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a b s t r a c t

The goal of this research is to synthesize the hyperbranched polythiophene derivatives (P1 and P4)
containing tetrachloroperylene bisimide as bridging moiety for investigation of thermal, electrochemical,
and opto-electrical properties of these derivatives. The polymers (P2 and P3) containing soft alkyl spacer
as bridging moiety and linear poly(3-hexylthiophene) (P3HT) were also synthesized for comparison in
this study. Polymers with high regioregularity were synthesized via the Universal Grignard metathesis
polymerization. The GPC results showed that molecular weights of hyperbranched polythiophenes are
higher than that of P3HT. The TGA experiments revealed a first-stage weight loss at about 300 �C for all
polymers; besides, polymers containing rigid tetrachloroperylene bisimide groups possess less weight
loss than P3HT after heating, indicative of enhanced thermal stabilities. The UVevis absorption maxima
of hyperbranched polymers are similar to that of P3HT in film state, while their absorption shoulder
bands are stronger than that of P3HT, indicating stronger interchain interaction and shorter distance
between backbones by the introduction of bridge architecture. Moreover, an attenuation of fluorescent
intensity was found for those hyperbranched polymers, implying reduced recombination of excitons to
emit light and more opportunity for carriers to migrate to both electrodes. Electrochemical analysis
showed that introducing hyperbranched structure resulted in decreasing both LUMO and HOMO levels of
polymers. All polymers were used for fabrication of polymer solar cells with the configuration of ITO/
PEDOT/polymer:PC60BM (1:2 w/w)/LiF/Al to evaluate their performance. The power conversion efficiency
(PCE) of the P3HT:PC60BM-based device is 0.54%, while devices based on hyperbranched polymers
showed PCE values in the range of 0.45e0.84%. The morphological study of polymer:PC60BM blend films
was performed by AFM for interpretation of efficiency trend of devices.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polythiophene (PT) and its derivatives, especially poly(3-
hexylthiophene) (P3HT), have been used for fabrication of organic
optoelectronics because of good thermal and chemical stability, and
excellent opto-electrical properties. McCullough et al. firstly pro-
posed P3HT with >95% regioregularity by metathesis polymeriza-
tion [1,2]. The highly ordered head-to-tail structure makes close
packing between P3HTmain chains and increased absorption in the
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red-light region. A thin film made of a PT derivative with thioalkyl
side groups was also found to enhance its electrical conductivity by
exposure to laser radiation [3]. Polymer solar cells based on P3HT
achieved power conversion efficiency (PCE) of 4.3% with suitable
thermal annealing technique [4]. The polymer microstructure and
polymer:fullerene blend morphology were recognized and dis-
cussed for production of high photovoltaic performance [5]. Main-
chain type PTs have widely been developed in the literature [6],
while side-chain PTs are less reported. Wei et al. reported an
intramolecular donoreacceptor regioregular side-chain PT deriva-
tive (PHPIP) by incorporating electron-deficient phenanthrenyl-
imidazole group as side pendant [7,8]. They proposed that charge
dissociation may occur on the interface between PT main chain and
side pendants, allowing electrons to transport from phenanthrenyl-
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imidazole group to [6,6]phenyl-C61-butyric acid methyl ester
(PC60BM), while holes migrate along PT main chains. The solar
device based on PHPIP:PC60BM led to a short-circuit current den-
sity (JSC) of 11.3 mA/cm2 and a PCE value of 4.1%. Li et al. reported a
side-chain PT copolymer (PT-VTVTC12) containing bi(thienylene-
vinylene) side chains to increase light absorption in the ultraviolet
region [9]. The solar device based on PT-VTVTC12:PC60BM reached
a PCE value of 3.18%. Lanzi et al. reported a new PT-based double-
cable polymer with pendent C60-fullerene group [10]. The solar
device based on this C60-fullerene-containing copolymer showed a
PCE value of 1.55%. An even higher PCE value of 2.24% was obtained
by using the fullerene-functionalized monomer in blend with P3HT
instead of the usually employed PC60BM. Emrick et al. reported a
P3HT derivative containing perylene bisimide (PBI) as side pendent
[11]. The photoluminescence intensity of the side-chain type P3HT
was decreased compared to linear P3HT, indicating increased ag-
gregation of polymer chains. However, the PCE value of solar device
was low (0.49%).

Apart from main-chain and side-chain type P3HTs, p-bridged
P3HTs have also been studied to investigate the effect of bridging
moieties on the performance of final polymers. Li et al. designed a
terthiophene-bridged P3HT derivative (PT-VTThV) by incorporating
divinyl-terthiophene moiety between P3HT main chains to elon-
gate conjugation length [12]. They proposed that charge carriers
could migrate in two ways: along one single chain and through
bridging moiety to another polymer chain. The hole mobility of the
polymer was increased by experimental measurement. The per-
formance of solar device based on PT-VTThV:PC60BM was less
promoted (PCE ¼ 1.72%). Tu et al. reported another bridged P3HT
(B-P3HT) by using 3,30-dithiophene as bridging moiety [13]. The
distance between two bridged P3HT chains was reduced compared
to previous example PT-VTThV; however, the hole mobility of
polymer was decreased. The PCE values of solar devices based on B-
P3HT:PC60BM were 0.13e2%. Mangold et al. reported two hyper-
branched PTs using 2,3-dithienylthiophene or 2,3,5-
trithienylthiophene as bridging cores [14]. The optimized solar
cell based on the hyperbranched PT material in combination with
PC60BM showed an open-circuit voltage (VOC) 30% higher (up to
714 mV) than normally found with P3HT. The PCE values of solar
devices were measured to be 0.58e0.61%.

In this study, we propose a new approach to synthesize the
hyperbranched PT derivatives by introducing perylene bisimide
(PBI) or soft alkyl spacer as bridging moieties. PBI is a well-known
electron-withdrawing material, which may contribute to charge
dissociation in a donoreacceptor polymer. Four chlorine atoms are
designed to introduce on bay positions of perylene core to improve
solubility of intermediates and final polymers [15]. To obtain
hyperbranched polymers, four different two-headed monomers
containing tetrachloroperylene bisimide or alkyl spacer were syn-
thesized and added during polymerization of P3HT. The synthe-
sized polymers are expected to form hyperbranched structure,
accompanying with increased molecular weights and improved
thermal properties. Linear P3HT was also prepared according to the
same polymerization condition for comparison. The electrical and
spectroscopic properties of theses polymers were systematically
investigated. In addition, polymer solar devices were also fabri-
cated to evaluate performance of the polymers.

2. Experimental

2.1. Characterization methods

The synthesized materials were characterized by the following
techniques. 1H and 13C NMR spectra were recorded on a Bruker
Avance 600 MHz NMR spectrometer. Mass spectra were recorded
on a Micromass TRIO-2000 GCeMS instrument, using electron
impact (EI) or fast atom bombardment (FAB) as ionization source.
Gel permeation chromatography (GPC) data assembled from Vis-
cotek with a VE3850 RI detector and three columns in series were
used to measure molecular weights relative to polystyrene stan-
dards at 32 �C. Differential scanning calorimetry (DSC) was per-
formed on a Seiko DSC 6200 unit at a heating rate of 10 �C/min.
Thermogravimetric analysis (TGA) was undertaken on a Seiko TG/
DTA 7200 instrument at a heating rate of 10 �C/min. UVevis ab-
sorption and photoluminescence (PL) spectra were obtained with a
Princeton Instruments Acton 2150 spectrophotometer. Cyclic vol-
tammetric measurements of materials were made in acetonitrile
with 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as the
supporting electrolyte at a scan rate of 50 mV/s. Indiumetin oxide
(ITO) electrodes were used as both the working and counter elec-
trodes, and silver/silver ions (Ag in 0.1 M AgNO3 solution, from
Bioanalytical Systems, Inc.) was used as the reference electrode.
Ferrocene was used as an internal standard, and the potential
values were obtained and converted to vs SCE (saturated calomel
electrode). The corresponding highest-occupied molecular orbital
(HOMO) was estimated from the onset of oxidation potential.
Atomic force microscopy (AFM) experiments were performed on a
Bruker Innova AFM for detecting surfaces morphologies of polymer
blend films.

2.2. Synthesis of monomers

The synthetic routes to intermediates and two-headed mono-
mers M1eM4 are shown in Schemes 1 and 2. The monomer 2,5-
Dibromo-3-hexylthiophene (M5) was prepared according to the
previous literature [16]. Detailed synthetic procedures are
described as follows.

2.2.1. 1,6,7,12-tetrachloro-3,4,9,10-perylenetetracarboxylic
dianhydride (1)

A mixture of 3,4,9,10-perylenetetracarboxylic dianhydride
(3.30 g, 8.41 mmol), chlorosulfonic acid (20 mL, 300 mmol) and
iodine (0.56 g, 2.20 mmol) was stirred at 65 �C for 30 h. After
cooling to room temperature, the solution was added dropwise to
an ice-water mixture. The precipitate was collected by filtration to
give a red solid (4.14 g, 92%). 1H NMR (d-DMSO, ppm): 8.75 (s, 4H,
aromatic protons). 13C NMR (d-DMSO, ppm): 119.75, 125.29, 129.5,
134.88, 136.22, 158.16, 168.53. Mass (EI): m/z 532.

2.2.2. 1-(60-bromohexyloxy)-4-methoxybenzene (2)
A solution of 4-methoxyphenol (10.0 g, 80.58 mmol), 1,6-

dibromohexane (60.0 g, 245.90 mmol), and potassium hydroxide
(6.0 g, 106.95 mmol) in 100 mL of dimethyl sulfoxide (DMSO) was
stirred at room temperature for 6 h. The solution was extracted
with dichloromethane (DCM) andwater, and the organic phasewas
dried with anhydrous MgSO4. The crude product was concentrated
in vacuo and purified by gel chromatography (silica gel, DCM/
hexane ¼ 2/1 in volume ratio as the eluant) to give a white solid
(15.0 g, 65%). 1H NMR (CDCl3, ppm): 1.46e1.51 (m, 4H,
eOCH2CH2(CH2)2eCH2CH2Br), 1.76e1.81 (m, 2H, eCH2CH2Br),
1.87e1.91 (m, 2H, eOCH2CH2e), 3.40e3.44 (m, 2H, eCH2Br), 3.77
(s, 3H, eOCH3), 3.90e3.93 (t, J ¼ 6.0 Hz, 2H, eOCH2e), 6.83 (s, 4H,
aromatic protons). 13C NMR (CDCl3, ppm): 25.32, 27.94, 29.21, 32.70,
33.78, 55.75, 68.41, 114.65, 115.46, 153.22, 153.75. MASS (EI): m/z
287.

2.2.3. 1-(60-bromohexyloxy)-2,5-dibromo-4-methoxybenzene (3)
A solution of liquid bromine (8.0 g, 50.0mmol) in 30mL of CHCl3

was added dropwise to a mixture of (2) (5.0 g, 17.41 mmol), a cat-
alytic amount of iron powder, and 240 mL of CHCl3 at 0 �C. The
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Scheme 1. Synthesis of monomers M1 and M2.
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solution was then stirred at room temperature for 12 h. After
extracting with water twice, the organic phase was collected and
dried with anhydrous MgSO4. The crude product was concentrated
in vacuo and purified by gel chromatography (silica gel, ethyl ace-
tate/hexane ¼ 1/14 in volume ratio as the eluant) to give a white
solid (5.0 g, 65%). 1H NMR (CDCl3, ppm): 1.52e1.54 (t, J¼ 3.5 Hz, 4H,
eOCH2e CH2(CH2)2CH2CH2Br), 1.79e1.85 (m, 2H, eCH2CH2Br),
1.88e1.93 (m, 2H, eOCH2CH2e), 3.41e3.44 (t, J ¼ 6.7 Hz, 2H,
eCH2Br), 3.84 (s, 3H, eOCH3), 3.94e3.97 (t, J ¼ 6.3 Hz, 2H,
eOCH2e), 7.09 (s, 2H, aromatic protons). 13C NMR (CDCl3, ppm):
25.19, 27.81, 28.92, 32.64, 33.74, 56.99, 70.06, 110.41, 111.27, 117.01,
118.65, 150.04, 150.55. MASS (EI): m/z 445.
2.2.4. N-[6-(2,5-dibromo-4-methoxyphenyl)hexyl]phthalimide (4)
A solution of (3) (2.0 g, 4.49 mmol), and potassium phthalimide

(1.10 g, 5.94 mmol) in 30 mL of DMSO was stirred at 70 �C for 16 h.
The solution was extracted with ethyl acetate and water, and the
organic phase was collected and dried with anhydrous MgSO4. The
crude product was concentrated in vacuo and purified by gel
chromatography (silica gel, DCM as the eluant) to give a white solid
(1.50 g, 65%). 1H NMR (CDCl3, ppm): 1.40e1.46 (m, 2H,
eOCH2CH2eCH2CH2CH2CH2Ne), 1.51e1.57 (m, 2H,
eOCH2CH2CH2CH2CH2CH2Ne), 1.69e1.75 (m, 2H, eCH2CH2Ne),
1.77e1.83 (m, 2H, eOCH2CH2e), 3.68e3.71 (t, J ¼ 7.2 Hz, 2H,
eCH2Ne), 3.83 (s, 3H, eOCH3), 3.92e3.95 (t, J ¼ 6.4 Hz, 2H,
eOCH2e), 7.07 (s, 2H, aromatic protons), 7.69e7.71 (dd, J1 ¼ 5.3 Hz,
J2 ¼ 3.0 Hz, 2H, aromatic protons), 7.82e7.84 (dd, J1 ¼ 5.3 Hz,
J2 ¼ 3.0 Hz, 2H, aromatic protons). 13C NMR (CDCl3, ppm): 25.58,
26.51, 28.50, 28.94, 37.88, 56.98, 70.10, 110.36, 111.24, 117.01, 118.57,
123.15, 132.14, 133.83, 150.07, 150.47, 168.44. MASS (EI): m/z 511.
2.2.5. N-(6-aminohexyl)-2,5-dibromo-4-methoxybenzene (5)
A solution of (4) (2.0 g, 3.91 mmol) and hydrazine (2.40 g,

31.30 mmol) in a solvent mixture of ethanol (20 mL) and tetrahy-
drofuran (THF, 20 mL) was refluxed at 70 �C for 4 h. The solution
was then extracted with ethyl acetate and water, and the organic
phase was dried with anhydrous MgSO4. The crude product was
concentrated in vacuo and purified by gel chromatography (silica
gel, methanol as the eluant) to give a yellowish viscous liquid
(1.10 g, 74%). 1H NMR (CDCl3, ppm): 1.39e1.44 (m, 2H,
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eOCH2CH2CH2CH2CH2CH2NH2), 1.48e1.55 (m, 4H,
eOCH2CH2CH2CH2e CH2CH2NH2), 1.76 (s, 2H,eNH2), 1.79e1.84 (m,
2H, eOCH2CH2e), 2.71e2.74 (t, J ¼ 7.0 Hz, 2H, eCH2NH2), 3.84 (s,
3H, eOCH3), 3.94e3.97 (t, J ¼ 6.4 Hz, 2H, eOCH2e), 7.09 (s, 2H,
aromatic protons). 13C NMR (CDCl3, ppm): 25.82, 26.53, 29.08,
33.34, 41.99, 57.00, 70.23, 110.43, 111.28, 117.06, 118.68, 150.13,
150.54. MASS (EI): m/z 381.

2.2.6. N,N0-bis[6-(2,5-dibromo-4-methoxyphenyl)hexyl]-1,6,7,12-
tetrachloro-3,4,9,10-perylenetetracarboxylic bisimide (M1)

A solution of (1) (0.39 g, 7.33 mmol), (5) (1.1 g, 29.32 mmol), and
glacial acetic acid (11 mL) in 55 mL of N,N-dimethylformamide
(DMF)was stirred at 80 �C for 18 h. The reactionmixturewas cooled
to room temperature and poured into an ice-water mixture. The
precipitate was collected, washed with excess of water, and sepa-
rated by gel chromatography (silica gel, DCM as the eluant). The
concentrated product was further re-precipitated twice in DCM
(20 mL)/hexane (50 mL) solvent mixture to yield a red solid (0.59 g,
65%). 1H NMR (CDCl3, ppm): 1.50e1.63 (m, 8H, eOCH2CH2e

CH2CH2CH2CH2eperylene), 1.77e1.87 (m, 8H, eOCH2CH2CH2CH2e

CH2CH2eperylene), 3.83 (s, 6H, eOCH3), 3.95e3.98 (t, J ¼ 6.3 Hz,
4H, eOCH2e), 4.22e4.25 (t, J ¼ 7.4 Hz, 4H, eCH2eperylene), 7.07 (s,
2H, aromatic protons), 7.09 (s, 2H, aromatic protons), 8.68 (s, 4H,
aromatic protons). 13C NMR (CDCl3, ppm): 25.71, 26.71, 27.98, 28.96,
29.68, 40.78, 56.98, 70.13, 110.39, 111.24, 117.00, 118.58, 123.21,
123.26, 128.59, 131.94, 132.94, 135.36, 150.07, 150.48, 162.24. MASS
(FAB): m/z 1258.

2.2.7. 1-[6-(4-methoxyphenoxy)hexyloxy]-4-methoxybenzene (6)
A solution of 4-methoxyphenol (9.0 g, 72.5 mmol), 1,6-

dibromohexane (8.1 g, 33.2 mmol), potassium hydroxide (5.4 g,
96.3 mmol), and a catalytic amount of tetrabutylammonium bro-
mide in 150 mL of THF was refluxed at 70 �C for 12 h. After cooling
to room temperature, the solution was poured into water. The
precipitate was collected by filtration and washed with ethyl ace-
tate and hexane to give a white solid (6.0 g, 84%). 1H NMR (CDCl3,
ppm): 1.59e1.58 (m, 4H, eOCH2CH2e CH2CH2CH2CH2Oe),
1.88e1.84 (m, 4H, eOCH2CH2CH2CH2CH2CH2Oe), 3.77 (s, 6H,
eOCH3), 3.93e3.91 (t, J ¼ 6.0 Hz, 4H, eOCH2(CH2)4CH2Oe), 6.83 (s,
8H, aromatic protons). 13C NMR (CDCl3, ppm): 25.88, 29.33, 55.74,
68.51, 114.63, 115.45, 153.27, 153.71. Mass (EI): m/z 330.

2.2.8. 1-[6-(2,5-dibromo-4-methoxyphenyl)hexyloxy]-2,5-
dibromo-4-methoxybenzene (M2)

A solution of liquid bromine (9.0 g, 56.25mmol) in 10mL of CHCl3
was added dropwise to a mixture of (6) (4.0 g, 12.11 mmol) and a
catalytic amount of iron powder in 240 mL of CHCl3 at 0 �C. The
solution was stirred at room temperature for 12 h. The solution was
then extracted with water twice, and the organic phase was dried
with anhydrous MgSO4. The crude product was concentrated in
vacuo and purified by gel chromatography (silica gel, DCM/
hexane ¼ 3/2 in volume ratio as the eluant) to give a white solid
(0.8 g, 10%). 1H NMR (CDCl3, ppm): 1.57e1.60 (m, 4H,
eOCH2CH2eCH2CH2CH2CH2Oe), 1.82e1.86 (m, 4H, eOCH2CH2CH2e

CH2CH2CH2Oe), 3.84 (s, 6H, eOCH3), 3.96e3.99 (t, 4H, J ¼ 6.0 Hz,
eOCH2(CH2)4CH2Oe), 7.08 (s, 2H, aromatic protons), 7.09 (s, 2H, ar-
omatic protons). 13C NMR (CDCl3, ppm): 25.43, 28.94, 55.96, 69.97,
110.37, 111.23, 116.96, 118.56, 150.06, 150.47. Mass (EI): m/z 646.

2.2.9. 4,40-dibromo-2-nitrobiphenyl (7)
A solution of 4,40-dibromobiphenyl (5.0 g, 16.03 mmol) in 75 mL

of glacial acetic acid was heated to 100 �C, and then 60 mL of nitric
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acid was added dropwise. The solution was stirred at 100 �C for
12 h. After cooling to room temperature, the reaction mixture was
poured into an ice-water mixture. The precipitate was collected by
filtration, washed with excess of water, and purified by gel chro-
matography (silica gel, ethyl acetate/hexane ¼ 1/10 in volume ratio
as the eluant) to give a yellow solid (5.03 g, 88%). 1H NMR (CDCl3,
ppm): 7.14 (d, J ¼ 8.0 Hz, 1H, aromatic proton), 7.27 (d, J ¼ 8.0 Hz,
1H, aromatic proton), 7.55 (d, J ¼ 8.0 Hz, 1H, aromatic proton), 7.74
(dd, J1 ¼8.0 Hz, J2 ¼ 2.0 Hz, 1H, aromatic proton), 8.02 (d, J¼ 2.0 Hz,
1H, aromatic proton). 13C NMR (CDCl3, ppm): 121.78, 123.01, 127.21,
128.43, 128.46, 129.37, 131.97, 132.98, 134.08, 135.25, 135.52, 149.20.
MASS (EI): m/z 357.

2.2.10. 2,7-dibromocarbazole (8)
A solution of (7) (4.0 g, 11.21 mmol) and triphenylphosphine

(7.20 g, 27.45 mmol) in 45 mL of chlorobenzene was stirred at
120 �C for 16 h. The solution was extracted with ethyl acetate and
water, and the organic phasewas dried with anhydrousMgSO4. The
crude product was concentrated in vacuo and purified by gel
chromatography (silica gel, DCM/hexane ¼ 1/2 in volume ratio as
the eluant) to give awhite solid (1.86 g, 51%). 1H NMR (CDCl3, ppm):
7.35e7.36 (d, J¼ 8.0 Hz, 2H, aromatic protons), 7.58 (s, 2H, aromatic
protons), 7.86e7.88 (d, J¼ 8.0 Hz, 2H, aromatic protons), 8.10 (s, 1H,
eNH). 13C NMR (CDCl3, ppm): 113.83, 119.73, 121.45, 121.79, 132.29,
140.29. MASS (EI): m/z 325.

2.2.11. N-[10-(2,7-dibromocarbazolyl)decyl]-2,7-dibromocarbazole
(M3)

A mixture of (8) (1.0 g, 72.5 mmol), 1,10-dibromodecane (0.46 g,
1.53 mmol), potassium hydroxide (0.8 g, 14.29 mmol), and a cata-
lytic amount of tetrabutylammonium bromide in 20mL of DMFwas
stirred at room temperature for 24 h. The reaction mixture was
then poured into water, and the precipitate was collected by
filtration and washed with ethyl acetate and hexane to give a white
solid (0.62 g, 52%). 1H NMR (CDCl3, ppm): 1.22e1.35 (m, 12H,
eNCH2CH2e(CH2)6CH2CH2Ne), 1.78e1.84 (m, 4H, eNCH2CH2e),
4.15e4.18 (t, J ¼ 7.0 Hz, 4H, eNCH2e), 7.31e7.33 (d, J ¼ 8.0 Hz, 4H,
aromatic protons), 7.48 (s, 4H, aromatic protons), 7.86e7.88 (d,
J ¼ 8.0 Hz, 4H, aromatic protons). 13C NMR (CDCl3, ppm): 27.04,
28.68, 29.18, 29.23, 43.16, 112.00, 119.68, 121.27, 121.47, 122.52,
141.35. MASS (EI): m/z 788.

2.2.12. N-(6-bromohexyl)-2,7-dibromocarbazole (9)
A mixture of (8) (2.0 g, 6.16 mmol), 1,6-dibromohexane (3.0 g,

12.3 mmol), and potassium hydroxide (0.4 g, 7.13mmol) in 40mL of
DMF was stirred at room temperature for 24 h. The solution was
then extracted with ethyl acetate and water, and the organic phase
was dried with anhydrous MgSO4. The crude product was
concentrated in vacuo and purified by gel chromatography (silica
gel, DCM/hexane¼ 1/5 in volume ratio as the eluant) to give awhite
solid (0.93 g, 30%). 1H NMR (CDCl3, ppm): 1.36e1.41 (m, 2H,
eNCH2CH2CH2eCH2CH2CH2Br), 1.47e1.52 (m, 2H,
eNCH2CH2CH2CH2e CH2CH2Br), 1.81e1.88 (m, 4H,
eNCH2CH2CH2CH2CH2CH2Br), 3.36e3.39 (t, J¼ 7.0 Hz, 2H,eCH2Br),
4.16e4.19 (t, J ¼ 7.0 Hz, 2H, eNCH2e), 7.33e7.35 (d, J ¼ 8.0 Hz, 2H,
aromatic protons), 7.51 (s, 2H, aromatic protons), 7.86e7.88 (t, 2H,
J ¼ 8.0 Hz, aromatic protons). 13C NMR (CDCl3, ppm): 26.34, 27.84,
28.61, 32.50, 33.56, 43.12, 111.92, 119.72, 121.28, 121.49, 122.60,
141.29. MASS (EI): m/z 486.

2.2.13. N-[6-(2,7-dibromocarbazolyl)hexyl]phthalimide (10)
A mixture of (9) (0.1 g, 0.21 mmol) and potassium phthalimide

(0.042 g, 0.23 mmol) in 5 mL of DMF was stirred at 70 �C for 16 h.
The mixture was then extracted with ethyl acetate and water, and
the organic phase was dried with anhydrous MgSO4. The crude
product was concentrated in vacuo and purified by gel chroma-
tography (silica gel, DCM as the eluant) to give awhite solid (0.08 g,
71%). 1H NMR (CDCl3, ppm): 1.37e1.45 (m, 4H,
carbazoleeCH2CH2eCH2CH2CH2CH2Ne), 1.65e1.70 (m, 2H,
carbazoleeCH2CH2e), 1.82e1.87 (m, 2H, eCH2CH2Ne), 3.66e3.69
(t, J ¼ 7.0 Hz, 2H, carbazoleeCH2e), 4.18e4.21 (t, J ¼ 7.0 Hz, 2H,
eCH2Ne), 7.32e7.34 (dd, J1 ¼ 8.0 Hz, J2 ¼ 1.0 Hz, 2H, aromatic
protons), 7.51 (d, J ¼ 1.0 Hz, 2H, aromatic protons), 7.69e7.71 (dd,
J1 ¼ 6.0 Hz, J2 ¼ 3.0 Hz, 2H, aromatic protons), 7.82e7.84 (dd,
J1 ¼ 6.0 Hz, J2 ¼ 3.0 Hz, 2H, aromatic protons), 7.87e7.89 (d,
J ¼ 8.0 Hz, 2H, aromatic protons). 13C NMR (CDCl3, ppm): 26.75,
28.43, 28.70, 29.69, 37.75, 43.26, 111.97, 119.72, 121.30, 121.48,
122.58, 123.19, 132.13, 133.87, 141.32, 168.41. MASS (EI): m/z 553.

2.2.14. N-(6-aminohexyl)-2,7-dibromocarbazole (11)
A solution of (10) (0.1 g, 0.18 mmol) and hydrazine (0.01 g,

0.56 mmol) in a solvent mixture of ethanol (5 mL) and THF (55 mL)
was refluxed at 70 �C for 4 h. The solution was then extracted with
ethyl acetate and water, and the organic phase was dried with
anhydrous MgSO4. The crude product was concentrated in vacuo
and purified by gel chromatography (silica gel, methanol as the
eluant) to give a yellowish viscous liquid (0.02 g, 27%). 1H NMR
(CDCl3, ppm): 1.37 (m, 6H,eNCH2CH2CH2CH2CH2CH2NH2), 1.84 (m,
2H, eNCH2CH2e), 1.95 (m, 2H, eCH2NH2), 2.71 (s, 2H, eNH2),
4.16e4.19 (t, J ¼ 7.0 Hz, 2H, eNCH2e), 7.32e7.34 (d, J ¼ 8.0 Hz, 2H,
aromatic protons), 7.51 (s, 2H, aromatic protons), 7.87e7.88 (d, 2H,
J ¼ 8.0 Hz, aromatic protons). 13C NMR (CDCl3, ppm): 26.55, 26.96,
28.73, 29.67, 43.22, 111.95, 119.68, 121.26, 121.48, 122.54, 141.32.
MASS (EI): m/z 424.

2.2.15. N,N0-bis[6-(2,7-dibromocarbazolyl)hexyl]-1,6,7,12-
tetrachloro-3,4,9,10-perylene tetracarboxylic bisimide (M4)

A mixture of (1) (0.1 g, 0.19 mmol), (11) (0.32 g, 0.75 mmol), and
glacial acetic acid (1 mL) in 10 mL of DMF was stirred at 80 �C for
18 h. The reaction mixture was cooled to room temperature and
poured into an ice-water mixture. The precipitate was collected,
washed with excess of water, and separated by gel chromatography
(silica gel, DCM/hexane ¼ 1/2 in volume ratio as the eluant). The
concentrated product was further re-precipitated twice in DCM
(20 mL)/hexane (50 mL) solvent mixture to yield a mauve solid
(0.015 g, 6%). 1H NMR (CDCl3, ppm): 1.48 (m, 8H,
eNCH2CH2e(CH2)2CH2CH2eperylene), 1.73 (m, 4H, eNCH2CH2e),
1.87 (m, 4H, eCH2CH2eperylene), 4.15e4.22 (m, 8H,
eNCH2(CH2)4CH2eperylene), 7.28e7.31 (m, 4H, aromatic protons),
7.51 (s, 4H, aromatic protons), 7.83e7.85 (d, J¼ 8.0 Hz, 4H, aromatic
protons), 8.65 (s, 4H, aromatic protons). 13C NMR (CDCl3, ppm):
26.61, 26.79, 27.80, 28.57, 29.70, 43.42,112.00, 114.23, 119.72,121.31,
121.49, 122.58, 123.18, 123.28, 128.62, 132.99, 135.39, 141.34, 162.23.
MASS (FAB): m/z 1344.

2.3. Synthesis of polymers

The synthesis of P3HT and hyperbranched polymers P1eP4 is
depicted in Scheme 3. All polymers were polymerized via the
Universal Grignard metathesis polymerization [17]. The molar ratio
of isopropylmagnesium chloride e lithium chloride (i-PrMgCl$LiCl)
complex to monomer was controlled to 1.4:1. For polymers P1eP4,
the molar ratio of two-headed monomers M1eM4 to M5 was
controlled to 0.025:1. The detailed synthetic procedure of polymer
P1 was listed below as example.

To a mixture of M1 (0.096 g, 0.076 mmol) and M5 (1.0 g,
3.07 mmol) in 35 mL of anhydrous THF was added 1 M i-
PrMgCl$LiCl (3.4 mL, 4.3 mmol) using syringe under nitrogen at-
mosphere. The reaction mixture was heated to 80 �C and stirred for
2 h. A dispersion of 1,2-bis(diphenylphosphinoethane)nickel(II)



Scheme 3. Synthesis of P3HT and polymers P1eP4.
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chloride (Ni(dppp)Cl2) (9.0 mg, 1.66 � 10�2 mmol) in anhydrous
THF (25 mL) was injected into the reaction mixture and stirred at
80 �C for 3 h. The resulting solutionwas then poured into 150 mL of
MeOH and stirred for 1 h. The crude product was collected and re-
precipitated in hexane several times to give a purple-black solid
(0.206 g, 40%).

P3HT: by following the synthetic procedure of P1 and using M5
(1.0 g, 3.07 mmol), i-PrMgCl$LiCl (3.4 mL, 4.3 mmol), and Ni(dppp)
Cl2 (9.0 mg, 1.66 � 10�2 mmol) as starting materials, P3HT was
obtained as a purple black solid (0.21 g, 41%).

P2: by following the synthetic procedure of P1 and using M2
(0.05 g, 0.076 mmol), M5 (1.0 g, 3.07 mmol), i-PrMgCl$LiCl (3.4 mL,
4.3 mmol), and Ni(dppp)Cl2 (9.0 mg, 1.66 � 10�2 mmol) as starting
materials, P2 was obtained as a purple-black solid (0.205 g, 40%).

P3: by following the synthetic procedure of P1 and using M3
(0.06 g, 0.076 mmol), M5 (1.0 g, 3.68 mmol), i-PrMgCl$LiCl (3.4 mL,
4.3 mmol), and Ni(dppp)Cl2 (9.0 mg, 1.66 � 10�2 mmol) as starting
materials, P3 was obtained as a purple-black solid (0.213 g, 41%).

P4: by following the synthetic procedure of P1 and using M4
(0.10 g, 0.076 mmol), M5 (1.0 g, 3.68 mmol), i-PrMgCl$LiCl (3.4 mL,
4.3 mmol), and Ni(dppp)Cl2 (9.0 mg, 1.66 � 10�2 mmol) as starting
materials, P4 was obtained as a purple-black solid (0.215 g, 41%).
Table 1
Polymerization results of P3HT and polymers P1eP4.

Polymer Mn (�10�4) Mw (�10�4) PDI

P3HT 1.69 3.16 1.87
P1 3.41 6.31 1.85
P2 2.92 5.42 1.86
P3 3.24 5.32 1.64
P4 2.82 5.62 1.99
2.4. Device fabrication and measurement

The P3HT and polymers P1eP4 were firstly dissolved in
dichlorobenzene (20 mg/mL). The solutions were then treated with
ultrasonic treatment and heated at 70 �C for 30 min for better
dissolution. The solutionswere filtered and evacuated to extract the
soluble part of the polymers. As for the fabrication of polymer solar
cells, the polymer was blend with PC60BM in dichlorobenzene (1:2
in w/w) at a total concentration of 22.5 mg/mL, and the blend so-
lution was stirred at 40 �C overnight. The blend solution was then
spin-coated on a poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS, Clevios P VP AI4083)-coated ITO substrate
to form a photoactive layer. The thickness of the photoactive layer
was controlled to be 90e100 nm by adjusting the spin coating
speed. The active layers were then treated with thermal annealing
at 110 �C for 10 min, which is close to the glass transition temper-
ature (Tg) of polymers. Finally, LiF (1.2 nm) and Al (70 nm) were
deposited as cathode. Electrical characteristics were measured us-
ing a Keithley 2400 supplier. An AM 1.5 solar simulator (Oriel
96000 150 W) at 100 mW/cm2 intensity was used for illumination
measurements.
3. Results and discussion

3.1. Characterization of polymers

The goal of this research is to synthesize hyperbranched poly-
thiophenes by incorporating two-headed monomers M1eM4
during polymerization of P3HT. Both heads in M1eM4 function as
polymerizable monomers to extend polymer chains. Hyper-
branched architectures of final polymers are expected to formwith
increased molecular weights and modified optoelectrical proper-
ties compared to the corresponding linear P3HT. The feed ratio of
two-headed monomers should be low and well controlled to pre-
vent gelation. In this study, the molar ratio of two-headed mono-
mers to 2,5-dibromo-3-hexylthiophene (M1eM4:M5) is controlled
to be 0.025:1 to ensure increased molecular weights and good
solubility of final polymers in organic solvents, such as CHCl3,
chlorobenzene, or o-dichlorobenzene. Themolecular weights of the
synthesized polymers were determined by GPC, using linear poly-
styrenes as standards. It should be noted that the measured mo-
lecular weights of those hyperbranched polymers could be
overestimated, since they are partially corsslinked and not linear
polymers. Table 1 summarizes the number-average molecular
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weight (Mn), weight-average molecular weight (Mw), and poly-
dipersity index (PDI) of synthesized polymers P3HT and P1eP4 in
this research. It is clearly seen that both Mn and Mw of hyper-
branched polymers P1eP4 are higher than those of P3HT, while PDI
values are still less than 2. On the other hand, the structures of
bridging moieties show insignificant effect on molecular weights of
polymers (tetrachloroperylene bisimide v.s. alkyl spacer). As a
result, the introduction of two-headed monomers brings increased
molecular weights during polymerization of P3HT.

To examine the existence of bridging moieties in polymers, the
1H NMR spectroscopy was performed and shown in Fig. 1. The
proton signal on C-4 position of thiophene rings is observed at
d ¼ 6.97 ppm for P3HT, P1, and P2. In Fig. 1(a), a clear singlet at
d ¼ 8.67 ppm assigning to protons on perylene ring is found in M1
and P1. Two specific signals at d¼ 7.05 and 3.81 ppmwere assigned
to protons on benzene ring and methoxy group for two-headed
monomer M1, and those two signals are also found in corre-
sponding hyperbranched polymer P1. Besides, the signals ofeOCH2
and imideeCH2 from alkyl spacer between perylene and poly-
merizable head are also observed inM1 and P1. Turning to Fig. 2(b),
the proton signal from methoxy group at d ¼ 3.72 ppm is clearly
seen in M2 and P2. Similar phenomena are found in polymers P3
and P4, demonstrating that bridging moieties is successfully
Fig. 1. 1H NMR spectra of (a) M1, P3HT, and P1; (b) M2, P3HT, and P2.
incorporated in polymers. The increased molecular weights of
polymers are also supportive of this observation, as shown in
Table 1.

3.2. Thermal properties of polymers

The TGA thermgrams of all polymers, including linear and
hyperbranched ones, are shown in Fig. 2(a). All polymers show a
first-stage weight loss above 300 �C, possibly due to the break of
alkyl side chains or spacers. The main decomposition temperature
(Td) is observed above 450 �C, owing to thermal degradation of
polymer main chains, which is consistent with the result of previ-
ous research [18]. It is noted that the weight loss of polymer P1 is
even smaller than that of P3HT and other polymers. The reason to
this phenomenon can be explained by introduction of rigid per-
ylene bisimide moieties and the highest molecular weights of P1
among polymers. P2 shows a similar TGA thermogram to that of
P3HT. P3 and P4 owns lower Td values and larger weight loss at
same temperature.

The thermal transition behaviors, including Tg andmelting point
(Tm), are investigated by DSC in this study. The Tg of P3HT has been
reported to be �14, 12, and 110 �C by different research groups
[19e22], and Tm of P3HT was observed around 200e230 �C [22,23].
Since Tg is affected by molecular weights and structural regior-
egularity of polymers, the measurement of Tg of a certain P3HT can
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Fig. 2. (a) TGA and (b) DSC thermograms of P3HT and polymers P1eP4.
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be varied with different material sources and characterization
techniques. In this study, we strictly controlled polymerization
condition of all polymers to evaluate the effect of two-headed
monomers. The DSC thermgrams of P3HT and polymers P1eP4
are shown in Fig. 2(b). The Tg and Tm of synthesized P3HT are
observed at 67 and 213 �C, respectively. Furthermore, the Tg values
of hyperbranched polymers P1eP4 are found to be higher than that
of P3HT (80e114 �C). This can be attributed to the hyperbranched
architecture that prohibits segmental motions of polymer chains.
The Tm values of polymers P1eP4 are also higher than that of P3HT,
as shown in Fig. 2(b). The above results reveal that better thermal
stabilities of hyperbranched polythiophenes are achieved by
introducing bridging moieties between polymer chains.
3.3. Optical properties of polymers

The UVevis absorption spectra of all polymers are shown in
Fig. 3. The solvent o-dichlorobenzene (o-DCB) is selected since it is
often used for preparation of polymer solutions in solar cell ap-
plications. In Fig. 3(a), all polymers show a maximum absorption
band centered at 465 nm in o-DCB, which is related to pep*
transition along polymer main chains. Besides, we notice a slight
absorption shoulder around 520 nm for polymers P1 and P4 due to
the presence of PBI moieties. In solid state, all polymers show a
wide absorption band from 400 to 650 nm, with two characteristic
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Fig. 3. UVevis absorption spectra of P3HT and polymers P1eP4 in (a) o-DCB and (b)
thin film state.
absorption wavelengths located at 552 and 603 nm, as shown in
Fig. 3(b). The former comes from pep* transition along single
polymer chain in solid state, and the latter is interpreted as ag-
gregates of polymer chains. The spectral shapes and wavelengths of
the synthesized polymers are both in accordance with those of
regioregular P3HT reported in the literature [19,24]. Moreover, a
stronger shoulder at 603 nm is found for those hyperbranched
polymers compared to P3HT, implying reinforced interaction and
closer aggregation between polymer chains brought by bridging
moieties. The optical bandgap (Eg) of polymers can also be deter-
mined from the edge of UVevis absorption in solid state in Fig. 3(b),
giving Eg values of about 1.89e1.91 eV.

The normalized PL emission spectra of polymers were obtained
by excitation at max absorption wavelength in different states, as
shown in Fig. 4. The emission band centered at 589 nm for all
polymers in o-DCB. An insignificant shoulder band can still be
found around 640 nm, which is resulted from interchain interac-
tion. On the other hand, polymers in thin film state show two
emission maxima at 650 and 700 nm, referring to emissions from
intra- and inter-chain behaviors, respectively [24]. Besides, the
attenuated intensity of PL emission from P3HT to hyperbranced
polymers, especially P1, is observed based on the same film prep-
aration. The decreased emission in film state implies less possibility
of carrier recombination and more opportunity for carriers to
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Fig. 4. Photoluminescent spectra P3HT and polymers P1eP4 in (a) o-DCB and (b) thin
film state.



Table 2
Electrochemical properties of P3HT and polymers P1eP4.
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migrate to both electrodes, which is a benefit for solar cell
application.
Polymer Eox (V)a HOMO (eV)b LUMO (eV)c Eg (eV)d

P3HT 0.71 �5.11 �3.20 1.91
P1 0.80 �5.20 �3.31 1.89
P2 0.81 �5.21 �3.32 1.89
P3 0.91 �5.31 �3.42 1.89
P4 0.90 �5.30 �3.41 1.89

a Data from CV in the oxidation scan.
b HOMO ¼ e j Eox þ 4.4 j.
c LUMO ¼ e j HOMO þ Eg j.
d Data from the edge of the absorption spectrum in film state.
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3.4. Electrochemical properties of polymers

The CV voltammograms of all polymers in the oxidation scan are
shown in Fig. 5(a). The onsets of oxidation potential (Eox) of P3HT is
found at 0.71 V, while P1eP4 show higher oxidation onsets around
0.80e091 V. Besides, the energy bandgap (Eg) of polymer can be
estimated from its absorption edge (ledge) in thin film state. The
HOMO, Eg, and LUMO values are calculated from the following
equations:

HOMO ¼ �jEox þ 4:4j
Eg ¼ 1240

.
ledge

LUMO ¼ ���HOMOþ Eg
��

After calculation, the HOMO and Eg values of our synthesized
P3HTare�5.11 and 1.91 eV, respectively, which are close to previous
results in the literature [25]. For those hyperbranched polymers,
the HOMO levels of P1eP4 are in the range between �5.20
and�5.31 eV. The Eg values of P1eP4 are 1.89 eV that are somewhat
smaller than P3HT, since they possess longer absorption edges, as
shown in Fig. 3(b). CombiningHOMO levels and Eg values, the LUMO
levels of polymers can be determined; the energy level diagram is
then constructed and depicted in Fig. 5(b). The Eox, HOMO, LUMO,
and Eg values of all polymers are summarized in Table 2.
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3.5. Device fabrication and evaluation of polymers

Solar cell devices with bulk heterojunction architecture were
fabricated in the configuration ITO/PEDOT/donor:PC60BM/LiF/Al.
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Fig. 5. (a) Cyclic voltammograms in the oxidation scan and (b) energy level diagram of
P3HT and polymers P1eP4.

Fig. 6. Current densityevoltage curves of the polymer solar cells based on P3HT and
polymers P1eP4 under AM 1.5 illumination, 100 mW/cm2.
Hyperbranched PT derivatives and P3HT without bridging moiety
were utilized as electron donor, and PC60BM was utilized as elec-
tron acceptor. The energy level diagram is shown in Fig. 5(b). The
current densityevoltage curves of these devices are shown in Fig. 6,
and the summary of device performance is shown in Table 3. The
devices utilizing hyperbranched PT derivatives as electron donor
show larger VOC than the one of P3HT reference cell. The VOC is
related to the difference between HOMO energy level of donor and
LUMO energy level of acceptor [26]. The VOC of P3HT device is
0.62 V which is consistent with previous reports [27]. It was re-
ported that solar devices based on hyperbranched PTs showed
higher VOC values compared with normal P3HT [11]. In this study
similar results are also found for polymers P1, P2, and P4 which
possess high VOC values of 0.70e0.72�V. Larger VOC of devices uti-
lizing hyperbranched polythiophene derivatives can be attributed
to the lower HOMO energy levels of hyperbranched polythiophene
derivatives than the one of P3HT, resulting in larger difference
Table 3
Summary of cell characteristics based on P3HT and polymers P1eP4 under one-sun
illumination intensity.

Polymer JSC (mA/cm2) VOC (V) FF (%) PCE (%)

P3HT 2.54 0.62 33.80 0.54
P1 2.03 0.70 32.04 0.45
P2 3.17 0.72 37.12 0.84
P3 2.57 0.64 32.02 0.52
P4 2.72 0.72 31.44 0.61
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between HOMO energy level of the hyperbranched polythiophene
derivatives and the LUMO energy level of PC60BM.

Among devices utilizing hyperbranched polythiophene de-
rivatives, both P2 and P4 devices perform better than P3HT device.
P2 device shows best performance and P4 device is second best.
The best performance of P2 device is attributed to the larger VOC, fill
factor (FF), and JSC values. Since the absorption spectra of all donor
polymers are similar, such superior characteristics of P2 device are
believed to be related to its high carrier mobility and better mo-
lecular packing. Although the hole mobility of P4 is larger than the
one of P2, the rigid PBI moiety might hinder the packing of P4 and
the phase separation between P4 and PC60BM. Largest FF in P2
device indicates a proper phase separation and a lowest carrier
recombination among various devices. The hole mobilities of the
synthesized P3HT and P1eP4 in this study were determined by
Fig. 7. AFM topographic images of (a) P3HT, (b) P1, (
space-charge-limited current (SCLC) method (see Supplementary
data). Hole-only devices with configuration of ITO/PEDOT:PSS/
polymer/Au were fabricated and measured. The polymer P2 pos-
sesses the highest hole mobility of 3.79 � 10�5 cm2/V among all
polymers, which is beneficial for carrier transport; meanwhile,
other polymers own lower hole mobilities in the range of
1.02e1.88 � 10�5 cm2/V Fig. 7 shows AFM topographic images of
polymer nanocomposite films blended with PC60BM. The prepa-
ration of films for AFM analysis was identical to those used in de-
vice fabrication. It is seen that P2:PC60BM film shows the best
distribution of aggregations among those films, revealing better
charge dissociation between electron donors and acceptors. The
root-mean-square roughness (Ra) of P3HTand P1eP4 in blendwith
PC60BM was measured to be 16.7, 11.9, 8.29, 35.1, and 9.48 nm,
respectively. The smallest roughness of P2:PC60BM blend
c) P2, (d) P3, and (e) P4 in blend with PC60BM.
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represents good film quality that is also responsible for better de-
vice performance among those devices.

4. Conclusions

Hyperbranched PT derivatives containing tetrachloroperylene
bisimide or alkyl spacer as bridging moiety were synthesized and
characterized. The molecular weights and thermal stabilities of
final polymers were increased by introducing hyperbranched ar-
chitecture compared with normal P3HT. The intensity of shoulder
band around 600 nm was increased for hyperbranched polymers,
while their PL emissions were attenuated in thin film state. Solar
devices based on those hyperbranched polymers blended with
PC60BM showed PCE values of 0.45e0.84% and higher VOC values up
to 0.70e0.72 V than P3HT:PC60BM as active materials.
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