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ABSTRACT: Two fi-cyano-thiophenevinylene-based polymers
containing cyclopentadithiophene (CPDT-CN) and dithienosilole
(DTS-CN) units were synthesized via Stille coupling reaction
with Pd(PPhs), as a catalyst. The effects of the bridged atoms
(C and Si) and cyano-vinylene groups on their thermal, optical,
electrochemical, charge transporting, and photovoltaic proper-
ties were investigated. Both polymers possessed the highest
occupied molecular orbital (HOMO) levels of about —5.30 eV
and the lowest unoccupied molecular orbital (LUMO) levels of
about —3.60 eV, and covered broad absorption ranges with
narrow optical band gaps (ca. 1.6 eV). The bulk heterojunction
polymer solar cell (PSC) devices containing an active layer of

electron-donor polymers (CPDT-CN and DTS-CN) blended with
an electron-acceptor, that is, [6,6]-phenyl-Cgq-butyric acid
methyl ester (PCg:BM) or [6,6]-phenyl-C;4-butyric acid methyl
ester (PC,,BM), in different weight ratios were explored under
100 mW/cm? of AM 1.5 white-light illumination. The PSC de-
vice based on DTS-CN:PC,;BM (1:2 w/w) exhibited a best
power conversion efficiency (PCE) value of 2.25% with V,. =
0.74 V, Jsc = 8.39 mA/cm?, and FF = 0.36. © 2011 Wiley Periodi-
cals, Inc. J Polym Sci Part A: Polym Chem 49: 3417-3425, 2011
KEYWORDS: conjugated polymers; copolymerization; donor-
acceptor; heteroatom-containing polymers; solar cells

INTRODUCTION Till now, polymer solar cells (PSC), com-
posed of bicontinuous intermixing of electron donors and
acceptors, have played a leading role in obtaining higher effi-
ciencies as these devices allow the photogenerated electron-
hole pairs to be efficiently separated throughout the bulk
films and transported to the electrodes." Though the conven-
tional blends of poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-Cg1-butyric acid methyl ester (PCs;BM) have reached
power conversion efficiency (PCE) up to 5%, further
increase is rather difficult due to their limited photocurrent
generation and intrinsic absorption properties. Therefore, an
alternative approach to have better performance is to use
low band gap (LBG) donor-acceptor (D-A) polymeric materi-
als, and higher efficiencies up to 7.7% were obtained by
such polymers.?

Recently, it remains a key challenge to design and synthesize
new ideal LBG polymers with high intrinsic conductivities to
develop their potential applications in highly efficient bulk-
heterojunction (BHJ) solar cells by blending with an elec-
tron-acceptor like PCBM.*™® To increase the PCE in BH]J solar
cells, some important characteristics of LBG polymers need
to be dealt, such as: (i) a more favorable overlap of the
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absorption spectrum of the active layer with the solar emis-
sion for better solar photon harvesting,7 (ii) a better charge
carrier mobility,® and (iii) an optimized relative positions of
the energy levels of the electron donors and acceptors® for
the maximization of the open circuit voltage (V,.) and better
charge separation between electron-donor polymers and
electron-acceptor PCBM. Furthermore, an ideal donor poly-
mer should exhibit a band gap between 1.2 and 1.9 eV,
which corresponds to a highest occupied molecular orbital
(HOMO) energy level between —5.8 and —5.2 eV and a low-
est unoccupied molecular orbital (LUMO) energy level
between —4.0 and —3.8 eV.'° To achieve higher efficiencies
of BHJ solar cell devices, the difference of the LUMO levels
between electron-donor polymer and electron-acceptor
PCBM needs to be at least 0.3 eV.'! Otherwise, the driving
force for charge separation will be decreased, and also V.
will be reduced by raising the HOMO level of the donor poly-
mer. Therefore, in order to synthesize LBG polymers, the
design rules described above suggest that the optimization
of HOMO and LUMO levels of LBG polymers is the most
promising strategy to develop BH] solar cells with high effi-
ciencies. However, it is difficult to synthesize the LBG
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polymers with all three properties like broad absorption
spectra, high carrier mobilities, and appropriate molecular
energy levels.

According to this D-A design, LBG polymers containing elec-
tron donating moieties from the 2,2’-bithiophene unit cova-
lently bridged with an atom, such as C, N, S, and Si at 3,3’
position, have attracted considerable research attentions in
recent days. The bridging atoms at 3,3’-position of donor
moieties play an important role for LBG polymers in terms
of solubility, planarity, band gap, and interchain packing, as
well as for the performance of the BHJ solar cells.'> Among
these four donor units (i.e, 3,3-C-, N-, S-, or Si-substituted
2,2'-bithiophene units), both dithienopyrrole and dithieno-
thiophene had lower efficiencies in BH] solar cells due to the
low V,. values arising from their high HOMO levels.* Thus,
the LBG polymers containing the other two electron donating
moieties, that is, cyclopentadithiophene and dithienosilole
units, have emerged as potential materials for photovoltaic
cells'* due to their similar range of HOMO and LUMO levels
as ideal polymers. In addition, to obtain the broad absorp-
tion band with high absorptivities of the conjugated poly-
mers, electron-donating groups and/or electron-withdrawing
groups are substituted on the main-chains of the conjugated
polymers to raise the HOMO levels and/or to reduce the
LUMO levels of the polymers.’® Hence, introduction of elec-
tron-withdrawing cyano-vinylene groups to polymer back-
bones has several advantages, such as to lower the LUMO
levels,’® and tune their electro-optical properties,’” and pos-
sess higher hole mobilities.'® Recently, some polymers con-
taining cyano-vinylene groups were applied to BH] solar cells
as photovoltaic materials.!® However, the PCE values of these
photovoltaic cells are still low at present. All these research
results inspire us to incorporate cyano-vinylene electron-
acceptors into the main-chains of conjugated polymers con-
taining electron-donating cyclopentadithiophene and dithie-
nosilole units for better photophysical, electrochemical, and
photovoltaic properties. On the basis of this concept, soluble
p-cyano-thiophenevinylene-based LBG D-A polymers (CPDT-
CN, DTS-CN) containing cyclopentadithiophene- and dithie-
nosilole units are designed and synthesized. The effects of
the bridged atoms (i.e., C and Si) on the optical, electrochem-
ical, charge transporting, and photovoltaic properties of the
polymers are compared and reported in this study. A maxi-
mum PCE value of 2.25% could be reached by a PSC device
containing an active layer of DTS-CN:PC,;BM. The prelimi-
nary study reveals that these LBG polymers may have poten-
tial applications in flexible electronic devices in the future.

EXPERIMENTAL

Materials

4,4-Bis(2-ethylhexyl)-cyclopenta[2,1-b:3,4-b']dithiophene (1),>®
5-bromo-2-thiopheneacetonitrile (3),*®  3,3’-di-n-hexylsilylene-
2,2'-bithiophene (4),"*® 4,4-Bis(2-ethylhexyl)-2,6-bis(trimethyl-
stannanyl)-4H-cyclopenta-[2,1-b:3,4-b']dithiophene (6),>® 5,5'-
bis(trimethylstannyl)-3,3-di-n-hexylsilylene-2,2'-bithiophene (7)*®
were prepared according to the published methods. All other
chemicals were purchased from Aldrich, ACROS, Fluka, or
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TCI. Toluene, tetrahydrofuran (THF), and diethyl ether were
distilled over sodium/benzophenone. Chloroform (CHCl3)
was purified by refluxing with calcium hydride and then dis-
tilled. If not otherwise specified, the other solvents were
degassed by nitrogen 1 h before use.

Measurements and Characterization

'H and '*C NMR spectra were measured using Varian Unity
300 MHz spectrometer. Elemental analyses were performed
on a HERAEUS CHN-OS RAPID elemental analyzer. Thermo-
gravimetric analyses (TGA) were conducted with a TA Instru-
ments Q500 at a heating rate of 10 °C/min under nitrogen.
The molecular weights of polymers were measured by gel
permeation chromatography (GPC) using Waters 1515 sepa-
ration module (concentration: 1 mg/1 mL in THF; flow rate:
1 mL/1 min), and polystyrene was used as a standard with
THF as an eluant. UV-visible absorptions were recorded in
dilute chloroform solutions (10~ M) on a HP G1103A. Solid
films of UV-vis measurements were spin-coated on a glass
substrate from chlorobenzene solutions with a concentration
of 10 mg/mL. Cyclic voltammetry (CV) measurements were
performed using a BAS 100 electrochemical analyzer with a
standard three-electrode electrochemical cell in a 0.1 M tet-
rabutylammonium hexafluorophosphate [(TBA)PFg4] solution
(in acetonitrile) at room temperature with a scanning rate of
100 mV/s. During the CV measurements, the solutions were
purged with nitrogen for 30 s. In each case, a carbon work-
ing electrode coated with a thin layer of polymers, a plati-
num wire as the counter electrode, and a silver wire as the
quasi-reference electrode were used, and Ag/AgCl (3 M KCl)
electrode was served as a reference electrode for all poten-
tials quoted herein. The redox couple of ferrocene/ferroce-
nium ion (Fc/Fc") was used as an external standard. The
corresponding highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels were
calculated using Eox/onset and Eredq/onset for experiments in
solid films of polymers, which were performed by drop-cast-
ing films with the similar thickness from THF solutions (ca.
5 mg/mL). The onset potentials were determined from the
intersections of two tangents drawn at the rising currents
and background currents of the cyclic voltammetry (CV)
measurements.

Fabrication of Polymer Solar Cells

The polymer solar cells in this study were composed of an
active layer of blended polymers (CPDT-CN or DTS-
CN:PCBM) in solid films, which was sandwiched between a
transparent indium tin oxide (ITO) anode and a metal cath-
ode. Before device fabrication, ITO-coated glass substrates
(1.5 x 1.5 cm?) were ultrasonically cleaned in detergent,
deionized water, acetone, and isopropyl alcohol. After routine
solvent cleaning, the substrates were treated with UV ozone
for 15 min. Then, a modified ITO surface was obtained by
spin-coating a layer of poly(ethylene dioxythiophene): poly-
styrenesulfonate (PEDOT:PSS; 30 nm). After baking at 130
°C for 1 h, the substrates were transferred to a nitrogen-
filled glove-box. Then, on the top of PEDOT:PSS layer, the
active layer was prepared by spin coating from blended solu-
tions of polymers CPDT-CN or DTS-CN:PC4:BM (with 1:1 w/
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w) and DTS-CN:PC,;BM (with 1:1, 1:2, 1:3, w/w) subse-
quently with a spin rate of about 1000 rpm for 60 s, and the
thickness of the active layer was typically about 80 nm. Ini-
tially, the blended solutions were prepared by dissolving
both polymers and PCBM in 1,2-dichlorobenzene (20 mg/1
mL), followed by continuous stirring for 12 h at 50 °C. In
the slow-growth approach, blended polymers in solid films
were kept in the liquid phase after spin-coating by using the
solvent with a high boiling point. Finally, a calcium layer (30
nm) and a subsequent aluminum layer (100 nm) were ther-
mally evaporated through a shadow mask at a pressure
below 6 x 10~° Torr. The active area of the device was 0.12
cm? All PSC devices were prepared and measured under
ambient conditions. The solar cell measurements were done
inside a glove box under simulated AM 1.5G irradiation (100
mW/cm?) using a Xenon lamp based solar simulator (Ther-
mal Oriel 1000 W). The light intensity was calibrated by a
mono-silicon photodiode with KG-5 color filter (Hamamatsu,
Japan). The external quantum efficiency (EQE) spectra were
obtained at short-circuit conditions. The light source was a
450 W Xe lamp (Oriel Instrument, model 6266) equipped
with a water-based IR filter (Oriel Instrument, model
6123NS, Irvine, USA). The light output from the monochro-
mator (Oriel Instrument, model 74100, Irvine, USA) was
focused on the photovoltaic cell under test.

Fabrication of Hole- and Electron-Only Devices

The hole- and electron-only devices in this study contained,
polymers CPDT-CN or DTS-CN:PCq;BM (1:1 w/w) blend
films sandwiched between transparent ITO anode and cath-
ode. The devices have been prepared following the same
procedure as the fabrication of BH] devices, except that in
the hole-only devices, Ca was replaced with MoO3 (® = 5.3
eV) and for the electron-only devices, the PEDOT:PSS layer
was replaced with Cs,CO3; (O = 2.9 eV). In hole-only devices,
MoO3 was thermally evaporated with a thickness of 20 nm
and then capped with 50 nm of Al on the top of the active
layer. On the other hand, Cs,CO3 was thermally evaporated
in the electron-only devices with a thickness of ~2 nm on
the top of transparent ITO. For both devices, annealing of
the active layer was performed at 130 °C for 20 min. The
space charge limited current (SCLC) method was used to
evaluate the hole and electron mobilities of polymer blend
films CPDT-CN or DTS-CN:PC4:BM (1:1 w/w) by fabricating
the hole- and electron-only devices. The electron and hole
mobilities were determined precisely by fitting the plots of
the dark current versus voltage (J-V) curves for single car-
rier devices to the SCLC model. The dark current is given by
] = 9eoe,uV?/8L3, where ¢, is the permittivity of the poly-
mer, yu is the carrier mobility, and L is the device thickness.

Synthesis of Monomers and Polymers
4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b]
dithiophene-2,6-dicarbaldehyde (2)

A three-neck round-bottom flask containing 3.8 mL (50
mmol) of anhydrous DMF was cooled in an ice bath. To the
solution, 4.7 mL (50 mmol) of phosphoryl chloride was
added dropwise over a period of 20 min. 4,4-Bis(2-ethyl-
hexyl)-cyclopenta[2,1-b:3,4-b’]dithiophene (1) (4.03 g 10
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mmol) in 30 mL of 1,2-dichloroethane was added to the
above solution dropwise and heated to about 90 °C for 2
days. The solution was cooled to room temperature and then
poured into ice cold saturated aqueous solution of sodium
acetate (200 mL). Then, the mixture was extracted with
CH,Cl,/water. The organic layer was concentrated under
reduced pressure. Finally, the crude product was purified by
column chromatography using mixture of ethyl acetate and
hexane (1:4) to get a yellow solid (3.90 g, 85%).

'H NMR (300 MHz, CDCI3): § (ppm) 9.88 (s, 2H), 7.61 (s,
2H), 1.94 (m, 4H), 0.96-0.86 (m, 18H), 0.71 (m, 6H), 0.55 (t,
] = 7.2 Hz, 6H). »3C NMR (75 MHz, CDCI3): § (ppm) 182.41,
148.32, 143.61, 138.59, 135.38, 52.47, 46.23, 33.63, 33.12,
29.25, 26.43, 23.02, 14.12, 11.93. MS (FAB): m/z [M'] 459;
calcd m/z [M*] 458.23. Anal. Calcd for C,;H350,S,: C, 70.69;
H, 8.35. Found: C, 70.91; H, 8.44.

3,3'-Di-n-hexylsilylene-2,2'-bithiophene-5,5'-
dicarbaldehyde (5)

Compound 5 was synthesized in a similar synthetic proce-
dure as described for 2 by taking 3,3’-di-n-hexylsilylene-2,2’-
bithiophene (4) (3.63 g, 10 mmol) instead of compound 1 to
get the desired product as a yellow solid (3.53 g, 83%).

'H NMR (300 MHz, CDCI3): & (ppm) 9.92 (s, 2H), 7.75 (s,
2H), 1.28-1.36 (m, 16H), 0.88-0.98 (m, 10H). *C NMR (75
MHz, CDCI3): & (ppm) 183.12, 156.53, 147.30, 146.45,
139.07, 32.96, 31.53, 24.23, 22.69, 14.25,11.69. MS (FAB):
m/z [M*] 418; caled m/z [M'] 418.15. Anal. Calcd for
C22H300,S,Si: C, 63.11; H, 7.22. Found: C, 62.93; H, 7.07.

M1: To a mixture of compound 2 (1.15 g, 2.5 mmol) and 5-
bromo-2-thiopheneacetonitrile (3) (2.02 g 10 mmol) in
methanol (100 mL), a catalytic amount of potassium tert-
butoxide was added. The mixture was stirred at room tem-
perature for 24 h. Then, the crude product was filtered and
dried. Chromatography on silica gel eluted with CH,Cl,/hex-
ane 1:4 afforded M1 as a dark orange solid (1.71 g). Yield:
82%.

'H NMR (300 MHz, CDCI3): d (ppm) 7.57 (d, J = 5.1 Hz, 2H),
7.29 (d, J = 11.1 Hz, 2H), 7.09 (d, / = 3.6 Hz, 2H), 7.03 (d, J
= 3.9 Hz, 2H), 1.96 (m, 4H), 0.97-0.90 (m, 18H), 0.79-0.73
(m, 6H), 0.72-0.61 (m, 6H). *C NMR (75 MHz, CDCI3): §
(ppm) 160.56, 142.20, 140.52, 133.27, 132.50, 127.18,
126.96, 123.14, 118.49, 105.59, 54.47, 43.32, 35.57, 34.35,
28.70, 27.56, 22.99, 14.28, 10.89. MS (FAB): m/z [M'] 827;
caled m/z [M'] 826.83. Anal. Calcd for CzoH4,BryN,S,: C,
56.65; H, 5.12; N, 3.39. Found: C, 56.91; H, 5.44; N, 3.65.

M2: M2 was synthesized in a similar synthetic procedure as
described for M1 by taking compound 5 (1.05 g, 2.5 mmol)
to get a purple solid (1.45 g). Yield: 73%.

'H NMR (300 MHz, CDCI3): 6 (ppm) 7.57 (d, ] = 4.8 Hz, 2H),
7.31 (d, ] = 9 Hz, 2H), 7.1 (d, /] = 3.6 Hz, 2H), 7.03 (d, ] =
3.9 Hz, 2H), 1.10-1.62 (m, 16H), 0.92-0.73 (m, 10H). '3C
NMR (75 MHz, CDCI3): & (ppm) 147.25, 142.01, 138.85,
133.12, 131.41, 129.28, 127.42, 116.48, 113.38, 103.07,
59.17, 33.21, 31.59, 23.18, 22.75, 18.57, 14.28. MS (FAB): m/
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z [M"] 786; caled m/z [M'] 786.80. Anal. Calcd for
C34H34Br2N254Si: C, 5190, H, 436, N, 3.56. Found: C, 5197,
H, 4.85; N, 3.46.

4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannanyl)-4H-
cyclopenta-[2,1-b:3,4-b'|dithiophene (6)

This monomer was synthesized via the reported proce-
dure,°® which was obtained as a light brownish viscous oil.

'H NMR (300 MHz, CDCI3): § (ppm) 6.93 (m, 2H), 1.86 (m,
4H), 1.29 (m, 2H), 0.94 (m, 16H), 0.78 (t, ] = 6.8 Hz, 6H),
0.62 (t, J = 7.3 Hz, 6H), 0.37 (m, 18H). '*C NMR (75 MHz,
CDCI3): 6 (ppm) 160.12, 143.04, 136.60, 130.52, 52.78,
43.57, 35.56, 34.91, 29.18, 28.07, 23.28, 14.63, 11.26, —7.79.
MS (FAB) m/z [M*] 728.0 caled m/z [M"] 728.2. Anal. Calcd
for C31H54stn2: C, 5112, H, 7.47. Found: C, 5147, H, 7.30.

5,5'-Bis(trimethylstannyl)-3,3'-di-n-hexylsilylene-2,2' -
bithiophene (7)

This monomer was synthesized according to the literature
procedure,™*® which was obtained as a viscous oil.

'H NMR (300 MHz, CDCI3): ¢ (ppm) 7.08 (s, 2H), 1.23-1.28
(m, 16H), 0.83-0.88 (m, 10H), 0.36 (s, 18H). 3¢ NMR (75
MHz, CDCI3): § (ppm) 155.22, 143.32, 137.89, 125.03, 33.11,
31.65, 24.47, 22.83, 14.33, 12.22, —7.87. MS (FAB) m/z [M*]
418.0 calcd m/z [M*] 418.15. Anal. Calcd for CygH,6S,SiSn,
(%): C, 45.37; H, 6.74. Found (%): C, 46.69; H, 6.82.

General Polymerization Procedure

In a 25 mL flame-dried flask, 1.0 mmol of dibromo mono-
mers M1 or M2 and 1.0 mmol of distannyl compounds 6 or
7 were added in 15 mL of anhydrous toluene and degassed
with argon for 30 min. The Pd(0) complex, that is, tetrakis
(triphenylphosphine)palladium (1 mol %), was transferred
into the mixture in a dry environment. After another flushing
with argon for 20 min, the reaction mixture was heated to
reflux for 18 h. Then, an excess amount of 2-bromothiophene
was added to end-cap the trimethylstannyl groups and
reacted for 2 h. The reaction mixture was cooled to 40 °C
and added slowly into a vigorously stirred mixture of metha-
nol/acetone (3:1). The polymers were filtered through a Sox-
helt thimble and then subjected to Soxhelt extraction with
methanol, hexane, acetone, and chloroform. The polymers
were recovered as solids from chloroform fraction by rotary
evaporation and reprecipitation into methanol solutions. The
solids were dried under vacuum for 1 day. The yields, 'H
NMR data, and molecular weights of the polymers are listed
as follows:

CPDT-CN: Yield: 66%. ‘H NMR (300 MHz, CDCI3): § (ppm)
7.65-7.29 (br, m, 6H), 7.20-6.89 (br, m, 4H), 2.01 (br, m,
8H), 1.02-0.67 (br, m, 60H). Anal. Calcd: C, 71.86; H, 7.54; N,
2.62. Anal. Found: C, 71.46; H, 7.35; N, 2.50. M, = 164 K;
Polydispersity Index (PDI) = 1.34.

DTS-CN: Yield: 59%. '"H NMR (300 MHz, CDCI3): § (ppm)
7.75-7.34 (br, m, 6H), 7.10-6.79 (br, m, 4H), 1.26 (br, m,
32H), 0.87 (br, m, 20H). Anal. Calcd: C, 65.54; H, 6.52; N,
2.83. Anal. Found: C, 64.68; H, 6.91; N, 2.39. M,, = 15.6 K;
PDI = 1.86.
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RESULTS AND DISCUSSION

Synthesis and Structural Characterization

The general synthetic procedures for monomers and poly-
mers are outlined in Scheme 1. Compounds 1 or 4 were
treated with Vilsmeier reagent to produce the corresponding
dicarbaldehyde compounds. Then those compounds (2 or 5)
were carried out condensation reaction with 5-bromo-2-thio-
pheneacetonitrile (3) in presence of catalytic amounts of po-
tassium-tert-butoxide to form monomers M1 and M2,
respectively. All monomers (M1, M2, 6, and 7) were satisfac-
torily characterized by 'H NMR, '3C NMR, MS spectroscopy,
and elemental analyses. Further Stille coupling reaction of
corresponding distannyl compounds (6 or 7) with M1 and
M2 in toluene using Pd(PPh3), as a catalyst at 110 °C for 18
h, polymers CPDT-CN and DTS-CN were acquired with yields
of 66% and 59%, respectively. After purification in the Soxh-
let extraction by leaving insoluble materials with high molec-
ular weights, all polymers are soluble in organic solvents
like CHCl;, THE chlorobenzene, and 1,2-dichlorobenzene at
room temperature. The molecular weights of polymers were
determined by GPC against polystyrene standards in THF
eluent. Both the polymers have a similar number-average
molecular weight (M,) of 1.6 x 10* with PDI ranging 1.34-
1.86. Because of the rigid thiophene and cyano groups of
polymers, they have smaller molecular weights than the
other polymers containing CPDT or DTS units. The thermal
stabilities of the polymers were investigated by thermogravi-
metric analysis (TGA) under nitrogen (Fig. 1). Compared
with CPDT-CN (414 °C), DTS-CN (430 °C) shows a higher
decomposition temperature. Detailed GPC data and decompo-
sition temperatures are summarized in Table 1. Nevertheless,
both the polymers have good thermal stabilities, which are
important in BH] solar cell device fabrications and other
applications.

Optical Properties

The photophysical characteristics of the polymers were
investigated by ultraviolet-visible (UV-vis) absorption spec-
troscopy in dilute chloroform solutions (107¢ M) and solid
films (spin-coated on quartz substrates). Figure 2 shows the
absorption spectra of polymers, and the optical data includ-
ing the maximum absorption wavelengths (Amaxans), absorp-
tion edge wavelengths (Zedgeans), and their optical band gaps
(E.°™) in both solutions and films are summarized in Table
2. All absorption spectra appeared as broad absorption
bands from 350 to 800 nm, which are more essential for the
overlaps of the absorption spectra of the active layer with
the solar emission. Reflecting much longer effective conjuga-
tion lengths of the extended coplanar CPDT- and DTS-based
polymer backbones, the maximum absorption wavelengths
(Amaxabs) Were 604 and 612 nm in solutions and at 621 and
628 nm in solid films for CPDT-CN and DTS-CN, respectively,
which were more red shifted from the corresponding
absorption wavelengths of monomers (459 and 473 nm for
M1 and M2, respectively). It is noted that both polymers
exhibited maximum absorption wavelengths, longer than
those of corresponding homopolymers (565 and 502 nm for
polycyclopentadithiophene PCPDT and polydithienosilole
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SCHEME 1 Synthetic routes for monomers and polymers.

PDTS, respectively),?® which could be attributed to the
strong ICT interactions between donor and acceptor moieties
along with the formation of more rigid polymers in the pres-
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FIGURE 1 TGA measurements of polymers at a heating rate of
10 °C/min.
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ence of cyano-vinylene groups. Because of the inter-chain
associations and n-7 stackings of these polymers in solid
state, the n-n transitions were red shifted (ca. 17 nm) in
solid films than those in the corresponding solutions. The
optical band gaps (Eg"") of the polymers determined by the
absorption edges of UV-vis spectra in solid films were 1.65
and 1.56 eV for CPDT-CN and DTS-CN, respectively, which
have the similar trends as the maximum absorption wave-
lengths. In brief, DTS-CN possessed the smallest band gap

TABLE 1 Molecular Weights and Thermal Properties
of Polymers

Yield M,? M, PDI® T4°
Polymer (%) (x10°) (x10°) (M,/ M) (°C)
CPDT-CN 66 16.4 22.0 1.34 414
DTS-CN 59 15.6 28.9 1.86 430

2 Molecular weights (M, and M,,) and PDI values were measured by
GPC, using THF as an eluent, polystyrene as a standard.

® Temperature (°C) at 5% weight loss measured by TGA at a heating
rate of 10 °C/min under nitrogen.

M,, number average molecular weight; M,,, weight average molecular
weight.
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FIGURE 2 Normalized absorption spectra of polymers in dilute
chloroform solutions (1076 M) and solid films.

due to the electron-rich dithienosilole donor units in combi-
nation with the cyano-vinylene acceptor groups linked via
thiophene units, which promoted an efficient intra-molecular
charge transfer and led to an extensive delocalization within
the polymer backbones.?!

Electrochemical Properties

To understand the charge injection processes of the polymers
in the BHJ solar cell devices, cyclic voltametry (CV) measure-
ments are widely employed to investigate the redox behavior
and to estimate the electronic states, that is, HOMO and LUMO
energy levels of conjugated polymers.?? In this regard, the cyclic
voltograms of polymers are illustrated in Figure 3 and the
related data are summarized in Table 2. Ag/AgCl was served
as a reference electrode and it was calibrated by ferrocene
[El/Z(FC/FC+) = 045 eV vs. Ag/AgCl] The HOMO and LUMO
energy levels were estimated by the oxidation and reduction
potentials from the reference energy level of ferrocene (4.8 eV
below the vaccum level) according to the following equation:®

Enomo/Erumo = [~ (Eonset — Eonset(Fc/Fct vs. ag/agt)) — 4-8] eV

where 4.8 eV is the energy level of ferrocene below the vac-
uum level and Eqnset(re/rer vs. ag/agy) = 0.4 eV. It can be seen

TABLE 2 Optical and Electrochemical Properties of Polymers

CPDT-CN

3

s

-

c

[

=

=} "

o DTS-CN

T T T T T T T T T T T T T
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“Potential (V vs Ag/AgCl)

FIGURE 3 Cyclic voltammograms of polymers in solid films at
a scan rate of 100 mV/s.

from Figure 3 that both polymers exhibited similar two quasi-
reversible or reversible p-doping/dedoping processes at posi-
tive potentials (ca. 1.1 V and 1.7 V) and one reversible n-dop-
ing/dedoping (reduction/reoxidation) process at negative
potentials (ca. —0.8 V), which are good signs of high structural
stability in the charged state. The onset oxidation potentials
(Eox/onset) of polymers CPDT-CN and DTS-CN were 0.88 V and
0.90 V, and the onset reduction potentials (Eeq/onset) Were
—0.78 and —0.70 V, respectively. Polymers CPDT-CN and DTS-
CN have the estimated HOMO levels of —5.28 and —5.30 eV
and LUMO levels of —3.62 and —3.60 eV, correspondingly. As
all HOMO levels were below the air oxidation threshold, the
polymers should show good air stabilities.”* It is also worthy
noting that the electrochemical band gaps (Eg", 1.66 and 1.60
eV for CPDT-CN and DTS-CN, respectively) calculated from
Eg = (Eoxjonset — Eredjonset) are in good agreements with the
optical band gap values observed from UV-vis spectra (Egpt,
1.65 and 1.56 eV). All these electrochemical characteristics are
within the desirable range for the ideal polymers to be utilized
in the organic photovoltaic applications.

Photovoltaic Properties
To investigate the potential use of these polymers in polymer
solar cell (PSC), the bulk heterojunction PSC devices with

Absorption Spectra

Cyclic Voltammetry (vs Ag/Ag™)

Solution? Solid FilmP p Doping n Doping
Polymers Amax (nm) Amax (nm) ;Ledge (nm) EQOPt ¢ (eV) Eoxonset (V) HOMO (eV) Eredronset (V) LUMO (eV) Egec (eV)
CPDT-CN 604 621 751 1.65 0.88 —5.28 —0.78 —3.62 1.66
DTS-CN 612 628 791 1.56 0.90 —5.30 —-0.70 -3.60 1.60

@ In dilute chloroform solution.
b Spin-coated from chlorobenzene solution.
¢ Optical band gap obtained from Eg = 1240//¢qge-

3422

WILEYONLINELIBRARY.COM/JOURNAL/JPOLA



| @

—— CPDT-CN:PCHBM 1:1
—4— DTS-CN:PC,_ BM 1:1
—— DTS-CN:PC,_ BM 1:1
—+— DTS-CN:PC, BM 1:2
—— DTS-CN:PC,_ BM 1:3

Current density (mAlcm’)
A
1

10 L T ' T v T ¥ T
-0 0 0.2 0.4 0.6 0.8
Voltage (V)
60 T T . r - 0.5
1) —=— CPDT-CN:PC_ BM=1:1 (E.QE.)
45 —&— DTS-CN:PC_BM=1:1 (E.QE.)
40 —o— CPDT-CN:PC,_ BM=1:1 (UV-vis)|- 0.4
a5 —— DTS-CN:PC,_ BM=1:1 (UV-vis)
1 >
30 L03 G
] S
< 925 o
w 3
c ] 3]
5 Bt
15 £
10 i Fo0.1
5
04 T T T T T T T T 0.0
400 500 600 700 800

Wavelength (nm)

FIGURE 4 (a) Current-voltage curves of polymer solar cells
using polymer:PCBM blends under the illumination of AM
1.5G, 100 mW/cm?. (b) EQE and absorption spectra of the PSC
devices based on polymers/PCg:BM (1:1, w/w).

a configuration of ITO/PEDOT:PSS/CPDT-CN or DTS-
CN:PCBM/Ca/Al were fabricated from an active layer where,
polymers were blended with PC4s;BM in a weight ratio of 1:1
w/w initially. Later on, the active layer compositions were
modified with various weight ratios for the optimum poly-
mer DTS-CN with PC,;BM. Figure 4(ab) illustrate the J-V
curves (current density J vs. voltage V) and external quan-
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tum efficiency (EQE) curves as a function of wavelengths,
respectively. The photovoltaic properties, that is, the values
of open circuit voltage (V,.), short circuit current density
(Jsc), fill factor (FF), and PCE of BH] solar cell devices are
listed in Table 3. Because of negligible differences in HOMO
levels of both polymers, they exhibited similar V,. values
(0.74-0.75 V) in the BH] solar cell devices containing CPDT-
CN or DTS-CN:PC4;BM in 1:1 weight ratio. With the similar
Voc values and FFs (33.9-35.7%), the PCE values of polymers
CPDT-CN and DTS-CN were dependent on their Ji. values of
5.46 and 6.05 mA/cm? respectively. The PSC device based
on the polymer blend of DTS-CN:PC¢;BM (1:1 wt %) reached
a higher PCE value of 1.60% with V,. = 0.74 V, J,. = 6.05
mA/cmZ, and FF = 35.7%. As reported, the more balanced
hole and electron transporting properties as well as the
higher hole mobilities are favorable factors for LBG polymers
to be utilized in the solid films of BHJ solar cell devices,?* so
the PCE and J,. values of the DTS-CN-based PSC device were
higher than those based on CPDT-CN-based PSC device. This
may be due to the higher hole mobility (9.82 x 10~* cm?/
V/s) and more balanced charge transport (pe/tn, = 1.6) in
the polymer blend of DTS-CN compared with those (5.99 x
10~* ecm?/V and 3.4, respectively) of the polymer blend of
CPDT-CN. Furthermore, according to the absorption spectra
of Figure 2 and EQE curves of Figure 4(b), it is evident that
DTS-CN exhibited broader absorption bands and higher EQE
values between 350 and 800 nm than those of CPDT-CN,
which may be another reason for the higher J;. value. As
illustrated by the AFM images of polymer blends (1:1 weight
ratio with PC4;BM) in Figure 5, due to the larger roughness
of DTS-CN (1.48 nm) than that of CPDT-CN (0.67 nm), the
higher PCE value of DTS-CN-based PSC device might be
attributed to the film morphology accordingly.

Since the best performance of PSC device was observed in
the previous optimum polymer blend of DTS-CN:PCqBM
(1:1 wt %) as an active layer, the PSC devices as a function
of polymer blends DTS-CN:PC,;BM in various weight compo-
sitions were fabricated. Another electron acceptor PC;;BM
was used to optimize the device properties due to its stron-
ger light absorption in the visible region than that of
PC¢1BM.*® The V,. values observed in DTS-CN:PC,;BM solar
cells were fairly stable in all polymer blend compositions
(1:1-1:3 w/w) with PC,;BM, but the J;., FF, and PCE values
are strongly dependent on the donor-to-acceptor weight

TABLE 3 Photovoltaic Properties of PSC Devices with the Configuration of ITO/PEDOT:PSS/

Polymer:PCBM/Ca/Al

Electron

Hole Mobility ~ Mobility Jse FF PCE
Active Layer (cm?/Vs) (cm?/s) Voo (V) (mA/em?) (%) (%)
CPDT-CN: PC¢:BM = 1:1  5.99 x 10~* 2.01 x 10°° 0.75 5.46 339 1.39
DTS-CN: PCg:BM = 1:1 9.82 x 107 1.65 x 10  0.74 6.05 357 1.60
DTS-CN: PC,,BM = 1:1 0.74 7.07 359 1.89
DTS-CN: PC;:BM = 1:2 0.74 8.39 36.1 225
DTS-CN: PC,,BM = 1:3 0.75 6.55 365 1.79

CYANO-VINYLENE-BASED POLYMERS, PADHY ET AL.
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FIGURE 5 AFM images of (a) CPDT-CN: PCgBM 1:1 (w/w) and
(b) DTS-CN: PCg:BM 1:1 (w/w).

ratios in the active layers. The PSC device based on DTS-
CN:PC7;BM (1:2, w/w) exhibited the highest PCE = 2.25%
with Voe = 0.74 V, Jc = 839 mA/cm? and FF = 36.1%.
Though these polymers exhibited a higher J;. compared with
the other CPDT- and DTS-based polymers, their efficiencies
were limited by their low FF and EQE values. Therefore, if
the EQE values of the PSC devices can be enhanced by
increasing the thickness of the active layer without hamper-
ing charge separation and transporting properties, the PSC
device performance can be improved significantly. Low EQE
values were also observed in some other LBG polymer sys-
tems, but this problem can be solved by developing new
electron acceptor materials to replace PCBM.?®

CONCLUSIONS

In summary, the concept of incorporation of electron defi-
cient f-cyano-vinylene groups with donor-acceptor polymer
architectures was utilized to improve the efficiencies of poly-
mer solar cells. Cyano-vinylene groups were introduced via
palladium(0)-catalyzed Stille coupling reactions into elec-
tron-rich building blocks, such as cyclopentadithiophene and
dithienosilole to yield LBG polymers (CPDT-CN and DTS-
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CN). These polymers showed excellent charge-transporting
properties with high hole mobilities in the range of 5.99-
9.82 x 107* cm?/V/s and good processabilities for PSC
applications. Because of the lowest band gap and the highest
hole mobility with more balanced charge transport of DTS-
CN (with Si atom), an optimum PSC device based on the
blended polymer DTS-CN:PC,;BM = 1:2 (w/w) achieved the
maximum PCE value up to 2.25%, with V,. = 0.74 V, J;. =
8.39 mA/cm? and FF = 36% (under AM 1.5 G 100 mW/
cm?). Regardless of the high open-circuit voltages and the
large short-circuit currents of all PSC devices, the low FF val-
ues indicated the possibility of further device performance
improvements by the optimization of film morphology of the
polymer/PCBM blends and/or device architectures.
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