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Available online 3 October 2013 (PDTSDTBT) was designed by introducing a thiophene spacer bearing a hexyl chain at -

position in the main backbone and compared to its analog poly[(4,4’-dioctyldithieno|[3,2-
b:2'3'-d]silole-2,6-diyl)-alt-(2,1,3-benzothiadiazole-4,7-diyl)] (PDTSBT). In PDTSDTBT,

Keywords: linear alkyl chains on silicon were chosen due to facile and cheap access and the inserted
Low band gap polymers A . . . R

Copolymers 3-hexylthiophene units were chosen to increase solubility and molar mass, a weak point
Organic solar cells with PDTSBT. The two parameters are important to optimize photovoltaic performances.
Polymer solar cells To compare characteristics, PDTSDTBT of molar masses greater than, and equal to a sample
Stille coupling of PDTSBT, were prepared. Pd-catalyzed Stille cross-coupling reactions in a micro-wave
Microwave reactor to promote an efficient copolymerisations. A strong absorption ranging from

370 nm to 800 nm and a good thermal stability were observed. PDTSDTBT showed better
solubility and higher degree of crystallinity. Facile synthesis of high molar masses meant
that higher efficiencies, around 40% greater, could be obtained with PDTSDTBT. The
polymer was demonstrated to be susceptible to improvement through the use of device-
additives. For example, under initial optimisations using PDTSDTBT:PCsoBM blend at a
ratio of 1:1 delivered a power conversion efficiency of 2.13% with Jsc = 7.73 (mA/cm?),
under AM 1.5 (100 mW/cm?) illumination.
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1. Introduction combustion of fossil fuel liberates carbon dioxide (CO,).
Providing energy from non-CO,-emissive sources is re-

Most of our energy is derived from fossil fuels but the quired to prevent global warming that might induce irre-
supply is finite and the energy derived from the versible climate change [1]. Solar energy is one of the

best renewable sources of energy because of its easy

access. Most commercial solar cells (photovoltaic) are
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of processing, mechanical flexibility, and potential for low
cost fabrication of large area devices. In addition, their
material properties can be substantially adapted by modi-
fying their chemical structure. The greatest understanding
of the properties and photovoltaic processes has been de-
rived from bulk-heterojunction organic solar cells (OSCs)
based on poly(3-hexylthiophene) (P3HT) and [6,6]-phe-
nyl-Cg;-butyric acid methyl ester (PCBM) where efficien-
cies reached around 5% [3,4]. When seeking higher
efficiencies, the deficiency of P3HT becomes apparent; its
band gap at around 1.9 eV, limits absorption to values be-
low 650 nm. By decreasing the band gap it is possible to
harvest more photons (700-900 nm) and thereby increase
the power conversion efficiency (PCE). Based on this point
of view, the so-called low-band gap polymers have re-
ceived more attention the past few years, since it is be-
lieved that they can improve the efficiency of
photovoltaic devices, due to better overlap between the
absorption spectra and the solar spectrum. Several recent
reviews report results of a large variety of low bandgap
polymers [5] and the development of fabrication tech-
niques of large area functional organic materials [6].

The highest PCE of a low band gap polymer (based on
thieno|3,4-c]pyrrole-4,6-dione (TPD)) reported in the liter-
ature to our knowledge is 8.5% [7], however, there are a
number of industrial results which indicate that even high-
er values are currently being accessed [8,9]. The tuning and
modification of the band gap of a conjugated polymer in-
volves at least six factors: bond length alternation, mono-
mer alternation, aromaticity, 7m-conjugation length,
intermolecular interactions and inter-chain transfer
[10,11]. One of the most efficient methods to decrease
the band gap of conjugated polymer materials, and thereby
enhance the photocurrent, is to incorporate electron rich
unit (donor D) and electron deficient unit (acceptor A) in
an alternating fashion in the polymer chain. The D-A sys-
tem exhibits partial intramolecular charge transfer (ICT)
that enables manipulation of the electronic structure
(HOMO/LUMO) leading to a low band gap polymer with
high charge carrier mobilities [12]. Common donor moie-
ties include thiophene [13], carbazole [14], fluorene [15],
dibenzosilole [16], dithieno[3,2-b:2,3-d]silole [17], ben-
z0[1,2-b;3,4-b]dithiophene [18] and cyclopentadithioph-
ene [19] groups, while acceptors moieties are usually
2,1,3-benzodiathiazole [20], diketopyrrolopyrrole [21], thi-
eno[3,4-b]thiophene [22], and dioxypyrrolothiophene [18].
Among the donor units dithieno[3,2-b:2,3-d]silole (DTS)-
containing polymers have attracted attention as novel sys-
tems [23-25], with high photochemical stability [26], in
which the Si-C o-orbital effectively mixes with the mt-orbi-
tal of the butadiene fragment to afford a low-lying LUMO
and a relatively low band gap [27]. In addition, silicon
introduction stabilizes the diene HOMO level compared
to the carbon counterparts, which should enhance the
ambient stability of silole polymers. For example, by
replacing the carbon atoms on the 9-position of the fluo-
rene units of PFDTBT with silicon atoms, a higher efficiency
of 54% was obtained from poly[(2,7-dioctylsila-
fluorene)-2,7-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothia-
diazole)-5,5'-diyl] (PSiFDTBT) [16]. For the acceptor units,
2,1,3-benzothiadiazole (BT), which possess strong electron

accepting features, because of the two electron withdraw-
ing imines (C=N) and the bridged nitrogen atom, has been
incorporated in a growing number of low band gap mate-
rials [20,24,28] in large part due to the ease of preparing
the monomer 4,6-dibromo-2,1,3-benzothiadiazole [29].
The other possible comonomer is the 4,7-dithien-5-yl-
2,1,3-benzodiathiazole (DTBT) [14,15,28,30] where there
are two thiophene spacers between the BT unit and the
electron-rich unit. The number of thiophenes between
the benzothiadiazole units affects the band gap of the poly-
mer [31]. It was thus possible to decrease the band-gap of
polymer from 2.1 eV for one thiophene unit to 1.65 eV for
four thiophene units [31]. The solubilizing side chains on a
given conjugated copolymer may have considerable im-
pact on the material properties. The chain nature (linear
or branched) and the position not only fix material solubil-
ity but may also change the optoelectronic characteristics
[32]. Several copolymers based on DTS and BT or DTBT
were synthesized and investigate the effect of changing al-
kyl group’s length and position. PCE obtained with copoly-
mers based on DTS and BT were dependent on the alkyl
chain present on the Si atom of the DTS unit, 4.7% with
branched ethylhexyl chains [24] and 5.8% with linear
dodecyl chains [20]. The studies on copolymers based on
DTBT showed that a higher PCE of 3.43% [23] can be ob-
tained with the long dodecyl chains, due to better solubil-
ity and improved n-7m stacking with respect to the
hexylated subunit which is poorly soluble and leads to a
PCE of 0.18% [33]. On the other hand, introducing branched
ethylhexyl chain leads to higher steric hindrance and lower
PCE of 2.95% in comparison with dodecyl chain [23]. The
presence of alkyl groups with different length and position
on the acceptor unit (DTBT) is of interest: studies show
that alkyl groups are better placed on thiophene spacers
rather than on the BT unit [34], and indeed best placed at
the thiophene pB-position to minimize twisting and the
consequent disruption of conjugation [35,36].

Given this understanding of the literature, we decided to
synthesize two low band gap polymers poly[(4,4'-dioctyldi-
thieno|3,2-b:2',3'-d]silole-2,6-diyl)-alt-{4,7-bis[2-(3-hexyl)
thienyl]-2,1,3-benzothiadiazole-5,5'-diyl}] (PDTSDTBT) and
poly[(4,4'-dioctyldithieno[3,2-b:2’,3'-d]silole-2,6-diyl)-
alt-(2,1,3-benzothiadiazole-4,7-diyl)] (PDTSBT) with linear
octyl chains on the DTS unit. The aim of our work focuses
on studying the effect of thiophene group bearing a hexyl
side chain at p-position on the conjugation length and
photovoltaic performances.

2. Experimental section
2.1. Materials

All manipulations involving air-sensitive reagents were
carried out under dry nitrogen using flame-dried glassware
and conventional Schlenk techniques unless otherwise sta-
ted. Syringes which were used to transfer reagents or sol-
vents were purged with nitrogen prior to use. Chemicals
and reagents were used as received from Aldrich (France)
and ABCR (Germany) without further purification, unless
stated otherwise. Solvents (Baker, France) were used as
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received except for THF which was distilled from over so-
dium and benzophenone under nitrogen, and N,N-dimeth-
ylformamide (DMF) which was dried over CaH, under
nitrogen and filtered via a syringe equipped with a
poly(vinylidene difluoride) (PVDF) filter of 0.2 pm pore
diameter.

2.2. Measurements and characterization

Nuclear magnetic resonance (NMR) spectra were re-
corded using a Bruker® Advance 400 MHz spectrometer
in CDCl3 and ambient conditions. Chemical shifts of the
'"H NMR were reported in ppm relative to the singlet of
CDCl; at 7.26 ppm and coupling constants (J) are given in
Hertz (Hz). All purifications were performed on a Combi-
Flash® R¢ system by TELEDYNE ISCO. Flash Purification Sys-
tem using RediSep® Rf Flash Purification Cartridges as the
stationary phase (Teledyne Isco, 69-2203-340). Number-
average molar masses (M), mass—average molar masses
(M,,), and dispersities (P = M,/M,,), were estimated against
polystyrene standards by gel permeation chromatography
(GPC) using a bank of 4 columns (Shodex KF801, 802.5,
804 and 806) each 300 mm x 8 mm at 30 °C with THF elu-
ant at a flow rate of 1.0 mL min~! controlled by a Malvern
pump (Viskotek, VE1122) and connected to Malvern
VE3580 refractive index (RI) and Malvern VE3210 UV-vis-
ible detectors. Thermogravimetric analysis (TGA) was per-
formed on a TGA Q50, TA Instruments at a heating rate of
10°C min~! under air. Differential Scanning Calorimetry
(DSC) was carried out with TA Instruments Q100 operating
under a nitrogen atmosphere with heating rate of
10°Cmin~! and cooling rate of 5°Cmin~!. UV-visible
absorption spectra were recorded on a Shimadzu UV-
2450PC spectrophotometer. X-ray diffraction experiments
were performed using a Rigaku rotating anode generator
at a wavelength of 1.54 A (Cu K-alpha emission). The spec-
tra were recorded with a bidimensional detector located at
158 mm from the sample, which was introduced as a pow-
der in glass capillary tubes (Glas, Muller, Germany) exhib-
iting a diameter of 1.5 mm. All samples received a thermal
annealing at 150 °C for 30 min in order to improve the
grain size and the local organization of the polymers. Cyclic
Voltammetry (CV): a standard three-electrode electro-
chemical setup (AUTOLAB PGSTAT 101) consisting of a
glassy carbon or a platinium disk as working electrode
(2 mm diameter), a platinum foil as counter electrode,
and a AgCl/Ag as reference electrode, was used in the elec-
trochemical experiments. At the end of each experiment
performed in CH3CN/BuyNPFg (0.1 M), the standard poten-
tial of the ferrocenium/ferrocene couple, Egc+/rc, Was mea-
sured, and all potentials were referenced against SCE
using a previous determination of Epc.jrc=0.41V versus
SCE in CH5CN[37]. Polymers were drop casted from a
10 mg/mL polymer solution in chlorobenzene/BuyNPFg
(0.1 M) on the working electrode. Only values from the first
sweep on a film were used as the film is changed or de-
stroyed during the first oxidation. The scan rate used was
100 mV s~!. Microwave experiments were performed
using a single-mode microwave reactor (CEM Discover).
Microwave assisted polymerization reactions were carried
out in standard Pyrex vessels (total capacity of 10 mL)

sealed with Teflon septum caps. The reaction temperature,
pressure, and microwave power were monitored using a
computer controlled CEM-Discover focused synthesis
system.

2.3. Fabrication of polymer solar cells

Organic solar cells were prepared according to the fol-
lowing procedure: Indium tin oxide (ITO) - coated glass
electrodes (10 Q/sq, Kintec), were cleaned in successive
solutions of acetone, ethanol and iso-propanol for
15 min under ultrasound. After drying the substrates with
air flow, UV-ozone treatment (15 min) was applied to the
substrates in order to increase the hydrophilic nature of
the surface and to remove residual organic contamina-
tion. A water dispersion of poly(3,4-ethylenedioxythio-
phene) doped with poly(styrenesulfonate) (PEDOT:PSS,
Sigma-Aldrich) was spin-coated (4000 rpm/40s, with
about 40 nm thickness) onto the ITO sheets, followed by
a thermal treatment at 110 °C for 30 min to remove resid-
ual moisture. All further device elaboration and character-
izations steps were carried out under inert atmosphere
(N3) in gloveboxes. Commercially available PCsoBM (99%,
Solaris Chem. Inc.) and PC;oBM (>99%, Solaris Chem. Inc.)
were used without further purification. Solutions of poly-
mer:PCBM (10 mg mL™') were prepared with weight ratio
1:1 and kept stirred on a hot plate at 50 °C overnight.
Solutions were then spin-coated on the PEDOT:PSS layer
(500 rpm/40 s) resulting in layers of 100 nm thick as indi-
cated by an Alpha-step IQ profilometer. Finally, an alumi-
num top electrode (100 nm) was thermally evaporated
under secondary vacuum (10-® mbar) through a shadow
mask determining the active surface (8.6 mm?). The com-
plete devices were annealed on a hot plate at 140 °C for
10 min in the glove box. The current density-voltage (J-
V) characteristics of the cells were measured with a Keith-
ley 2400 under illumination using an AM1.5 solar simula-
tor set at 100 mW/cm? with an IL1400BL calibrated
radiometer. Quantum efficiencies were measured with a
Xe lamp, monochromator and optical fiber focused on de-
vices. The photocurrent was collected with a Keithley
6487. Photon flux was determined with an integration
sphere. EQE measurements were conducted in air without
encapsulation.

2.4. Synthesis of monomers and polymers

2.4.1. 3,3'-dibromo-2,2'-bithiophene (2)

To 3-bromothiophene (1) (10 g, 61.35 mmol) in anhy-
drous THF (100 mL) at —78 °C, lithium diisopropylamide
(LDA) (30.68 mL, 2.0 M solution, 61.35 mmol) was added
dropwise over 30 min. After the addition, the solution
was stirred at the same temperature for 1 h and anhydrous
CuCl, (16.4 g, 122.7 mmol) was added in one portion. The
solution was allowed to stir at —78 °C for 1 h before warm-
ing to room temperature and stirring for 16 h. 200 mL Dis-
tilled water quenched the reaction. The aqueous layer was
extracted with dichloromethane. The combined organic
phases were washed with distilled water, dried over anhy-
drous Na,SO,4 and concentrated under reduced pressure to
obtain a brown solid. The residue was purified by column
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chromatography using hexane and chloroform mixture
(90:10) as eluent to yield a yellowish solid. Further recrys-
tallization from ethanol yielded compound (2) as a white
solid (6.26 g, 63%). 'H NMR (CDCls, 400 MHz) §: 7.41 (d,
3]=5.4Hz, 2H), 7.08 (d, 3] = 5.4 Hz, 2H).

2.4.2. 3,3'-di-n-octylsilylene-2,2'-bithiophene (3)

n-BuLi (2.5 M solution in hexane, 1.92 mL, 4.8 mmol) in
anhydrous THF (45 mL) was cooled to —78 °C and 3,3'-di-
bromo-2,2’-bithiophene (2) (0.78 g, 2.4 mmol) in dry THF
(15 mL) was added dropwise. The solution was stirred for
2h and then dichlorodioctylsilane (1 g, 3.07 mmol) in
15 mL of dry THF was added dropwise at —78 °C. The reac-
tion was stirred for 6 h at room temperature prior to
quenching with saturated aqueous NH4Cl solution
(50 mL). The aqueous layer was extracted with diethyl
ether, organic phases were combined and washed with
water and dried over anhydrous Na,SO,. Filtration and
evaporation of solvent gave a crude product that was puri-
fied by flash chromatography using petroleum ether as
eluent to yield a light yellow oil (0.61 g, 61%). 'H NMR
(CDCls, 400 MHz) &: 7.19 (d, */=4.6 Hz, 2H), 7.04 (d,
3]=4.6 Hz, 2H), 1.32-1.43 (m, 4H), 1.13-1.32 (m, 20H),
0.8-0.94 (m, 10H).

2.4.3. 5,5'-Bis(trimethylstannyl)-3,3'-di-n-octylsilylene-2,2'-
bithiophene (M1)

To a solution of 3,3'-di-n-octylsilylene-2,2’-bithiophene
(3)(0.39 g, 0.931 mmol) in anhydrous THF (8 mL), n-butyl-
lithium in hexane (2.5 M, 0.93 mL, 2.328 mmol) was added
slowly at —20 °C under nitrogen. The mixture was allowed
to warm to room temperature and stirred for 1 h leading to
the formation of a white suspension. It was then subse-
quently cooled to —20 °C where a 1 M solution of trimeth-
yltinchloride (2.8 mL, 2.8 mmol) in anhydrous THF (5 mL)
was added dropwise. The mixture was left to reach ambi-
ent temperature and stir overnight before being poured
into deionized (DI) water. Extraction was performed using
diethyl ether and repeated washing with water. Drying
over anhydrous Na,SO,, filtering and solvent evaporation
gave a crude product that was placed under high vacuum
for 24 h to yield a yellow-brown viscous oil (M1) (0.68 g,
98%) which was used in the next step without further puri-
fication. "H NMR (CDCls, 400 MHz) é: 7.08 (d, 3Jy_sn = 24.7 -
Hz, 2H), 1.35-1.45 (m, 4H), 1.15-1.33 (m, 20H), 0.82-0.92
(m, 10H), 0.38 (d, 2Jy_sn = 56 Hz, 18H).

2.4.4. 4-hexyl-2-trimethylstannylthiophene (5)

LDA (2.0 M solution, 6.24 mL, 12.48 mmol) was added
dropwise over 15 min to a solution of 3-hexylthiophene
(4) (2g, 11.88 mmol) in anhydrous THF (80 mL) at
—78 °C. The mixture was stirred at room temperature for
1 h. After cooling again to —78 °C, a solution of trimethyl-
tinchloride (1.0 M in THF, 13.7 mL, 13.7 mmol) was added
slowly. After stirring at room temperature for overnight,
the reaction was quenched by addition of 80 mL of distilled
water. The mixture was then recovered with diethyl ether,
and washed and dried as M1. The final product (5) was ob-
tained as an oily liquid and used in the next step without
further purification (yield: 82%). 'H NMR (CDCls,
400 MHz) 6: 7.2 (d, ¥Jy_sn=12.2Hz, 1H), 7.01 (d, 34

sn=25.6Hz, 1H), 7.04 (s, 2H), 2.64 (t, 3J]=7.8 Hz, 2H),
1.63 (q, 2H), 1.24-1.4 (m, 6H), 0.89 (t, 3] =6.8 Hz, 3H),
0.35 (d, ?Jy_sn = 56 Hz, 9H).

2.4.5. 4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole
(6)

Pd(PPhs),Cl, (0.09 g, 0.125 mmol) was added to a solu-
tion of 4,7-dibromo-2,1,3-benzothiadiazole (M2) (0.92 g,
3.12 mmol) and 4-hexyl-2-trimethylstannylthiophene (5)
(3.1 g,9.36 mmol) in 45 mL of anhydrous THF. The mixture
was refluxed (70-80 °C) under N for 24 h. The solvent was
evaporated and the residue recovered with chloroform,
washed with distilled water, dried over anhydrous Na,;SOy,,
filtered and evaporated. The crude product was purified by
flash chromatography using petroleum ether as eluent to
give an orange solid (6) in a very high yield (98%). 'H
NMR (CDCls, 400 MHz) §: 7.98 (d, °] = 0.6 Hz, 2H), 7.83 (s,
2H), 7.04 (d, 3] = 0.6 Hz, 2H), 2.69 (t, 3]=7.8 Hz, 4H), 1.7
(q, 4H), 1.28-1.45 (m, 12H), 0.9 (t, 3] = 7 Hz, 6H).

2.4.6. 4,7-bis(5-bromo-4-hexylthiophen-2-yl)-2,1,3-
benzothiadiazole (M3)

To a solution of 4,7-bis(4-hexylthiophen-2-y1)-2,1,3-
benzothiadiazole (6) (0.6g, 1.28 mmol) in anhydrous
DMF (33 mL) was added N-bromosuccinimide (NBS)
(0.47 g, 2.92 mmol) in two portions. The reaction mixture
was stirred at room temperature for 16 h in the dark. The
resulting solution was poured into water (120 mL) and
diethyl ether (120 mL) and stirred for 2 h. The organic layer
was separated and washed two times with a saturated
aqueous solution of sodium chloride (brine). The combined
organic phase was dried over anhydrous Na,SO,4 and fil-
tered. The ether was removed under reduce pressure and
the crude product was purified by flash chromatography
using a mixture of hexane and chloroform (95/05) as elu-
ent to give an orange solid (M3) in 94% yield. '"H NMR
(CDCls3, 400 MHz) é: 7.77 (s, 2H), 7.76 (s, 2H), 2.64 (t,
3]=7.7 Hz, 4H), 1.67 (q, 4H), 1.29-1.45 (m, 12H), 0.9 (t,
3] =7 Hz, 6H).

2.4.7. Poly[(4,4'-dioctyldithieno[3,2-b:2',3'-d]silole-2,6-diyl)-
alt-{4,7-bis[2-(3-hexyl)thienyl]-2,1,3-benzothiadiazole-5,5'-
diyl}] (PDTSDTBT-P2)

In a 10mL high pressure microwave reactor tube
equipped with a sealed septum, a solution of 5,5’-bis(trim-
ethylstannyl)-3,3’-di-n-octylsilylene-2,2’-bithiophene (M1)
(100 mg, 0.134 mmol) and 4,7-bis(5-bromo-4-hexylthio-
phen-2-yl)-2,1,3-benzothiadiazole (M3) (80 mg, 0.128 mmol)
was taken in anhydrous chlorobenzene (2 mL) in the
glovebox. To the solution, tris(dibenzylideneacetone)
dipalladium(0) (2.34 mg, 2 mol%), tri(o-tolyl)phosphine
(3.12 mg, 8 mol%), and CuO (10.18 mg, 0.128 mmol) were
added. The tube was subjected to the following conditions
in a microwave reactor: 120 °C for 5 min, 140 °C for 5 min
and 170 °C for 45 min. After cooling to room temperature,
the resulting viscous liquid was dissolved in hot chloro-
benzene then added slowly into a vigorously stirred cold
methanol. The solid was subjected to Soxhlet extraction
with methanol, acetone, and chlorobenzene in that order.
The chlorobenzene fraction was concentrated and precipi-
tated from methanol, and the precipitant was filtered and
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dried under reduced pressure to afford PDTSDTBT-P2, as a
dark-blue solid. The yield of the polymerization reaction
was 88%. GPC: M,, = 35,800 g mol~!, D =2.28.

2.4.8. Poly[(4,4'-dioctyldithieno[3,2-b:2',3'-d]silole-2,6-diyl)-
alt-{4,7-bis[2-(3-hexyl)thienyl]-2,1,3-benzothiadiazole-5,5'-
diyl}] (PDTSDTBT-P1)

A second batch of PDTSDTBT prepared under similar
conditions except that the reactor tube was subjected to
the following conditions in the microwave reactor:
120 °C for 5 min, 140 °C for 5 min and 170 °C for 15 min.
PDTSDTBT-P1: M,, = 8500 g mol !, P = 1.29.

2.4.9. Poly[(4,4'-dioctyldithieno[3,2-b:2',3'-d]silole-2,6-diyl)-
alt-(2,1,3-benzothiadiazole-4,7-diyl)] (PDTSBT-P3)

The polymerization process was the same as that for
PDTSDTBT-P1, except that 4,7-dibromo-2,1,3-benzothiadi-
azole (M2) co-monomer was used instead of monomer
(M3). The polymer was extracted using Soxhlet apparatus
with methanol, acetone, hexane, and chlorobenzene. The
chlorobenzene fraction was concentrated and precipitated
into methanol, and the precipitant was filtered and dried
under reduced pressure to afford PDTSBT-P3, as a metallic
shine solid. GPC: M,, = 7700 g mol~!, P = 1.35.

3. Results and discussion
3.1. Synthesis of monomers

The synthetic route of 5,5'-bis(trimethylstannyl)-3,3’'-
di-n-octylsilylene-2,2’-bithiophene (M1) is shown in
Scheme 1, and begins with commercially available 3-bro-
mothiophene (1). This was selectively lithiated in the 2 po-
sition using lithium diisopropylamide (LDA). The resulting
anion, stabilized by the inductive effect of the bromine
atom, was oxidatively dimerized by treatment with CuCl,
to afford the head-to-head coupled dimer (2) in 63% yield.
Double lithiation of 2,2’-dibromobithiophene (2) with n-
BuLi at —78 °C, followed by subsequent quenching with
the corresponding dioctyldichlorosilane (Oct,SiCly), yields
3,3'-di-n-octylsilylene-2,2’-bithiophene (3) as light-yellow
oil in 60% yield. This compound is light-sensitive: it con-
verted to a viscous blue oil on standing for a few days in
light. Compound (3) was then further selectively lithiated
with n-BuLi at the «-positions and protected with
trimethyltin groups to produce monomer M1. The
di-trimethylstannyl compounds proved unstable in all
types of column purification included silica and neutral
or basic alumina [38]. Therefore, the obtained crude prod-
uct was dried under high vacuum to remove the excess of

Br CBHW CeH17

MesSnCl, providing a pale yellow oil in a very high yield
(~98%).

The synthesis of 4,7-dibromo-2,1,3-benzothiadiazole
monomer (M2) has been done following procedure re-
ported in the literature [29]. The thiophene-benzothiadiaz-
ole comonomer (M3) was synthesized by adopting the
procedure illustrated in Scheme 2. In this procedure, selec-
tive deprotonation of 3HT (4) in 5 position has been per-
formed by the addition of one equivalent of LDA base at
low temperature. This step is followed by in situ reaction
of the lithium salt with trimethyltin chloride (MesSnCl)
provided the corresponding 4-hexyl-2-trimethylstannyl-
thiophene (5) in 82% yield. Note that the lithiation of 3-
hexylthiophene using n-BuLi/TMEDA [39] and following
by the addition of Me3SnCl get a mixture of 2- and 5-func-
tionalized 3-hexylthiophene. The formation of undesirable
2-stannyl-3-hexythiophene may be due to the less steric
hindrance of n-BuLi in comparison with LDA allowing ac-
cess to the 2-position. The synthesized thiophene-stannyl
compound (5) was then reacted with 4,7-dibromo-2,1,3-
benzothiadiazole (M2) by Stille cross-coupling reaction.
This reaction proceeded in the presence of 4 mol% of
Pd(PPh3),Cl, as catalytic system providing the 4,7-bis(4-
hexylthiophen-2-yl)-2,1,3-benzothiadiazole (6) in very
high yield (98%). Compound (6) was dibrominated using
NBS in DMF to give dibromo-functionalized comonomer
(M3) as orange solid with 94% yield.

3.2. Polymer synthesis

General synthetic strategy for PDTSBT and PDTSDTBT
copolymers is outlined in Scheme 3. The BT-based polymer
PDTSBT-P3 was synthesized by microwave-assisted Stille
cross-coupling polymerization [40] using the correspond-
ing monomers M1/M2 and Pd,(dba)s/P(0o-Tol);/CuO as
the catalyst system in chlorobenzene. Since the palladium
catalyst is sensitive to light, the polymerization was run in
the dark. PDTSBT-P3 exhibited an M, of 5700 g mol ",
with a low dispersity of 1.35, as indicated by gel perme-
ation chromatography (GPC) against polystyrene stan-
dards. This polymer is soluble in chlorinated solvents,
such as CHCls, chlorobenzene (CB) and dichlorobenzene
(DCB). PDTSDTBT copolymers were synthesized by the
same method using 5,5-bis(trimethylstannyl)-3,3’-di-n-
octylsilylene-2,2'-bithiophene (M1) and the appropriate
dibromo compound (M3) in chlorobenzene; the polymers
comprised the DTS and DTBT units. To evaluate the effect
of the molar mass on the optoelectronic properties and de-
vice performance, two PDTSDTBT polymers were synthe-
sized, namely PDTSDTBT-P1 with a M, of 6600 g mol™!
and PDTSTDBT-P2 with a higher M, of 15,700 g mol™!
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Scheme 1. Synthetic route and molecular structure of the monomer M1.
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Scheme 3. Synthetic route and molecular structure of PDTSBT and PDTSDTBT copolymers.

Table 1

Molar masses and temperature of thermal degradation of the copolymers.
Polymers My (gmol™') M, (gmol™") H?* Ts5(°C)°
PDTSDTBT-P1 8500 6600 129 368
PDTSDTBT-P2 35,800 15,700 228 -
PDTSBT-P3 7700 5700 135 362

2 My, My, and D determined by GPC against polystyrene standards.
b T5: temperature corresponding to a 5% weight-loss under air.
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Fig. 1. Normalized UV-visible absorption spectra of P1, P2 and P3 in
CHCl;3 solution.

(Table 1). Both copolymers were readily soluble in com-
mon organic solvents and had greater solubility in compar-
ison with PDTSBT-P3 especially in THF and chloroform.

3.3. Optical properties

Fig. 1 presents the absorption spectra of the copolymers
recorded from CHClz solutions at room temperature. The
corresponding data are summarized in Table 2.

The solution absorption spectra of PDTSDTBT (P1 and
P2) and PDTSBT (P3) showed similar profile with two sig-
nificant absorption peaks. The first absorption band is sit-
uated at short wavelengths and attributed to the n-7*
electronic transition of dithienosilole unit, while the sec-
ond at higher wavelengths can be assigned to the internal
charge transfer (ICT) interaction between the electron-
accepting BT and electron-donating DTS or HT units
[41,42]. Moreover, a vibronic shoulder appeared only in
the case of PDTSBT (P3) at 784 nm implying that a certain
degree of n—7 aggregation was already occurring in solu-
tion [43]. The presence of this shoulder can explain the
lower solubility of this copolymer compared to P1 and
P2. Looking closer the absorption spectra of the two
PDTSDTBT copolymers, an important red-shift of 44 nm
of the absorption band can be observed passing from P1
to P2. This bathochromic shift can be attributed to the mo-
lar mass of P2 (15,700 g mol~!) higher than that of P1
(6600 g mol~'). The increase in molar mass results in an in-
crease of the conjugation length and shifting the absorp-
tion spectrum to higher wavelengths. On the other hand,
to compare the optical properties of the two types of
copolymers PDTSDTBT and PDTSBT, we take the case of
P1 (M, = 6600 g mol~') and P3 (M, = 5700 g mol~') having



4182 H. Medlej et al./European Polymer Journal 49 (2013) 4176-4188

Table 2
Optical properties of the polymers (bold values correspond to the wave-
length at the maximum of absorption).

Polymers  Solution® FilmP
A nm .
max ( ) Zmax (nm) JLonset (nm) Egp[ (EV)L
P1 420, 576 461, 649 794 1.56
P2 452, 620 467, 673 815 1.52
P3 412, 664, 784 430, 689, 78 856 1.44

2 In dilute chloroform solution.

b Spin-coated from CB solution.

€ Optical band gap estimated from the low energy band edge in the
optical spectrum, g = 1240/ Jonget.

approximately the same degree of polymerization. The
absorption spectra of P1 and P3 show that the addition
of the hexylthiophene units in PDTSDTBT did not affect
substantially the position of the high-energy band. How-
ever, the low-energy band is blue-shifted by 88 nm. This
hypsochromic shift may indicate the presence of a twist
between thiophene and dithienosilole units which is in-
duced by hexyl side chains. Moreover, the addition of hex-
ylthiophene units leads to a less pronounced coupling
between the donor and the acceptor units, reducing intra-
molecular charge transfer and increasing the band gap.

The optical properties of P1, P2 and P3 were also stud-
ied in the solid state. The thin films were spin-coated from
solutions in chlorobenzene and then annealed at 140 °C for
15 min. Fig. 2 shows the absorption spectra of the polymer
films and Table 2 lists the optical properties of the
copolymers.

Similarly to what was observed in solution, the absorp-
tion spectra in solid state are affected by the molar mass
and the chemical structure of the copolymers. Compare to
solution, the absorption spectra of the thin films show
broader absorption bands, the red-shift of these absorptions
bands indicates a strong intermolecular interaction in the
solid state [44]. Moreover, in the case of P3, the intensity
of the vibronic shoulder in the solid state was increased sig-
nificantly relative to that in solution, indicating that much
stronger interchain 77 stacking occurred in the solid state.
The absorption edges (/onset) Of the three polymer films are

—P1
- P2
P3

Normilazed Absorbance (a. u.)

0 n n n n n n n n n Pl >
350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Fig. 2. Normalized UV-visible absorption spectra of P1, P2 and P3 spin-
coated thin films from chlorobenzene solutions.

794 nm for P1, 815 nm for P2 and 856 nm for P3, from which
the optical bandgaps (Eg”r ) of the polymers can be estimated
according to Eg”* = 1240/ Jonser. The Eg* values of P1, P2 and
P3 are 1.56, 1.52 and 1.44 eV, respectively. PDTSBT-P3 pos-
sessed the lowest band gap due to electron-rich dithienosil-
ole donor units in direct combination with benzothiadiazole
acceptor units promoting better planarity of the backbone
and an efficient intra-molecular charge transfer in compari-
son with P1 and P2. In the case of PDTSDTBT, the optical
band gap of P2 is smaller than the one for P1, in correspon-
dence to its red-shifted absorption edge and its higher chain
length due to the higher molar mass.

3.4. Thermal properties

Thermal stability of PDTSDTBT and PDTSBT was inves-
tigated by thermogravimetric analyses (TGA). The analyses
were performed under air between 30 and 800 °C, as
shown in Supporting Information Fig. S1. The temperature
of 5% weight-loss was selected as the onset point of degra-
dation (Ts). The Ts values of PDTSDTBT and PDTSBT are
368 and 362 °C, respectively, indicating that they have an
excellent thermal stability for the applications in optoelec-
tronic devices. The very high thermal stability of these
polymers can be attributed to the presence of the aromatic
ring dithieno[3,2-b:2',3'-d]silole rich in silicon in the poly-
mer backbone. Note that the thermal stability of
PDTSDTBT with a thiophene unit inserted between BT
and DTS units is higher than that of the PDTSBT, maybe
due to the increase of the molar mass in PDTSDTBT.

The TGA plots of the copolymers show two steps of
thermal decomposition between 300 °C and 700 °C. The
first step start from the onset decomposition temperature
up to 550 °C and 520°C in the case of PDTSDTBT and
PDTSBT respectively, this step can be attributed to the loss
of the alkyl side chains. The second process of degradation
took place at 520-700 °C and was most likely due to the
degradation of the polymer main chain.

The thermal properties of the two copolymers were also
evaluated by Differential Scanning Calorimetry (DSC). The
analyses were carried out under nitrogen atmosphere in
a temperature range from —50 °C to 300 °C. The DSC curves
and the characteristic temperatures of these copolymers
were recorded in the second cycle and are shown in Sup-
porting Information, Fig. S2.

Up to 300 °C, the DSC curve of PDTSBT did not show any
major thermal phenomenon. In the case of PDTSDTBT, the
DSC thermogram clearly shows an endothermic transition
during the temperature rise, corresponding to a glass tran-
sition temperature (Tg) at around 30 °C. This transition is
probably due to the movements of hexyl side chains on thi-
ophene units upon heating at this temperature.

The absence of melting and crystallization peaks in the
two polymers can have two explanations. Either a low
crystallinity of both materials due to insufficient flatness
preventing the necessary stacking of the polymer chains
at long distance to form crystalline regions, or, the back-
bone rigidity and the strong interchain interactions in-
duced by the dithienosilole units can lead to melting
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Fig. 3. Powder X-ray diffraction spectra of PDTSDTBT (P1) and PDTSBT
(P3).

temperatures above the limit temperature of 300 °C. Simi-
lar observations in low band copolymers based on dithie-
no|[3,2-b:2',3'-d]silole and thieno[3,4-c]pyrrole-4,6-dione
units have been reported by Yuan et al. [45].

3.5. Structural properties

X-ray diffraction measurement was performed on
PDTSDTBT and PDTSBT powders after annealing at
150 °C for 30 min, the diffractograms are shown in Fig. 3.
PDTSBT exhibit a distinct peak at 0.348 A~! corresponding
to the reflection of (100) crystalline plane with an inter-
layer spacing digo of 18 A. The 18 A dyqo value is typical
for the octyl groups separating the main chains. The
(001) crystal planes, which are oriented perpendicularly
to the (100) planes, are also detected with a distance
doo (m-stacking spacing) estimated at 3.48 A. This value
is very close to the reported dgp; for the same polymer with
2-ethyhexyl chains on dithienosilole units [46]. To the best
of our knowledge, this short distance was not observed in
other semiconducting self-assembled polymers, for exam-
ple, dgo1 of P3HT is approximately 3.8 A [47,48]. The strong
stacking of PDTSBT molecules leads to limited solubility in
organic solvents and explains the UV-visible results of this
polymer obtained in chloroform solution (shoulder at
778 nm). It is interesting to note that the XRD spectra of
PDTSBT also shows a wide diffraction peak centered at
about 1.46 A~! and corresponding to a spacing distance
(d) of 4.3 A. The 4.3 A spacing could be attributed to the lat-
eral short-range order of the molten octyle chains suggest-
ing that these chains are not extended as observed in the
case of P3HT [49].

The XRD spectra of PDTSDTBT copolymer showed dif-
fraction peaks at 0.372, 0.74 and 1.109 A~! which corre-
spond to an interlayer distance (d) of 16.9A. This
distance is smaller than that of the PDTSBT copolymer
(18 A) and it is probably responsible for obtaining of higher
order diffraction peaks, more intense and more defined.
The presence of the diffraction peaks up third order in this

polymer shows a crystallinity greater than that of PDTSBT.
Another diffraction peak at 1.733 A~! was observed in the
(001) crystalline plane, which could be assigned to a n-7
stacking distance (dgo;) of 3.62 A. This distance is higher
than that obtained in the case of PDTSBT (3.48 A) suggest-
ing a twist in the main chain due to the steric effect in-
duced by hexyl side chains of thiophene units. These
observations suggest that the twist of the thiophene rings
leads to shorter interlayer distance and poor packing of thi-
ophene rings in PDTSDTBT polymer.

3.6. Electrochemical measurements

The electrochemical cyclic voltammetry was performed
to determine the HOMO and the LUMO energy levels of the
conjugated polymers. Fig. 4 shows the cyclic voltammo-
grams (CVs) of the PDTSBT and PDTSDTBT films on plati-
num disc electrode in 0.1 mol/L BuyNPFg chlorobenzene
solution. Clearly, both copolymers have reversible p-dop-
ing/n-doping processes in the positive and negative scan-
ning ranges. The onset reduction potentials (Eyq) of
PDTSBT and PDTSDTBT are —1.24 and —1.18 V versus
SCE, respectively, while the onset oxidation potentials
(Eox) are 0.55 and 0.65 V versus SCE, respectively (see Ta-
ble 3). These potentials are determined using the tangent
method (see Figs. S3 and S4 in Supporting information).

HOMO and LUMO energy levels can be estimated using
the empirical equations: Eyomo = —(Eox +4,7) and Ejynmo = -
—(Ereq +4,7), where 4,7 is the scale factor connecting SCE to
vacuum [50]. The two polymers have slightly different
LUMO energy levels that were determined to be —3.52 eV
(PDTSDTBT) and —5.46 eV (PDTSBT). And the HOMO en-
ergy levels of PDTSDTBT and PDTSBT are —5.35 and
—5.25 eV, respectively. The 0.1 eV difference between the
HOMO energy levels of the two polymers is attributed to
the addition of hexylthiophene ring in PDTSDTBT polymer.
The electrochemical bandgaps (E;') of PDTSDTBT and
PDTSBT copolymers, estimated from the difference be-
tween the onset potential for oxidation and reduction,
are respectively 1.83 and 1.79 eV; the values are larger
than their optical bandgaps (1.52 and 1.44 eV, respec-
tively). Such similar difference between the electrochemi-
cal and optical bandgap has been observed in studies of
other D-A polymers presumably resulting from the inter-
face barrier for charge injection.

Table 3
Electrochemical properties of the polymers.
Polymers Eox Erea Enomo Erumo E?
VY (Vv (ev) (ev)’ (eV)"
PDTSDTBT 0.65 -1.18 -5.35 -3.52 1.83
PDTSBT 0.55 -124  -525 -3.46 1.79

2 Measured on the film of the polymers casted on a Pt electrode in
acetonitrile with 0.1 M BuyNPFg.

b Calculated using the following equation: Exomosumo = —(Eoxred + 4.7)-

¢ The difference between the onset potentials of oxidation and
reduction.
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Fig. 4. Cyclic Voltammetry curves (a) reduction and (b) oxidation waves
of polymer films performed in 0.1 M BusNPFg/CH5CN using a sweep rate
of 100 mV s~'. The arrows show the onset potentials.

3.7. Photovoltaic properties

To investigate and compare the photovoltaic properties
of the both copolymers, bulk heterojunction PSC devices
with a configuration of ITO/PEDOT:PSS/PDTSDTBT or
PDTSBT:PC;oBM/Al were fabricated from an active layer
where, copolymers were blended with PC;oBM in a weight
ratio of 1:1 w/w in chlorobenzene solutions and spin
coated on ITO/PEDOT:PSS substrates. All devices were an-
nealed at an optimized temperature of 140 °C for 10 min
and tested under simulated AM 1.5 G irradiation
(100 mW/cm?). PC;oBM was chosen initially as the accep-
tor because it possesses strong absorption in the visible re-
gion from 440 to 530 nm appealing to low band gap
polymers [51]. J-V curves for P1, P2 and P3 are shown in
Fig. 5a, indicating a strong difference between the curves
for these three samples. The corresponding open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and power conversion efficiency (PCE) of the cells
are summarized in Table 4. Because of the slight difference
in the HOMO levels of the copolymers, they exhibited sim-
ilar Voc values (0.50-0.52V), and thus the PCEs were
dependent on their Jsc and FF values.

The PSCs based on PDTSDTBT (P1) (M,, = 6600 g mol !,
D =1.29) demonstrates a short-circuit current (Jsc) of

3.58 mA cm 2, an open-circuit voltage (Voc) of 0.5V, a fill
factor (FF) of 34%, and PCE of 0.61%. However, an optimized
photovoltaic performance with a Jsc of 6.98 mA/cm?, a Vo
of 0.52 V, a FF of 39%, and an overall PCE of 1.41% has been
achieved under same conditions for the other batch of
PDTSDTBT (P2) (M,, = 15,700 g mol~', P = 2.28). The signif-
icant improvement in the PV performance, observed with
the high-molar mass PDTSDTBT, is mainly due to the
enhancement of the Jsc caused by increasing of the conju-
gation lengths and consequently the amelioration of the
optical properties. In addition, this optimization was not
only due to the optical properties, but also could be due
to the improvement of charge carrier mobility and the
morphology at the nanoscale level of the BH] film as dem-
onstrated earlier [52].

After studying the effect of the molar mass of
PDTSDTBT on the photovoltaic characteristics, we also
compare the performance of the two types of copolymers
(PDTSDTBT and PDTSBT), for this, only P1 was considered,
as it exhibits a molar mass similar to that of P3
(M, =5700 g mol~"). The devices prepared from P3:PC;q.
BM exhibited an equivalent Voc of 0.5V, a higher Jsc of
5.33 mA.cm 2, and a higher FF of 38%, resulting in an over-
all PCE of 1.01%. The better photovoltaic performance of P3
results from its higher Jsc and FF, which is probably due to
better overlap of its absorption spectrum with solar spec-
trum. Indeed, the addition of hexylthiophene group in P1
twists the backbone, decreases m-m stacking interaction
and also reduces the intramolecular charge transfer result-
ing in a decrease of the current density of the device and its
power conversion efficiency. Moreover, it is difficult to
compare these results to the previous ones reported in
the literature on analogous copolymers (with dodecyl
chains) [20,23] as the molecular weights of P1 and P3 are
low and could be an explanation of weak performances.
Devices with P3 could not excel in performance than the
ones with P2, due to lower molar mass. Therefore, our fol-
low-up studies are based on the best performing polymer
P2.

In order to further enhance the PSC device performance
with P2, both pre-annealing and post-annealing treatment
were carried out and J-V curves of the devices are shown in
Fig. 5b. Pre-annealing (140 °C/10 min) was intended to
optimize donor/acceptor phase separation, while post-
annealing (150 °C/10 min) was mainly aimed for achieving
optimum active layer/metal interface. Moreover, devices
with PCgoPM as acceptor were also investigated, as P2
seems to have very wide absorption pattern including the
lower visible part. The device with PCgoPM performed bet-
ter than the device with PC;oPM with PCE of 1.94% versus
1.79%. Device performance parameters are shown in Ta-
ble 5. Higher Jsc and Vo in the devices prepared from PCgo.
PM can be due to higher mobility of PCsoPM resulting in
faster charge transport and weaker recombination. Slightly
higher FF in the devices prepared from PC;oPM is due to
lower series resistance coming probably from better film
morphology.

Fig. 6 (lower panel) displays the external quantum effi-
ciency (EQE) curves of these devices showing extended
current generation up to 800 nm and well corroborating
with the absorption pattern (Fig. 6 upper panel). The
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Fig. 5. (a) [lluminated J-V characteristics of solar cells using ITO/PEDOT:PSS/P1:PC;,BM or P2:PC;oBM or P3:PC;,BM/AIl device architecture. Devices with
post processing thermal treatment at 140 °C (10 min). (b) J-V curves of PSC based on P2:PCs,BM or P2:PC;,BM, devices are both pre and post-annealed

(140 °C for 10 min and 150 °C for 10 min, respectively).

Table 4
Photovoltaic properties of PSCs based on PDTSDTBT (P1 and P2):PC;,BM
and PDTSBT (P3):PC;oBM.

Active layer M, PCE  Jsc Voc FF
(w/w ratio) (kgmol™") (%) (mAcm™2) (V) (%)
P1: PC;0BM (1:1) 6.6 0.61 3.58 050 34
P2: PC,oBM (1:1) 157 141 698 052 39
P3: PC;0BM (1:1) 5.7 1.01 5.33 0.50 38

Table 5
Device performance parameters of PSCs (ITO/PEDOT:PSS/P2:PCsoBM or
P2:PC;0BM/Al) under AM1.5 solar illumination.

Active layer PCE Jsc Voc FF
(w/w ratio) (%) (mA cm~2) (V) (%)
P2: PCooBM (1:1) 1.94 7.94 056 44
P2: PC;0BM (1:1) 1.79 7.40 0.50 48

short-circuit current density obtained from integrating
EQE curves of the devices based on P2:PCsoBM and
P2:PC;oBM are 7.79 and 6.93 mA/cm?, respectively, which
reasonably agrees with the measured Jsc of 7.94 and
7.4 mA/cm? under the illumination of AM1.5, 100 mW/
cm?. For this reason, we continued our study using PCgoBM
as an acceptor; this point is quite interesting as PCgoBM is
also less expensive.

3.8. Effect of the additives on PDTSDTBT-P2

The morphological evolution in BH] solar cells is crucial
for their performance and it has been reported that the
addition of the process additives to the blend solution be-
fore spin-coating into the films significantly affects the
efficiency of the resulting organic solar cell performance
[53]. Herein, we tried 1,8-diiodooctane (DIO) and 1-chloro-
naphthalene (CN) as a processing additive into the active
layer. The high boiling point of CN (263 °C) and DIO
(327 °C) reduce the evaporation kinetics in the blend sol-
vent and should provide control over the morphology of
the active layer [54]. Ca/Al contact was used in order to ob-
serve the effect of the additives on the donor-acceptor
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Fig. 6. (upper panel) Absorption spectra of P2:PC¢oBM and P2:PC;0BM
films before and after annealing at 140 °C/10 min; (lower panel) External
quantum efficiency (EQE) spectra of the polymer solar cells (ITO/
PEDOT:PSS/ = P2:PCoBM or P2:PC;oBM/Al).

phase separation, which could eliminate the necessity of
post annealing treatment.

The effect of a single additive (CN) was first studied (re-
sults not shown). The efficiency of the PV cells based on
PDTSDTBT-P2 decreased to 1.19% when 2.5% CN was used
as a processing additive. A higher CN concentration (5% by
volume) produced even larger PDTSDTBT aggregates, visi-
ble to naked eyes in the spincoat blend films, leading to a
poorer device performance with a PCE of 1.05%.

Further investigations were done to evaluate the effect
of the addition of DIO. The J-V curves are presented in
Fig. 7 and device performance parameters are summarized
in Table 6.

The results show that the PDTSDTBT-P2 based device
performance can be improved by the addition of DIO. The
PCE of the PSC based on PDTSDTBT-P2:PCc0BM (1:1 w/w)
without any annealing treatment is 1.13%. The PCE was in-
creased to 2.02% through the addition of 2% DIO into the
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Fig. 7. J-V characteristics of polymer solar cells (ITO/PEDOT:PSS/P2:PCgq.
BM/Ca/Al) under AM1.5 solar illumination with and without additives.
Open symbols indicate data without any annealing treatment and solid
symbols represent data with pre-annealing of the films at 140 °C for
10 min.

Table 6

Device performance parameters of high molar mass PDTSDTBT:PCgoBM
based solar cells (ITO/PEDOT:PSS/P2:PCsoBM [Ca/Al) prepared under
different conditions.

Additives PCE (%)  Jsc Voc (V) FF (%)
(mA cm2)
1.13 (1.54%) 5.35(6.03%) 0.48 (0.5%) 44 (51%)

2% DIO 2,02 (2.13%) 7.47 (7.73%) 0.46 (0.48%) 59 (57°)
4% CN+1%DIO 1.11 (1.28%) 5.08 (5.62%) 0.50 (0.5%) 44 (45%)

¢ Films pre-annealed at 140 °C/10 min.

active layer with a Voc=0.46V, a Jsc = 7.47 mA/cm? and a
FF = 59%.

The increase of the PCE is mainly from the higher FF and
Jsc attributed to the optimized phase separation of donor—
acceptor. We also tried to use CN and DIO simultaneously
as co-additives in the CB solution of PDTSDTBT and PCgo.
BM. The device prepared using 4% CN and 1% (v/v) DIO
additives showed a Jsc of 5.08 mA/cm? and a FF of 44%,
which are lower than the Jsc and FF obtained when we
used 2% of DIO additive only. The addition of CN affects
negatively the organization of the active layer and thus de-
creases solar cells performances based on PDTSDTBT
copolymer. It is interesting to investigate the annealing ef-
fect on the active layers with or without additives. For that,
films were pre-annealed at 140 °C for 10 min. Device with-
out any additive show 35% of enhancement in PCE from
1.13% to 1.54%, while devices with DIO exhibit only 5% of
increase from 2.02% to 2.13%, confirming that quite opti-
mum donor-acceptor phase separation was already
achieved with DIO as the only additive.

4. Conclusion

In summary, we designed a new low band gap polymer
(PDTSDTBT) based on the DTS unit with linear octyl chains
on the Si atom and introducing a thiophene spacer bearing
a hexyl group at the p-position to study their effect on the
conjugation length and photovoltaic performance. This
DTS monomer with linear octyl chain was chosen on the
basis of encouraging results and the cheap access to this

monomer, compared to the one with branched chains.
According to optical properties, increasing the molar mass
of PDTSDTBT from 6600 g mol~' (P1) to 15,700 g mol~!
(P2) causes an important red-shift of 44 nm due to higher
conjugation length and lower band gap. This copolymer
with both molar masses show better solubility with re-
spect to PDTSBT as the n—n aggregation vibronic shoulder
at 784 nm disappeared. However, the blue shift by 88 nm
of the low energy band gap of P1 with respect to P3 reveals
a twisting in the main backbone of the polymer that limits
the intramolecular charge transfer. The Egpt values of P1, P2
and P3 are 1.56, 1.52 and 1.44 eV, respectively. Thermal
analysis indicates a high thermal stability of the two
copolymers that can be attributed to the presence of the
aromatic ring dithieno[3,2-b:2’,3’-d]silole rich in silicon in
the polymer backbone. The X-ray diffraction spectra indi-
cate better crystallinity for the new copolymer as the dif-
fraction peaks presented are up to third order. Regardless
of the crystallinity, a higher m-n stacking distance for
PDTSDTBT can indicate a twist in the main backbone due
to steric hindrance of the hexyl group that reduce intramo-
lecular charge transfer and limits the photovoltaic perfor-
mance of the device. Although PSCs based on P3
(PCE=1.01%) performed better than P1 (PCE=0.61%)
which has comparable molar mass, the highest PCE
(1.41%) was achieved using higher molar mass P2. Both
pre and post annealing treatment resulted in optimized de-
vice performance with PCE of 1.94%. The polymer showed
superior device performance when PCgoBM was used as
acceptor instead of PC;oBM thanks to its wide absorption
profile. Without any annealing treatment, we have ob-
tained PCE higher than 2% using Ca/Al as electron extract-
ing contacts and 1,8-diiodooctane as processing additive.
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