
reported that PLEDs made of three-dimensional polymers cause
the materials to form good quality amorphous films and to
improve thermal stability and emission efficiency.17 Compared
to dendritic polymers,18 hyperbranched polymers not only are
more easy to synthesize but also possess comparable properties.
The hyperbranched structure is advantageous over its linear
counterpart in high solubility, good processability, and mini-
mization of unfavorable intermolecular interactions and crystal-
lization.19 In addition, if a hyperbranched polymer has many
peripheral chromophores, it will prefer to form a globular
structure with generations.20 By controlling the nature of the
end groups, it is possible to endow these hyperbranched
architectures with functions such as enhanced adhesion and
energy harvesting as well as optoelectronic characteristics. Bo
et al. reported the “AB2 + AB” approach to synthesize
conjugated hyperbranched polyfluorenes.21 Another novel
“A 2 + A2′ + B3” approach based on Suzuki coupling reaction
was also developed for the preparation of hyperbranched
polyfluorenes.22 However, the resulted polymers with high
degree of branch were not soluble in common organic solvents.

In this article, in order to avoid the excimer/aggregate
formation and to improve the electron affinity and transport
ability of PFs, we introduced a 3,4,5-triphenyl-1,2,4-triazole
branching unit to prepare hyperbranched polyfluorenes. A novel
A2 + A2′ + B3 approach based on Suzuki condensation coupling
was employed for the synthesis of hyperbranched copolyfluo-
renesPF1-PF5, in which A2, A2′, and B3 are 9,9-bis[4-(9-
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carbazolyl)butoxyphenyl]-2,7-dibromofluorene (M1), 9,9-
dihexylfluorene-2,7-bis(trimethylene boronate) (M3) and 3,4,5-
tris(4-bromophenyl)-4H-1,2,4-triazole (M2), respectively. We
controlled the reaction time to avoid gelation of the hyper-
branched polymers. The resulting hyperbranched triazole-
containing polyfluorenes showed stable blue light emission even
in the air at elevated temperatures. The influence of branching
triazole content on optoelectronic properties of the resulting
hyperbranched polymersPF1-PF5 are presented in detail.

Experimental Section

Materials. The synthetic procedures of 2,7-dibromofluorenone
(2) and 9-(4-bromobutyl)carbazole are described in the literature.23,24

Phenol (Showa Co.), bromobenzoyl chloride (3, Acros Co.),
hydrazine monohydrate (Alfa Aesar Co.), phosphorus pentachloride
(PCl5, Riedel-Dehaen Co.),N-methyl-2-pyrrolidone (NMP, Riedel-
Dehaen Co.), chloroform (CHCl3, Tedia Co.), tetrahydrofuran (THF,
Tedia Co.), and other solvents were HPLC grade reagents. All
reagents and solvents were used without further purification.

Instrumentations. All new compounds were identified by1H
NMR spectra, FT-IR spectra, and elemental analysis (EA).1H and
13C NMR spectra were obtained on a Bruker AVANCE-400 NMR
spectrometer. The FT-IR spectra were measured as KBr disk using
a Fourier transform infrared spectrometer, model Valor III from
Jasco. The elemental analysis was carried out on a Heraus CHN-
Rapid elemental analyzer. The thermogravimetric analysis (TGA)
of the polymers was performed under nitrogen atmosphere at a
heating rate of 20°C/min using a Perkin-Elmer TGA-7 thermal
analyzer. Thermal properties of the polymers were measured using
a differential scanning calorimeter (DSC), Perkin-Elmer DSC 7,
under nitrogen atmosphere at a 20°C/min heating rate. UV/Visible
absorption spectra were measured with a Jasco V-550 spectropho-
tometer and the photoluminescence (PL) spectra were obtained
using a Hitachi F-4500 fluorescence spectrophotometer. The
voltammograms of the polymers were measured with a cyclic
voltammetric apparatus; model CV-50W from BAS, equipped with
a three-electrode cell. The cell was made up of polymer-coated Pt
as working electrode, Ag/AgCl electrode as reference electrode,
and platinum wire electrode as auxiliary electrode, immersed in
acetonitrile containing 0.1 M (n-Bu)4NClO4. The energy levels were
calculated using the ferrocene (FOC) value of-4.8 eV with respect
to vacuum level, which is defined as zero.25 Polymer light-emitting
diodes with a configuration of ITO/ PEDOT:PSS/PF1 or PF2/Al
were fabricated, in which the PEDOT: PSS and polymer layers
were deposited subsequently by spin-coating method. The film
thickness was about 60-100 nm as measured by an atomic force
microscope (AFM). The thin layer aluminum was deposited as the
cathode by thermal evaporation under a vacuum about 10-5 Torr.
The optoelectronic characteristics of the EL devices were measured
by a Keithley power supply (model 2400) and the EL spectra of
the device were measured by Ocean Optics usb2000 fluorescence
spectrophotometer. All the fabrication and characterization of the
devices were under ambient environment.

Synthesis of Monomers (M1, M2) (Scheme 1). [2,7-Dibromo-
9,9-bis(4-hydroxyphenyl)]fluorene (2).2,7-Dibromo-9-fluorenone
(1) (0.50 g, 1.48 mmol), phenol (0.42 g, 4.44 mmol), and Eaton’s
reagent (3 mL) were put into a 10 mL glass reactor and stirred at
150 °C for 12 h under a nitrogen blanket. The reaction mixture
was then poured into water (30 mL) under stirring and extracted
with ethyl acetate (60 mL). The combined extracts were dehydrated
over MgSO4, dried by evaporation, and then further purified by
column chromatography usingn-hexane/ethyl acetate (v/v) 4/1)
as eluent to afford2 (76%).1H NMR (DMSO-d6): δ 9.41 (s, 2 H,
-OH), 7.89 and 7.87 (d, 2 H,J ) 8.1 Hz, Ar-H), 7.57 and 7.55 (d,
2 H, 8.06 Hz, Ar-H), 7.46 (s, 2 H, Ar-H), 6.88 and 6.86 (d, 4 H,
J ) 8.15 Hz, Ar-H), 6.65 and 6.64 (d, 4 H,J ) 8.14 Hz, Ar-H).
FT-IR (film, cm-1): ν 3308 (Ar-OH), 3028 (Ar H), 2072, 1502,
1445, 1398, 1322, 1065 (C-Br). Anal. Calcd for C25H16Br2O2: C,
59.98; H, 3.17; Found: C, 60.02; H, 3.15.

9,9-Bis[4-(9-carbazolyl)butoxyphenyl]-2,7-dibromofluorene
(M1). 9-(4-Bromobutyl) carbazole was first prepared by reacting
9(H)-carbazole (0.33 g, 2 mmol) with excess of 1,4-dibromobutane
in an aqueous solution of sodium hydroxide (50%) at 40°C for
12 h.17 Reacting of 9-(4-bromobutyl)carbazole (0.47 g, 1.32 mmol)
with 2 (0.31 g, 0.6 mmol) in 10 mL cyclohexanone containing
excess K2CO3 (1 g) and a few drops of 18-crown-6 at reflux
temperature for 24 h led toM1 (85%).1H NMR (CDCl3, ppm): δ
8.09 (d, 4H,J ) 7.85 Hz, carbazole rings), 7.57 and 7.55 (d, 2 H,
J ) 7.95 Hz, Ar-H), 7.46-7.40 (m, 12H, Ar-H), 7.23 (m, 2 H,
Ar H), 7.21 (d, 2 H, Ar-H), 7.01 (d, 4 H, Ar-H), 6.72 and 6.71
(d, 4 H, J ) 6.8 Hz, Ar-H), 4.40-4.37 (t, 4H,J ) 7.05 Hz,
N-CH2), 3.90-3.88 (t, 4H,J ) 6.05 Hz, OCH2), 2.01 (m, 4H,
-CH2-), 1.82 (m, 4H,-CH2-). FT-IR (KBr pellet, cm-1): ν 3045
(Ar H), 2939, 2925, 2855, 1612, 1597, 1502, 1445, 1398, 1322,
1246, 1065 (C-Br). Anal. Calcd for C57H46Br2N2O2: C, 72.00; H,
4.88; N, 2.95. Found: C, 71.94; H, 4.78; N, 2.93.

1,2-Bis(4-bromophenyl)hydrazine (4).To a two-necked 25 mL
flask was charged with 4-bromobenzoyl chloride (3: 1.32 g,
6 mmol), hydrazine monohydrate (0.15 g, 3 mmol), and 15 mL
NMP. The mixture was stirred at room temperature for 5 h and
then precipitated from an excess of distilled water. The appearing
products were collected by filtration, washed with ethyl acetate,
and dried in vacuum oven to provide4 (77%).1H NMR (DMSO-
d6, ppm): δ 10.62 (s, 2H,-NH-), 7.85 and 7.83 (d, 4H,J )
8.56, Ar-H), 7.75 and 7.73 (d, 4H,J ) 8.52, Ar-H). FT-IR (film,
cm-1): ν 3191 (-CONH-), 3016, 2839, 2558, 1684, 1609, 1495,
1468, 1322, 1072 (C-Br), 1011, 931, 840. Anal. Calcd for C14H10-
Br2N2O2: C, 42.24; H, 2.53; N, 7.04. Found: C, 42.28; H, 2.64;
N, 7.03.

1,2-Bis[chloro(4-bromophenyl)methylene]hydrazine (5).The
mixture of 4 (0.84 g, 2.1 mmol) and phosphorus pentachloride
(0.96 g, 4.62 mmol) was dissolved in 10 mL toluene and stirred at
120 °C for 3 h under nitrogen atmosphere. After toluene was
stripped off under vacuum, the residue was washed twice with
distilled water. It was collected by filtration, dried in vacuo, and
recrystallized from ethanol and dichloromethane to afford yellow
solids of5 (85%).1H NMR (DMSO-d6, ppm): δ 8.01 and 8.00 (d,
4H, J ) 7.91 Hz, Ar-H), 7.86 and 7.84 (d, 4H,J ) 7.74 Hz,
Ar-H). FT-IR (film, cm-1): ν 3171, 3080, 2804, 2297, 1910, 1784,
1579 (-NdN-), 1483, 1393, 1222, 1066 (C-Br), 1011, 920, 825.

Scheme 1. Synthesis of Monomers (M1, M2)
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Anal. Calcd for C14H8Br2Cl2N2: C, 38.66; H, 1.85; N, 6.44.
Found: C, 38.67; H, 1.93; N, 6.45.

3,4,5-Tris(4-bromophenyl)-4H-1,2,4-triazole (M2).The mix-
ture of5 (0.86 g, 2 mmol), 4-bromoaniline (0.34 g, 2 mmol), and
15 mL of N,N-dimethylaniline was stirred at 135°C for 12 h under
nitrogen atmosphere. After addition 30 mL of 2 N HCl(aq), the
mixture was stirred for another 0.5 h. The precipitated solids were
collected by filtration, dried and then purified by column chroma-
tography on silica gel using ethyl acetate/n-hexane (v/v) 1/2) as
eluent. Evaporation of the eluent affordedM2 (70%). 1H NMR
(CDCl3, ppm): δ 7.60 and 7.59 (d, 2H,J ) 8.36 Hz, Ar-H), 7.49
and 7.46 (d, 4H,J ) 8.44 Hz, Ar-H), 7.27 and 7.25 (d, 2H,J )
8.40 Hz, Ar-H), 7.03 and 7.00 (d, 4 H,J ) 8.52 Hz, Ar-H).
FT-IR (KBr pellet, cm-1): ν 1058 (C-Br), 2922, 2854, 2360, 1871,
1445, 1414. Anal. Calcd for C20H12Br3N3: C, 44.98; H, 2.26; N,
7.87. Found: C, 44.59; H, 2.21; N, 7.68.

Synthesis of Hyperbranched (PF1;PF5) and Linear Poly-
mers (P1).The general synthetic procedures for the polymers are
described as follows: To a solution of predetermined amount of
monomers (M1, M2, andM3) in toluene was added with aqueous
potassium carbonate (2 M) and ethanol. The mixture was degassed
and exchanged with nitrogen three times, and a catalytic amount
of tetrakis(triphenylphosphine) palladium [Pd(PPh3)4] (2.0 mol %)
was added in one portion under nitrogen atmosphere. The solution
was then stirred at 80°C under nitrogen. Before gelation, the trace
end groups were then capped by refluxing 6 h each with phenyl-
boronic acid and bromobenzene sequentially. After cooling, the
resulting polymer was precipitated from methanol twice, collected
by filtration, and dried under vacuum.

PF1: M1 (0.19 g, 0.2 mmol),M2 (0.02 g, 0.02 mmol), andM3
(0.13 g, 0.23 mmol), toluene (8 mL), Pd(PPh3)4 (0.012 g, 0.009
mmol), 2 M aqueous Na2CO3 solution (4 mL), and ethanol (4 mL)
were used. The obtained solid was a light yellow powder (0.18 g,
41%).1H NMR (400 MHz, CDCl3):δ (ppm) 8.06 (d,J ) 7.60 Hz,
carbazole rings), 7.78-7.85 (m, Ar-H), 7.63-7.70 (m, Ar-H),
7.55 (m, Ar-H), 7.26-7.48 (m, Ar-H), 6.70 (d,J ) 6.30 Hz,
Ar-H), 4.30 (t, N-CH2), 3.89 (t, OCH2), 2.03-2.17
(m, -CH2-), 1.74 (m,-CH2-), 1.25 (m,-CH2-), 0.93-0.86
(m, -CH2-), 0.70-0.72 (m,-CH3). FT-IR (KBr pellet, cm-1): ν
3045 (Ar H), 2939, 2922, 2925, 2855, 2360, 1871, 1612, 1597,
1502, 1445, 1414, 1398, 1322, 1246. Anal. Calcd from feed: C,
87.56; H, 6.98; N, 2.68. Found: C, 85.26; H, 7.09; N, 2.58.

PF2: M1 (0.19 g, 0.2 mmol),M2 (0.01 g, 0.04 mmol), andM3
(0.12 g, 0.26 mmol), toluene (8 mL), Pd(PPh3)4 (0.013 g, 0.01
mmol), 2 M aqueous Na2CO3 solution (4 mL), and ethanol (4 mL)
were used. The obtained solid was a light yellow powder (0.18 g,
41%). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d,J ) 7.58
Hz, carbazole rings), 7.78-7.85 (m, Ar-H), 7.63-7.70 (m, Ar-

H), 7.55 (m, Ar-H), 7.26-7.48 (m, Ar-H), 6.70 (d,J ) 6.37 Hz,
Ar-H), 4.30 (t, N-CH2), 3.89 (t, OCH2), 2.03-2.17
(m, -CH2-), 1.74 (m,-CH2-), 1.25 (m,-CH2-), 0.93-0.86
(m, -CH2-), 0.70-0.72 (m,-CH3). FT-IR (KBr pellet, cm-1): ν
3045 (Ar-H), 2939, 2922, 2925, 2855, 2360, 1871, 1612, 1597,
1502, 1445, 1414, 1398, 1322, 1246. Anal. Calcd from feed: C,
87.51; H, 7.02; N, 2.84. Found: C, 85.61; H, 7.08; N, 2.66.

PF3: M1 (0.19 g, 0.2 mmol),M2 (0.035 g, 0.067 mmol) and
M3 (0.15 g, 0.30 mmol), toluene (8 mL), Pd(PPh3)4 (0.015 g,
0.01 mmol), 2 M aqueous Na2CO3 solution (4 mL), and ethanol (4
mL) were used. The obtained solid was a light yellow powder
(0.21 g,75%).1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d,J )
7.37 Hz, carbazole rings), 7.78-7.85 (m, Ar-H), 7.63-7.70 (m,
Ar-H), 7.55 (m, Ar-H), 7.26-7.48 (m, Ar-H), 6.70 (d,J ) 6.32
Hz, Ar-H), 4.30 (t, N-CH2), 3.89 (t, OCH2), 2.03-2.17
(m, -CH2-), 1.74 (m,-CH2-), 1.25 (m,-CH2-), 0.93-0.86
(m, -CH2-), 0.70-0.72 (m,-CH3). FT-IR (KBr pellet, cm-1): ν
3045 (Ar-H), 2939, 2922, 2925, 2855, 2360, 1871, 1612, 1597,
1502, 1445, 1414, 1398, 1322, 1246. Anal. Calcd from feed: C,
87.45; H, 7.06; N, 3.03. Found: C, 87.81; H, 7.36; N, 3.12.

PF4: M1 (0.19 g, 0.2 mmol),M2 (0.05 g, 0.1 mmol) andM3
(0.17 g, 0.35 mmol), toluene (8 mL), Pd(PPh3)4 (0.017 g, 0.013
mmol), 2 M aqueous Na2CO3 solution (4 mL) and ethanol (4 mL)
were reacted. The obtained solid was a light yellow powder
(0.16 g, 52%).1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d,J )
7.62 Hz, carbazole rings), 7.78-7.85 (m, Ar-H), 7.63-7.70 (m,
Ar-H), 7.55 (m, Ar-H), 7.26-7.48 (m, Ar-H), 6.70 (d,J ) 6.60
Hz, Ar-H), 4.30 (t, N-CH2), 3.89 (t, OCH2), 2.03-2.17
(m, -CH2-), 1.74 (m,-CH2-), 1.25 (m,-CH2-), 0.93-0.86
(m, -CH2-), 0.70-0.72 (m,-CH3). FT-IR (KBr pellet, cm-1): ν
3045 (Ar-H), 2939, 2922, 2925, 2855, 2360, 1871, 1612, 1597,
1502, 1445, 1414, 1398, 1322, 1246. Anal. Calcd from feed: C,
87.43; H, 7.30; N, 3.22. Found: C, 86.41; H, 7.52; N, 3.33.

PF5: M1 (0.19 g, 0.2 mmol),M2 (0.11 g, 0.2 mmol) andM3
(0.25 g, 0.5 mmol), toluene (8 mL), Pd(PPh3)4 (0.024 g,
0.018 mmol), 2 M aqueous Na2CO3 solution (4 mL) and ethanol
(4 mL) were used. The obtained solid was a light yellow powder
(0.21 g, 54%).1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d,J )
7.43 Hz, carbazole rings), 7.78-7.85 (m, Ar-H), 7.63-7.70
(m, Ar-H), 7.55 (m, Ar-H), 7.26-7.48 (m, Ar-H), 6.70 (d,J )
6.30 Hz, Ar-H), 4.30 (t, N-CH2), 3.89 (t, OCH2), 2.03-2.17
(m, -CH2-), 1.74 (m,-CH2-), 1.25 (m,-CH2-), 0.93-0.86
(m, -CH2-), 0.70-0.72 (m,-CH3). FT-IR (KBr pellet, cm-1): ν
3045 (Ar H), 2939, 2922, 2925, 2855, 2360, 1871, 1612, 1597,
1502, 1445, 1414, 1398, 1322, 1246. Anal. Calcd from feed: C,
87.33; H, 7.20; N, 3.65. Found: C, 86.06; H, 7.69; N, 3.44.

P1: M1 (0.19 g, 0.2 mmol),M3 (0.10 g, 0.2 mmol), toluene
(8 mL), Pd(PPh3)4 (0.011 g, 0.008 mmol), 2 M aqueous Na2CO3

Figure 1. 1H NMR spectrum ofPF1.

2986 Tsai and Chen Macromolecules, Vol. 40, No. 9, 2007



solution (4 mL), and ethanol (4 mL) were used. The obtained solid
was a deep brown powder (0.145 g, 64%).1H NMR (400 MHz,
CDCl3): δ (ppm) 8.06 (d,J ) 7.65 Hz, carbazole rings), 7.78-
7.85 (m, Ar-H), 7.63-7.70 (m, Ar-H), 7.55 (m, Ar-H), 7.26-
7.48 (m, Ar-H), 6.70 (d,J ) 6.44 Hz, Ar-H), 4.30 (t,J ) 6.8
Hz, N-CH2), 3.89 (t, OCH2), 2.03-2.17 (m,-CH2-), 1.74 (m,
-CH2-), 1.25 (m,-CH2-), 0.93-0.86 (m,-CH2-), 0.70-0.72
(m, -CH3). FT-IR (KBr pellet, cm-1): ν 3045 (Ar-H), 2939, 2922,
2925, 2855, 2360, 1871, 1612, 1597, 1502, 1445, 1414, 1398, 1322,
1246. Anal. Calcd forP1 (C82H81N2O2): C, 87.46; H, 7.20; N, 2.49.
Found: C, 86.26; H, 7.10; N, 2.58.

Results and Discussion

Synthesis and Characterization.The structure and consti-
tutional composition of the hyperbranched polyfluorenes were
estimated from the data of high-resolution NMR spectroscopy
and elemental analysis. Linear polymer (P1) composed of
polyfluorene main chain and carbazole side groups was also
prepared for studies of its properties. Figure 1 shows the1H

NMR spectrum ofPF1. The mole ratio ofM1:M3 can be readily
estimated from the relative areas of the methylene protons of
M1 (a, 1.8 ppm; b, 2.1 ppm) andM3 (c, 2.0 ppm) residues.
The molar ratios ofM1:M3 in PF1, PF2, PF3, PF4 andPF5
are estimated to be 10:11.8, 5:6.67, 3:4.56, 2:3.51, and 1:2.56,
respectively. The attempt to estimate the ratios of the branching
triazole and fluorene units was inconclusive due to overlap of
their chemical shifts aroundδ ) 8.0 to 7.2 ppm. However, the
ratio of the branching triazole unit (M2) can be roughly
estimated from the weight percents of carbon and nitrogen
obtained in element analysis. The molar ratios (M1: M2: M3)
in PF1, PF2, PF3, PF4, andPF5 are estimated to be (10:0.98:
11.8), (5:0.80:6.67), (3:0.866:4.38), (2:0.91:3.51), and (1:1:2.56);
i.e., the molar fractions of aromatic 1,2,4-triazole residue (M2)
in PF1, PF2, PF3, PF4, andPF5are 0.043, 0.064, 0.105, 0.140,
and 0.22, respectively. The estimated molar percents are close
to the feed ones (22.2-4.4% as shown in Scheme 2) except
PF2 (8.0%). Since the molar ratio of triazole unit inPF1 is the

Scheme 2. Synthesis of P1 and PF1-PF5
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least, therefore, its13C NMR and DEPT135 measurements were
adapted to confirm the existence ofM2 residue as shown in
Figure 2. The chemical shifts of the C-2,5 ofM2 residue can
be observed at 155.8 ppm (a) in13C NMR of PF1 (100.6 MHz,
CDCl3).

As shown in Table 1, the number-average (Mn) and weight-
average molecular weights (Mw) of PF1-PF5, determined by
gel permeation chromatography using mono-disperse polysty-
rene as calibration standard, are in the range of 5500-9700
and 13800-25600, respectively, with polydispersity indexes
(PDI) lying around 1.86-4.45. The copolymers are soluble in
common organic solvents such as chloroform, toluene, and

1,1,2,2-tetrachloroethane. Thermal properties of the polymers
were evaluated by the TGA under nitrogen atmosphere and their
thermal decomposition temperatures (Td) at 5% weight loss are
over 446°C, which are much higher than corresponding linear
polymer (P1: 420 °C). Neither melting temperature and nor
obvious glass-transition temperature was observed below

Figure 2. 13C NMR spectra and DEPT ofPF1 andM2.

Table 1. Polymerization Results of P1 and the Hyperbranched
Polymers

reacn
timea (h)

yield
(%)

Mn
b

(×104)
Mw

b

(×104) PDIb
Td

c

(°C)
ntriazole

d

(mole fraction)

P1 48 72 1.83 2.28 1.25 420 0
PF1 36 74 0.74 1.38 1.86 446 0.043
PF2 20 63 0.78 1.61 2.04 446 0.064
PF3 8 72 0.97 2.49 2.57 448 0.105
PF4 8 58 0.67 2.56 3.80 456 0.140
PF5 6 61 0.55 2.45 4.45 456 0.220

a The reaction times were chosen to avoid gelation.b The temperatures
at 5% weight loss.c Mn, Mw, and PDI were determined by gel permeation
chromatography using polystyrene standards and CHCl3 as eluent.d The
molar fractions of the branching triazole unit (M2) were estimated from
weight percent of carbon and nitrogen obtained in element analysis.

Figure 3. Photoluminescence and absorption spectra ofP1andPF1-
PF5 in CHCl3 (1 × 10-6 g/mL). Excitation: 378, 378, 377, 369, 361,
and 349 nm forP1 andPF1-PF5, respectively.
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300 °C on their DSC thermograms, suggesting that they are
basically amorphous materials.

Optical and Photoluminescent Properties.The optical
characteristics of the polymers were investigated both in solution
and as cast thin film. Their absorption and photoluminescence
(PL) spectra in CHCl3 and in film state are shown in Figure 3
and Figure 4, respectively, and the related spectral maxima are
summarized in Table 2. These polymers show absorption
maxima around 349-378 nm, both in solution and in the film
state, which are attributed to aπ-π* transition of the conjugated
oligofluorene segments. The absorption maximum ofPF1
(378 nm) shows a blue-shift of 29 nm relative toPF5 (349 nm).
Obviously, the conjugation length decreases gradually with
increasing branching triazole content (fromPF1 to PF5).
Moreover, the absorption peaks at 296 and 266 nm can be
attributed to the pendent carbazole chromophores. The PL peaks
of P1 and PF1-PF5 in CHCl3 locate around 415-421 nm,
which red-shift slightly (ca. 7 nm) relative to those in film state.
Previous literature pointed out that although the absorption
spectral maxima of oligofluorenes continue to shift to the longer
wavelength throughn ) 10 (n: number of fluorene units), while
their emission maxima remain virtually unchanged beyond
n ) 6.26 In our system the conjugation length should extend
with decreasing molar percent of triazole branch unit in the
hyperbranched polymers. For instance, absorption maximum of
PF5 (349 nm) shifts bathochromically to 378 nm ofPF1 and
P1. The emission spectral maxima, however, remains virtually
unchanged, i.e., around 415-421 nm and 423-427 nm in
CHCl3 and the film state, respectively. This should be due to
efficient excitation energy transfer from short oligofluorenes
to longer ones whose fluorene unit number (n) is over 6.
Interestingly, we found that there exists a linear relationship
between 1/λmax and 1/(1- ntriazole) as shown in Figure 5, where
λmax represents the absorption maxima measured in film state

andntriazole is the molar fraction of triazole unit calculated from
elemental analysis. The linear relationship between 1/λmax and
1/(1 - ntriazole) indicates that the effective conjugation length
of the oligofluorene decreases smoothly with increasing triazole
contents.26 Accordingly, the average conjugation length of a
hyperbranched oligofluorene can be estimated from its absorp-
tion maximum using the linear plot of 1/λmax vs 1/(1- ntriazole).

It is well-known that thermal annealing of polyfluorene
usually leads to formation of interchain interaction (excimers)
and/or ketonic defects.7 Figure 6 shows the normalized PL
emission spectra ofP1 andPF1-PF5 films after annealing at
200 °C in the air for 2 h. It is noteworthy that no additional
band emerges in the PL spectra ofP1 andPF1 whose triazole
molar contents are 0% and 4.3%, respectively. The appearance
of additional band is usually undesirable since it changes the
pure blue emission to blue-green color.6 To our best of
knowledge no similar stable polyfluorene derivatives annealed
in the elevated temperatures in air have been reported. Appar-
ently, with the incorporation of carbarzole pendent groups (P1)
and/or triazole branching unit (PF1), the red-shift and excimer/
ketone phenomena of polyfluorene can be reduced significantly.
However, normalized PL emission spectra ofPF2-PF5 show
additional characteristic broad band at about 520 nm after the
annealing, and the band intensity enhances gradually with
increasing triazole content. Higher degree of branch makes the
hyperbranched polymers more three-dimensional to avoid

Figure 4. Photoluminescence and absorption spectra ofP1andPF1-
PF5 films coated on quartz plate. Excitation: 378, 378, 377, 369, 361,
and 349 nm forP1 andPF1-PF5, respectively.

Table 2. Optical Properties of P1 and Hyperbranched Polymersb

no.
UV-vis λmax

a

solution (nm)
UV-vis λmax

film (nm)
PL λmax

a

solution (nm)
PL λmax

film (nm)

P1 266, 299, 378 266, 297, 378 421, 440s 427, 449s

PF1 266, 296, 378 266, 297, 378 418, 441s 426, 448s

PF2 266, 296, 377 266, 297, 378 418, 441s 425, 447s

PF3 266, 296, 369 266, 297, 371 417, 440s 425, 447s

PF4 266, 296, 361 266, 297, 362 416, 440s 425, 447s

PF5 266, 296, 349 266, 297, 349 415, 440s 423, 447s

a Concentration: 1× 10-5 M in CHCl3. b Superscript s means wave-
length of the shoulder.

Figure 5. Plot of 1/λmax vs 1/(1- ntriazole), whereλmax is the absorption
maximum in film state andntriazole is the molar fraction of branching
triazole in the hyperbranched polymers.

Figure 6. PL spectra ofP1 and PF1-PF5 films after annealing at
200 °C in air for 1 h.
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excimer/aggregate formation in addition to bulky carbazole side
chain. Therefore, the green emission should not originate from
intermolecular interaction. In order to elucidate the origin of
this abnormal green emission induced by thermal annealing,
we measured the absorption spectra of monomer mixtures (M1
+ M2) in CHCl3 (Figure 7). Interestingly, the mixtures with
M1:M2 ) 1:1, 2:1, 3:1, and 5:1 all exhibited broad absorption
band at about 440-450 nm. Moreover, the PL spectra (excitation
at 440 nm) of the mixtures withM1:M2 ) 1:1, 2:1, 3:1, and
5:1 all exhibited green emission as shown in Figure 8. However,
no green emission was observed forM1:M2 ) 10:1 and 1:0,
which is similar to the result obtained after annealingPF1 and
P1 at 200°C for 2 h mentioned above. Therefore, the green
emission possibly originates from the complex of triazole and

carbazole units. Accordingly, the green emission becomes more
obvious when the molar ratio ofM2 andM1 is approaching 1.
The energy levels ofM1 andM2 were also estimated from their
onset reduction and oxidation potentials measured in acetonitrile.
The HOMO and LUMO energy levels ofM1 (M2), estimated
from the electrochemical data, are-5.41 eV (-6.44 eV) and
-1.90 eV (-2.54 eV), respectively. The band gaps between
HOMO level ofM1 and LUMO level ofM2 is 2.87 eV, which
is corresponding well to the excitation wavelength (440 nm),
suggesting that the two monomers form as complex readily.

Electrochemical Properties.Cyclic voltammograms ofP1
and PF1-PF5 films coated on a Pt working electrode were
measured, and their electrochemical data are summarized in
Table 3. For linear polyfluoreneP1, the onset oxidation (p-
doping) and reduction potentials (n-doping) located at+0.54
and -2.61 V, respectively. The onset oxidation potentials of
hyperbranchedPF1-PF5shift slightly to 0.56-0.61 V and the
onset reduction potentials shift moderately to-2.36 to-2.38

Figure 7. Absorption spectra ofM1, M2, and their mixtures (molar
ratio of M1:M2 ) 1:1, 2:1, 3:1, 5:1 and 10:1) in CHCl3.

Figure 8. PL spectra of mixtures ofM1 andM2 in CHCl3 (λex ) 440
nm for M1:M2 ) 1:0 to 1:1;λex ) 275 nm forM1:M2 ) 0:1).

Table 3. Electrochemical Properties of P1 and Hyperbranched
Polymers

no.
Eonset(ox)

(V) vs FOCa
Eonset(red)

(V) vs FOCa
ELUMO

(eV)b
EHOMO

(eV)c
Eg

el

(eV)d
Eg

opt

(eV)e

P1 0.54 -2.61 -2.19 -5.34 3.15 2.89
PF1 0.56 -2.38 -2.42 -5.36 2.94 2.90
PF2 0.59 -2.36 -2.44 -5.39 2.95 2.93
PF3 0.60 -2.37 -2.43 -5.40 2.97 2.94
PF4 0.60 -2.36 -2.44 -5.40 2.96 2.99
PF5 0.61 -2.36 -2.44 -5.41 2.97 3.00

a EFOC ) 0.48V vs Ag/AgCl.b ELUMO ) -(Eonset(red),FOC+ 4.8) eV.
c EHOMO ) -(Eonset(ox),FOC+ 4.8) eV.d Eg ) LUMO - HOMO. e Band
gaps obtained from absorption edge (Eg ) hc/λonset).

Figure 9. Optimized geometries and molecular orbital of linkedM1
andM2 residues using semiempirical MNDO calculation.

Figure 10. Photoluminescent (---) and electroluminescent (-) spectra
of PF1 andPF2 films.
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V after incorporating triazole branching units. It is noteworthy
that PF1-PF5 possess very similar onset oxidation and
reduction potentials. The estimated HOMO and LUMO energy
levels ofPF1-PF5 are in the range of-5.41 to-5.36 eV and
-2.44 to-2.42 eV, respectively, whereas those ofP1are-5.34
and-2.19 eV. The optimized geometries and molecular orbital
(LUMO and HOMO) for linked M1 and M2 residues via
MNDO semiempirical calculation are depicted in Figure 9,27

in which the HOMO and LUMO situate at hole- (carbazole)
and electron-transporting (triazole) segments, respectively. Ac-
cordingly, the oxidation and reduction under a bias will start
from carbazole and triazole, respectively. This redox behavior
is also expected forPF1-PF5 since they also comprise hole-
transporting carbazole pendent groups and electron-transporting
triazole segments.

In copoly(aryl ether)s composed of isolated hole- and
electron-transporting segments, the oxidation and reduction was
proved to start from the former and the latter segments,
respectively.28-30 Recently, this characteristics were also found
in linear EL copolymers possess twisted connectors (such as
biphenylene) between electron-donor and electro-acceptors
segments.31 In this work, the hyperbranched polymersPF1-
PF5 also consist of electron- and hole-transporting segments,
and the triazole moiety is connected with fluorene derivatives
via a σ-bond. The twisted structure between them effectively
limits delocalization of electronic charges, whose effect is similar
to the ether spacer or biphenylene connector mentioned
above.28-31

Electroluminescence Properties.Two-layer EL devices
(ITO/PEDOT:PSS/polymer/Al) employingPF1 and PF2 as
emitting layer were fabricated to investigate their EL spectral
charateristics because of their good stability during thermal
annealing at 200°C. The EL spectrum ofPF1 is similar to its
PL spectra as shown in Figure 10a. In Figure 10b, the EL of

PF2 reveals a much broader emission in longer wavelength
region, which might be due to partial complex formation during
device operation. However, no green-blue band emission at 550
nm was observed in EL spectra ofPF1 and PF2. This result
indicates the hyperbranched polymers could prevent the ag-
gregation or ketonic defects effectively.7,32 Figure 11 displays
the current-voltage (I-V) and luminance-voltage (L-V)
characteristics of the EL devices. The maximum brightness
(current efficiency) ofPF1 and PF2 devices are 161 cd/m2

(0.056 cd/A) and 212 cd/m2 (0.059 cd/A), respectively, which
are much higher than that of theP1 device (48 cd/m2, 0.014
cd/A). This result suggests that incorporation of branching
electron-transporting triazole units is effective in improving EL
performance of the devices.

Conclusion

One linear (P1) and five hyperbranched polyfluorenes (PF1-
PF5) containing carbazole as pendent and aromatic 1,2,4-triazole
as branching units were synthesized and characterized. These
hyperbranched polymers can be dissolved in common organic
solvents and exhibit good thermal stability (Td > 420°C). Their
absorption maxima (λmax) are located at 349-378 nm, and
furthermore, a linear relationship between 1/λmax and 1/(1-
ntriazole) can be correlated. New green emission (∼520 nm)
appears in the PL spectra ofPF2-PF5 after thermal annealing
at 200 °C, which have been attributed to complexes formed
from carbazole and aromatic 1,2,4-triazole chromophores. The
oxidation and reduction start from the carbazole and triazole
groups, respectively, due to their isolated characteristics. Two-
layer PLED devices (ITO/PEDOT/PF1 or PF2/Al) have been
fabricated and their optical properties investigated, the maximum
brightness ofPF1 andPF2 is 161-212 cd/m2 at about 19 V.
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