9406 Macromolecule007,40, 9406-9412
Photovoltaic-Active Dithienosilole-Containing Polymers
Liang Liao and Liming Dai*
Department of Chemical and Materials Engineering, Lémsity of Dayton, 300 College Park,
Dayton, Ohio 45469-0240
Adam Smith and Michael Durstock*
Materials and Manufacturing Directorate, Air Force Research Laboratory, Wright-Paterson AFB,
Ohio 45433
Jianping Lu,* Jianfu Ding, and Ye Tao
National Research Council of Canada, 1200 Montreal Road, Ottawa, Canada, K1A OR6
Receied August 13, 2007; Resed Manuscript Receed October 17, 2007
ABSTRACT: Silole-containing polymers consisting of a dithienosilole homopolymer backbb?)eof an
alternating dithienosilole and 4,7-bis(2-thienyl)-2,1,3-benzothiadiazole copolymer backi3pme(e synthesized.
The presence of planar dithienosilole tricyclic units along thes®njugated polymer backbones lowered the
band gap and led to strong absorption in the visible region of the solar spectrum. The introduction of electron-
withdrawing benzothiadiazole moieties along the dithienosilole backbone further reduced the optical band gap
and increased the interchain interaction. Bulk-heterojunction organic solar cells using 1:1 w/w paBorer
13PCBM (methanofullerene [6,6]-phenyl C61-butyric acid methyl ester) blends as the photoactive layers were
prepared. Photovoltaic cells with copolynidas the electron donor and PCBM as the electron acceptor exhibited
an increased energy conversion efficiency by a factor of 3 up to 0.18% under an AM 1.5 simulated solar light
at 100 mW/crA after thermal annealing at 14C.
Introduction Scheme 1
Owing to its strong electron affinity, high fluorescent ef- D O RS R
ficiency 2 photostability, and chemical stabilifythe silole X M
(silacyclopentadiene) rindL(in Scheme 1) and its derivatives T\ s S
have attracted much attention as functional building units for A ST A R R
the development of advanced organic materials. In fact, silole R \Rr 2 aDTS, R=H

has the lowest LUMO energy level as well as a relatively high-
lying HOMO level among many heteroarene monomer units

b DTSBry, R=Br

of sz-conjugated polymers, such as pyrrole, furan, thiophene, |5 githienosilole segments for potential applications in op-
and pyridine. As a consequence, poly(2,5-silole) has the lowestyelectronic polymer devices. In particular, we prepared dithienos-

band gag. Therefore z-conjugated polymers containing silole
rings with a low-lying LUMO level and an enhanced carrier
mobility have recently been used as novel optoelectronic
materials for applications in electroluminescent devickand
organic thin-film transistor&1 Since low energy-gap materials
(~1.5 eV) could match well to the solar spectrifrsilole-
containing conjugated polymers should also be useful for
applications in organic solar cells.

We report here the synthesis of solution-processahten-
jugated polymers containing dithienosilole (DST) moieties along
their backbonesia a Stille reaction between dithienosilole
distannane and aryl dibromides for potential applications in
organic solar cells. The incorporation of a silicon bridge into a
bithienyl moiety (e.g.2a in Scheme 1) significantly reduces
the HOMO-LUMO gap of 2a due to the newly formed
extended planat-conjugated tricyclic systef31{dithienosilole
in Scheme 1) and* —x* conjugation between the*-orbit of
silicon andz*-orbit of the bithiophene unit.®1! The alkyl

substitutions at the silicon of DTS units are necessary in order

to produce soluble-conjugated polymers containing sufficiently
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ilole-containing homopolymet2 and a conjugated copolymer
13 comprising alternating dithienosilole and 4,7-dithieyl-2,1,3-
benzothiadiazole in this study, as shown in Scheme 2. Compared
with homopolymerl2, the synthesis of the fully conjugated
aromatic copolymed 3 with strong internal electron doner
acceptor interactions could further narrow the band §af.

As expected, polymef3 exhibited a much broader strong
absorption over the solar spectrum than polyrh2r It was
further found that the absorption maximum of polyni&in
solution red-shifted by about 30 nm upon the formation into a
thin film. This observation is an indication for the presence of
strong interchain interactions in the solid state through2br
stacking, which can enhance charge carrier mobilities favorable
for applications in various optoelectronic devices including
organic solar cell$819In contrast, there was no observable shift
in the absorption peak of polymé&e from solution to the solid-
state film, implying a weak interchain interaction in the polymer
12 film.

In order to translate the above structure-specific properties
into optoelectronic devices with unique characteristics, we
prepared bulk-heterojunction organic solar cells using 1:1 wt/
wt polymer12 or 13:PCBM blends as the photoactive layers.
Because of its more extended conjugation and the associated
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Scheme 2. Syntheses and Structures of Polymers 12 and 13
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stronger absorption over the solar spectrum, polyb3eshowed Monomer and Polymer Syntheses. Typical Procedure for a
superior photovoltaic performance with respect to polyar  Facile One-Pot Three-Step Synthesis of 5/®ibromo-3,3-
The device performance for both polynitand13based solar  dihexylsilylene-2,2-bithiophene (10).To a solution of 3,35,5-
cells was improved by thermal annealing. So far, the best deviceetrabromo-2,2bithiophene (4.82 g, 10 mmol) in THF (anhydrous,
performance with a power conversion efficiency of 0.18% was /0 ML, THF was freshly distilied over calcium hydride prior to
achieved from polymet3based devices after thermal annealing use) was adde-butyliithium (10 M solution in hexane, 2.1 mL,

o X - 21 mmol) under argon atmosphere over 15 min-86 to—98 °C
at 140 °C. Although this value of the power conversion g sirred for 10 min. Chiorotrimethylsilane (2281 mg, 2.68 mL,

efficiency for these unoptimized solar cells is not sufficiently 21 mmol) was then added over 15 min. After having been stirred

high yet, this study provides new concepts for enhancing light at—94 to—98°C for 20-30 min, the reaction mixture was warmed

harvestingvia the synthesis of silole-containing low-band gap to ambient temperature slowly and further stirred at ambient

conjugated polymers with strong internal electron denor temperature for 3 h. TLC indicated the complete conversion of

acceptor interactions and for improving the device performance starting material.

through the morphology control of the silole-containing con-  Thereafter, the above mixture was cooled -af8 °C and

jugated polymer photovoltaic layers by thermal annealing. n-butyllithium (10 M solution in hexane, 2.1 mL, 21 mmol, 2.1
equiv) was introduced over 15 min and stirred at this temperature

Experimental Section for 10—20 min. The mixture was then warmed up-t@ to —5 °C

for 18-30 min, and the mixture was cooled again-t@8 °C.

Materials and Characterization. All reagents and solvents were Dichlorodihexylsilane (2.83 g, 2.94 mL, 10.5 mmol, 1.05 equiv)

purchased from Aldrich and Fisher. Anhydrous tetrahydrofuran was was added dropwise over 20 min and then stirred at this temperature
distilled over sodium/benzophenone under Ar prior to use. 4,7- ; Lo ) .
Bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazof was synthesized for 50 min. TL(_: indicated the completlgn of conversion.

from commercially available 2,1,3-benzothiadiazole via a three- T above mixture was added bromine (3.36 g, 1.08 mL, 21
step reaction sequence according to a reported procedure with som&mol) dropwise at-78 °C and the mixture was stirred at this

modifications?®:2! 3,3 5,5-Tetrabromo-2,2bithiophene ) was temperature for 50 min. The mixture was then kept-4i0 to
prepared by the direct bromination of 2thiophene in CHGY —15 °Q .ove.rnlght.. The.lljsual workup of reaction mixture foIIO\{ved
AcOH with Br, at 0°C. by purification using silica gel column chromatography provided

NMR spectra were recorded on a Bruker Avance 300 spectrom- the analytical pure produdDas a pale yellow oitH NMR (CDC,
eter using tetramethylsilane or trace chloroform in deuterium 300 MHz)4: 0.87 (m, 10H), 1.27 (m,16H), 7.00 (s, 2HJC NMR
chloroform as internal references. Gel permeation chromatography(CDCls, 75.45 MHz)o: 11.85, 14.29, 22.76, 24.20, 31.59, 33.02,
(GPC, Viscotek TDA 302) was used for measuring the molecular 111.62, 132.36, 141.20, 149.12.
weight and polydispersity index. UWis spectra were measured Synthesis of 5,5bis(trimethylstannyl)-3,3'-dihexylsilylene-
using a Perkin-Elmer Lambda 900 WWis—NIR spectrometer. 2,2-bithiophene (11).In a 100 mL flask was placetio (1.562 g,
Fluorescence spectra were recorded on a Perkin-Elmer LS 553 mmol) in anhydrous THF (20 mL), to which amrbutyllithium—
Luminescence spectrometer. FT-IR spectra were collected from ahexane solution (10 M, 0.63 mL, 6.3 mmol) was addee-a8 °C
Perkin-Elmer Spectrum One FT-IR spectrometer. Thermogravi- under stirring for 1 h. Thereafter, the mixture solution was warmed
metric analysis (TGA) was carried out using TA Instruments TGA up slowly to room temperature in an ambient environment with
Q500 in air, while differential scanning calorimetry (DSC) analysis stirring. After the reaction mixture was cooled down-+d8 °C
was made on a TA Instruments DSC 2920 under nitrogen. again, a predetermined amount of trimethyltin chloride (1 M in
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hexane, 6.45 mL, 6.45 mmol) was added slowly. The mixture (600-2000 rpm) for 90 s. The Al top electrode-{00 nm) was
solution was then stirred at ambient temperature for 18 h, followed then deposited by thermal evaporation through a shadow mask,
by the addition of ice-water (50 g). Finally, the aqueous layer was resulting in the formation of 10 distinct cells each with an active
extracted with ether (3 30 mL) while the combined organic layer  area of 0.165 c# Film thicknesses were measured with a Tencor
was dried with anhydrous sodium sulfate and concentrated underP-10 surface profiler at a stylus force of 0.6 mg. Preliminary testing
a reduced pressure to give produdt (1.77 g, 86%)."H NMR of each of the ten pixels was performed to select the most promising
(CDClg) 6: 0.39 (s, 18H, SnMg, 0.88 (m, 10H), 1.28 (m, 16 H), pixel prior to full solar simulated analysis. The best performing
7.10 (s, 2H).13C NMR (CDCk) 6: —7.88, 12.20, 14.34, 22.83, pixel then underwen¥y,, |s, and dark and illuminatet-V studies
24.47, 31.65, 33.13, 125.03, 137.86, 143.30, 155.20. Anal. Calcd using an Oriel 300 W solar simulator with appropriate filters to
for CaeHs65:SiSn (%): C, 45.37; H, 6.74; S 9.32. Found (%): C, provide AM 1.5 G (100 mW/cR). The fill-factor (FF) was

45.46; H, 6.53; S, 9.46. determined from the illuminated-V and is the maximum power
Synthesis of Polymer 12Into a degassed suspension of bis- delivered divided by the product o¥o. and Is. For thermal
(triphenylphosphine)palladium(ll) chloride (Pd(RREIl,, 7 mg, annealing, devices were heated on a 0.64 cm thick aluminum plate

0.01 mmol) in anhydrous THF (2.5 mL) was dropwise added a with temperature controller in thermal contact powered by a DC
degassed solution dfo (104 mg, 0.2 mmol) and1 (138 mg, 0.2 supply. After first testing the devices at room temperature, tests
mmol) in anhydrous THF (5 mL). Thereafter, the reaction mixture were run at 30°C and at 10°C increments. External quantum
was stirred at ambient temperature for 5 min and then heated underefficiency (EQE) studies were performed using a tungsten source
reflux for 5 days. 2-(Tributylstannyl)thiophene (10 mg) and on an Acton Spectra Pro 275 monochromator with order sorting
2-bromothiophene (5 mg) were added consecutively under 1 dayfilters. The probe beam was chopped at 21 Hz and the signal
refluxing each to end-cap the bromo groups and trimethylstannyl detected with an EG&G PAR 5210 lock-in amplifier.

groups, respectively. After the solution was cooled down to room

temperature, water (10 mL) was added. The aqueous layer was therResults and Discussion

extracted by dichloromethylene (10 mt 2) while the combined C . .
organic layer was washed with water (15 mL) and dried over ~ SYnthesis. Dithienosilole (DTS) as a novet-conjugated
anhydrous magnesium sulfate and distilled to remove the solvents.Puilding block, in which thes 5’-positions of 2,2bithiophene
The residue was dissolved in a minimum amount of THF and was are intramolecularly linked by a silylene bridge, has been
added to methanol (80 mL) under stirring. Dark purple solid was synthesized for the development of efficient hole transporting
precipitated and collected by filtration. The resultant polymer sample materials for potential applications in organic light-emitting
was purified one more time by precipitation from THF/MeOH (122 dioded322and thin film transistor&® Aiming at the photovoltaic
mg, yield 85%). GPC:My 65 200; PDI 8.0:H NMR (CDCI) o: application, we report in this paper an innovative one-pot
0.86 (s, br,ll.OH), 1.26 (s, br, 16H), 7.12 (s, br, 2H). IR (film on  y5cedure for the facile synthesis of dithienosilole derivatives
NaCl) (cn): 2955 (m), 2922 (s), 2871 (m), 2854 (m), 1613 (), in a good yield. Briefly, 3,35,5-tetrabromo-2,2bithiophene
1466 (m), 1353 (w), 1250 (w), 1169 (m), 1099 (w), 998 (w), 958 : . 29 "

(w), 838 (W), 692 (W). Anal. Calcd for HsS,Si (%): C, 66.61; (7) was flrst_ selgctlvely I_|th|ated at the posmons and then
H, 7.83; S, 17.78. Found (%): C, 65.61; H, 7.75: S, 17.61. protected with tr!methylsnyl.group.s.. The resulting Sompound
Synthesis of Polymer 13To a degassed suspension of bis- 8 Was treated with 2.0 equis-BuLi in THF at —78 °C and

(triphenylphosphine)palladium(ll) chloride (Pd(RREI,, 19.5 mg, cyclized with dichlorodihexylsilane to produce compouad
0.01 mmol) in anhydrous THF (3.5 mL) was dropwise added a Finally, the trimethylsilyl groups were cleaved with bromine at
degassed solution df (137.5 mg, 0.3 mmol) and1 (216.8 mg, —78°C to give the target compound 5@ibromo-3,3-dihexy-
0.315 mmol, 1.05 equiv) in anhydrous THF (25 mL). Thereafter, Isilylene-2,2-bithiophenel0. Compoundl0 was then further
the mixture solution was stirred at ambient temperature for 5 min selectively lithiated at thex positions and protected with
and then heated at 780 °C in an oil bath for 5 days. 2-Bro-  {rimethyltin groups to produce compourd. Both polymers
mothiophene (5 mg) was then added to end-cap the trimethylstannyl{ > 530413 were synthesized by Stille coupling between's,5

groups. After the solution was cooled down to room temperature, ;. . ) . . } L
10 mL of water was added. The aqueous layer was then extractedbls(mmethylstannyl) 3,3dihexylsilylene 2,2b|th|ophe_ne ) .
and appropriate dibromo compounds (Scheme 2) in refluxing

by dichloromethylene (10 mlx 2) while the combined organic L . .
layer was washed by water (15 mL) and dried with anhydrous anhydrous THF after 5 days stirring. Since the palladium catalyst

magnesium sulfate to remove the solvents. The residue wasiS duite sensitive to oxygen and light, the polymerization reaction
dissolved in a minimum amount of THF, flitered and then added Wwas run in the dark using a standard Schlenk technique. Polymer
to methanol (80 mL) under stirring. Black solid was precipitated 12 is soluble in a wide range of common organic solvents,
and collected by suction. The resultant polymer was purified one including chloroform, tetrahydrofuran, and dichloromethane.
more time by precipitation from THF/MeOH. GPQ\¥,, 29 200; However, the high molecular fraction of polyméB is not

PDI 5.2.*H NMR (CDCly) 0: 0.89 (s, br, 10H), 1.27 (s, br, 16H),  sojuble in THF or chloroform because of the strong interchain
6.91-8.10 (m, ArH, 8H). Anal. Calcd for %H%NZSSS' (%): C, aggregation induced by the rigid electron-withdrawing unit of
61.96; H, 5.20; N, 4.25; S, 24.32. Found (%): C, 60.51; H, 5.46; 4,7-dithieyl-2,1,3-benzothiadiazole. Recently, Leclerc and co-

N, 4.32; 5, 24.05. workers observed a similar phenomenon on péi9[-hepta-
Photovoltaic Device Fabrication and Characterization.Glass decanyl-2,7-carbazolak-5,5-(4, 7'-di-2-thienyl-2,1',3 -ben-

slides patterned with ITO (Colorado Concept Coatings LLC) were ) . .
cleaned by sonicating sequentially in detergent, water, 1,1,1- Zothiadiazole)f? The weight-averaged molecular weigM)

trichloroethane, acetone, and methanol, followed by treatment in a @nd the polydispersity index (PDI) were measured by GPC using
low power air plasma for 15 min with a Harrick PDC-32G plasma THF as an eluent and polystyrene as the standard to be 65 200
sterilizer. Thereafter, the ITO-coated slides were spin-coated (500and 8.0 for polymefL2, and 29 200 and 5.2 for the THF-soluble
rpm for 5 s, then 4000 rpm for 60 s) with a filtered (O4® NYL fraction of copolymerl3, respectively.

w/ GMF syringe filter) aqueous solution of poly(ethylene diox- Thermal Pro ; ~
. 4 . ) . perties of Polymers 12 and 13The thermo
ythiophene) doped with polystyrene sulfonic acid, PEDOT:PSS gravimetric analysis (TGA) showed that polymérd and 13

trade name Baytron P VP Al 4083, H.C. Starck) and then . : S
Eransferred to aydrybox. The resulting thin PEDO'IQ:PSS layer &€ thermally stable with only about 5% weight loss in air at

(~35 nm) was dried in an oven under a mild purge at 120C temperatures of 360 and 32€, respectively. The negligible
for 1 h. A 1:1 (by weight) chlorobenzene solution of polymer and Weight loss below 300C can be ascribed to the high thermal
PCBM (10.0 mg/mL each) was stirred at 30 for 16 h and then stability characteristic of silole rings. DSC analysis revealed
spun-cast on the PEDGIPSS-coated slides at various speeds that both polymerd2 and13 are amorphous materials with a
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< Key: (@) 2.5x 1077 M; (b) 5x 10 " M; (c) 1 x 10 M; (d) 5 x
10%M; (e) 1 x 105 M; (f) 1 x 10™* M; (g) a solid-state film. The
LaX shifts from 588 to 691 nm with the concentration changes. The
spectra were offset for clarity (excitation wavelength: 515 nm for
4(’)0 6(’)0 860 10‘00 1200 solutions and 540 nm for the fllm)
Wavelength (nm) . " r . . 603
Figure 1. UV—vis spectra of polymed?2 (a) and13 (b) in THF 69
solutions and in the solid state. 3 ]
681
glass transition temperature at 83 and 1C4respectively. The 3 572 g
lack of crystallinity in these two polymers with the relatively &
high polydispersity ' indiceg (\{ide ;upra) gould serve as a 2 5 661
drawback for potential applications in organic solar cells since @ 47 e |

the formation of phase-separated ordered nanostructures in the¢2
photoactive layer is desirable for charge separation and trans—
port2425Further optimization of the synthetic conditions could g 545
lead to low-polydispersity polymers with a high crystallinity. 14

Optoelectronic Properties. UVV—Vis Absorptions. Figure 546
1 shows the UV-vis spectra for polymer$2 and13, in both a ) b |
solution (THF) and the solid state, respectively. As can be seen
in Figure 1a, broad absorption bands well located in the visible . . : i : a
region were observed for both the solution and filmlaf The 500 600 700 800
maximum absorbance wavelength (502 nm) f@rin THF is
about 144 nm red-shifted from the corresponding absorption Wavelength (nm)
wavelength (348 nm) of its monomado, reflecting a much  Figure 3. PL spectra ofL.3solutions in THF at different concentrations.
longer effective conjugation length over the extended copla- Key: (a) 2.5x 10 7 M; (b) 5 x 10 7" M; (c) 1 x 10°M; (d) 5 x
narized dithienosilole polymer backbone. However, it was noted 10°° M; (€) 1 x 10°°M; (f) 1 x 10°* M; (g) a solid-state film. The
that the film of polymerl2 showed the maximum absorbance zgﬁﬁitg?]s\’v:rzg ggger:nf]ofrofltigt%“Sﬁ;(Cltatlon wavelength: 521 nm for
wavelength at 498 nm; 4 nm blue-shifted compared with its ’
solution counterpart (Figure 1a). The band gap of polyfrier over 500-670 nm peaked at about 588 ni{f’) for the THF
in the solid state is estimated to be 1.91 eV based on its film solution of12 at 2.5 x 10~ M was found to red-shift up to
onset absorption wavelength. The observed blue-shift arises,642 nm for the same solution with a concentration of %.0
most probably, from a less coplanar configuration associated 104 M. The shoulder peak at565 nm in the fluorescence
with the more compact molecular arrangements in the solid state.spectra of those diluteti2 solutions (curves a and b in Figure

In contrast to polymet2, polymerl3 exhibited a red-shifted  2) may come from the oligomers with relatively shorter
and much more broadened absorption in the solid state with conjugation lengths. With the increase in the polymer concen-
respect to its solution absorption in THF (Figure 1b). The optical tration and thus the formation dfaggregate, the emission red-
band gap of polymet3in THF was estimated to be as low as shifted to longer wavelengths, leading to overlapping with the
1.81 eV and was further reduced to 1.40 eV in the solid state. peak at higher wavelengths. The corresponding PL emission
Similar changes in UV*vis spectra have been reported for rigid spectrum from a polymet?2 film showed a relatively weak
conjugated polymers with a strong interchain interaction and broad peak centered e&.691 nm (Figure 2g). Similar changes
were taken as an indication for 2D—x stacking!®1® in the fluorescence emission were observedifg@ras shown

The fluorescence emission spectral@fin THF at different in Figure 3. The observed concentration-dependent red-shift in
concentrations at room temperature are given in Figure 2, whichthe fluorescence emissions for bdt@ and 13 is presumably
show broad emission bands with a bathochromic shift by because these polymer chains take a more planar conformation
increasing concentration. For instance, the broad emission bandn an aggregated state at high concentrations, as is the cases for

n
o
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Table 1. Physical Properties of Polymers 12 and 13

Tg lmax /1max EHOMOC ELUMOC
polymer (C) (nmy (nmy (eV) (eV)
12 83 502 498 4.85 N.A.
13 114 563 593 5.13 3.23

aIn THF solution.”In the solid stateEstimated from the onset
potentials using empirical equation&nomo = E, + 4.38 eV andELumo
= E, + 4.38 eV.9No cathodic reduction wave was observed.

other silole-containing (macro)molecu&sThe PL quantum
efficiencies of12 and 13 in THF solutions were determined
with fluorescein as a referer®eto be 1.1% and 0.6%,
respectively. The corresponding values for solid films should
be even lower, as is the case for many other conjugated
polymers. The relatively low PL quantum efficienciesl@and

13, together with the broad and strong optical absorption,
suggested their potential for photovoltaic applications described
below.

Electrochemical Study.To investigate the electrochemical
properties of polymerd2 and 13 and estimate their HOMO
and LUMO energy levels, cyclic voltammetry (CV) was carried
out using a Pt disk (1 mm diameter), a Pt wire (0.5 mm
diameter), and a silver wire (2 mm diameter) as the working
electrode, counter electrode, and quasi-reference electrode
respectively. CV measurements were conducted in a 0.1 M Bu
NPFs acetonitrile solution under Ar at a scan rate of 50 mV
s L. Polymersl2 and13were coated on the working electrode.
Prior to the CV study, the Ag quasi-reference electrode was
first calibrated using a ferrocene/ferrocenium (F¢)redox
couple (0.35 V vs Ag/AgCPP as an external standard, and was
found to be—0.02 V vs SCE. Therefore, the LUMO and HOMO
energy levels of polymer&2 and 13 can be estimated using
the empirical equation&nomo = E"D + 4.38 eV andE ymo =
E, + 4.38 eV, respectively, wherg, and E|, are the onset
potentials for oxidation and reduction relative to the Ag quasi-
reference electrode, respectively. The results are summarize
in Table 1, along with some other physical properties.

Figure 4 displays the CV curves for polymet2 and 13.
Both the anodic oxidation and cathodic reduction processes of
13 are reversible. This ambipolar properties can be attributed
to the unique structure of polymet3, which consists of
alternating hole transporting dithienosilole (DST) moieties and
electron-deficient 2,1,3-benzothiadiazole units. On the contrary,
no cathodic reduction peak could be detected for polyh@er
implying the difficulty in injecting electrons into this material.

It is worth pointing out that the HOMO energy level of polymer
13 was lowered by 0.28 eVia the incorporation of electron
withdrawing units into the polymer backbone, as compared with
polymer12. The HOMO and LUMO levels of polymer3were
estimated to lie at 5.13 and 3.23 eV, respectively. The
electrochemical energy gap (1.9 eV for polymi& films) is
higher than the optically measured one, probably due to the
interfacial energy barrier for charge injectiéh.

Photovoltaic Properties.In order to investigate the potential
use of polymersl2 and 13 in organic solar cells, bulk-
heterojunction PV devices were fabricated in which the polymer
was blended in a 1:1 weight ratio with the complementary
fullerene-based electron acceptor, PCBM. Devices with the
structure ITO/PEDOFPSS/polymerl2 or 13:PCBM(1:1)/Al
were fabricated by first depositing a thin layer35 nm) of
PEDOT-PSS onto patterned ITO slides. The active layer was
then deposited on the PEDOT:PSS film, and deposition of an

!
p
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Figure 4. CV curves of polymei2 (a) and13 (b) films with 0.1 M
BuNPF; in acetonitrile as the supporting electrolyte.

For both polymerl2 and 13 based devices, the optimum
active layer thickness was found in the range of 70 to 90 nm.
Devices that were considerably thicker exhibited larger absorp-
tion cross sections, but with significantly lower short-circuit
currents due to high series resistance. On the other hand, devices
with thinner active layers<50 nm) maintained a relatively high
s« However, the very low voltages<Q.01) reduced the
chievable power output, due most probably to the presence of
inholes.

Annealing Effects. It has recently been shown that P3HT:
PCBM-based bulk-heterojunction devices exhibit an enhance-
ment in power conversion efficiency by approximately a factor
of 5 after annealing at 126150 °C.25% This increase in
performance has been attributed to improved charge mobility
brought about by the formation of ordered nanostructures. To
determine if a similar enhancement could be thermally induced
for polymers12 and 13 based devices, currentoltage mea-
surements were taken while heating through periodic°@p
temperature increases in situ. The comparison of PV perfor-
mance before and after the thermal treatment is shown in Figure
5. The enhanced device performance is likely due to a possible
thermal-induced reorganization of active components and
subsequent improvements in charge mobility. However, it should
be noted that the degree of improvement for devices comprised
polymers12 and 13 is much smaller than that observed for
P3HT devices. This is not surprising given the amorphous nature
of both polymersl2 and 13. In contrast, P3HT is a highly
crystalline material, which shows a pronounced red-shift in
UV —vis spectra after thermal treatment.

The difference in the PV performance between polyii&r
and 13 may lie in the nature of the polymer backbone. The
presence of internal electron dora@cceptor charge-transfer
interaction and strong interchain interaction in polynie
resulted in extended absorption in the solar spectrum, and thus
a better power conversion efficiency. Table 2 summarizes the

aluminum back electrode completed the device structure (seePV performance for the polymé2 and13 based devices under

Experimental Section for details).

AM 1.5 simulated solar illumination.
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Figure 5. 1=V characteristics of polymer (a2 and (b) 13 based 0'050 20 100 150 200
devices under AM 1.5 simulated solar illumination at an intensity of o
100 mW/cn. Temperature ("C)
. ) Figure 6. Power conversion efficiency as a function of operating
Table 2. Typical Photovoltaic Performance of Polymers 12 and 13 temperatures for polymer (42 and (b)13 based devices.
Based Solar Cells under Simulated AM 1.5 Solar Illumination (100
mW/cm?) a
0.05—
polymer Voc (V) Jsc(MA/cn?) FF PCE (%) 4
>
12 0.47 0.20: 0.21 0.02 2 0.04{+ Y
0.4% 0.52 0.22 0.052 3
13 0.38 0.83 0.22 0.0" 5 0.034
0.44 1.32 0.3 0.18 £
=]
2 For as-fabricated devicedFor annealed devices. § 0.02
=1
. . - . <]
The evolution of the power conversion efficiency with T o1
operating temperatures is shown in Figure 6. As can be seen g e
from Figure 6, the optimum operating temperature for polymers fhi 0.00
12 and 13 based devices was 90 and 140, respectively. ’ 400 600 800 1000

Polymer 13 exhibited the most significant improvement in Wavelength (nm)
maximum power output/efficiency (a factor of 3) upon anneal-

ing. Specifically, the device parameters improved frog— b 4025
0.83 mA/cn, Vo = 0.38 V, and PCE= 0.07% at room .
temperature tdsc = 1.32 mA/cn?, Vo = 0.44 V, and PCE= £ 00201
0.18% at 140C. The improvement in efficiency with increasing S ¢
temperature could be due to the formation of phase-separated i 0.015/?
structures and increased charge mobilities at higher temperatures. S '
However, overheating the devices above the optimum operating § 0.010+
temperature resulted in irreversible damage to the device. This o

could be ascribed to the over-growth of the PCBM phase and/ § 0.005+
or the occurrence of interface delamination at temperatures well X

above theTy of the polymer matrixé! 0.000
External Quantum Efficiency. Figure 7 displays the external
quantum efficiency (EQE) spectra for the devices using the

polymer12 or 13:PCBM (1:1) blend as the photoactive layer.
Polymer 12 based devices exhibit PV response peaks at 340
and 425 nm, as well as a shoulder at 550 nm, which coincide the polymer absorption regions contributed at a less extent than
largely with those in the absorption spectra of the individual expected to the overall device response. The EQE spectrum for
components. The absorption spectrum (not shown) of the a 13:PCBM blend based device is shown in Figure 7b. There
polymer 12:PCBM blend is a simple linear superposition of the are two peaks at 350 and 580 nm, and a shoulder at 400 nm. In
component absorption spectra, suggesting that there is no grounatontrast to polymef.2, the measured current in the region of
state interaction between the two components. However, thethe polymer absorption comprises a large portion of that obtained
origin of the additional peak at 425 nm in the EQE spectrum is over the tested range, suggesting that this polymer is somehow
not clear at this moment. Interestingly, the current response overcontributing significantly to the overall current generated by

400 600 800 1000
Wavelength (nm)

Figure 7. EQE spectra for the PV devices using the polymerl()
or (b) 13PCBM (1:1) blend as the photoactive layer.
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the 13:PCBM based device under illumination presumably due
to the effective intramolecular charge transfer.

Conclusions

Dithienosilole-containing homopolymer2 and alternating
copolymer13 (Scheme 2) were synthesized and their optical

absorption, fluorescence, and photovoltaic properties were

investigated. Polymerk2 and13in THF solution demonstrated
absorption peaks at 502 and 563 nm, respectively; polyirBer

displayed pronounced red-shifts upon the formation of the
corresponding solid films due to the presence of electron-
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under AM 1.5 simulated solar illumination. The best PV
performance was obtained from the polym@&based devices
after thermal annealing at 14C with an open-circuit voltage
of 0.44 V, a short-circuit current density of 1.32 mA/&nand

an overall power conversion efficiency of 0.18%. Given the
low values of the fill-factor listed in Table 2, it is likely that
the photovoltaic performance can be further improved by
optimizing the polymerization conditions to improve polymer
purity and crystallinity, the ratio of the polymer to PCBM, and/
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or device fabrication conditions. Therefore, this study does (19) Brown, P. J.; Thomas, D. S.;"Kter, A.; Wilson, J. S.; Kim, J. S.:

provide new concepts for enhancing light harvesting (via the
synthesis of silole-containing low-band gap conjugated polymers

with strong internal electron doneacceptor interactions) and

for improving the device performance through the morphology

control of the silole-containing conjugated polymer photovoltaic

layers by thermal annealing, though the value of the power
conversion efficiency obtained so far for these unoptimized solar (22)

cells is still relatively low.
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