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ABSTRACT: We designed and synthesized a series of conjugated polymers containing alternating electron-
donating and electron-accepting units based on (4,4-bis(2-ethylhertytydlopenta[2,1b:3,4-b']dithiophene),
4,7-(2,1,3)-benzothiadiazole, and 58,2 |bithiophene. These polymers possess an optical band gap as low as
1.4 eV (i.e., in the case of poly[2,6-(4,4-bis(2-ethylhexy}-dyclopenta[2,15:3,4b']dithiophene)alt-4,7-(2,1,3-
benzothiadiazole)]), and their absorption characteristics can be tuned by adjusting the ratio of the two electron-
donating units: (4,4-bis(2-ethylhexyl}¥4cyclopenta[2,1b:3,4b']dithiophene) and 5,52,2]bithiophene. The
desirable absorption attributes of these materials qualify them as excellent candidates for light-harvesting materials
in organic photovoltaic applications allowing for high short-circuit current. Electrochemical studies indicate
sufficiently deep HOMO/LUMO levels that enable a high photovoltaic device open-circuit voltage when fullerene
derivatives are used as electron transporters. Field-effect transistors made of these materials show hole mobility
in the range of 5¢< 104—3 x 1073 cnm?/(V s), which promises good device fill factor. Because of the combination

of these characteristics, power conversion efficiencies up to 3.5% and an external quantum efficiency of at least
25% between 400 and 800 nm with a maximum of 38% around 700 nm were achieved on devices made of bulk
heterojunction composites of these materials with soluble fullerene derivatives. Further improvement of the materials
will include the modification of both the side chains and the backbone to effect change to the active layer
morphology to maintain good charge carrier mobility in the composite.

Introduction conversion efficiency. Further improvement of polymer solar

An organic photovoltaic devié@is fabricated by sandwiching cells requires polymers that absorb more broadly and at longer

a thin layer (or layers) of organic optoelectric materials between Wavele_:ngth to maich the terrestrial solar rad_'aF'O”- .
two conducting electrodes, one of which is transparent to allow Besides band gap, several other characteristics of conjugated

incident light to reach the interior. In the active layer the organic PClymers, including HOMO/LUMO levels and carrier mobility,
materials absorb light, create separated charge carriers, and'€€d to be optimized sgultaneously in order to achieve high
transport holes and electrons to the electrodes to furnish electrigPotovoltaic performance. In general, the gap between the

power. The solution processability of the conjugated polymers HOMO of the electron-donating polymer and the LUMO of
and the low cost of the fabrication process allow such devices 1€ €lectron acceptor should be maximized in order to increase

to be easily produced into light weight, large area, and flexible e open-circuit voltage, and at the same time the band gap of
panels. Their potential to contribute significantly to clean and the Polymer should be minimized to increase photon absorption

renewable energy has attracted increasingly intensified atten-and thus short-circuit current. In addition, the LUMO of the
tion3-5 polymer (donor) should be positioned above the LUMO of the

Among the various types organic photovoltaic devices fullerene derivative (acceptor) by at least-0@3 eV to ensure

investigated so far, one of the most heavily examined and the Eff:uent Sletl:trotn trqnsfer. At.h'lgfh ch;r ge-c;ar[]ler mOb',:'ty ?f
most promising employs a mixture of conjugated polymer and aﬁdez ago def"ﬁcf;(();?o:sfossfg I:nt ‘;T Gr:'fl'(élaG:t Ch(;it:)gce r?:r:?li) ;osn
a fullerene derivative (i.e., [6,6]-phenyl-C61-butyric acid methyl . good - 10 prevent signifi P u

ester, PCBM) as the active lay&# The bicontinuous intermix- " cells with an active layer thickness of several hundred

) - 3 : .
ing of the donor and acceptor species in these devices allowghanometers, a carrier F"Ob"'ty of10° szl(.v s) is gl.es[red..
the photogenerated electrehole pairs to be efficiently sepa- A modeling _study _predlcts that polymers with mobility in this
rated throughout the bulk of the film and transported to the range combined with a LUMO lower than3.92 eV and a band

electrodes. Recently, such polymer cells with power conversion gap smaller 1.74 eV shoulql give energy conversion efficiency
efficiency as high gs 5% hgvg been realizedpusing a blend of °V€' 10% when blended with PCBM.

regioregular poly(3-hexylthiophene) (P3HT) and PCBM as
active laye?19 However, the insufficient light absorption by
P3HT (caused by a mismatch of its band gap, 2.2 eV, with the The employment of materials absorbing the red and near-IR
photon flux maximum of the solar spectrum at the standard air Part of the solar spectrum has been one of the fundamental
mass 1.5 conditions, which lies between 1.3 and 2.0 eV) limits Strategies and main focus in improving the performance of

the percentage of light absorption and thus restricts the powerorganic solar cell$>2 It has been well-known that coupling
together electron donors and acceptors leads to effective

. . expansion of absorption wavelength. For example, the electron-
* Corresponding author. E-mail: zzhengguo@konarka.com. ith . hiadi | h | ith el
t Konarka Technologies Inc. withdrawing 2,1,3-benzothiadiazole when coupled with electron-
* Konarka Austria. donating thiophenes or pyrroles resulted in a number of low-
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Scheme 1. Synthesis of Poly[2,6-(4,4-dialkylHtcyclopental2,1b:3,4-b'|dithiophene)-alt-4,7-(2,1,3-benzothiadiazole}]
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a Reagents and conditions: (i) KOHshexyl bromide, DMSO,; (iin-butyllithium, trimethyltin chloride, THF; (iii) KOH, 2-ethylhexyl bromide,
DMSO; (iv) tris(dibenzylideneacetone)dipalladium, triphenylphosphine, toluene;@20

band-gap polymer&-25 Many structures have been designed @
and investigated, but most of them gave only very low device
performance®—34 The photovoltaic performances of these
polymers are typically lower than 1%, significantly inferior to
what is realized with P3HT. One of the main reasons for this,
we believe, is that these polymers usually lack solubility, and
their building blocks do not provide suitable anchoring sites
for solubilizing side chains without causing further twisting
between adjacent repeating units so as to cause loss of
conjugation. Recently, polymers containing low-band-gap denor
acceptor-donor segments connected by 9,9-dialkylfluorenes
were synthesized which reach a band gap as low as 1.3 eV, but
only a 0.7% power conversion efficiency was realized using
these materials blended with a C70-fullerene derivative at
AM1.5 conditions33:35 At the absorption maximum (840 nm)
of the polymer, the device gave an external quantum efficiency =~ 098 -
only up to 8.4%. The carbon-bridge#i4yclopental2,15:3,4-
b'ldithiophene was found to be a superior building block for 5 0.78 1
conjugated polymers due to the forced coplanarity of the two
thienyl subunit$837 The 4-carbon of the H-cyclopenta[2,1-
b:3,44'ldithiophene can be readily functionalized by alkyl
groups to increase solubility without causing additional twisting
of the repeating units in the resulting polymers. Soluble homo-
polycyclopentadithiophenes containing alkyl side chains were  0.18
found to have absorption maxima around 5810 nm in
solution, already a significantly longer wavelength than that of 0.02
the absorption of P3H¥8:39 300 500 700 900

In order to further increase the absorption wavelength and Wavelength, nm
lower the band gap of the polymer, a polymer containing the Figure 1. Normalized absorption spectra of the polymers in chloroform
combination of cyclopentadithiophene as electron-donating units (&) and in solid state (b).
and 2,1,3-benzothiadiazole as electron-accepting units ( cyclopenta[2,1b:3,4'dithiophen-4-on# using a reduction
Scheme 1) was designed and synthesized. The starting 4 procedure described by Turner et*aCyclopentadithiophene
cyclopenta[2,15:3,4b']dithiophene 1) was synthesized from 1 was alkylated to form both 4,4-dihexylhexyH4cyclopenta-

=&—Polymer 8

=& Polymer 9a
=8=Polymer 9b
== Polymer 9¢
«@=Polymer 10

Absorption, a.u.

=4—Polymer 8

=& Polymer 9a
== Polymer 9b
== Polymer 9¢
«@-Polymer 10

Absorption, a.u




Macromolecules, Vol. 40, No. 6, 2007 Panchromatic Conjugated Polymer$983

Scheme 2. Synthesis of Both [2/pithiophene- and Cyclopenta[2,1b:3,4-b'|dithiophene-Containing Copolymers
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Table 1. GPC and Spectroscopic Data of Polymers-810

polymer mn M2 (kDa) d2 Amax(in CHClg/film, nm) Amax.film — Amax,solutior(NM)
8 m:0 28 15 721/760 39
9a 2:1 28 1.4 670/693 23
9%b 11 30 1.6 652/668 16
9c 1:2 23 1.4 543/553 10
10 O:n 15 1.6 548/554 6

aDetermined by GPC against polystyrene standards.

[2,1-:3,4']dithiophene 2)*' and 4,4-bis(2-ethylhexyl)#4- light harvesting and, consequently, cell performance. To increase
cyclopenta[2,1s:3,4b']dithiophene 4). Deprotonation of the light harvesting across the solar spectrum and further improve
4,4-dialkyl-4H-cyclopenta[2,15:3,4b']dithiophene usingn- this low-band-gap polymer, copolymers comprising combina-

buthyllithium followed by treatment with trimethyltin chloride  tions of 5,3-[2,2]bithiophene and cyclopenta[2[t3,4b']-
afforded the corresponding 4,4-dialkyl-2,6-bis(trimethylstanna- dithiophene as electron-donating units and 2,1,3-benzothiadia-
nyl)-4H-cyclopenta[2,1b:3,4+H']dithiophene monomer8 and zole as electron-accepting moieties were synthesized (Scheme
5, respectively. Stille couplingd with 4,7-dibromo-2,1,3- 2). By coupling 4,4-bis(2-ethylhexyl)-2,6-bis(trimethylstanna-
benzothiadiazole resulted in a blue polymér. However, this nyl)-4H-cyclopenta[2,15:3,4-b']dithiophene 4) with a mixture
material was found to be only sparingly soluble in all solvents. of various ratios of 5,5dibromo-[2,2]bithiophene and 4,7-

To help increase the solubility, &H4cyclopenta[2,15:3,4b']- dibromo-2,1,3-benzothiadiazole, several three-component ran-
dithiophene monomer carrying two 2-ethylhexyl side cha)s (  dom copolymers9a—9c were prepared. The copolymer of
was synthesized. Stille coupling of the bis-stannameth 4,7- bithiophene and cyclopenta[2ti3,4-b']dithiophene 10) was
dibromo-2,1,3-benzothiadiazol6)(afforded polymem, which also synthesized for comparison purposes.

is sufficiently soluble in both chloroform and chlorobenzene. The absorption spectra of the polymers are compiled in Figure
Polymer8 was purified by preparative GPC using chlorbenzene 1, and the absorption maxima are listed in Table 1 along with
as a solvent, and polymers with a number-average molecularthe polymer molecular weight data determined by GPC. With
(Mn) of between 28 and 50 kDa (determined by GPC based on the incorporation of unbridged [2]Bithiophene, the absorption
polystyrene standards) were obtained as separated fractionsmaxima shift to the shorter wavelength region. With a ratio of
High-quality films of polymer8 can be prepared by coating the two electron-donating units, (4,4-bis(2-ethylhexyt)-4
the polymer from chlorobenzene @dichlorobenzene solution.  cyclopenta[2,1s:3,4-b']dithiophene) and 5!52,2bithiophene,

The absorption spectra of the polyn&¢M, = 28 kDa) was between 2:1 and 1:2, the copolymer absorption covers broad
recorded in both solution and solid state (Figure 1). This polymer range of the visible spectrum. A comparison of the absorption
has an absorption maximum of 721 nm in chloroform, and this spectra o8 and10 clearly demonstrates the significance of the
maximum shifts further to 760 nm in the solid state, indicating electron-withdrawing 2,1,3-benzothiadiazole in the shifting the
significant interchain association in the solid state. The optical absorption to longer wavelength. The polymer films generally
band gap at solid state was estimated to be 1.4 eV from its have longer absorption maxima than the corresponding solutions
absorption edge. It has a HOMO level 5.3 eV, a LUMO due to interchain association in the solid state, and this spectral
level of —3.55 eV, and band gap of 1.75 eV as determined by shift is more significant when larger ratios of 2,1,3-benzothia-
cyclic voltammetry*? Field effect transistors made of this diazole are present in the polymer (Table 1).
material indicates a hole mobility as high as &x510~2 cn?/ An additional attractive feature of these polymers is that they
(V s). These physical parameters make this polymer a very have significantly higher absorptivity than the well-known
promising material for high-performance organic solar cells. regioregular P3HT polymer. The optical densities of these

It was noted that there is a transmission window in the solid polymers in chlorobenzene are normalized to the same polymer
state absorption spectrum®&around 500 nm which will reduce  concentration (1 g/L), and their comparison is shown in Figure
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under the standard AM1.5 conditions. This power conversion

the polymer and PCBM blends indicate a lack of continuity in
the polymer phase, which might have been caused by the almost
complete intermixing of the polymer with PCBM at the
molecular level resulting in hindered charge transport. Film
" morphology, the way in which the polymers and the fullerene

350 400 450 500 550 600 650 700 750 800 850 900 derivative are organized relative to each other, has been found

Wavelength (nm) to be one of the key elements in determining the power
Figure 2. Comparison of the absorptivity of the polymers with that ~conversion efficiency of organic solar cetfs#” Further im-
of regioregular P3HT. All spectra were recorded in chlorobenzene. provements to the polymer will include modification of the side
chains to help optimize bicontinuous phase separation. Initial

88 - —+—Polymer 8 - .

78 --leﬁz:ga efficiency value represents one of the highest among known
T —o—Polymer 9b low-band-gap polymers. However, it is still significantly lower
§, 88 1 —%=Polymer 9c than what is predicted on t_he_ basis_ of electrooptical propgrties
2 981 —e—Polymer 10 of the polymert! The deficit is mainly caused by a low fill
£ 481 —a=P3HT factor. Preliminary AFM and field effect transistor studies on
g
=]

3
<

1009 cell testing on polymer8a—9c blended with PCBM already
T 80 lee = 11.8 mA/cm? resulted in up to 3% power conversion efficiency. Further
$ Voo = 650 mv optimization of device performance of these materials is also
i 60 Uy in process.

E 40 Conclusions

€ 20 1 Polymers containing alternating electron-donatiktyeyclo-

c 0 penta[2,1b:3,40']dithiophene and electron-accepting (2,1,3)-

© benzothiadiazole moieties have been synthesized. The 4-carbon

20 T T T T of 4H-cyclopenta[2,1h:3,4b'ldithiophene allows for easy at-

-1 05 0 0.5 1 tachment of alkyl groups to increase solubility without causing
Applied Voltage (V) additional twisting between the donor and the acceptor units.

Figure 3. 1-V characteristics of an organic PV cell prepared from The absorption spectra of these polymers can be tuned to cover
polymer8 and PCBM (1:3 by weight) under AM 1.5 irradiation (100  proad range of the visible spectrum. Electrochemical studies

mw/er). reveal that these materials possess desirable HOMO/LUMO
Table 2. Summary of Representative Electrochemical levels for polymer photovoltaic applications. Hole mobility
Characterization Data of the Polymers values (FET) for these materials are high. Because of the
polymer HOMO (eV§ LUMO (eV)e Eg(eV)r  ub(c(V s)) combination of these desirable properties, photovoltaic devices
8 o3 Y 175 =103 made of t_hese new polymers d_emc_)nstrated high power conver-
9a 505 355 170 3¢ 103 sion efficiency. A high open-circuit voltage and large short-
9b -5.38 _3.55 1.83 5x 104 circuit current but a low fill factor indicates the possibility of
9c -5.3 —3.55 1.75 2.4¢ 1073 further device performance improvements by the optimization
10 —5.35 -3 2.35 2x 107 of film morphology of the polymer/PCBM blends and/or device

aDetermined by cyclic voltammetry measuremef®etermined by field architecture.
effect transistor evaluation.

2. As can be seen from the spectra, polynterd0 not only Experimental Section

absorb at longer wavelength but also exhibit higher absorptivity ~ General Methods.The 4H-cyclopenta[2,16:3,4-b']dithiophene
than P3HT. Electrochemical analysis (cyclic voltammetry) was (1) and 4,4-dihexyl-#-cyclopenta[2,15:3,4-b']dithiophen @) were
conducted on these polymers, and a summary of the representasynthesized according to a literature procediiRegioregular poly-
tive characterization data is included in Table 2. All the polymers (3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Rieke
(8—10) have a HOMO of between3.25 and—3.38 eV. The Metals, Inc. All other starting materials were purchased from Sigma-

o L Aldrich and used as received. NMRH and 13C) spectra were
LUMOs of all the benzothiodiazole-containing polymeﬁBsS{a— recorded on a Bruker 200 MHz or 250 MHz spectrometer. Chemical
¢) are around-3.55 eV. The LUMO of polymed0 is around

B shifts were recorded in parts per million (ppm), and splitting patterns
—3.0 eV. Hole mobility values between610~* and 3x 103 are designated as s (singlet), d (doublet), t (triplet), g (quartet), m
cm?/(V s) were also determined for all the polymers in field (multiplet), and br (broad). Coupling constanisare reported in
effect transistors. All these characteristics are within the hertz (Hz). The residual proton signal of the solvent was used as
desirable range for an ideal polymer for organic photovoltaic an internal standard for spectra recorded in chlorofdr(#-27 for
applications. 1H, 77 for.13C). Mass spectra were determined by M-Scan Inc. on
A conventional single-junction photovoltaic device made of €ither a Micromass Q-Tof API US hybrid quadrupole/time-of-flight
the bulk heterojunction composite 8fwith soluble fullerene ~ MAass spectrometer or a VG Analytical ZAB 2-SE high field mass
derivatives (PGPM and PGBM) gives power conversion spectrometer. The molecular weights of polymers were determined

e ; - . using a Plgel 5im Mixed-B (600x 7.5 mm) column and a diode
efficiencies up to 3.5%. Typical external quantum efficiency is array detector at 300 nm at a flow rate of 1.0 mL/min. Polymer

found to be higher thap 25% !n the yvavelength range between oecular weights are reported relative to polystyrene standards
400 and 800 nm, and its maximum is found to be 38% around pyrchased from Aldrich.

700 nm?243 The |-V characteristics of a representative cell  optical and Electrochemical Characterizations.UV absorption
prepared with polyme8 and PCBM are shown in Figure 3. It spectra were recorded on a Perkin-Elmer Lambda 35 UV/vis
has an open-circuit voltage of 0.65 V and gives a current density spectrometer. Solid-state absorption spectra were obtained on thin
of 11.8 mA/cn? and a power conversion efficiency of 3.5% films coated on quartz prepared by spin-coating of the polymer
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solution in chlorobenzene. Electrochemical characteristics were 4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannanyl)-#-cyclopenta-
determined by cyclovoltametry experiments carried out on drop- [2,1-b:3,4-b'[dithiophene. Starting material 4,4-bis(2-ethylhexyl)-
cast polymer films at room temperature in a glovebox. The 4H-cyclopenta[2,1s:3,4-+']dithiophene (1.5 g, 0.003 72 mol) was
supporting electrolyte was tetrabutylammonium hexafluorophos- dissolved in dry THF (30 mL). The solution was cooled+@8 °C,
phate (TBAPE, electrochemical grade, Aldrich) in anhydrous and butyllithium (5.96 mL, 0.0149 mol) was added dropwise. The
acetonitrile (0.1 M). The working electrode (WE) as well as the reaction was stirred at this temperature¥d and allowed to warm
counter electrode (CE) was a platinum foil. A silver wire coated to room temperature over 3 h, at which point it was stirred for an
with AgCl was used as the reference electrode (RE). After each additional hour. The reaction was then cooled-t@8 °C, and
measurement the RE was calibrated with ferrocé&fe<( 400 mV trimethyltin chloride (1 M in hexanes, 18 mL, 18 mmol) was added
vs NHE), and the potential axis was corrected to NHE (ustdgr5 dropwise. The reaction was allowed to warm to room temperature
eV for NHE) according to the difference & (ferrocene) and the and stirred overnight (ca. 20 h). Water was added, and the reaction
measured=!? (ferrocene). The onset for oxidation and reduction was extracted with methyért-butyl methyl ether. The organic layer
was determined as the point where the CV trace differed from the was washed with water and dried over sodium sulfate. Solvent was
baseline by more than JA relative to the baseline. removed under vacuum, and the residue was dissolved in toluene
Polymer Solar Cell Fabrication and Analysis. Conductive and quickly passed through a plug of Celite pretreated with
indium tin oxide (ITO) coated glass was purchased from Merck. triethylamine. Solvent was removed, and the residue dried under
The ITO—glass substrate was cleaned by ultrasonification sequen-vacuum at 80C overnight. The distannyl compound was dissolved
tially in acetone, isopropyl alcohol, and deionized water. On top of in hexanes and filtered through a plug of densely packed Celite.
the conductive side was coated a layer of PEDOT:PSS (Baytron PHSolvent was removed, and the residue dried under vacuum
from H.C. Starck,~60 nm thick) applied by doctorblading. After  overnight. The bis(trimethyltin) monomer was obtained as a light
being dried, this PEDOT:PSS film is covered by a layer of a blend brownish viscous oil (2.52 g, 93%)H NMR (CDCl;, 250 MHz):
of the polymers§ or 9a—9¢)/PCs:BM or PG;1BM (purchased from 6.96 (m, 2H), 1.85 (m, 4H), 1.29 (m, 2H), 0.92 (m, 16H), 0.78 (t,
Nano-C) in a 1:3 w/w ratio by doctorblading method from 6.8 Hz, 6H), 0.61 (t, 7.3 Hz, 6H), 0.38 (m, 18HJC NMR (CDCl,
o-dichlorobenzene solution. The active layer thickness was deter-62.9 MHz): 160.11, 143.09, 136.60, 130.52, 52.78, 43.57, 35.56,
mined by AFM to be between 150 and 250 nm. As the cathode, a 34.91, 29.18, 28.07, 23.28, 14.63, 11.26,.79. HRMS (EISn/z
thin layer of LiF (ca. 1 nm thick) and a film of aluminum (ca. 80 calcd for GiHssS,Sny (M*): 730.1711; found: 730.1722.
nm thick) were thermally evaporated. Device characterization was  Polymerization of Bis(trimethylstannyl)-4,4-bis(2-ethylhexyl)-
carried out under AM 1.5G irradiation (100 mW/énon an Oriel cyclopenta[2,1b:3,4-b'ldithiophene and 4,7-Dibromo-2,1,3-ben-
Xenon solar simulator with a spectral mismatch of 0.83 for the zothiadiazole To Afford Polymer 8. Bis(trimethylstannyl)-4,4-
spectral range down to 1000 nir-V characteristics were recorded  di(2-ethylhexyl)-cyclopenta[2,b:3,4-b']dithiophene (0.291 g, 0.399
with a Keithley 2400. Active areas were in the range-26 mn¥. mmol) and 4,7-dibromo-2,1,3-benzothiadiazole (0.115 g, 0.391
Synthesis. 4,4-Dihexyl-2,6-bis(trimethylstannanyl)-A-cyclo- mmol) were dissolved in toluene (30 mL). The reaction was purged
penta[2,1b:3,4-b'|dithiophene. Starting material 4,4-dihexylH- with nitrogen, and tris(dibenzylideneacetone)dipalladium (0.0072
cyclopenta[2,1b:3,4b']dithiophene (1.5 g, 0.004 33 mol) was g, 0.0078 mmol) and triphenyphosphine (0.0164 g, 0.0625 mmol)
dissolved in dry THF (30 mL). The solution was cooled@8 °C, were added. The reaction was further purged with nitrogen for 10
and butyllithium (6.1 mL, 0.0130 mol) was added dropwise. The min and heated to 128C under nitrogen for 48 h. The reaction
reaction was stirred at this temperature for 2 h, warmed to room was poured into methanol (500 mL), and the blue precipitates were
temperature, and stirred for 3 h. Again the reaction was cooled to collected by filtration, washed with methanol, and dried. The solid
—78°C, and trimethyltin chloride (1 M in hexanes, 16.0 mL, 16.0 was dissolved in chlorobenzene (150 mL), and an aqueous solution
mmol) was added dropwise. The reaction was allowed to warm to of sodium diethyldithiocarbamate trihydrate (6.3 g in 84 mL water)
room temperature and stirred for 17 h. Water was added, and thewas added. The mixture was stirred at 80 under nitrogen
reaction was extracted with toluene. The organic layer was washedovernight. The organic layer was separated and was passed through
with water and dried over sodium sulfate. Solvent was removed a column packed with alumina, Celite, and silica gel. The column
under vacuum, and the residue was dissolved in toluene and quicklywas eluted with chlorobenzene. The combined polymer solution
passed through a plug of silica gel pretreated with triethylamine. was concentrated to 50 mL and was poured into methanol (500
Solvent was removed, and the residue dried under vacuum to affordmL). The precipitates were collected and dissolved in chlorobenzene
2.65 g (91% yield) of the bis(trimethyltin) monoméd NMR (30 mL). Purification by prep GPC using chlorobenzene as solvent
(CDCls, 200 MHz): 6.97 (m, 2H), 1.84 (m, 4H), 1.20 (m, 16H), afforded the polymer as a dark blue solid (138 rly,= 28 kDa,
0.88 (m, 6H), 0.42 (m, 18H)13C NMR (CDCk, 62.9 MHz): d = 1.5). Polymers of higher molecular weights were obtained by
160.88, 142.71, 140.36, 129.88, 52.60, 38.01, 32.04, 25.05, 23.08 further fractionation with prep GPCH NMR (CDCl;, 200 MHz):

14.54, —7.57. HRMS (EIS)m/z calcd for G/Hz6S:Srp (M™): 8.16 (s, br, 2H), 7.91 (s, br, 2H), 2.10 (s, br, 2H), 1.08 (m, 20H),
674.1085; found: 674.1094. 0.74 (m, 12H).
4,4-Bis(2-ethyl-hexyl)-H-cyclopenta[2,1b:3,4-b']dithiophene. Representative Preparation of Polymers 9&9c: Polymeri-

4H-Cyclopenta[2,1h:3,4-b']dithiophene (1.5 g, 0.008 43 mol) was  zation of Bis(trimethylstannyl)-4,4-bis(2-ethylhexyl)cyclopenta-
dissolved in DMSO (50 mL). The solution was purged with [2,1+:3,4-b']dithiophene and 5,3-Dibromo-[2,2'|bithiophene and
nitrogen, and ground KOH (1.89 g, 0.0337 mol) and sodium iodide 4,7-Dibromo-2,1,3-benzothiadiazole in a Mole Ratio of 3:1:2 To
(50 mg) were added, followed by 2-ethylhexyl bromide (3.25 g, Afford Polymer 9a. Bis(trimethylstannyl)-4,4-bis(2-ethylhexyl)-
0.0169 mol). The reaction was stirred overnight under nitrogen (ca. cyclopenta[2,1b:3,4-b']dithiophene (0.250 g, 0.343 mmol), 5,5

16 h). Water was added, and the reaction was extractedterith dibromol[2,2]bithiophene (0.0367 g, 0.113 mmol), and 4,7-dibromo-
butyl methyl ether. The organic layer was separated and dried over2,1,3-benzothiadiazole (0.0666 g, 0.227 mmol) were dissolved in
magnesium sulfate. Solvent was removed under vacuum, and thetoluene (20 mL). The reaction was purged with nitrogen, and tris-
residue was purified by chromatography using hexanes as eluent.(dibenzylideneacetone)dipalladium (3.14 mg, 3.460l) and
Fractions containing pure 4,4-bis(2-ethylhexyh-dyclopenta[2,1- triphenylphosphine (7.20 mg, 278nol) were added. The reaction
b:3,4']dithiophene product were combined, and the solvents were was further purged with nitrogen and heated to TZDunder
evaporated. The product was obtained as a colorless oil after dryingnitrogen for 30 h. The reaction was poured into methanol (250 mL),
under vacuum. Yield: 2.68 g (79%fH NMR (CDCl;, 250 and the precipitate was collected by filtration, washed with meth-
MHz): 7.13 (m, 2H), 6.94 (m, 2H), 1.88 (m, 4H), 0.94 (m, 16H), anol, and dried. The solid was dissolved in chlorobenzene (150
0.78 (t, 6.4 Hz, 6H), 0.61 (t, 7.3 Hz, 6H¥C NMR (CDCk, 50.3 mL), and a solution of sodium diethyldithiocarbamate trihydrate
MHz): 158.01, 137.26, 124.39, 122.76, 53.67, 43.69, 35.43, 34.70, (2 g in 20 mL of water) was added. The mixture was stirred at
29.03, 27.71, 23.18, 14.52, 11.08. HRMS (FAB)z calcd for 80 °C under nitrogen for 18 h. The organic layer was separated
CosHzsS, (MT): 402.2415; found: 402.2417. and was passed through a column packed with alumina, Celite,
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and silica gel. The column was eluted with chlorobenzene. The (18) Hou, Q.; Zhou, Q.; Zhang, Y.; Yang, W.; Yang, R.; Cao, Y.
combined polymer solution was concentrated to 10 mL and was Macromolecules2004 37, 6299-6305.

poured into methanol (100 mL). The precipitates were collected. (19) Huang, F.; Hou, L.; Wu, H,; Wang, X.; Shen, H.; Cao, W.; Yang,

The polymer was dissolved in cholrobenzene and purified by prep

GPC to afford the pure polymer (85 mg, 28 kDh= 1.4). 'H
NMR (CDCls, 200 MHz): 8.16 (s, br, 4H), 7.91 (s, br, 6H), 7.14
(s, br, 4H), 2.04 (s, br, 6H), 0-71.1 (m, 96H).

Polymerization of Bis(trimethylstannyl)-4,4-bis(2-ethylhexyl)-
cyclopenta[2,1b:3,4-b']dithiophene and 5,3-Dibromo[2,2']-
bithiophene To Afford Polymer 10. Bis(trimethylstannyl)-4,4-
bis(2-ethylhexyl)cyclopenta[2,b:3,4-b']dithiophene (0.198 g,
0.000 272 mol) and 5;&libromo[2,2]bithiophene (0.0873 g,
0.000 269 mol) were dissolved in toluene (20 mL). The reaction

was purged with nitrogen, and tris(dibenzylideneacetone)dipal-

ladium (2.46 mg, 2.69«mol) and triphenylphosphine (5.65 mg,
21.6 umol) were added. The reaction was further purged with
nitrogen for 10 min and heated to 120 under nitrogen for 48 h.

W.; Cao, Y.J. Am. Chem. SoQ004 126, 9845-9853.

(20) Chen, M.; Perzon, E.; Andersson, M. R.; Marcinkevicius, S.; Jonsson,
S. K. M.; Fahlman, M.; Berggren, MAppl. Phys. Lett2004 84,
3570-3572.

(21) Muhlbacher, D.; Neugebauer, H.; Cravino, A.; Sariciftci, NS§nth.
Met. 2003 137, 1361-1362.

(22) Brabec, C. J.; Winder, C.; Sariciftci, N. S.; Hummelen, J. C,;
Dhanabalan, A.; Van, Hal, P. A.; Janssen, R. AAdv. Funct. Mater.
2002 12, 709-712.

(23) Hou, Q.; Xu, Y.; Yang, W.; Yuan, M.; Peng, J.; Cao, X.Mater.
Chem.2002 12, 2887-2892.

(24) Van Mullekom, H. A. M.; Vekemans, J. A. J. M.; Meijer, E. W.
Chem—Eur. J.1998 4, 1235-1243.

(25) Karikomi, M.; Kitamura, C.; Tanaka, S.; Yamashita,JY Am. Chem.
Soc.1995 117, 6791-6792.

(26) Roncali, JChem. Re. 1997, 97, 173-205.

The reaction was poured into methanol (250 mL), and the red (27) Shaheen, S. E.; Vangeneugden, D.; Kiebooms, R.; Vanderzande, D.;

precipitates were collected by filtration, washed with methanol, and

Fromherz, T.; Padinger, F.; Brabec, C. J.; Sariciftci, NSghth. Met.
2001 121, 1583-1584.

dried. The solid was dissolved in chlorobenzene (150 mL), and a (28) Winder, C.. Matt, G.; Hummelen, J. C.; Janssen, R. A. J.: Sariciftci

solution of sodium diethyldithiocarbamate trihydrate (2 g in 20 mL
water) was added. The mixture was stirred at8Qnder nitrogen

overnight. The organic layer was separated and was passed through

N. S.; Brabec, C. JThin Solid Films2002 403-404.373—-379.
(29) Dhanabalan, A.; Van Duren, J. K. J.; Van Hal, P. A.; Van Dongen, J.
L. J.; Janssen, R. A. Adv. Funct. Mater.2001, 11, 255-262.

a column packed with alumina, Celite, and silica gel. The column (30) Smith, A. P.; Smith, R. R.; Taylor, B. E.; Durstock, M. Ehem.

was eluted with chlorobenzene. The combined polymer solution

Mater. 2004 16, 46874692.

was concentrated to 10 mL and was poured into methanol (100 (31) Wang, X.; Perzon, E.; Oswald, F.; Langa, F.; Admassie, S.; Andersson,

mL). Prep GPC afforded the purified polymevi{ 15 kDa, 121
mg).H NMR (CDCls, 200 MHz): 7.15 (m, 6H), 1.94 (s, br, 2H),
1.07 (m, 20H), 0.74 (m, 12H).

References and Notes

(1) Tang, C. W.Appl. Phys. Lett1986 48, 183—-185.

(2) Brabec, C. J.; Sariciftci, N. S.; Hummelen, J.&lv. Funct. Mater.
2001 11, 15-26.

(3) Janssen, R. A. J.; Hummelen, J. C.; Sariciftci, NMRS Bull.2005
30, 33—-36.

(4) Xue, J.; Uchida, S.; Rand, B. P.; Forrest, SARpl. Phys. Lett2004
84, 3013-3015.

(5) Reyes-Reyes, M.; Kim, K.; Dewald, J.; Lopez-Sandoval, R.; Avadha-
nula, A.; Curran, S.; Carroll, D. LOrg. Lett.2005 7, 5749-5752.

(6) Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, Eciencel 992
258 1474-1476.

(7) Sariciftci, N. S.; Braun, D.; Zhang, C.; Srdanov, V. |.; Heeger, A. J,;
Stucky, G.; Wudl, FAppl. Phys. Lett1993 62, 585-587.

(8) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, ASdience
1995 270, 1789-1791.

(9) Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, AAtv. Funct. Mater.
2005 15, 1617-1622.

(10) Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K;
Yang, Y.Nat. Mater.2005 4, 864—868.

(11) Scharber, M. C.; Muehlbacher, D.; Koppe, M.; Denk, P.; Waldauf,
C.; Heeger, A. J.; Brabec, C. Adv. Mater. 2006 18, 789-794.

(12) Winder, C.; Sariciftci, N. SJ. Mater. Chem2004 14, 1077-1086.

(13) Rand, B. P.; Xue, J.; Yang, F.; Forrest, SAppl. Phys. Lett2005
87, 233508/1-23350.8/3.

(14) Bundgaard, E.; Krebs, F. ®acromolecule006§ 39, 2823-2831.

(15) Huang, F.; Hou, L.; Shen, H.; Jiang, J.; Wang, F.; Zhen, H.; Cao, Y.
J. Mater. Chem2005 15, 2499-2507.

(16) Velusamy, M.; Thomas, K. R. J.; Lin, J. T.; Hsu, Y.-C.; Ho, K.-C.
Org. Lett.2005 7, 1899-1902.

(17) Yang, R.; Tian, R.; Yan, J.; Zhang, Y.; Yang, J.; Hou, Q.; Yang, W.;
Zhang, C.; Cao, YMacromolecule005 38, 244—253.

M. R.; Inganaes, OAdv. Funct. Mater.2005 15, 1665-1670.

(32) Wang, X.; Perzon, E.; Delgado, J. L.; De la Cruz, P.; Zhang, F.; Langa,
F.; Andersson, M.; Inganas, @ppl. Phys. Lett2004 85, 5081—
5083.

(33) Zhang, F.; Perzon, E.; Wang, X.; Mammo, W.; Andersson, M. R.;
Inganaes, OAdv. Funct. Mater.2005 15, 745-750.

(34) Campos, L. M.; Tontcheva, A.; Guenes, S.; Sonmez, G.; Neugebauer,
H.; Sariciftci, N. S.; Wudl, FChem. Mater2005 17, 4031-4033.

(35) Perzon, E, Wang, X; Admassie, S; Ingan®; Andersson, M. R.;
Polymer2006 47, 4261-4268.

(36) Kalaji, M.; Murphy, P. J.; Williams, G. OSynth. Met.1999 101,

123.

(37) Mills, C. A.; Taylor, D. M.; Murphy, P. J.; Dalton, C.; Jones, G. W.;
Hall, L. M.; Hughes, A. V.Synth. Met1999 102 1000-1001.

(38) Zotti, G.; Schiavon, G.; Berlin, A.; Fontana, G.; Pagani,M&cro-
moleculesl994 27, 1938-1942.

(39) Asawapirom, U.; Scherf, UMacromol. Rapid Commur2001, 22,
746-749.

(40) Brzezinski, J. Z.; Reynolds, J. Bynthesi®2002 1053-1056.

(41) Coppo, P.; Cupertino, D. C.; Yeates, S. G.; Turner, MMacro-
molecule2003 36, 2705-2711.

(42) Muehlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.;
Gaudiana, R.; Brabec, @dv. Mater. 2006 18, 2884-2889.

(43) A private communication from A. J. Heeger indicates that power
conversion efficiency up to 4.8% has been realized by placing a thin
TiOx layer between the active layer and the electron-collecting Al
electrode to modify the spatial distribution of the light intensity inside
the device, a technique described in ref 44.

(44) Kim, J.Y.;Kim, S. H.; Lee, H.-H.; Lee, K.; Ma, W.; Gong, X.; Heeger,
A. J. Adv. Mater. 2006 18, 572-576.

(45) Yang, F.; Shtein, M.; Forrest, S. R.Appl. Phys2005 98, 014906/
1-01490.6/10.

(46) Drees, M.; Davis, R. M.; Heflin, J. R. Appl. Phys2005 97, 036103/
1-03610.3/3.

(47) Hoppe, H.; Sariciftci, N. SJ. Mater. Chem2006 16, 45-61.

MA0623760



