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Abstract—A number of copolymers based on 4H-cyclopenta|2,1-b:3,4-b'|dithiophene and 4H-dithieno[3,2-
b:2',3'-d]silol are synthesized via direct C—H arylation and Suzuki cross-coupling, and their properties are
compared. The chemical structure of the copolymers is investigated by 'H and >*C NMR spectroscopy, and
their molecular-mass characteristics are determined by GPC. The study of absorption spectra of the copoly-
mers in dilute solutions and thin films shows that they absorb light in a wide visible spectral range (300—
800 nm). On the basis of the cyclic voltammetry data, the levels of boundary molecular orbitals—the highest
occupied and the lowest unoccupied—are estimated and the width of the energy gap is shown to be in the
range of 1.4—1.9 eV. Using the copolymers as donor components of the active layer, the samples of solar pho-
tocells are manufactured and their photovoltaic properties are investigated.
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An important task of modern polymer photovoltaics
concerns the development of efficient donor compo-
nents. Conjugated polymers are good candidates for this
purpose. One of the first thiophene-containing poly-
mers which is still in wide use as a donor component in
photovoltaics is poly(3-hexyl)thiophene (P3HT)
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Photocells on its basis demonstrate an efficiency of
solar light transformation of up to 3.6% [1]. However,
despite many attempts to increase the efficiency of
these photocells, the values of efficiency for photovol-
taic cells based on P3HT are about 6.0—7.7% [2, 3]. In
the case of P3HT, this fact may be attributed to both a
narrow absorption spectrum of this polymer com-
pared with the spectrum of solar radiation and a high-
lying level of HOMO. This limits open-circuit voltage
U, of the photocell, which for P3HT as a rule does not
exceed 0.6 V.

Most recent publications dealing with photovolta-
ics are devoted to the synthesis of a new generation of
narrow band-gap copolymers containing alternating
donor and acceptor units [4—9]. This structure of
polymer chains makes it possible to improve the effi-
ciency of sunlight transformation by photocells based
on this type of polymers via a more accurate selection
of energy levels of a copolymer relative to those of the
fullerene acceptor component of the photocell owing
to increase in the density of short-circuit current Jg,
and improvement of spectral characteristics of the
polymer. Note that 4H-cyclopenta[2,1-b:3,4-b']di-
thiophene (CPDT)
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may be regarded as analogs of the monomer unit of
regioregular polythiophene P3HT, in which each pair
of thiophene rings is rigidly bound together to the
annelated structures.

Because of the planar structure, the derivatives of
CPDT and its analogs possess a reduced oxidation
potential. This circumstance is responsible for a
decrease in the width of energy gap £, and a shift in the
edge of absorption spectra to the red spectral region,
where light energy emitted by sun is the highest. Just
for this reason cyclopentadithiophene compounds
became one of the promising donor moieties for the
synthesis of conjugated polymers among the studied
thiophene-containing compounds [10—13].

In this study, a number of new copolymers were
synthesized on the basis of CPDT and DTS donor
blocks. As acceptor units for alternating copolymers,
we selected heterocyclic compounds with strong elec-
tron-acceptor properties: iso-pyrrolo[3,2-b]pyrrole-
2,5-dione (IDPP)

IDPP

(R = aryl or alkyl) and 4,4-difluoro-4H-cyclo-
penta[2,1-b:3,4-b'|dithiophene (DFCPDT).
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An IDPP moeity, as its analog diketopyrrolo[3,4-
c]pyrrole (DPP),
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where R = aryl or alkyl, which is wide use in photovol-
taics [14—19], possesses a high electron-acceptor abil-
ity. This fact is of importance for the synthesis of effi-
cient donor-acceptor copolymers. However, the syn-
thesis of an IDPP molecule is much easier than that of
DPP; therefore, it is more attractive for use in photo-
voltaics.

DFCPDT was chosen as another acceptor block.
Owing to the presence of a difluoromethylene moiety
in the CPDT structure, the character of this block
changes from donor to acceptor. This choice is due to
the fact that previously synthesized copolymers based
on DFCPDT featured a promising photovoltaic
behavior [20].

In this study, we synthesized three copolymers with
the IDPP acceptor block which contained CPDT as a
donor block, bithiophene (2T) as a structural analog
of the CPDT block, and quatrothiophene (4T) block
to compare the optical and electrochemical properties
of these copolymers and four copolymers with the
DFCPDT acceptor block and CPDT and DTS donor
blocks. The copolymers based on IDPP were obtained
by direct C—H arylation, which as described in the lit-
erature, enables the synthesis of high-molecular-mass
copolymers [21—24], and the copolymers based on
DFCPDT were obtained by the Suzuki cross-cou-

pling.

EXPERIMENTAL

2.5 M n-Bul.i solutions in hexane, 2-bromothio-
phene, N-bromosuccinimide, bromine, hydrazine
hydrate, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, citronellol, 2-ethyl hexyl bromide,
pivalic acid, N,N-dimethylcarbomoyl chloride,
[1,1'-bis(diphenylphosphino)ferrocene]palladium(1I)
dichloride = Pd(dppf)Cl,, tetrakis(triphenylphos-
phine)palladium(0) Pd(PPh;),, and palladium(II)
acetate Pd(OAc), (Aldrich) were used as received. Sol-
vents were diethyl ether (reagent grade), THF (reagent
grade), toluene (analytical grade), hexane (reagent
grade), DMF (high-purity grade), dichloromethane
(reagent grade), and ethanol (high-purity grade).
THF and diethyl ether were dried over calcium
hydride and distilled in a flow of argon. DMF and
tetramethylethylenediamine were dried over barium
oxide and distilled under vacuum. Dichloromethane
was boiled with phosphorus(V) oxide and distilled in a
flow of argon. Other solvents were distilled on a rotary
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vacuum evaporator directly before use. Preparative
column chromatography was performed using silica
gel 60 (Merck, Germany). Thin-layer chromatogra-
phy was carried out using Sorbfil plates (Sorbpolimer,
Russia).

The optical properties of the synthesized copoly-
mers were studied using spectroscopically pure THF
(UV spectroscopy grade, Acros Organics). Analytical
GPC was conducted with the aid of a Shimadzu
instrument (Japan) equipped with RID-10A and
SPD-M10AVP diode matrix detectors and Phenome-
nex (United States) 7.8 mm X 300 mm columns
packed with a Phenogel sorbent having pore sizes of
500 and 103 A. THF was used as an eluent. Analytical
GLC was conducted on a Khromatek Analitik 5000
chromatograph (Russia) equipped with catharometer
as a detector, 2 m X 3 mm columns, and SE-30 (5%)
stationary phase coated on Chromaton-H-AW;
helium was used as a carrier gas.

'"H NMR spectra were measured on a Bruker WP-
250 SY spectrometer operating at a frequency of
250 MHz, and 3C and ?*Si NMR spectra were
recorded on a Bruker Avance 300 spectrometer oper-
ating at frequencies of 75 and 60 MHz, respectively.
Absorption spectra were taken in the range of 200—
1000 nm in dilute solutions (10-3—10-% mol/L per
monomer unit of the polymer) to avoid self-absorp-
tion. Absorption spectra were recorded on a Shimadzu
UV-2501PC spectrophotometer (Japan).

Thermogravimetric studies of the samples were
conducted in the dynamic regime in the range of 50—
700°C using a Mettler Toledo TG50 system in a flow
of nitrogen and air (200 mL/min). The accuracy of
determination of the sample mass was up to 1 ug. The
heating rate was 10°C/min. Phase and relaxation tran-
sitions in the copolymers were investigated on a Met-
tler Toledo DSC30 instrument under the dynamic
regime at a heating rate of 20°C/min in a flow of nitro-
gen of 50 mL/min. Electrochemical measurements
were conducted in an electrolyte solution containing
0.1 M tetrabutylammonium hexafluorophosphate
(BuyNPFy) in acetonitrile. In each case, the polymer
film was deposited on a glassy-carbon surface used as
a working electrode. An auxiliary electrode was a plat-
inum plate arranged in a cell. The potentials were
measured relative to the saturated calomel electrode
(sce). The potential sweep rate was 200 mV/s. The
polymer film was prepared as follows: a saturated
polymer solution in o-dichlorobenzene was applied on
a glassy-carbon disk electrode and dried for 30 min.
Microwave synthesis was conducted in a SEM Dis-
covery System microwave synthesizer (United States).
Films were deposited using a G3 spin coater (Spin
Coating Systems, United States). Metal electrodes
were sprayed using a Univex 300 vacuum evaporator
(Leybold, United States). The ytterbium-aluminum
or calcium-aluminum bilayer system was used as a
cathode material.
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Synthesis of Monomers

2,2'-Bithiophene (2). This compound was synthe-
sized as described in [20] using 195 g (1.19 mol) of
2-bromothiophene, 14.7 g (0.61 mol) of magnesium,
and 0.853 g (1.2 mmol, 2 mol %) of catalyst
Pd(dppf)Cl, with a yield of 96% as a colorless crystal-
line mass with 7, = 31°C (T, = 32—-22°C [20]). 'H
NMR (CDCl,): 6 7.19 (m, 4H, 2,2',4,4'-ThH), 7.01
(dd, 2H, J, = 3.7 Hz, J, = 1.2 Hz, 3.3'-ThH) ppm. BC
NMR (8, CDCl,): 123.7 (4-C, 4'-C), 124.3 (3-C, 3'-
O), 127.7 (5-C, 5'-C), 137.3 (2-C, 2'-C) ppm.

3,3',5,5'-Tetrabromo-2,2'-bithiophene (3). This
compound was synthesized as white crystals as
described in [20] using 32.7 g (0.197 mol) of com-
pound 2 and 44 mL (0.865 mol) of bromine. The
product was recrystallized from toluene and ethanol.
After purification the yield of the product was 82%;
T,,= 138°C (T,, = 140°C [15]). '"H NMR (CDCl,): 6
7.04 (s, 2H) ppm. BC NMR (CDCl5): 8 112.1 (3-CBr,
3'-CBr), 114.8 (5-CBr, 5'-CBr), 129.5 (2-C, 2'-C), 133
(4-C, 4'-C) ppm.

3,3'-Dibromo-5,5'-bis(trimethylsilyl)-2,2'-bithio-
phene (4). This compound was synthesized as
described in [20] using 21.21 g (0.044 mol) of com-
pound 3, 36.8 mL (0.092 mol) of 2.5 M n-butyllithium
solution, and 11.7 mL (0.092 mol) of trimethylchlo-
rosilane. After three recrystallization procedures from
ethanol, the product was isolated as white crystals.
Yield, 65%; T,, = 85°C (T,, = 86°C [20]). '"H NMR
(CDCls): 8 7.15 (s, 2H), 0.33 (s, 18H) ppm. *C NMR
(CDCl,): 6 142.9 (2-C, 2'-C), 137 (4-C, 4'-C), 133.9
(5-C, 5'-C), 112.9 (3-CBr, 3'-CBr), —0.39 (SiMe,)
ppm.

2,6-Bis(trimethylsilyl-cyclopenta[2,1-5:3,4-b']dithio-
phen-4-one (5). This compound was synthesized as
described in [29] using 3.0 g (6.4 mmol) of compound 4,
5.6 mL (14 mmol) 2.5 M n-Buli solution, 2.0 mL
(13 mmol) of tetramethylethylenediamine, and 0.69 g
(6.4 mmol) of N,N-dimethylcarbomoyl chloride.
Yield, 84%; T,, = 82°C. '"H NMR (CDCl,): 4 7.07 (s,
2H), 0.31 (s, 18H) ppm. BC NMR (CDCl5): § 183.12
(C=0), 154.33 (4-C), 144.88 (5-C), 144.14 (2-C),
127.10 (3-C), —0.24 (SiMe;) ppm.

4H-Cyclopenta-[2,1-b:3,4-b']dithiophene (6). To
the stirred suspension of 4.54 g (13.5 mmol) of com-
pound 5 in ethylene glycol (200 mL), 3.78 g
(67.4 mmol) of powdered potassium hydroxide and
5.3 mL (0.108 mol) of hydrazine hydrate were added.
The reaction mixture was heated to 180°C and
refluxed for 8 h under an inert atmosphere. After cool-
ing to room temperature, 100 mL of water acidified
with 25 mL 1 N hydrochloric acid and 300 mL of
diethyl ether were added to the reaction mass, the
organic layer was separated, and the aqueous layer was
extracted with diethyl ether (2 X 100 mL). The organic
layer was washed with water (2 X 200 mL) until the
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neutral reaction and dried over Na,SO,. The solvent
was removed on the rotary evaporator, and the precip-
itate was dried under vacuum (0.5 mbar). The product
was purified by column chromatography on silica gel
using hexane as an eluent. As a result, light yellow
crystals were obtained. Yield, 90%; T,, = 73—74°C
(T, = 74°C [25]). '"H NMR (CDCl,): 6 7.18 (d, 2H,
J=4.8 Hz, 4,4'H), 7.09 (d, 2H, J = 4.8 Hz, 5,5'C),
3.54 (s, 2H) ppm.

4,4-Bis(3,7-dimethyloctyl)cyclopenta[2,1-b:3,4-

b']dithiophene (7a). To 1.63 g (9.1 mmol) of com-
pound 6 dissolved in 20 mL of DMSO, 6.06 g
(27.4 mmol) of 3.7-dimethyloctyl bromide-1 and
0.17 g (1 mmol) of potassium iodide were added. The
reaction mass was cooled in an ice bath, and a batch of
2.18 g (39 mmol) of ground potassium hydroxide was
added. The reaction mass was stirred for 12 h under an
inert atmosphere, cooled in the ice bath, and poured
in a separating funnel containing 50 mL of water and
250 mL of diethyl ether. The organic phase was iso-
lated, washed with water (2 X 100 mL) until the neu-
tral reaction, and dried over anhydrous Na,SO,, and
the solvent was removed on the rotary evaporator.
Excess 3.7-dimethyloctyl bromide-1 was distilled off
under vacuum (0.5 mbar). The product was purified
by column chromatography on silica gel using hexane
as an eluent. The product was a light yellow oil. Yield,
3.64 g (87%). '"H NMR (CDCl,): 6 7.15 (d, 2H, J =
49 Hz, 5,5H), 6.92 (d, 2H, J = 4.9 Hz, 4,4'C), 1.83
(m, 4H, CH,), 1.52 (m, 2H, CH), 1.3—1.0 (br. m,
10H, CH,), 0.83 (d, 12H, /= 6.7 Hz, 4CH;), 0.74 (d,
6H, J=6.4 Hz, 2CH;) ppm.

4,4-Didecylcyclopenta[2,1-b:3,4-b']dithiophene (7b).
This compound was synthesized in a manner similar
to that described above for compound 7a using 1.5 g
(8.4 mmol) of 4H-cyclopenta-[2,1-b:3,4-b']dithio-
phene (6), 5.58 g (25.3 mmol) of decyl bromide, 2.01 g
(35.8 mmol) of potassium hydroxide, and 0.15 g
(0.9 mmol) of potassium iodide. The product was
purified by column chromatography on silica gel using
hexane as an eluent to obtain a yellow viscous oil.
Yield, 3.47 g (90%). '"H NMR (CDCl,;): 6 7.13 (d, 2H,
J=4.9 Hz, 5,5H), 6.65 (d, 2H, J = 4.9 Hz, 4,4'C),
1.62 (m, 4H, CH,), 1.26 (m, 29H, CH,), 0.83 (m, 9H,
CHj;) ppm.

2,6-Dibromo-4,4-bis(3,7-dimethyloctyl)-cyclo-
penta[2,1-b:3,4-b']dithiophene (8a). To a solution of
2.84 g (6.2 mmol) of compound 7a in 90 mL of DMF
protected from light, a solution of 2.42 g (13.6 mmol)
of N-bromosuccinimide in 5 mL of DMF was slowly
added dropwise. The reaction mixture was stirred at
room temperature for 4 h. When the reaction was
completed, 100 mL of water was added and the reac-
tion product was extracted with diethyl ether (2 X
150 mL). The ether layer was washed water until the
neutral reaction (2 X 200 mL) and dried over anhy-
drous Na,SO,. The solvent was distilled off on the
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rotary evaporator. The product was purified by passing
through a Schott filter filled with silica gel using hex-
ane as an eluent. A bright yellow oil was isolated.
Yield, 3.43 g (90%). '"H NMR (CDCl;): 8 6.95 (s, 2H,
5,5H), 1.82(m, 4H, 2CH,), 0.94—1.79 (m, 16H,
CH,), 0.87—0.61 (m, 4H, CH), 0.95—0.82 (m, 18H,
CH;) ppm.
2,6-Dibromo-4,4-didecylcyclopenta[2,1-b:3,4-b']di-
thiophene (8b). This compound was synthesized in a
manner similar to that of compound 8a using 1.8 g
(3.92 mmol) of 4,4-didecylcyclopenta[2,1-b:3,4-
b']|dithiophene (7b) and 1.54 g (8.63 mmol) of N-bro-
mosuccinimide. The product was a yellow-green oil.
Yield, 2.25 g (93%). '"H NMR (CDCl5): 6 6.96 (s, 2H,
5,5'H), 1.8 (m, 4H, CH,), 0.90—1.84 (m, 32H, CH,),
1.05—0.80 (m, 6H, CH;) ppm.
2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-
yD)-4,4-bis(3,7-dimethyloctyl)cyclopenta-[2,1-b:3,4-
b']dithiophene (9a). To a solution of 132 g
(2.14 mmol) of compound 8a in THF (50 mL) cooled
to —78°C, 1.9 mL of 2.5 M n-BulLi solution in hexane
(4.71 mmol) was added dropwise. The reaction mix-
ture was stirred for one hour at a temperature below
—65°C, and 0.96 g (5.14 mmol) of 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (I) was
added. Cooling was stopped, and stirring was contin-
ued at room temperature for another 4 h. When the
reaction was completed, the reaction mixture was
poured in a separating funnel containing 50 mL of
NH,Cl saturated solution and 250 mL of diethyl ether.
The organic phase was separated, washed with water
until the neutral reaction (2 X 200 mL), and dried over
anhydrous Na,SO,. The solvent was distilled off on
the rotary evaporator. The product was isolated as a
light yellow oil (1.37 g) and used in subsequent reac-
tions without additional purification. Yield, 90%. The
purity of the product, according to GPC, was no less
than 95%. '"H NMR (CDCl,): & 7.41 (s, 2H, 5,5'H),
1.78 (m, 4H, CH,), 1.35 (s, 24H, CH;), 1.29—0.71 (m,
20H, 8CH, 4CH), 0.83 (s, 18H, CH3) ppm.
2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,4-didecyl-cyclopenta-[2,1-b:3,4-b']dithio-
phene (9b). This compound was synthesized in a man-
ner similar to that of compound 9a using 1.2 g
(1.95 mmol) of 2,6-dibromo-4,4-didecyl-cyclo-
penta[2,1-b:3,4-b'|dithiophene  (8b), 1.7 mL
(4.28 mmol) of 2.5M n-BulLi solution, and 0.8 g
(4.28 mmol) of 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane. The product was a yellow-green
oil. Yield, 1.31 g (95%). 'H NMR (CDCl,): 6 7.45 (s,
2H, 5,5'H), 1.80 (m, 4H, CH,), 1.35 (s, 24H, CH,),
0.93—1.74 (m, 32H, CH,), 1.05-0.80 (m, 6H, CH;)
ppm.
4,4'-Bis(3,7-dimethyloctyl)-5,5'-bis(trimethylsi-
Iyl)dithieno[3,2-b:2',3'-d]silol (10a). To a solution of
12.3 g (26.3 mmol) of compound 4 in 500 mL of THF
cooled to —78°C, 33.8 mL of 1.6 M n-BulLi solution in
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hexane was added dropwise. After stirring of the reac-
tion mixture at a temperature of —78°C for 15 min,
11 g (0.034 mol) of bis(3,7-dimethyloctyl)dichlorosi-
lane was poured into it. Afterwards, the cooling bath
was removed and the reaction mass was stirred for 2 h
at 23°C, poured into water, and extracted with diethyl
ether. The organic phase was separated, washed until
the neutral reaction, and dried over anhydrous Na,_
SO,, and the solvent was evaporated. The product was
purified by column chromatography on silica gel using
hexane as an eluent. A viscous light yellow mass was
isolated. Yield, 11.4 g (78%). '"H NMR (CDCl,): § 7.15
(s, 2H, 5,5'H), 1.36 (m, 16H, CH,), 1.1 (m, 4H, CH),
0.61 (m, 4H, CH,—Si), 0.30 (s, 18H) ppm.

4,4'-Didecyl-5,5'-bis(trimethylsilyl)-dithieno[ 3,2-
b:2',3'-d]silol (10b). This compound was synthesized
in a manner similar to that of compound 10a using
401 g (8.56 mmol) of compound 4, 7.1 mL
(17.5 mmol) of 2.5 M n-Bul.i solution, and 3.27 g
(8.56 mmol) of didecyldichlorosilane. The product
was a viscous dark yellow mass. Yield, 4.31 g (76%). '"H
NMR (CDCly): 6 7.15 (s, 2H 5,5'H), 1.8 (m, 4H,
CH,), 0.90—1.81 (m, 32H, CH,), 1.05—0.80 (m, 6H,
CH;), 0.32 (s, 18H, SiMe,) ppm.

4,4'-Bis(3,7-dimethyloctyl)-5,5'-dibromodithieno-
[3,2-b:2',3'-d]silol (11a). To a solution of 1.69 g
(3 mmol) of compound 10a in 20 mL of THF, 1.1 g
(6.17 mmol) of N-bromosuccinimide was added. The
reaction mixture was stirred at 23°C for 4 h. When the
reaction was completed, the reaction mass was poured
into water and extracted with diethyl ether. The
organic phase was separated, washed with water
until the neutral reaction, and dried over anhydrous
Na,SO,, and the solvent was evaporated. The product
was purified by column chromatography on silica gel
using hexane as an eluent. A viscous green oil was iso-
lated. Yield, 1.28 g (90%). '"H NMR (CDCl,): & 7.13
(s, 2H, 5,5'H), 1.34 (m, 16H, CH,), 1.10 (m, 4H,
CH), 0.61 (m, 4H, CH,—Si), 0.83 (s, 18H, CH;) ppm.

4,4'-Didecyl-5,5'-dibromodithieno[3,2-b:2',3'-d]silol
(11b). This compound was synthesized in a manner
similar to that of compound 11a using 5.6 g (9 mmol)
of compound 10b and 3.54 g (19.9 mmol) of N-bro-
mosuccinimide. The product was a green viscous
mass. Yield, 5.3 g(94%). '"H NMR (CDCl,): 6 7.15 (s,
2H, 5,5'H), 1.8 (m, 4H, CH,), 0.90—1.81 (m, 32H,
CH,), 1.05—0.8 (overlapping signals, 6H, CH;) ppm.

4,4'-Bis(3,7-dimethyloctyl)-5,5 -bis(4,4,5,5-tetra-
methyl-1,3,2-dioxo-borolan-2-yl)-dithieno-[3,2-b:2",3'-
d]silol (12a). This compound was synthesized in a
manner similar to that of compound 9a using 1.10 g
(1.73 mmol) of compound 11a, 1.5 mL (3.81 mmol) of
2.5 M n-Buli solution, and 0.71 g (3.81 mmol) of
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane. The product was a green viscous mass. Yield,
1.14 g (91%). '"H NMR (CDCl,): 6 7.16 (s, 2H, 5,5'H),
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1.72 (m, 4H, CH,), 1.35 (s, 24H, CH,), 1.32—1.93 (m,
16H, CH,), 1.10—0.71 (m, 4H, CH), 1.37—0.80 (s,
18H, CH,) ppm.

4,4'-Didecyl-5,5'-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-dithieno-[3,2-b:2',3'-d]silol (12b).
This compound was synthesized in a manner similar
to that of compound 9a using 1.77 g (2.8 mmol) of
compound 11b, 2.5 mL (6.15 mmol) of 2.5 M n-BuLi
solution, and 1.26 g (6.15 mmol) of 2-isopropoxy-
4.,4,5,5-tetramethyl-1,3,2-dioxaborolane. The prod-
uct was a green mass. Yield, 1.78 g (88%). 'H NMR
(CDCl,):67.17 (s, 2H, 5,5'H), 1.74 (m, 4H, CH,—Si),
1.35 (s, 24H, CH,), 0.93—1.74 (m, 32H, CH,), 1.12—
0.60 (m, 6H, CH;) ppm.

3,7-Dimethyloctanol-1 (13). Fifty  grams
(0.32 mol) of citronellol was dissolved in 500 mL of
ethyl alcohol, 1.7 g (16 mmol) of 5% Pd/C was added
in a flow of argon, and hydrogen was passed through
the stirred solution. When the measured hydrogen vol-
ume ceased to change (13 h), the reaction mixture was
filtered off through a Schott filter and the solvent was
removed on the rotary evaporator. The product as a
yellow oil was distilled under vacuum; 7, = 95°C
(21 mbar). Yield, 48.5 g (96%). '"H NMR (CDCl,): &
3.65 (m, 2H, CH,0OH), 1.53 (m, 2H, CH), 1.05—1.42
(overlapping signals, 8H, CH,), 0.86 (t, 9H, J =
6.7 Hz, CH;) ppm.

3,7-Dimethyloctyl bromide-1 (14). To 8.84 g
(56 mmol) of 3,7-dimethyloctanol-1 and 16.10 g
(0.061 mol) of triphenylphosphine in anhydrous
dichloromethane, 10.93 g (0.061 mol) of N-bromo-
succinimide was added in portions; the temperature of
the reaction mixture was maintained not above 30°C.
After stirring at room temperature for 16 h, the solvent
was removed on the rotary evaporator and the residue
was extracted with hexane and filtered off on the
Schott filter. When hexane was removed, the product
was purified by fractional vacuum distillation. Yield,
12.35 g (78%). The product was a colorless transparent
liquid; T, = 91-94°C (13 mbar) (7, = 103—105°C
(23 mbar) [26]). '"H NMR (CDCl,): 6 3.52—3.33 (m,
2H, CH,Br), 1.85—1.67 (m, 2H, CH,), 1.62 (m, 1H,
CH), 1.51 (m, 1H, CH), 1.35—1.21 (m, 2H, CH,),
1.19—1.05 (m, 4H, CH,), 0.88 (d, J/ = 6.5 Hz, 3H,
CH,), 0.85 (d, /= 6.5 Hz, 6H, CH;) ppm. *C NMR
(CDCl,): 6 40.00, 39.11, 36.65, 32.27, 31.59, 27.90,
24.50, 22.55, 22.66, 18.91 ppm.

Bis(3,7-dimethyloctyl)dichlorosilane (15a). To
2.35 g (0.056 mol) of magnesium in 30 mL of anhy-
drous THEF, a solution of 10.5 mL (0.05 mol) of 3,7-
dimethyloctyl bromide in 30 mL of anhydrous THF
was added, and the reaction mixture was boiled for 2 h.
After cooling to room temperature, the resulting mix-
ture was added to 4.3 mL (0.025 mol) of tetrachlorosi-
lane in 50 mL of anhydrous THF at —78°C. The reac-
tion mixture was heated to room temperature and
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stirred for 12 h. Inorganic admixtures were removed
via precipitation into anhydrous hexane and filtration
under argon. The pure product (17.1 g) was obtained as
a transparent liquid; 7, = 140—143°C (3.1 mbar).
Yield, 47%. The purity of the product, as evidenced by
GPC chromatography, was 98%. '"H NMR (CDCl,): &
1.54 (m, 4H, CH,), 1.32—1.93 (m, 16H, CH,), 1.10—
0.70 (m, 4H, CH,—Si), 1.37—0.80 (s, 18H, CH;) ppm.

Didecyldichlorosilane (15b). This compound was
synthesized in a manner similar to that of compound
15a using 53.3 g (0.241 mol) of decyl bromide, 6.44 g
(0.265 mol) of magnesium, and 13.8 mL (0.120 mol)
of tetrachlorosilane. 7, = 198°C (5.1 mbar) (7, =
190°C, 1.33 mbar [27]). The product was a transparent
liquid. Yield, 19.7 g (43%). '"H NMR (CDCl,): 6 0.87
(s, 6H, CH,), 1.25 (s, 32H, CH,), 1.07 (t, 4H, CH,—
Si) ppm.

N,N"-Bis(4-butylphenyl)oxalamide (16). A solution
of 1.20 g (10 mmol) of oxalyl chloride in 20 mL of
dichloromethane was added dropwise at 0°C for
20 min to a solution of 3.00 g (20 mmol) of 4-butylani-
line and 1.75 g (22 mmol) of pyridine in 50 mL of
anhydrous dichloromethane. The reaction mixture
was stirred at room temperature for a night, and
150 mL of NaHCO; saturated aqueous solution was
added. The resulting mixture was stirred for 2 h, and a
pink precipitate became colorless. The product was
filtered off on the Schott filter, washed two times with
water and ethyl acetate, and dried under vacuum
(0.5 mbar). The product was a white powder. Yield,
3.22(93%). '"H NMR (CDCl,): 6 9.29 (s, 2H, NH),
7.56 (d, 4H, —NHCH,, J = 10.1 Hz), 7.20 (d, 4H,
—NHCH,, J = 10.8 Hz), 2.61 (t, 4H, J = 10 Hz,
—CH,—Ph), 1.60 (m, 4H, —CH,—CH,—), 1.36 (m,
4H, —CH,—CH,;), 0.93 (t, 6H, J = 10 Hz, —CH,—
CH;) ppm.

Oxalyl-bis(imidoyl)dichloride (17). To a mixture of
3.00 g (8.5 mmol) of N,N"-bis(4-butylphenyl)oxa-
lamide (16) and 3.53 g (1.7 mmol) of fine PCl;,
200 mL of anhydrous toluene was added, and the
resulting mixture was refluxed for 8§ h. When the reac-
tion was completed, the solvent was distilled off on the
rotary evaporator. The residue was dissolved in
400 mL of anhydrous hexane and filtered from insolu-
ble admixtures. Hexane was removed on the rotary
evaporator, and the product was dried under vacuum
(0.5 mbar). The product was a yellow crystalline mass
spreading in air. Yield, 2.4 g (70%). 'H NMR
(CDCl,): 67.24 (d,4H, —NHC(H,, J=10.1 Hz), 7.09
(d, 4H, —NHC(H,, J = 10.8 Hz), 2.64 (t, 4H, J =
10 Hz, —CH,—Ph), 1.61 (m, 4H, —CH,—CH,—), 1.38
(m, 4H, —CH,—CH,), 0.94 (t, 6H, J = 9.6 Hz,
—CH,—CH;) ppm.
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1,4-Bis(4-butylphenyl)-3,6-di(thiophen-2-yl)pyr-

rolo[3,2-b]pyrrole-2,5(1H,4H)-dione (18). A solution
of 0.77 g (4.5 mmol) of thiophene ethyl acetate in
40 mL of THF was added dropwise at 0°C to the solu-
tion of lithium diisopropylamide (3.8 mL, 2 M solu-
tion in THF) in 10 mL of THF under argon. The reac-
tion mixture was stirred at 0°C for 1 h and cooled to —
78°C, and a solution of 0.8 g (2.0 mmol) of oxalyl-
bis(imidoyl)dichloride in 20 mL of anhydrous THF
was slowly added dropwise. When the entire volume
was added, cooling was stopped and the reaction mix-
ture was stirred at room temperature for 12 h. Upon
formation of the brown mass, the reaction mixture was
neutralized with water, extracted with 150 mL of
dichloromethane, and dried over anhydrous sodium
sulfate. When the solvent was removed under vacuum,
100 mL of hexane was added to the dry mass, filtered
on the Schott filter, and washed several times with
hexane. The resulting brown powder was dried under
vacuum (0.5 mbar). Yield, 0.76 g (62%). '"H NMR
(CDCl,):67.26 (dd, J,=5.1 Hz; J,= 1.0 Hz, 2H, Th),
7.20 (s, 8H, —C¢H,), 6.74 (dd, J, = 5.1 Hz, J, =
3.8 Hz, 2H, Th), 6.52 (dd, J, = 3.8 Hz, J, = 1.0 Hz,
2H, Th, 2.67 (t, 4H, J= 10 Hz, —CH,—Ph), 1.64 (m,
4H, —CH,—CH,—), 1.36 (m, 4H, —CH,—CH;),
0.96 (t, 6H, J=9.6 Hz, —CH,—CH,) ppm.

3,6-Bis(5-bromothiophen-2-yl)-1,4-bis(4-butyl-

phenyl)pyrrolo[3,2-b]pyrrolo-2,5(1H,4H)-dione (19).
To a solution of 0.20 g (0.35 mmol) of compound 18
in 50 mL of anhydrous chloroform, 0.164 g (0.9 mmol)
of N-bromosuccinimide was added in portions at
room temperature. After stirring for 2 h, the reaction
mixture was extracted with 150 mL of dichlorometh-
ane and dried over anhydrous sodium sulfate and the
solvent was distilled off on the rotary evaporator. The
crude product was dissolved in 150 mL of diethyl ether
and filtered off, and the solvent was distilled off on the
rotary evaporator. The product was purified by col-
umn chromatography on silica gel using methylene
chloride as an eluent. The resulting brick red powder
was dried under vacuum. Yield, 1.23 g (80%). 'H
NMR (CDCl,): 6 7.19 (m, 8H, —NHC.H,), 6.68 (d,
2H, 4-Th, J=5.0 Hz), 6.02 (d, 2H, 3-Th, /= 5.0 Hz),
2.68 (t, 4H, J = 10 Hz, —CH,—Ph), 1.62 (m, 4H,
—CH,—CH,-), 1.37 (m, 4H, —CH,—CH,—), 0.96 (1,
6H,J/=9.6 Hz, -CH,—CH;) ppm.

4,4-Ethylenedithio-cyclopenta[2,1-b:3,4-b']dithio-
phene (20). To a solution of 5.73 g (29.8 mmol) of
compound 5 and 5.62 g (59.6 mmol) of 1,2-ethanediol
in 200 mL of dichloromethane, 11.9 g (89.4 mmol) of
AICl; was added at room temperature. The reaction
was conducted for 1 h. Afterwards the reaction mix-
ture was poured in the separating funnel containing
400 mL of ice distilled water and 600 mL of dichloro-
methane. The organic phase was separated, washed
with distilled water (2 X 200 mL) until the neutral
reaction, and dried over anhydrous Na,SO,. The sol-
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vent was distilled off on the rotary evaporator, and the
residue was purified by column chromatography on
silica gel using toluene as an eluent. The product was a
light yellow powder. Yield, 7.2 g (90%). T,, =149—
150°C (T,, = 148—150°C [28]). '"H NMR (CDCl5): &
7.16 (d,2H, J=4.9 Hz, 3-Th), 7.08 (d, 2H, /= 5.2 Hz,
2-Th), 3.68 (s, 4H, CH,) ppm.

2,6-Dibromo-4,4-difluoro-cyclopenta[2,1-b:3,4-

b']dithiophene (21). This compound was synthesized
as described in [20] using 1.0 g (3.7 mmol) of 4,4-eth-
ylenedithiocyclopenta[2,1-b:3,4-b']dithiophene, 3.31 g
(0.018 mol) of N-bromosuccinimide, and 2.3 mL
(0.018 mol) of 70% hydrogen fluoride solution in pyr-
idine. Bright yellow crystals were isolated. Yield,
0.78g (57%); T,, = 127—132 °C (T,, = 127—131°C
[20]). '"H NMR (CDCl,): 6 7.08 (s, 2H, 3,5-H) ppm.
BC NMR (CDCl): & 143.1, 139.9, 124.1, 116.9,
114.1 ppm. YF NMR (CDCls): 8 —121.31 ppm.

4,4-Difluoro-cyclopenta[2,1-b:3,4-b']dithiophene
(22). To a solution 0of 0.4 g (1.1 mmol) of compound 21
in 15 mL of anhydrous THF, 0.24 g (6.5 mmol) of
LiAlH, was added in portions in a flow of nitrogen.
The reaction mixture was stirred for 1 h, 50 mL of 1 N
HCI solution was added, and the reaction mass was
extracted with diethyl ether (2 X 100 mL). The ether
layer was washed with water and dried over sodium
sulfate, and the solvent was distilled off. After purifica-
tion by column chromatography on silica gel using tol-
uene as an eluent the product was isolated as a white
powder. Yield, 0.21 g (89%); T,, = 85—87°C (T, =
87°C [28]). 'H NMR (CDCl,): & 7.15 (d, 2H, J =
4.8 Hz, 2,6-H), 7.07 (d, 2H, /= 4.8 Hz, 3,5-H) ppm.

General Procedure of Copolymer Synthesis
by the Suzuki Reaction

To the equimolar mixture of comonomers in dime-
thoxyethane (4 mL), Pd(PPh;), (5 mol %) and 2 M
Na,CO; aqueous solution (1.0 mL) were added. The
reaction was conducted in a microwave reactor. The
temperature was gradually increased from 105 to
125°C for 10—12 h. Upon cooling, the reaction mix-
ture was extracted with chloroform (50 mL), and the
organic layer was separated and washed with water.
Afterwards 100 mL of ethanol was added and the
resulting mixture was centrifuged at 10000 rpm for
15 min. The residue was dried under vacuum, and the
low-molecular-mass fraction was separated via
extraction in a Soxhlet apparatus successively with
acetone, ethanol, and hexane. The residue was dis-
solved in a minimum amount of toluene and passed
through a silica-gel-packed column heated to 80°C.
The solution was evaporated to the minimum volume,
and the polymer was precipitated via addition of the 6-
fold amount of ethanol. The product was dried under
vacuum (0.5 mbar). The yield of the high-molecular-
mass fraction of the polymers was 54—70%.
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General Procedure of Copolymer Synthesis
by Direct C—H Arylation

To the equimolar mixture of comonomers in
N-methylpyrrolidone, 10 mol % Pd(OAc),, 30 mol %
pivalic acid, and 5-fold molar excess of K,CO; were
added. The reaction was conducted in a microwave
reactor at 110°C for 10—12 h. The polymers were iso-
lated and purified according to the procedure
described above for the Suzuki reaction. The yield of
the polymers after fractionation was 67—87%.

Poly[{1,4-bis(4-butylphenyl)pyrrolo[3.2-b]pyr-
role-2,5(1H,4H)-dione-3,6-diyl}-co-{2,2'-bithio-
phene-5,5'-diyl}] (P1). The polymer was synthesized
according to the above—described general technique
of copolymer synthesis via direct C—H arylation using
0.88 g (1.42 mmol) of compound 18 and 1.02 g
(1.42 mmol) of compound 19. The yield of high-
molecular-mass fractions of the product was 75%;
M, =44 x 103 and M,/M,=2.9. 'H NMR (CDCl,):
8 7.71-7.65 (overlapping signals, 4H, Th), 7.46—7.41
(m, 4H, Ph), 7.05—6.93 (m, 4H, Ph), 2.68 (m, 4H,
CH,), 1.66—1.23 (br. m, 8H), 0.91 (s, 6H, CH;) ppm.

Poly[{1,4-bis(4-butylphenyl)pyrrolo[3.2-b]pyrrole-
2,5(1H,4H)-dione-3,6-diyl}-co-{2,2':5',2":5",2""'-qua-
trothiophene-5,5""-diyl}] (P2). The polymer was syn-
thesized according to the above general technique of
copolymer synthesis via direct C—H arylation using
0.3 g (1.8 mmol) of 2,2'-bithiophene 1 and 1.30 g
(1.8 mmol) of 3,6-bis(5-bromothiophen-2-yl)-1,4-
bis(4-butylphenyl)pyrrolo[3.2-b]pyrrole-2,5(1H,4H)-
dione 19. The yield of high-molecular-mass fractions
of the product was 69%; M,= 58.5 x 103 and
M,/M,= 3.0. '"H NMR (CDCl,): & 7.73—7.05 (over-
lapping signals, 8H, Th), 7.47 (s, 4H, Ph), 6.95 (s, 4H,
Ph), 2.63 (m, 4H, CH,), 1.75—0.98 (br. m, 8H), 0.89
(s, 6H, CH;) ppm.

Poly[ {1,4-bis(4-butylphenyl)pyrrolo[3.2-b]pyrrole-
2,5(1H,4H)-dione-3,6-diyl}-co-{4,4-didecylcyclopenta-
[2,1-b:3,4-b']dithiophene-2,6-diyl}] (P3). The poly-
mer was synthesized according to the above general
technique of copolymer synthesis via direct C—H ary-
lation using 0.64 g (1.39 mmol) of 4,4-bis(decyl)cyclo-
penta[2,1-b:3,4-b']dithiophene and 1.00 g (1.39 mmol)
of  3,6-bis(5-bromothiophen-2-yl)-1,4-bis(4-butyl-
phenyl)pyrrolo[3.2-b]pyrrole-2,5(1H,4H)-dione.
The yield of high-molecular-mass fractions of the
product was 83%; M, = 117 x 10*and M,,/M,=3.5.'H
NMR (CDCl,): 6 7.68—7.43 (overlapping signals, 6H,
Th), (s,4H, Ph), 7.08 (s, 4H, Ph), 2.68 (m, 4H, CH,),
1.65—0.83 (overlapping signals, 60H) ppm.

Poly[{4,4-difluorocyclopenta[2,1-b:3,4-5']dithio-
phene-3,6-diyl}-co-{4,4-didecylcyclopenta-[2,1-b:3,4-
b']dithiophene-3,6-diyl}] (P4). The polymer was syn-
thesized according to the general technique of poly-
mer synthesis via the Suzuki cross-coupling reaction
using 0.315 g (0.4 mmol) of 2,6-bis(4,4,5,5-
tetramethyl-1,3,2-dioxoborolan-2-yl-4,4-didecylcy-
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clopenta-[2,1-b:3,4-b'|dithiophene 9b and 0.150 g
(0.4 mmol) of 2,6-dibromo-4,4-difluoro-cyclo-
penta[2,1-b:3,4-b'|dithiophene 21. The yield of high-
molecular-mass fractions of the product was 81%;
M,=27.4x103and M,/M,=2.3.'"HNMR (CDCI,):
0 7.17—7.07 (overlapping signals, 2H, Th), 6.99 (br. s,
2H, Th), 1.90—1.76 (m, 4H), 1.29—1.19 (overlapping
signals, 32H), 0.83 (s, 6H) ppm.

Poly[{4,4-difluorocyclopenta[2,1-b:3,4-b']dithio-
phene-3,6-diyl}-co-{4,4-bis(3,7-dimethyloctyl)-cyclo-
penta-[2,1-b:3,4-b']dithiophene-3,6-diyl}] (P5). The
polymer was synthesized according to the general
technique of copolymer synthesis via the Suzuki
cross-coupling using 0.567 g (0.8 mmol) of 2,6-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
4,4-bis(3,7-dimethyloctyl)-cyclopenta-[2,1-b:3,4-
b'|dithiophene 9a and 0.270 g (0.8 mmol) of 2,6-
dibromo-4,4-difluorocyclopental2,1-b:3,4-b'|dithio-
phene 21. The yield of high-molecular-mass fractions
of the product was 79%; M, = 21.5 X 10°and M,/M,, =
3.2. "TH NMR (3, CDCl,): 7.15—6.96 (overlapping sig-
nals, 4H, Th), 3.68 (m, 4H), 1.35—1.09 (overlapping
signals, 20H), 0.83 (br. s, 18H) ppm.

Poly[{4,4-difluorocyclopenta[2,1-b:3,4-b']dithio-
phene-3,6-diyl}-co-{4,4'-didecyldithieno-[3,2-b:2',3'-
d]silol-3,6-diyl}] (P6). The polymer was synthesized
according to the general technique of copolymer syn-
thesis via the Suzuki cross-coupling using 0.268 g
(0.37 mmol) of 4,4'-didecyl-5,5-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-dithieno-[3,2-
b:2',3'-d]silol 12b and 0.125 g (0.37 mmol) of 2,6-
dibromo-4,4-difluoro-cyclopental2,1-b:3,4-b']dith-
iophene 21. The yield of high-molecular-mass frac-
tions of the product was 73%; M, = 15.8 x 10° and
M,/M,=2.4."H NMR (CDCl,): 6 7.23—7.10 (over-
lapping signals, 4H, Th), 3.74 (m, 4H), 1.28—1.07
(overlapping signals, 32H), 0.76 (br. s, 6H) ppm.

Poly[{4,4-difluorocyclopenta[2,1-b:3,4-b']dithio-
phene-3,6-diyl}-co-{4,4'-bis(3,7-dimethyloctyl)-dith-
ieno-[3,2-b:2',3'-d]silol-3,6-diyl}] (P7). The polymer
was synthesized according to the general technique of
copolymer synthesis via the Suzuki cross-coupling
using 0.874 g (1.2 mmol) of 4,4'-bis(3,7-dimethyloc-
tyl)-5,5'-bis(4,4,5,5-tetramethyl-1,3,2-dioxo-boro-
lan-2-yl)-dithieno-[3,2-5:2",3'-d]silol 12a and 0.407 g
(1.2 mmol) of 2,6-dibromo-4,4-difluoro-cyclo-
penta[2,1-5:3,4-b']|dithiophene 21. The yield of high-
molecular-mass fractions of the product was 85%;
M, =13.8 x 103 and M,/M,= 1.1. '"H NMR (CDCl,):
8 7.17—6.17 (overlapping signals, 4H, Th), 3.65 (m,
4H), 1.43—1.12 (overlapping signals, 20H), 0.80 (br. s,
18H) ppm.
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Manufacture of Photocells and Measurement
of Their Photovoltaic Characteristics

Solutions for obtaining the active layer were pre-
pared under inert atmosphere (argon) via mixing of
the copolymers with fullerene derivatives—phenyl-
C61-butyric acid methyl ester (PC¢ BM) and phenyl-
C71-butyric acid methyl ester (PC; BM)—at a mass
ratio of 1 : 1 or 2 : 1 and a total concentration of
20 mg/mL in o-dichlorobenzene. The solutions were
mixed on a magnetic stirrer under heating to 75°C for
12 h and treated for 1 h in an ultrasonic bath. Using
freshly prepared solutions in air, the active layer was
deposited on glass substrates (23 X 23 X 1.1 mm) with
the indium-tin oxide (ITO) conducting layer and
poly(ethylene dioxythiophene) (PEDOT)—poly(sty-
renesulfonic acid) (PSS) complex via spin coating at a
rotor speed of 700 rpm. Afterwards the samples were
placed in a vacuum chamber, where the spraying of
upper metallic electrodes—Yb or Ca (20 nm) and Al
(200 nm) layers—was performed. The as-manufac-
tured samples had the general configuration
ITO/PEDOT : PSS/active layer/Mt/Al, where Mt =
Yb, Ca. The photovoltaic properties—volt-ampere
characteristics in the dark and under illumination—
were measured in an argon box directly after the man-
ufacture of photocells. A simulator of solar radiation
with spectrum AM1.5G was used as a source of illumi-
nation in volt-ampere measurements; the intensity of
incident radiation was 100 mW/cm?. Short-circuit
current density J, open-circuit voltage U, fill factor
FF, and efficiency were determined from the volt-
ampere characteristics under illumination.

RESULTS AND DISCUSSION

The trimethylsilyl derivative of bithiophene 4
obtained as described in [20] (Scheme 1) is a key com-
pound in the synthesis of initial monomers on the
basis of CPDT and DTS. Among several known meth-
ods of bithiophene cycle closure [29—31] the cycliza-
tion of 3,3'-dibromo derivative of bithiophene using
N,N-methylcarbamoyl chloride was chosen as the
most suitable preparative method of obtaining the
CPDT moiety. The lithiation of bithiophene deriva-
tive 4 was conducted in the presence of tetramethy-
lethylenedimaine (TMEDA) needed to enhance the
activity of n-butyllithium. To the obtained dilithium
derivative, 1 equiv. of N, N-methylcarbamoyl chloride
was added in situ to give rise to ketone 5. To introduce
alkyl substituents in position 4 of the cyclopentadith-
iophene ring, the keto group of ketone 5 was reduced
by the Wolf—Kizhner reaction and then alkylated by
the corresponding alkyl bromide in the presence of
potassium iodide in DMSO. Dibromo derivatives 8a
and 8b were prepared under the action of 2 equiv. of
N-bromosuccinimide in DMF. Organoboron deriva-
tives 9a and 9b were synthesized in two stages: replace-
ment of bromine atoms with lithium in corresponding



64 DROZDOV et al.

S Br 1. Mg/Et,0, A
\ / 2. 1 equiv. S Br
\ /
Pd(dppfCl,
1 98% 2
Br
1. 2 equiv. n-BuLi/Et,0, -78°C S / \
2.2 equiv. Me;3SiCl TMS TMS
61% \ / S
Br
4
_ MM HO / \ KI, KOH
HOCHZCHZOH A
76% 80%
6
T bmE /Z é B\
93%
8a, 8b

where R =

2. TMEDA

CHC13/AcOH A

Br
oso Y
\ / S Br
Br 3

1. 2 equiv. n-BuLi/Et,0, —=78°C TMS S S

TMS

DMSO

1. 2 equiv. n-BuLi ( ; ; \
THF —78°C

o \ i
A

C1” > NMe,
4. NH,CI/H,0 5 o
80%

R_ R
14 \i Z/ \
S S

7a, 7b

2.2 equlv

9a, 9b

96%

5\/\(\/\(

(DMO)—7a, 8a, 9a and

S~~~ (Dec)=Tb, 8b, 9b.

Scheme 1.

dibromides 8a and 8b and treatment of the synthesized
dilithium derivatives in situ with 2 equiv. of 2-isoprop-
oxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (I).

To prepare dithienosylol monomers (Scheme 2),
dibromide 4 was first converted into the dilithium
derivative under conditions of the kinetic control for
the selective substitution of bromine atoms in posi-
tions 3 and 3', and then the cycle in position 4 was
closed using the appropriate dialkyldichlorosilane to
afford DTS bis(trimethylsilyl) derivatives 10a and 10b.
Trimethylsilyl groups in the latter derivatives were sub-
stituted under the action of N-bromosuccinimide in
DMF to form dibromo derivatives 11a and 11b, which
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were purified by column chromatography on silica gel
and converted into target organoboron derivatives 12a
and 12b used in further polycondensation reactions
without purification.

As opposed to the previously synthesized analo-
gous copolymers [20], in which 2-ethylhexyl or octyl
moieties are commonly used as side substituents in
donor blocks, longer linear decyl and branched 3,7-
dimethyloctyl moieties were applied. It was expected
that the introduction of these moieties in CPDT and
DTS molecules would increase ordering of the target
copolymers without any loss of their solubility. 3,7-
Dimethyloctyl bromide 15 was synthesized from com-
mercial citronellol 13, in which the double bond was

Vol. 61 No.1 2019
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first reduced via hydrogenation in the presence of
Pd/C, and the resulting 3,7-dimethyloctanol-1 14 was
brominated by N-bromosuccinimide with PPh; in
anhydrous CH,Cl, (Scheme 3).

Dialkyldichlorosilanes 15a and 15b were obtained
from corresponding bromides via the reaction of their
organomagnesium derivatives obtained in situ by the
Grignard reaction with tetrachlorosilane. The reac-
tion depicted in Schemes 1 and 2 afforded four donor
blocks based on CPDT and DTS with 3,7-dimethy-
loctyl and decyl substituents—compounds 9a and 9b
and 12a and 12b.

POLYMER SCIENCE, SERIES B  Vol. 61
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The synthesis of dithienopyrrolo[3.2-b]pyrrole-
2,5(1H,4H)-dione  (DTIDPP) acceptor block
included four stages (Scheme 4). At the initial step,
diamide 16 was synthesized from oxalyl chloride and
n-butylaniline and was immediately transformed into
imidoyl chloride 17 by boiling with phosphorus penta-
chloride in anhydrous toluene. The concerted cycliza-
tion of imidoyl chloride 17 with 2 equiv. of thienoace-
tic acid ethyl ester under mild conditions gave rise to
DTIDPP 18 unsubstituted in thiophene rings. The
subsequent bromination of DTIDPP 18 made it pos-
sible to prepare the dibromo derivative of DTIDPP—
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compound 19. Thus, because of a small number of
stages and a good yield of target products, the above
scheme is suitable for obtaining the DTIDPP bifunc-
tional acceptor block.

The 4,4-difluorinated derivatives of CPDT com-
pounds 21 and 22 (Scheme 5) were synthesized as
described in [20]. Derivative 22 unsubstituted in 2,2’

POLYMER SCIENCE, SERIES B

positions of thiophene rings was obtained to find out
whether this compound may be involved in the reac-
tion of direct C—H arylation.

Copolymers P1—P3 with alternating bithiophene
(2T), quatrothiophene (4T), and cyclopentadithio-
phene donor moieties and the DTIDPP acceptor
block were synthesized by cross-coupling polycon-

Vol. 61 No.1 2019
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densation according to the direct C—H arylation
method (Scheme 6).

Synthesis was conducted in a microwave reactor in
dimethylacetamide at 110°C. A catalytic system was
composed of palladium acetate, pivalic acid as a
ligand, and K,CO; as a base. The reactions were car-
ried out to maximum monomer conversions, which
were controlled by GPC. The copolymers were puri-
fied according to the standard technique described
below. To the reaction mixture, 10% HCI solution was
added at a temperature of 50°C for 2 h. The organic
portion was extracted with chloroform, and the poly-
mer fraction was precipitated in excess methanol. The
polymeric residue obtained by centrifugation was
placed in a Soxhlet apparatus, and a high-molecular-
mass fraction was separated from oligomeric products
via successive boiling in acetone, ethanol, and hexane.
The remaining product was dissolved in the minimum
amount of toluene and passed through a silica-gel-filled
column heated to 80°C. The solution was evaporated

R R K F
/ \; 2/ o/ \\ Z/ \
Br S S Br S S
8 22

POLYMER SCIENCE, SERIESB  Vol.61 No.1 2019

until the minimum volume, and the polymer was pre-
cipitated by adding the 6-fold amount of ethanol.

Copolymers P4—P7 with the acceptor 4,4-difluoro
derivative of CPDT were synthesized by the Suzuki
reaction between bifunctional pinacolborane 9a or 9b
and dibromide 4,4-difluoro derivative of CPDT 21
(Scheme 7).

The reaction was carried out by microwave synthe-
sis in the presence of 10 mol % Pd(PPh;), and 2 M
Na,CO; aqueous solution as a base. The completeness
of reaction was estimated by GPC.

Attempts were made to synthesize copolymers with
bifunctional acceptor block DFCPDT 22 and corre-
sponding nonfunctional derivative CPDT 7 in a man-
ner similar to copolymerization used to synthesize
P1—P3; however, as was shown by GPC, both oligo-
meric and polymeric components were absent.
A change in functionality on donor and acceptor
blocks to the reverse one under the given conditions
also did not cause the polycondensation of corre-
sponding monomers:

Pd(OAC),, %‘ COOoH

K,CO3, DMA, 110°C

no reaction
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This inert behavior of the DFCPDT derivative is
possibly associated with a strong acceptor effect of a
4 4-difluoromethylene group on the reactivity of the
CPDT block.

The molecular masses of the copolymers and the
conversions of the monomers were measured by GPC
using polystyrene standards. GPC curves are shown in
Fig. 1.

The molecular-mass characteristics of copolymers
P1—P?7 are listed in Table 1.

For copolymers P1—P3 synthesized by direct C—H
arylation, the values of M, and M,, were fairly high, in
agreement with the data from [32, 33], in which high
M, values of the copolymers were achieved using the
direct C—H arylation method. However, high polydis-
persity may provide evidence for a large number of
branches of polymer chains because of a low regiose-
lectivity under conditions of this reaction. This finding
may be explained by the presence of four possible
positions of addition (C—H) in the initial nonfunc-
tional monomer, as opposed to bifunctional mono-
mers with two possible positions. The molecular mass
of copolymers P4—P7 synthesized by the Suzuki reac-
tion was much lower. This fact may be explained by a
low purity (95%) of the used organodiboron derivatives;
however, the polydispersity of these copolymers was
also somewhat lower than that of copolymers P1—P3.

R R

X
N Y R N
Xmi

9a, 9b, 11a, 11b

Pd(PPhs),, 2M Na,CO5/H,0

COOH
Pd(OAc),, %»

K,CO;, DMA, 110°C

no reaction

The TGA study of the thermal stability of the copo-
lymers in nitrogen and air showed that, for copolymers
P1-P3 (Figs. 2a, 2b), a 5% weight loss (Table 1) is
observed at temperatures above 300°C both in the
flow of nitrogen and in air. Note that a change of
donor fragments containing dithiophene (2T) moi-
eties for quatrothiophene (4T) and cyclopentadithio-
phene ones leads to the improvement of thermal sta-
bility from 300 to 395°C under an inert atmosphere
and from 300 to 335°C in air; in addition, in a flow of
nitrogen, the coke residue at 700°C grows from 52 to
63%.

Copolymers P4—P7 are stable up to 290—330°C, at
which a 5% weight loss is registered (Figs. 2c, 2d).
Replacement of the C atom with the Si one on going
from the copolymers based on CPDT to the copoly-
mers based on DTS entails an insignificant reduction
in thermal stability and has no effect on coke residue.

According to DSC measurements of copolymers
P1—P3, there are no phase or relaxation transitions in
the studied temperature range; for copolymers P4—
P7, no phase transitions are detected, but in the case of
copolymers P6 and P7, the jumps of heat capacity
related to devitrification of the samples are observed at
temperatures 120 and 55°C, respectively. Thus, the
replacement of C with Si on going from the copoly-
mers based on CPDT to the copolymers based on

21

100-125°C, MeOCH,CH,0Me

P4—P7

where X = C, R=DMO (9a, P5); X =C, R = Dec (9b, P4); X = Si, R=DMO (11a, P7); X = Si, R = Dec (11b, P6).

Scheme 7.
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Fig. 1. GPC curves of copolymers P1—P3 synthesized by direct arylation and copolymers P4—P7 synthesized by the Suzuki reac-

tion.

DTS promotes an increase in the mobility of molecu-
lar chains, and the replacement of #n-decyl side substit-
uents with branched 3,7-dimethyloctyl ones causes a
reduction in their glass-transition temperature.

For copolymers P1—P7, absorption spectra were
measured in the visible UV spectral region in dilute
THEF solutions (10~ mol/L) and in thin films depos-
ited on glass plates from THF solution using the rotat-
ing substrate method. The obtained data are listed in

Table 1. Molecular-mass characteristics and TGA data for
the copolymers

?y?ggr My > 1072\ M, < 1072 Mo/ My (nityizsgi,n;gir)
P1 | 440 | 1276 29 300/300
P2 | 585 | 1755 3.0 350/318
P3| 170 | 4095 35 395/335
P4 | 274 62.6 23 322/313
Ps | 215 68.8 32 330/330
P6 | 158 37.8 24 313/305
P7 | 138 14.2 11 290/286

The values of M, and M,, for the copolymers were measured by
GPC according to PS standards.

The temperature corresponding to the 5% weight loss of the
copolymers was measured by TGA during heating in nitrogen and
air at a rate of 10°C/min.

POLYMER SCIENCE, SERIESB  Vol.61 No.1 2019

Table 2. It is seen that the copolymers efficiently
absorb visible light in the range of 300—800 nm in
solutions and thin films and the absorption maximum
is in the range of 450—600 nm.

According to the absorption spectra of IDPP-
based copolymers P1-P3 (Figs. 3a, 3b), it may be
stated that an increase in the length of conjugation by
two thiophene rings on going from P1 to P2 leads to
the longwave shift of absorption maxima by 120 nm in
solution and by 110 nm in the thin film; in the case of
the annelated structure CPDT (P3), the shift to the
red spectral range is 180 nm both in solution and in the
thin film relative to the unannelated structural analog
P1. For copolymers based on DFCPDT (Figs. 3c, 3d),
as follows from the spectroscopy data, when the car-
bon atom in the donor moiety is replaced with the sil-
icon atom, a comparison of the pair with the same 3,7-
dimethyloctyl side substituents (P4 and P6) and the
pair with the same n-decyl side substituents (P5 and
P7) shows that the absorption maxima shift to the red
spectral region by 13 and 70 nm in solutions and 41
and 59 nm in films. This fact may be explained by the
stabilizing effect of the d-orbital of silicon on the
nt-conjugated polymer chain. When the decyl group is
replaced by the 3,7-dimethyloctyl one, the bathochro-
mic shift is also observed for pairs P4—P5 and P6—P7.
This observation may be attributed to the specific fea-
tures of aggregation of macromolecules in solution
and thin films.

In the series of copolymers P1—-P2—P3, the edges
of absorption spectra for the films shift to the red spec-
tral region; they are at 650, 720, and 850 nm, respec-
tively. As a result, the width of the energy gap E,
decreases from 1.91 eV for P1 to 1.72 eV for P2 and
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Fig. 2. TGA curves of copolymers (a, b) P1-P3 and (c, d) P4—P7. Heating at a rate of 10°C/min in (a, c¢) air and (b, d) nitrogen.

1.46 eV for P3. As evidenced by cyclic voltammetry
(see below), this dependence is primarily associated
with increase in the levels of the highest occupied
molecular orbital (HOMO). In the case of copolymers
P4—P7 the values of E, are close to 1.8 €V. This is
related to lower lying levels of the lowest unoccupied
molecular orbital (LUMO) compared with copoly-
mers P1-P3.

Using oxidation and reduction potentials measured
for copolymers P1—-P3 (Fig. 4a), the energies of
HOMO and LUMO were estimated through the fol-
lowing equations [34]:

EHOMO = _e(EOX + 4.4) CV, (la)

E ypmo = —e(Eq +4.4) €V, (1b)

where the charge of electron is e = 1.602 x 10~ C.

POLYMER SCIENCE, SERIES B

For copolymers P4—P7 (Fig. 4b), there was no
peak of reduction on the cyclic voltammograms;
therefore, the energy of LUMO was derived from the
difference between the energy of HOMO and the opti-
cal width of the energy gap.

For the majority of the synthesized copolymers
(except P3), the levels of HOMO are fairly low lying,
namely, from —5.4 to —5.7 eV (compared with —5.2 ¢V
for P3HT). This is explained by a high oxidation
potential of the CPDT structure relative to the thio-
phene ring (Fig. 5). Copolymers P1—P3 are charac-
terized by a monotonic rise in the levels of HOMO
from —5.66 to —5.22 eV because of increase in donor
ability in the sequence 2T—4T—CPDT. Upon replace-
ment of the carbon atom with the silicon atom, the
levels of HOMO for copolymers P6 and P7 decrease
from —5.61 and —5.57 eV compared with —5.42 and —
5.39 eV for P4 and P5 copolymers, respectively. This
finding may be also explained by the presence of n—d-
conjugation with the silicon atom.

Vol. 61 No.1 2019
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Table 2. Data of visible UV spectroscopy and cyclic voltammetry

Polymer | Ay s NM kedge’ o M| Ao p, nM kedge’ pom| E, o, eV Ew, V' |Egomos €V| Ewea,V | ELumos €V

P1 420 640 440 650 1.90 1.26 —5.66 —1.09 -3.31

P2 540 730 550 720 1.72 0.98 —5.38 —1.05 -3.35

P3 600 820 620 850 1.46 0.82 —5.22 —1.03 —3.37

P4 480 602 485 660 1.87 0.99 —-5.39 - —3.56

P5 417 655 450 675 1.83 1.02 —5.42 - -3.59

Pé6 493 660 526 703 1.76 1.17 —5.57 - —3.81

P7 487 595 509 670 1.85 1.21 —5.61 - —3.76

Amax, s is the maximum of the absorption band measured in dilute solution; Aggge ¢ is the absorption spectrum edge measured in dilute
solution; Ay, ¢ is the maximum of the absorption spectrum measured in the thin film; A.qge ¢ is the absorption spectrum edge mea-
sured in the thin film; Eg’ opt is the width of the energy gap obtained from absorption spectra; and E,, and E .4 are the oxidation and
reduction potentials derived from the cyclic voltammetry data. The values of energy E| jpo for copolymers P4—P7 are found from the

difference between E, ; and Egomo-

Table 3. Photoelectric characteristics of photocells based on copolymers P1—P3

Sample Uy, V J., mA/cm? FF, % Efficiency, %
P1:PCyBM (1: 1) 0.466 _134 38 0.24
P2:PCyBM (1:1) 0.507 —1.94 43 0.43
P3:PCqyBM (1:1) 0.510 —4.49 45 1.03
P3:PC4BM (2:1) 0.600 —4.89 58 1.72
P3:PC, BM (1:1) 0.576 —5.68 62 2.03
P3:PC,BM(2: 1) 0.567 —6.63 63 2.37

To evaluate photovoltaic properties, samples of
organic solar photocells were manufactured from each
of the synthesized copolymers. Measurements of the
volt-ampere characteristics of photocells based on
copolymers P1—-P3 (Figs. 6a, 6b) revealed that their
U,. values are comparable with those of photocells
based on P3HT; however, the values of /. and FFwere
very low because of a poor solubility of the polymers in
o-dichlorobenzene and their high molecular mass.
This in turn caused the nonoptimal morphology of
active layer films (Fig. 7).

As follows from Table 3, despite almost equal val-
ues of U, the values of J, like efficiency, increase on
going from photocells based on P1 to photocells based
on P3. It is evident that these values correlate with the
shift of absorption spectra to the longwave region.

POLYMER SCIENCE, SERIES B  Vol. 61
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For the photocells based on the most efficient
copolymer P3, we examined whether the efficiency
may be further increased owing to a change in the
composition of the active layer of photocells. For
example, as P3 : PCy;BM was changed from 1 : 1 to
2:1, both U, and J,, increased appreciably; as a
result, the efficiency rose from 1.03 to 1.72%. The
replacement of the acceptor fullerene derivative
PCyBM with the PC,;BM one made it possible to
increase J. by almost 1.2 times and to double the effi-
ciency relative to the corresponding parameters for
photocells with the same PC¢ BM ratio. For the pho-
tocells with the active layer P3 : PC;,BM = 2 : 1 the
value of J, increased to —6.63 mA/cm? compared with
—4.89 mA/cm? for the photocells with the active layer
P3 : PCy, BM. By varying the nature of the fullerene
acceptor and its ratio to copolymer P3, we managed to
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Fig. 3. Absorption spectra for solutions of (a) P1—P3 and (c¢) P4—P7 and thin films of (b) P1-P3 and (d) P4—P7.

increase the efficiency of photocells by more than two
times. This effect of the nature of fullerene derivative
PC,;,BM may be attributed to a better absorption of
light in the visible region and presumably to a better
morphology of the active layer.

On the basis of copolymers P4—P7 in mixture with
PC4;BM 1 : 1, models of solar photocells were manu-
factured and their volt-ampere characteristics were

measured (Table 4). The typical values of U,, = 0.4—
0.5 V were close to the corresponding values for pho-
tocells based on polymer P3HT; however, the low val-
ues of J, and FF provide evidence for the poor mor-
phology of the film. This is the reason behind hetero-
geneities related to the low solubility (5—7 mg/mL) of
these copolymers. To optimize the morphology of the
active layer immediately after deposition, the sub-

Table 4. Photoelectric characteristics of photocells based on copolymers P4—P7 meanufactured without annealing (numer-

ator) and with annealing at 100°C (denominator)

Sample U,.,V Jy., mA/cm? FF, % Efficiency, %
P4:PCyBM (1:1) 0.456/0.328 —1.64/—6.40 36/27 0.27/0.58
P6:PCyBM (1: 1) 0.516/0.380 —2.16/—4.78 36/31 0.41/0.57
P5:PCyBM (1 : 1) 0.486/0.464 5.34/-6.16 31/32 0.81/0.92
P7:PCyBM (1: 1) 0.522/0.509 —5.71/-7.87 31/29 0.93/1.16

POLYMER SCIENCE, SERIES B  Vol. 61 No. 1 2019
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Fig. 4. Curves of oxidation and reduction of polymers P1—P7 measured by cyclic voltammetry.
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Fig. 7. AFM images of the active layer of the photocell at P3: PCg BM =(a) 1: 1and (b) 2: 1.

strates were annealed in air at 100°C for 10 min. After-
wards contacts were applied to them together with ref-
erence substrates without annealing and the volt-
ampere characteristics were measured.

An analysis of the obtained data makes it possible
to make the following conclusions. In the case of
copolymers P4 and P6 (Figs. 8a, 8c), U, decreases on
the cells with annealing. This fact in combination with
steeper volt-ampere characteristics of the annealed
samples indicates that the parallel resistance of the
photocells decreases. The corresponding values of J,,
increase. This may be due to a more optimal ordering
of the active layer. For cells based on P4 and P6, the
efficiency increases upon annealing; however, in the
case of P5 and P7 (Figs. 8b, 8d), this parameter
remains almost unchanged. This fact may be

POLYMER SCIENCE, SERIES B

attributed to different levels of order in the copolymers
with different alkyl substituents upon annealing. For
example, copolymers P4 and P6 with linear decyl sub-
stituents at CPDT moieties crystallize during the pro-
cess of annealing. At the same time, copolymers P5
and P7 contain branched 2,3-dimethyloctyl substitu-
ents whose crystallizability is hindered considerably.
Reduction in the fill factors and U, values of the solar
photocells based on copolymers P4 and P6 after
annealing may be related to a rise in the mobility of
holes in the polymer due to the growth of'its crystallin-
ity. As was shown in [35], the value of J,, monotoni-
cally increases with mobility, the value of U,, mono-
tonically decreases with a rise in the mobility of holes,
and the fill factor first increases, attains a maximum
value at a certain mobility level, and then decreases
with its growth.
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Fig. 8. (Color online) Photoelectric characteristics of photocells based on copolymers (a) P4, (b) P5, (c) P6, and (d) P7 in the
mixture with PCg;BM = 1 : 1 (1) without annealing and (2) after annealing.

On the basis of the above data it may be stated that,
owing to their optical properties and position of energy
levels, the synthesized copolymers have further pros-
pects in terms of optimization of their photovoltaic
properties.
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