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Benzodithiophene homopolymers synthesized by
Grignard metathesis (GRIM) and Stille coupling
polymerizations†

Harsha D. Magurudeniya,a Ruvini S. Kularatne,a Elizabeth A. Rainbolt,a

Mahesh P. Bhatt,a John W. Murphy,b Elena E. Sheina,c Bruce E. Gnade,b

Michael C. Biewera and Mihaela C. Stefan*a

Poly{4,8-bis(95-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene} has been synthesized by both

Grignard metathesis (P1) and Stille coupling polymerizations (P2). Polymers P1 and P2 were characterized

and their optoelectronic properties, charge carrier mobilities, and photovoltaic properties were

compared. The field-effect mobilities of the polymers were measured on both untreated and

heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane (FS) treated organic field effect transistor

(OFET) devices. The polymers were also evaluated in bulk heterojunction (BHJ) solar cells with [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM) as the acceptor.
Introduction

Due to their good optoelectronic properties and processability,
organic semiconducting polymers have been extensively inves-
tigated by research communities from both academia and
industry.1–3 Semiconducting polymers have been used in poly-
mer solar cells (PSC), organic led-effect transistors (OFETs),
organic light emitting diodes (OLEDs) and in sensors because of
their light weight, exibility and low cost.1,4,5 Among the
numerous organic semiconducting polymers that have been
synthesized, regioregular poly(3-hexylthiophene) has been the
most studied and can be synthesized by McCullough, Rieke and
Grignard metathesis (GRIM) polymerization methods.6–8

Although poly(3-hexylthiophene) (P3HT) exhibits good opto-
electronic properties, current research has shied towards
design and synthesis of novel thiophene-based materials with
enhanced properties. One such strategy is to synthesize conju-
gated polymers containing fused ring building blocks.9 Fused
ring thiophene units exhibit rigid backbone structures and
greater overlap of the p-conjugated units, both inter and
intramolecularly. These features lead to lowering the polymer
band gap and increasing the intermolecular interactions in
solid lms.10
xas at Dallas, 800 West Campbell Road,

a@utdallas.edu

eering, University of Texas at Dallas, 800

080, USA

tsburgh, PA 15238, USA

tion (ESI) available. See DOI:

hemistry 2014
One of the most extensively studied fused ring thiophene
system in the organic electronics eld is the benzo[1,2-b:4,5-b0]-
dithiophene (BDT).9,11–14 Benzodithiophene building block
provide high planarity to the polymer backbone. The central
benzene core of the fused ring permits the incorporation of
different substituents while maintaining its planarity. More-
over, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels of
the polymers and hence the band gap of the polymers, the
absorbance maxima in UV-Vis spectra, and the solubility of the
polymers in common organic solvents can be controlled by
attaching different substituent to the 4- and 8-positions of the
BDT core. Also the symmetric nature of the BDT eliminates the
need to use polymerization techniques which allow control of
regioregularity during polymerization.9,11,14 Additionally, due to
the larger planar conjugated structure of the BDT unit, polymers
can easily form p–p interactions, which result in high charge
carrier mobilities.11 Due to these structural advantages, many
BDT donor–acceptor (D–A) copolymers with high power conver-
sion efficiencies (PCEs) have been synthesized by varying
substituents such as alkoxy, alkyl, alkylthiophene, and alkylbi-
thiophene substituents at 4- and 8-positions of the BDT
unit.12,14–26 This class of polymers has reached PCE as high as
9.2% in bulk heterojunction (BHJ) solar cells and charge carrier
mobilities�0.2 cm2 V�1 s�1 in organic eld effect transistors.27,28

Almost all these copolymers have been synthesised via Stille
cross-coupling and Suzuki cross-coupling reactions. These
cross coupling reactions resulted in polymers with larger
molecular weights, thus limiting the solubility in common
organic solvents. Also, due to the non-living nature of these
coupling reactions, broader polydispersity indices (PDIs) were
observed in the polymers. The broader PDIs indicate the
J. Mater. Chem. A, 2014, 2, 8773–8781 | 8773
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presence of low molecular weight polymers, oligomers, and
unreacted monomers and by products in the polymer mixtures,
which may decrease the BHJ solar cells and OFETs device
performances.29,30 Therefore it is of tremendous importance to
utilize different polymerization techniques for the synthesis of
D–A copolymers as well as for homopolymers. A more
controlled synthesis and lower PDI can be obtained by a chain
growth polymerization technique such as Grignard metathesis
(GRIM) polymerization which has been extensively used for the
synthesis of regioregular P3HT.31,32 GRIM is a quasi-living
nickel-initiated cross-coupling polymerization technique which
generates regioregular P3HT with well-dened molecular
weights and narrow PDIs.31,32 Moreover, GRIM method allows
the polymerization to occur at room temperature.31 However,
the use of GRIM polymerization technique for polymerization of
bulky donor monomers has not been extensively studied.33–36

Our group recently reported the synthesis of a bulky donor
polymer, fused benzodithiophene with phenylethynyl substit-
uent by GRIM polymerization.14,36 GRIM polymerization of
phenylethynyl substituted benzodithiophene yielded a polymer
with a lower molecular weight and a narrow PDI. We speculated
that due to the coordination of Ni to the ethynyl linkage of the
phenylethynylbenzodithiophene monomer during the catalytic
cycle we obtained a polymer with lower molecular weight.
Therefore here in this report to overcome the coordination of Ni
to the ethynyl linkage, 2-dodecylthiophene has been substituted
to the 4- and 8-positions of the benzodithiophene. Thus the
synthesized 2,6-dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo-
[1,2-b:4,5-b0]dithiophene was polymerized by GRIM and as a
comparison 2,6-dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo-
[1,2-b:4,5-b0]dithiophene was also polymerized via Stille
coupling polymerization. The two polymers obtained from
these two techniques were characterized and their molecular
weights, PDI values, charge carrier mobilities and photovoltaic
properties were compared.

Materials and characterization

All commercial chemicals were purchased from Aldrich
Chemicals and were used without further purication unless
otherwise noted. All reactions were conducted under nitrogen
environment. All the glassware and syringes were dried at
120 �C for at least 24 h before use and cooled under a nitrogen
atmosphere. Tetrahydrofuran was dried over sodium/benzo-
phenone ketyl and freshly distilled prior to use. 4,8-Dihy-
drobenzo[1,2-b:4,5-b0]dithiophene-4,8-dione,37 2,6-dibromo-4,8-
bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene and
2,6-(trimethyltin)-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-
b0]dithiophene were prepared according to the literature.7,24

Heptadecauoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane (FS)
was purchased from Gelest and used as received.

1H and 13C NMR spectra were recorded at room temperature
using a 500 MHz Bruker spectrometer, with reference to
residual protio solvent (CDCl3: d 7.26 ppm). The data are
reported as follows: chemical shis are reported in ppm on the
d scale, multiplicity (br ¼ broad, s ¼ singlet, d ¼ doublet, t ¼
triplet, q ¼ quartet, m ¼ multiplet). GC-MS was obtained on an
8774 | J. Mater. Chem. A, 2014, 2, 8773–8781
Agilent 6890-5973 GC/MS work-station. The GC column was a
Hewlett-Packard fused silica capillary column cross-linked with
5% phenylmethylsiloxane, and helium was the carrier gas (1 mL
min�1). The following conditions were used for all GC/MS
analysis: injector and detector temperature, 250 �C; initial
temperature, 70 �C; temperature ramp, 10 �C min�1; nal
temperature, 280 �C. Analytical thin layer chromatography was
performed on EM reagents 0.25 mm silica gel 60-F plates.
Liquid chromatography was performed using ash chroma-
tography of the indicated solvent system on select silica gel
(SiO2) 230–400 mesh. Molecular weights of the synthesized
polymers were measured by size exclusion chromatography
(SEC) analysis on a Varian PL-GPC 220 system equipped with
Varian PL-Gel Mixed D column (300 mm � 7.5 mm, 5 mm) and
Varian PL-Gel guard column (50 mm � 7.5 mm, 5 mm). A GPC
solvent/sample module was used with chlorobenzene with
0.0125% BHT as the eluent and the calibrations were based on
polystyrene standards. The running conditions for SEC analysis
were as follows: ow rate ¼ 1.0 mL min�1, injector volume ¼
200 mL, detector temperature ¼ 80 �C, column temperature ¼
80 �C. All the polymer samples were ltered through PTFE lters
(0.45 mm) prior to injection. The UV-Vis spectra of polymer
solutions in chloroform solvent were carried out in 1 cm
cuvettes using an Agilent 8453 UV-Vis spectrometer. Thin lms
of polymer were obtained by evaporation of chloroform from
polymer solutions on glass microscope slides. The lms for the
determination of absorption coefficients were deposited by
spin-casting solutions of 5 mg mL�1 of polymer in chloroform.
Cyclic voltammetry (CV) was done with a BAS CV-50W voltam-
metric analyzer (Bioanalytical Systems, Inc.). Electrochemical
grade tetrabutylammonium perchlorate (TBAP) was used
without further purication. Acetonitrile was distilled over
calcium hydride and collected over molecular sieves. The elec-
trochemical cell was comprised of a platinum electrode, a
platinum wire auxiliary electrode, and an Ag/AgCl reference
electrode. Acetonitrile solutions containing 0.1 M TBAP were
placed in a cell and purged with argon. A drop of the polymer
solution was evaporated on the platinum working electrode in
ambient air. The lm was immersed into the electrochemical
cell containing the electrolyte, and the oxidation potential was
observed and recorded. All electrochemical shis were stan-
dardized to the ferrocene redox couples at 0.474 V. X-ray
diffraction patterns were obtained on a RIGAKU Ultima III
diffractometer. Samples were subjected to Cu-Ka radiation (l �
1.5406 Å) and scanned from 1 to 40 degrees (2q) at 0.04� inter-
vals at a rate of 2� min�1. A silicon wafer with 200 nm of ther-
mally deposited SiO2 (22 mm � 22 mm) was used as the sample
substrate. The polymer lms were deposited in air by drop
casting a 5.0 mg mL�1 polymer–chloroform solution and
allowed to dry in a Petri dish saturated with chloroform. The
devices were then annealed for 30 min at 120 �C. Thermogra-
vimetric analysis (TGA) was done under nitrogen using a Perkin-
Elmer Pyris 1 TGA instrument operating from 100 to 600 �C at a
heating rate of 10 �C min�1. Tapping mode atomic force
microscopy (TMAFM) studies were carried out on a VEECO-
dimension 5000 scanning probe microscope with a hybrid xyz
head equipped with Nano-Scope Soware. AFM images were
This journal is © The Royal Society of Chemistry 2014
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obtained using silicon cantilevers with nominal spring constant
of 42 N m�1 and nominal resonance frequency of 300 kHz
(OTESPa). Image analysis soware Nanoscope 7.30 was used for
surface imaging and image analysis. All the AFMmeasurements
were conducted under ambient conditions. All cantilever
oscillation amplitude were ca. 375 mV, all images were acquired
at 2 Hz scan frequency and the sample scan area was 25 mm2.

Field-effect mobility measurements

Field-effect mobility measurements of the synthesized polymers
were performed on thin-lm transistors with a common
bottom-gate, bottom-contact conguration. Highly doped, n-
type silicon wafers with a resistivity of 0.001–0.003 U cm were
used as substrates. Silicon dioxide (SiO2) was thermally grown at
1000 �C on silicon substrate to obtain a 200 nm thickness.
Chromium metal (5 nm) followed by 100 nm of gold was
deposited by E-beam evaporation as source–drain contacts. The
source–drain pads were formed by photolithographically
patterning the metal layer. The SiO2 on the backside of the
wafer was etched with buffered oxide etchant (BOE from J. T.
Baker) to generate the common bottom-gate. The resulting
transistors had a channel width of 475 mm and channel lengths
varying from 6 to 80 mm. The measured capacitance density of
the SiO2 dielectric was 17 nF cm�2 prior to copolymer deposi-
tion; the substrates were cleaned under UV/ozone for 10 min.
The devices were then cleaned in air with water, methanol,
hexane, chloroform, and dried with nitrogen ow followed by
vacuum for 30 min at 80 �C. The copolymer lms were deposited
in air by drop casting 10 mL of a 1.0 mgmL�1 solution in distilled
chloroform and allowed to dry in a Petri dish saturated with
chloroform. The lms cast from chloroform were allowed to dry
in air until all the solvent evaporated. The devices were then
annealed at 120 �C for 1 h prior to measurements. A Keithley
4200-SCS semiconductor characterization system and a Cascade
microtech model summit microchamber were used to measure
the transistors. When measuring the family and transfer curves,
VGS was scanned from +10 to �65 V. All the measurements were
performed in dark at room temperature in air.

Bulk heterojunction solar cell device measurements

The solar cell substrates were bought from Luminescence
Technology Corp. (Taiwan) and were patterned using standard
photolithography. The substrates were cleaned by sonication
for 20 min in acetone, methanol, toluene, and isopropyl
alcohol. The substrates were subjected to UV/ozone treatment
for 20 min prior to use. Aer the ozone treatment, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
was spin-coated on the substrates (4000 rpm, 1740 rpm s�1,
90 s). The substrates were annealed at 120 �C for 10 min under a
nitrogen atmosphere. Polymer/PCBM blends were prepared in
chloroform with a total blend concentration of 15 mg mL�1.
These blends were spin-coated (2000 rpm, 60 s) on the
PEDOT:PSS treated substrate. Films of 10 nm Ca and 100 nm Al
were thermally evaporated on the substrates at a rate of 2.5 Å s�1

through a shadow mask to obtain the solar cell devices. IV
testing was carried out under a controlled nitrogen atmosphere
This journal is © The Royal Society of Chemistry 2014
using a Keithley 236, model 9160 interfaced with Lab View
soware. The solar simulator used was a THERMOORIEL
equipped with a 300 W xenon lamp; the intensity of the light
was calibrated to 100 mW cm�2 with a NREL certied Hama-
matsu silicon photodiode. The active area of the devices was
0.1 cm2. The active layer lm thickness was measured using a
Veeco Dektak VIII prolometer.

Space charge limited current measurements

ITO substrates were prepared in a similar fashion to those used
for the solar cell devices. Aer the ozone treatment, PEDOT:PSS
was spin-coated on the substrates (4000 rpm, 1740 rpm s�1,
90 s). The substrates were annealed at 150 �C for 10 min
under a nitrogen atmosphere. Concentrated polymer solutions
(15 mg mL�1) were prepared in chloroform and were spin-
coated (2000 rpm, 60 s) on to the PEDOT:PSS treated substrate.
Al (100 nm) was thermally evaporated on to the substrates at a
rate of 2.75 Å s�1 through a shadow mask to form a Schottky
junction. IV testing was carried out under a controlled nitrogen
atmosphere using a Keithley 236, model 9160 interfaced with
Lab View soware. The active area of the devices was 0.1 cm2.
The active layer lm thickness was measured using a Veeco
Dektak VIII prolometer.

Experimental
GRIM polymerization of 2,6-dibromo-4,8-bis(5-
dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene (P1)

A dry three-neck ask was ushed with nitrogen and was
charged with n-BuLi (0.3 mmol, 2.5 M in hexanes) and a solu-
tion of n-BuMgCl (0.15 mmol, 2 M in THF) in dry toluene (2 mL)
at 0 �C. Meanwhile a solution of 2,6-dibromo-4,8-bis(5-dode-
cylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene (0.089 g, 0.105
mmol) in anhydrous THF was bubbled with nitrogen for 15–20
minutes. At �78 �C the prepared monomer solution was added
to the ate-complex and the reaction mixture was stirred for 1 h.
Monomer conversion was determined by using 1H NMR. The
color changed to dark green from yellow. Ni(dppp)Cl2 (0.006 g,
0.01 mmol) was added to the reaction mixture at room
temperature. The polymerization was allowed to proceed over-
night at room temperature; followed by quenching the reaction
in a mixture of methanol (200 mL) and HCl (�20 mL). A red
colored precipitate was obtained. The precipitated polymer was
ltered through a thimble and was puried by Soxhlet extrac-
tions using methanol, diethyl ether, hexanes, and chloroform
successively, with drying in between extractions. The product
was a red solid (0.04 g, 55.0%).1 H NMR (CDCl3, 500 MHz), d:
0.89 (br, 6H), 1.380 (br, 40H), 2.90 (br, 4H), 7.02 (br, 6H), SEC:
Mn ¼ 6700 g mol�1, PDI ¼ 1.30.

Stille coupling polymerization of 4,8-bis(5-dodecylthiophene-
2-yl)benzo[1,2-b:4,5-b0]dithiophene (P2)

2,6-Dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]-
dithiophene (0.31 g, 0.365 mmol), 2,6-(trimethyltin)-4,8-bis(5-
dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene (0.37 g,
0.365 mmol), and tetrakis(triphenylphosphine)palladium(0)
J. Mater. Chem. A, 2014, 2, 8773–8781 | 8775
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(7.31 mg, 0.0072 mmol) were added to a three neck round
bottom ask under a nitrogen atmosphere and they were dis-
solved in a mixture of toluene (30 mL) and DMF (0.5 mL). The
solution was heated at reux for 24 h before precipitating
the polymer in a mixture of methanol (200 mL) and HCl (20 mL).
The polymer was ltered and puried by Soxhlet extraction with
methanol, diethyl ether, hexanes, dichloromethane, and chlo-
roform successively. The polymer was obtained from the chlo-
roform fraction upon evaporation of the solvent. The product
was a red solid (0.23 g, 90.0%). 1H NMR (CDCl3, 500 MHz), d:
0.89 (br, 6H), 1.380 (br, 40H), 2.90 (br, 4H), 7.02 (br, 6H), SEC:
Mn ¼ 25 470 g mol�1, PDI ¼ 3.71.

Results and discussion

We recently reported the synthesis of homopolymers of BDT
with phenylethynyl substituents using the GRIM polymeriza-
tion.14,16,36 However, the coordination of Ni in to the ethynyl
linkage hindered the GRIM polymerization and low molecular
weights were obtained. Moreover due to the electron with-
drawing nature of the ethynyl linkage, the homopolymers of
BDT with phenylethynyl substituents did not show desirable
optoelectronic properties as well. As such, to prevent the loss of
Ni catalytic activity through coordination with the ethynyl
linkages and to gain better optoelectronic properties and solu-
bility in common organic solvents, electron-donating alkylth-
ienyl substituents were attached at the 4- and 8-positions of BDT
core, which was utilized in GRIM polymerization and in Stille
coupling polymerization methods. The general synthetic routes
of the synthesis of the monomers and polymers are outlined in
Scheme 1, and the synthetic procedures for the synthesis of
monomers are included in ESI.†

The polymer (P1) was synthesized via GRIM polymerization
of 2,6-dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-
b0]dithiophene. The rst step, the magnesium–halogen
exchange step in the GRIM polymerization is typically accom-
panied by reaction of the aryl bromide with t-buMgCl or
i-prMgCl. Treatment 2,6-dibromo-4,8-bis(5-dodecylthiophene-
2-yl)benzo[1,2-b:4,5-b0]dithiophene with 1 equivalent of RMgCl
(R ¼ alkyl) should result in a magnesium–bromine exchange
reaction, also referred to as the Grignard metathesis (GRIM);
however, due to the bulkiness of the monomer the metal–
halogen exchange gave a low yield. As such the bulky aryl
bromide was reacted in the presence of magnesium–ate
complex to achieve a better yield for themetal halogen exchange
reaction. The monomer conversion was monitored using 1H
NMR and aer the monomer was reacted to generate the 2-
bromo-6-magnesio-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-
b:4,5-b0]dithiophene the Ni(II) catalyst was added to obtain the
homopolymer P1. The polymer P2 was synthesized via Stille
coupling polymerization of 2,6-dibromo-4,8-bis(5-dodecylth-
iophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene and 2,6-(trime-
thyltin)-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithio-
phene in the presence of tetrakis(triphenylphosphine)
palladium(0) as the catalyst. The synthesized polymers were
puried by Soxhlet extractions with methanol, hexanes, diethyl
ether, and chloroform respectively, with successive drying aer
8776 | J. Mater. Chem. A, 2014, 2, 8773–8781
each extraction. The nal puried polymer was obtained by the
evaporation of the chloroform fraction.

The obtained polymers from chloroform were readily soluble
in common organic solvents such as chlorobenzene, tetrahy-
drofuran, dichlorobenzene, and chloroform and produced deep
red solutions. Size exclusion chromatography results (using
polystyrene as the standard and chlorobenzene as the eluent)
have shown that the polymers P1 and P2 had number average
molecular weight (Mn) values ranging from 6.7 to 25 kDa,
respectively (Table 1). It was observed that the use of GRIM
polymerization resulted in a polymer with a very narrow PDI of
1.30 for the polymer P1, whereas a very broad PDI of 3.70 was
observed for the polymer P2 generated from Stille coupling
polymerization. Both polymers were characterized by 1H NMR
spectra (Fig. S1–S6 in ESI†). Both polymers P1 and P2 showed
comparable 1H NMR spectra with a broad peak at 7.02 ppm in
the aromatic region indicating aggregation of the polymers in
deuterated solvents.

The UV-Vis absorption spectra of the two polymers P1 and P2
were recorded in chloroform solutions and in thin lms (Fig. 1).

Both the polymers showed three absorbance maxima in the
solution as well as in lms, with one in the UV region (P1, lmax¼
348 nm; P2, lmax ¼ 354 nm) and two in the visible region (P1,
lmax ¼ 497 nm, lmax ¼ 535 nm; P2, lmax ¼ 504 nm, lmax ¼
545 nm) (Fig. 1 and Table 1). The absorbance maxima observed
in the UV region was due to the conjugation along the side
chain of the benzodithiophene unit.16,24 The strong absorbance
maxima observed in the visible region, lmax ¼ 497 nm for P1
and lmax ¼ 504 nm for P2, was attributed to the p–p* transition
between the benzodithiophene units in the polymer backbone.
Both the polymers showed vibronic peaks as well; lmax ¼
535 nm for polymer P1 and lmax ¼ 545 nm for polymer P2. The
intensity of the absorbance due to the conjugation along the
polymer backbone and the absorbance due to the side chains
reects the relative ratio in the repeating units.16,24 As such, the
polymer P2 has a higher repeating units ratio due to the larger
molecular weight of the polymer compared to that of the poly-
mer P1. Both the polymers P1 and P2 showed a red-shi
(�20 nm for polymer P1 and �10 nm for polymer P2) in
absorption bands of the thin lms compared to that of the
solutions. This indicates more structural organization and
ordered packing which enhanced the aggregation of the poly-
mer in thin lms compared to that of the solution. Although the
polymer P2 had higher molecular weight and hence a larger
conjugation length compared to that of the polymer P1, UV/Vis
spectra of the polymers in solution as well as in thin lms are
almost the same. This indicates that the effective conjugation
length of the poly{4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-
b:4,5-b0]dithiophene} is closer to the conjugation length of the
polymer P1, implying that aer 10–15 repeat units of thienyl
substituted BDT, the optical, electrochemical and other phys-
ical properties of poly{4,8-bis(5-dodecylthiophene-2-yl)benzo-
[1,2-b:4,5-b0]dithiophene}will reach its saturation level.38

Fluorescence spectra of the polymers have been recorded in
chloroform solutions (Fig. S8 and S9 in ESI†). Both polymers
displayed similar uorescence spectra and both displayed an
emission peak at 586 nm upon excitation at 355 nm.
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Synthesis of poly{4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene} using Grignard metathesis polymerization (P1)
and Stille coupling polymerization (P2).

Table 1 Optoelectronic properties and molecular weights of the synthesized polymers P1 and P2

Polymer Mn
a (g mol�1) PDIa lmax

b (nm) lmax
c (nm) HOMOd (eV) LUMOe (eV) Eg

f (eV)

P1 6700 1.30 348, 497, 535 358, 498, 552 �5.26 �2.87 �2.39
P2 25 470 3.70 354, 504, 545 360, 513, 554 �5.25 �2.87 �2.38

a Determined by SEC (chlorobenzene eluent). b Absorption maxima of chloroform solution. c Absorption maxima of thin lms. d Estimated from
the onset of oxidation wave of cyclic voltammograms. e Estimated from the onset of reduction wave of cyclic voltammograms. f Eg ¼ (LUMOe �
HOMOd).
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HOMO and LUMO energy levels of the polymers P1 and P2
were estimated by using cyclic voltammetry using the onset of
oxidation and reduction potentials, respectively (Fig. S10 in
ESI†). The HOMO and the LUMO energy levels of polymer P1
were determined as �5.26 eV and �2.87 eV, and those of the
This journal is © The Royal Society of Chemistry 2014
polymer P2 as �5.25 eV and �2.87 eV, respectively (Table 1).
Both polymers P1 and P2 had a band gap of �2.39 eV. The
HOMO energy levels of polymers P1 and P2 are similar to the air
oxidation threshold (ca. �5.27 eV), indicating good air stability
for both the polymers P1 and P2. Although the polymer P2 has a
J. Mater. Chem. A, 2014, 2, 8773–8781 | 8777
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Fig. 1 UV-Vis absorption spectra of polymer P1 (left) and polymer P2
(right): red, film; blue, solution (chloroform solvent).

Fig. 2 Current–voltage characteristics of polymer P1 on FS-treated
OFET: output curves at different gate voltages (left) and transfer curve
at Vds ¼ �55 V (m ¼ 4.20 � 10�5 cm2 V�1 s�1, VT ¼ �26.8 V, on/off ¼
1.00 � 102) (right) (W ¼ 475 mm, L ¼ 20 mm).

Fig. 3 Current–voltage characteristics of polymer P2 on FS-treated
OFET: output curves at different gate voltages (left) and transfer curve
at VDS ¼ �55 V (4.61 � 10�4 cm2 V�1 s�1, VT ¼ �12.8 V, on/off ratio ¼
5.1 � 102) (right) (W ¼ 475 mm, L ¼ 20 mm).
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higher molecular weight and hence a higher conjugation
compared to polymer P1, the HOMO and LUMO energy levels
and thus the bang gap of the polymers, were comparable. This
further aid the assumption that the effective conjugation length
of the poly{4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]
dithiophene} is closer to the conjugation length of polymer P1,
as such the polymer P2 may not experience additional orbital
overlapping and hence the HOMO, LUMO energy levels and the
band gap of the polymers are the same.38

The thermal stability of the two polymers P1 and P2 were
estimated using thermogravimetric analysis, which was per-
formed under a nitrogen atmosphere with a heating rate of
10 �C min�1 (Fig. S7 in ESI†). The onset of decomposition for
the two polymers were similar and was around 400 �C, indi-
cating good thermal stability for the two polymers.

The eld-effect mobilities of polymers P1 and P2 were
measured in bottom-gate, bottom-contact organic eld-effect
transistors (OFETs). IDS–VDS family curves and IDS–VGS transfer
curves were recorded. The charge carrier mobility was extracted
by plotting IDS

1/2 vs. VGS the saturation regime, using the
following equation,

msat ¼
2L

WCi

m2

m is the mobility obtained in the saturation regime, L is the
channel length, W is the channel width, Ci is the capacitance of
the dielectric, and m is the slope of the IDS

1/2 vs. VGS in the
saturation regime.

The eld-effect mobilities of both polymers were measured
on both untreated and silane-treated OFET devices. Polymer P1
exhibited a mobility of 1.82 � 10�7 cm2 V�1 s�1 and polymer P2
exhibited a mobility of 1.4 � 10�6 cm2 V�1 s�1 on an untreated
OFET devices (Table 2). The device performances of OFETs
could be enhanced by lowering the surface energy of the
Table 2 Field effect mobilities, threshold voltages, and on/off ratios of p

Polymer Surface treatment Mobilitya

P1 — 1.82 � 10
FS treated 4.20 � 10

P2 — 1.40 � 10
FS treated 4.61 � 10

a Field effect mobilities represents the largest measured values and the n
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interaction between the semiconducting polymer and the gate
dielectric. We have previously reported that the eld-effect
mobilities of benzodithiophene based polymers could be
enhanced upon the treatment of the surface of SiO2 dielectric
with hydrophobic heptadecauoro-1,1,2,2-tetrahydro-decyl-1-
trimethoxysilane.39 As such in this study heptadecauoro-
1,1,2,2-tetrahydro-decyl-1-trimethoxysilane (FS) was used for
the surface treatment of silicon dioxide dielectric. The
measured eld-effect mobilities of polymer P1 on treated
devices were 4.20 � 10�5 cm2 V�1 s�1 (Fig. 2) and that for the
polymer P2 on treated devices was 4.61 � 10�4 cm2 V�1 s�1

(Fig. 3). Mobilities of both the polymers P1 and P2 increased
upon the treatment of FS because FS facilitated higher inter-
action between hydrophobic SiO2 dielectric and the hydro-
phobic polymer. Although the molecular weight of the polymer
P2 was higher than that of the polymer P1 by 3 folds, it should
be noted that the charge carrier mobility of polymer P2 was only
improved by one order of magnitude compared to that of the
polymer P1. The hole-carrier transportation in OFETs occurs
horizontally as such the extent of conjugation, better packing
olymers P1 and P2 measured on bottom-gate bottom-contact OFETs

(cm2 V�1 s�1) Ion/Ioff VT (V)

�7 (1.15 � 10�7) 3.70 � 101 �65.3
�5 (3.40 � 10�5) 1.00 � 102 �26.8
�6 (0.95 � 10�6) 1.20 � 101 �37.1
�4 (2.30 � 10�4) 5.10 � 102 �12.8

umbers listed in parenthesis represent average values.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 I–V curves of the polymers P1 (left) and P2 (right).Fig. 4 Thin film XRD patterns of polymer P1 (left) and polymer P2
(right) on SiO2 substrate deposited from chloroform.
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and long range order facilitates the charge transport. The
increase in charge carrier mobility of the polymer P2 in
comparison to the polymer P1 despite its larger molecular
weight may be due to the broader PDI (3.70) of the polymer P2. A
broader PDI indicates the presence of low molecular weight
polymer chains and oligomers, which can act as charge carrier
traps to affect the overall charge carrier mobility in OFETs.

Thin lm X-ray diffraction patterns were obtained for both
polymers P1 and P2 (Fig. 4). In each case, the patterns lacked
the intense narrow peaks that would indicate a high degree of
crystallinity. Instead, the proles displayed broad peaks at 2q ¼
2.7� and 19.3� for P1, and 2q ¼ 2.9� and 22.8� for P2. The peaks
at 2.7� and 2.9�, which correspond to d-spacing of 33.1 Å and
30.1 Å for P1 and P2 respectively, indicate a small degree of
lamellar ordering of adjacent polymer strands. The broad peaks
centered around 19.3� and 22.8� were assigned to p-stacking
distances of 4.6 Å and 3.9 Å between benzodithiophenemoieties
of parallel polymer chains.

The photovoltaic properties of the polymers were investigated
in bulk heterojunction (BHJ) solar cells using the conventional
solar cell device structure of ITO/PEDOT:PSS/polymer:PC71BM/
Ca/Al and were tested under 1.5 AMG illuminations. The poly-
mer:PC71BM blends were prepared in chloroform at a concen-
tration of 15 mg mL�1 for the both polymers, P1 and P2. The
optimal blending ratio for the polymerswas determined by testing
the polymers in BHJ solar cell by varying [P] : [PCBM] weight ratio
from 1 : 1 to 1 : 4 (Table 3). For both the polymers, the PCEs
increased with increasing PCBM content from 1 : 1 to 1 : 3, with
an optimal blending ratio of 1 : 3 (Fig. 5). The PCE of polymer P1
increased from 0.57% to 1.32%, with an increase in the open
circuit voltage from 0.31 V to 0.82 V and an increase in the ll
Table 3 Photovoltaic properties of polymers P1 and P2a

Polymer [P] : [PC71BM] Voc (V)

P1 1 : 1 0.31 (0.30)
1 : 2 0.64 (0.61)
1 : 3 0.82 (0.73)
1 : 4 0.72 (0.70)

P2 1 : 1 0.75 (0.73)
1 : 2 0.75 (0.73)
1 : 3 0.76 (0.76)
1 : 4 0.75 (0.73)

a Data in the parenthesis represents the average measured PCE values.

This journal is © The Royal Society of Chemistry 2014
factor from 0.37 to 0.39. The PCE of polymer P2 increased from
0.85% to 1.14%, with an increase in the ll factor from 0.34 to
0.41 (Table 3). However for both the polymers a signicant
change was not observed in the short circuit current density
upon increasing the PC71BM weight ratio.

For the polymer P1; JSC was �4.00 mA cm�2 and for the
polymer P2; JSC of �3.6 mA cm�2 was measured. Although the
polymer P2 had a higher molecular weight compared to P1,
the PCE of the polymer P1 was higher than that of polymer P2.
This was attributed to the broader PDI observed for the polymer
P2. A broader PDI indicated the presence of low molecular
weight chains, oligomers, unreacted or deactivated monomers,
and cross coupling by-products. These organic impurities may
decrease the charge carrier mobilities and can act as traps in the
active layer, thereby increasing the probability of charge
recombination.30 Moreover it has been found that these organic
impurities can diffuse to the interface between the active layer
and the cathode and react with the metal cathode.29 These
factors may decrease the JSC and hence the PCE of the polymer.
Thus the lower PDI ¼ 1.3 of polymer P1 appears to be benecial
for the JSC and hence the higher PCE in solar cell devices.

The vertical hole-carrier transport behaviour of the polymers
P1 and P2 was investigated by using the space charge limited
current (SCLC) model in which a device structure of ITO/
PEDOT:PSS/polymer/Al was employed (Fig. 6). The following
equation was used for the calculations of the charge carrier
mobilities of the polymers,

J ¼ 9303rm
V 2

8L3

where J is the current density, 303r is the permittivity of the
polymer, m is the charge carrier mobility, and L is the active layer
thickness. The mobility was extracted by taking the slope of a J
JSC (mA cm�2) FF PCE (%)

4.87 (4.69) 0.37 (0.30) 0.57 (0.43)
3.61 (3.63) 0.30 (0.31) 0.69 (0.69)
4.06 (3.74) 0.39 (0.33) 1.32 (0.92)
3.62 (3.46) 0.38 (0.33) 0.99 (0.81)
3.34 (3.42) 0.34 (0.33) 0.85 (0.82)
3.69 (3.82) 0.36 (0.33) 1.01 (0.94)
3.63 (3.60) 0.41 (0.40) 1.14 (1.10)
3.18 (3.21) 0.37 (0.35) 0.89 (0.83)
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Fig. 6 Current density and voltage curves of polymer P1 (purple) and
polymer P2 (red).
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vs. V2 plot in the space-charge limited regime (taken as voltages
greater than 400 mV) and solving for mobility. The polymer P1
showed higher charge carrier mobility of 1.88 � 10�5 cm2 V�1

s�1, and P2 showed a mobility of 3.41� 10�6 cm2 V�1 s�1. These
results are consistent with that of the solar cell data in which
the higher efficiency was observed for the polymer P1.

Tapping-mode atomic force microscopy (TMAFM) of both
polymers P1 and P2 were performed on thin lms in channel
regions between the source–drain electrodes on OFET devices
(Fig. 7). TMAFM analyses were carried out on the same devices
which were used for the mobility measurements. Both polymers
P1 and P2 displayed a granular morphology. The FS-treated SiO2

of polymer P1 presented a relatively rough surface, compared to
FS treated SiO2 of polymer P2. Thickness of the semiconducting
polymer lms can vary due to the roughness of the SiO2 inter-
face which results uneven surface. Also, increased roughness of
the interface could lead to valleys in the channel region, which
could act as carrier traps.40 Consequently polymer P2 shows
better eld-effect mobilities than polymer P1, indicating that a
Fig. 7 3D height TMAFM images of thin films of polymer P1measured
in the channel between the source–drain electrodes on: (a) untreated
OFET device (b) FS-treated OFET device; polymer P2 measured in the
channel between the source–drain electrodes on: (c) untreated OFET
device (d) FS-treated OFET device.

8780 | J. Mater. Chem. A, 2014, 2, 8773–8781
smooth hydrophobic surface generates a better interface
between the polymer and the SiO2 dielectric surface.

Conclusions

Polymerization of 2,6-dibromo-4,8-bis(5-dodecylthiophene-2-yl)-
benzo[1,2-b:4,5-b0]dithiophene has been achieved through
GRIM polymerization and through Stille coupling polymeriza-
tion. The Stille coupling polymerization generated a polymer
(P2) with a comparatively larger molecular weight and a broader
PDI, whereas the GRIM polymerization generated a polymer (P1)
with a lower molecular weight and a narrow PDI. The opto-
electronic properties of the polymers are comparable due to the
fact that the effective conjugation length the poly{4,8-bis(5-
dodecylthiophene-2-yl)benzo[1,2-b:4,5-b0]dithiophene} is closer
to the conjugation length of the polymer P1. The broader PDI of
the polymer P2 had detrimental effect on OPV performances
and in SCLC performances and the charge carrier mobility of
the polymer P2 in OFETs was only one order of magnitude
higher than that of the polymer P1.
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Synthesis of 2-dodecylthiophene (1)

Thiophene (1.82 g, 0.0217 mol) was diluted in 100 mL of dry THF and cooled to 0 °C under a 

nitrogen atmosphere. 2.5 M n-BuLi in hexane (8.7 mL, 0.0142 mol) was added to the solution 

and stirred for 15 minutes. 1-Bromododecane (5.60 mL, 0.023 mol) was added slowly to the 

reaction mixture, which was heated at reflux for 1 hr. The reaction mixture was allowed to cool 

to room temperature followed by the removal of THF in a rotary evaporator. The contents of the 

flask were extracted into ether, washed with water, dried over magnesium sulfate, filtered, and 

concentrated to obtain dark oil. The oil was purified by column chromatography with hexane as 

the eluent to obtain 2.5 g (0.099 mol, 61%) of clear oil. 1H NMR (CDCl3, 270 MHz), : 0.87 (t, 

3H), 1.24 (m, 18H), 1.66 (m, 2H), 2.80 (t, 2H), 6.76 (m, 1H), 6.90 (m, 1H), 7.09 (m, 1H).

Synthesis of 4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b']dithiophene (2)

2-Dodecylthiophene (2.5 g, 0.0099 mol) was diluted in 60 mL of dry THF in a nitrogen 

atmosphere. At 0 °C, 4.0 mL of 2.5 M n-BuLi in hexane (0.01 mol) was added drop-wise to the 

solution of 2-dodecylthiophene. The reaction mixture was stirred for 10 min at 0 °C followed by 

the addition of 4,8-dihydrobenzo[1,2-b:4,5-b]dithiophen-4,8-dione (1.0 g, 0.0045 mol) dissolved 

in 30 mL of THF.  After addition, the reaction mixture was heated at reflux for 1 hr and was 

cooled to room temperature. At which time tin chloride dihydrate (5.2 g, 0.023 mol) in 20 mL of 

20% HCl solution was added, and the reaction was heated at reflux for 1 hr. THF was removed 

by using a rotary evaporator and the contents of the flask were extracted in ether. The organic 

layer was: washed with water and brine, dried over magnesium sulfate and filtered and 

concentrated to obtain a yellow solid. The yellow solid was purified by dissolving it in 10 mL of 

THF and precipitating it in 200 mL of methanol to obtain 1.8 g of yellow solid (0.0026 mol, 

75.0%). 1H NMR (CDCl3, 270 MHz), : 0.88 (t, 6H), 1.27 (m, 36H), 1.78 (m, 4H), 2.91 (t, 4H), 

6.91 (d, 2H), 7.28 (d, 2H), 7.44 (d, 2H), 7.64 (d, 2H).

Synthesis of 2,6-dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b']dithiophene 

(3)

4,8-Bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b']dithiophene ( 0.72 g, 0.001043 mol) was 

dissolved in 50 ml of dry THF. Under nitrogen atmosphere at -78 C, 0.876 mL of 2.5 M n-BuLi 

in hexane (0.00219 mol) was added dropwise; upon addition, the solution turned to luminescent 

green color. The reaction was stirred at -78 C for 1 hr at which time 0.78 g carbontetrabromide 

(0.0023 mol) was added. The reaction was stirred at -78 C for 15 minutes and was allowed to 
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warm to room temperature. The solvent was evaporated and the obtained yellow oil was diluted 

with chloroform (200 mL). This solution was washed with water (5  200 mL), dried over 

anhydrous magnesium sulfate, filtered, and concentrated to obtain yellow color oil. The oil was 

dissolved in minimum amount of THF and was poured into methanol to obtain a yellow color 

solid, which was filtered and dried to obtain (0.0012 mol, 85 %) of the product. 1H NMR 

(CDCl3, 500 MHz): δ: 0.88 (t, 3H), 1.29 (m, 18H), 1.73 (m, 2H), 2.90 (t, 2H), 6.89 (d, 2H), 7.21 

(d, 2H), 7.58 (s, 2H).

Synthesis of 2,6-(trimethyltin)-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b'] 

dithiophene (4)

4,8-Bis(4-decylphenylethynyl)benzo[1,2-b:4,5-b’]dithiophene (1.000 g, 0.0015 mol) was 

dissolved in 60 mL dry THF. Under nitrogen at -78 °C, 1.30 mL of 2.5 M n-BuLi in hexane was 

added (0.0032 mol, 2.14 eq.) to the reaction mixture. The reaction was stirred at -78 °C for 30 

minutes before the addition of 3.40 mL of 1 M trimethyltin chloride (0.0034 mol). The reaction 

was stirred at -78 °C for another 30 minutes before allowing the contents of the flask to warm up 

to room temperature. The solvent was evaporated, the product was dissolved in ether, and the 

solution was washed with water and brine, dried with magnesium sulfate, filtered, and 

concentrated to obtain a yellow solid. The solid was purified by dissolving in 10 mL of THF and 

precipitating in 200 mL of methanol. The solid was filtered to obtain 1.32 g of the product 

(0.00130 mol, 85 %). 1H NMR (CDCl3, 270 MHz), : 0.38 (s, 18 H) 0.87 (t, 6H), 1.27 (m, 36H), 

1.78 (m, 4H), 2.92 (t, 4H), 6.91 (d, 2H), 7.30 (d, 2H), 7.68 (s, 2H). 
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Fig. S1 1 H NMR spectrum of-2-dodecylthiophene in CDCl3 (1)
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Fig. S2 1 H NMR spectrum of 4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-b'] dithiophene 

in CDCl3 (2)
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Fig. S3  1H NMR spectrum of (2,6)dibromo-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-

b’]dithiophene in CDCl3 (3)
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Fig. S4 1H NMR spectrum of 2,6-(trimethyltin)-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-

b:4,5-b'] dithiophene (4)
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Fig. S5  1H NMR spectrum of poly{4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-

b']dithiophene} synthesized by GRIM polymerization (P1)
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Fig. S6  1H NMR spectrum of poly{4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-

b']dithiophene} synthesized by Stile coupling  polymerization (P2)
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Fig. S7 TGA plots of polymer P1 (left) and P2 (right) with a heating rate of 10 ˚C/min under N2

Fig. S8 Fluorescence spectrum of polymer P1
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Fig. S9 Fluorescence spectrum of polymer P2

Fig. S10 Cyclic voltammograms of polymers P1 and P2
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Fig. S11 Height and phase images of polymer P1 measured in the channel between the source-

drain electrodes on an untreated field-effect transistor device
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Fig. S12 Height and phase images of polymer P1 measured in the channel between the source-

drain electrodes on FS treated field-effect transistor device
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Fig. S14 Height and phase images of polymer P2 measured in the channel between the source-

drain electrodes on an untreated field-effect transistor device
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Fig. S15 Height and phase images of polymer P2 measured in the channel between the source-

drain electrodes on FS treated field-effect transistor device
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