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ABSTRACT

A new family of low band-gap co-oligomers based on 4H-cyclopenta[2,1-b:3,4-b"ldithiophene
(CPDT) and thieno[3,2-b]thiophene (TT) units as central electron-donor cores has been
synthesized and characterized for use as electron-donor materials in solution-processed bulk-
heterojunction organic solar cells. An in-depth study into the role played by the hexyl chains
linked to the thienylenevinylene-based m-bridge has been carried out. Power conversion
efficiencies (PCE) of up to 4% and external quantum efficiencies as high as 50% have been
achieved. Experiments carried out after solvent vapor annealing (SVA) as a post-treatment led

to a doubling of the fill factor (FF) and PCE.

1. Introduction

Bulk heterojunction (BHJ) organic solar cells (OSCs) based on oligomers as electron-donor along
with fullerene derivatives as electron-acceptor materials have been widely investigated in
recent years owing to their excellent advantages, which include light weight, less marked batch
to batch variations, high reproducibility, low-cost, flexibility and large-area applications [1]. Until
now, BHJ OSCs based on m-conjugated oligomers, typically denoted as ‘small molecules’, have
reached power conversion efficiencies (PCE) over 10% [2], which is comparable to those of
polymer-based OSCs [3]. N-Conjugated co-oligomers based on alternating electron-donor (D)

and electron-acceptor (A) moieties lead to materials with outstanding properties, such as
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absorption in the visible to near-infrared region, strong charge transfer character, low highest
occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) energy gap,
and good charge carrier mobility [4]. Of these materials, acceptor-donor-acceptor (A-D-A)
oligomers are considered to be among the most promising molecular structures owing to their
broad absorption, high hole mobility, suitable electronic levels, controlled solubility, and high
open circuit voltage (Vo) of their resulting devices [5], and these have been extensively studied

as donor materials in BHJ OSCs [2c,6].

Most of the research into the design of new A-D-A systems has been focused on optimization of
the molecular structure of donors and acceptors. Regarding the donor fragments, fused
aromatic rings have been widely used due to their extended m-conjugation, high charge carrier
mobility, and reduced bandgap according to the enhancement of the m-electron delocalization
[7]. The fused ring aromatic structures tend to form n-it stacks with a large overlapping area and
this leads to high charge carrier transport through intermolecular hopping, large crystalline
domains, and more ordered domain boundaries. Additionally, the position and length of alkyl
side chains on the central electron-donor building block play an important role for solubility, m-
ntstacking, energy levels, and charge transport properties of the oligomers [8]. However, despite
the fact that a great deal of effort has been focused on identifying structure-property
relationships for these materials, their correlation with device performance parameters remains

very difficult and several issues remain unresolved.

4H-Cyclopenta[2,1-b:3,4-b"ldithiophene (CPDT) derivatives have recently been used in organic
electronics and optical materials owing to their unique semiconducting and electronic
properties, which include high electrical conductivity, low band-gap, and extended m-
conjugation [9]. The fused-ring structure of CPDT, which is regarded as a fused-ring analogue of
3-alkylthiophene and a structural analogue of fluorene, has extended m-conjugation in the

ground state due to the highly planar molecular geometry. This fused structure leads to a low
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reorganization energy, a parameter that affects the rate of intermolecular hopping and hence
the charge carrier mobility in organic semiconductors. In addition, the increase in the degree of
conjugation causes lower HOMO-LUMO separation, facilitates the intramolecular charge
transfer process, and enables closer intermolecular interactions [10]. The chemical versatility of
CPDT enables a relatively easy modification of the a-positions by different functional groups and
the introduction of alkyl substituents at the bridging carbon atom in order to improve the
solubility. As a result, the fully coplanar structure and good electron-donating ability of CPDT
have boosted its use as a building block in the preparation of electroactive conjugated polymers,
especially narrow band gap m-conjugated polymers, as electron-donor materials, t-conjugated

spacers, and as materials in organic photovoltaics [11].

Thieno[3,2-b]thiophene (TT) is also an aromatic fused ring system that is widely employed as a
key component in different molecular architectures [12] due to its symmetric configuration and
high charge carrier mobility [13] originated from its high tendency to form strong intermolecular
interactions and packing [14]. TT, a structure with two fused thiophene rings, exhibits excellent
properties including a stable quinoidal structure and narrow energy band gap. Although the TT
unit has been extensively employed in conjugated polymers to obtain high performance OPVs
[15], it has rarely been used as a central electron-donor core in oligomers or ‘small molecules’

for solution-processed organic solar cells with high performance [16].

In the work described here, we have synthesized a new series of co-oligomers taking advantage
of the outstanding properties displayed by the CPDT unit, i.e., fully planar structure and electron-
rich nature, and those exhibited by the TT structure. The synthesis and characterization of this
new family of acceptor-n-donor-mt-acceptor (A-mt-D-mt-A) co-oligomers based on CPDT- (1-3) and
TT-units (4) are described along with their use as electron-donor materials in solution-processed
bulk-heterojunction solar cells (BHJSC). Dicyanovinylene (DCV) was used as the electron-

acceptor group and differently substituted thienylenevinylene (TV) moieties were employed as
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the T-conjugated bridge. These structural
variation enabled a study of the effect of the alkyl chains on optical and electrochemical

properties, morphology, and device performance parameters.

2. Experimental section
2.1 Synthesis and characterization

2.1.1 General procedure for the Horner-Wadsworth-Emmons reaction

In a round-bottomed flask, under an argon atmosphere, the corresponding phosphonate (2 eq)
and the corresponding dialdehyde (1 eq) were dissolved in dry THF. 'BuOK (8 eq) was added and
the mixture was stirred overnight at room temperature. After consumption of the dialdehyde
(monitored by TLC), the crude product was extracted with diethyl ether. The organic phase was
dried over MgS0., concentrated in vacuo and purified by chromatography column (silica gel,

hexane).

2.1.2 Synthesis of (E,E)-2,6-Bis[2-(2-thienylvinyl)]-4,4-dihexyl-4H-cyclopenta[1,2-b:5,4-

b’]dithiophene (11)

From 174 mg of 8 [20] (0.74 mmol) and 150 mg of 5 [17] (0.37 mmol) reacted as per the general
procedure gave 200 mg of 11 as red oil (0.36 mmol, 96% yield). *H-NMR (400 MHz, CDCl;) 6/ppm:
7.18-7.17 (m, 2H), 7.04-7.00 (m, 8H), 6.88 (s, 2H), 1.83-1.79 (m, 4H), 1.16-1.14 (m, 12H), 0.98
(m, 4H), 0.84-0.81 (m, 6H); *C-NMR (100 MHz, CDCl;5) §/ppm: 158.8, 143.2, 142.8, 135.9, 127.7,
125.6,124.0,122.5,120.8,119.4, 53.8, 37.8, 31.6, 31.0, 29.7, 24.5, 22.6, 14.0; FT-IR (ATR) u/cm™
1.2924, 2850, 1416, 1392, 930, 852, 825, 686; UV-Vis (CH2Cl,) Amax/nm (log €): 460 (4.66), 485

(4.62); MS (m/z) (MALDI-TOF): calculated Cs3H3sS4: 562.19; found: 562.30 (M*).

2.1.3  Synthesis of (E,E)-2,5-Bis[2-(3,4-dihexyl-2-thienylvinyl)]thieno[3,2-b]thiophene (16)

From 927 mg of 6 [18] (2.30 mmol) and 226 mg of 15 [22] (1.15 mmol) reacted as per the general

procedure gave 230 mg of 16 as an orange oil (0.33 mmol, 29% yield). *H-NMR (400 MHz, CDCls)
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8/ppm: 7.09 (s, 2H), 7.05 (d, 2H, 3 = 15.6 Hz), 6.99 (d, 2H, */ = 15.6 Hz), 6.79 (s, 2H), 2.64-2.60
(m, 4H), 2.51-2.47 (m, 4H), 1.70-1.59 (m, 4H), 1.54-1.47 (m, 4H), 1.40-1.32 (m, 24H), 0.93-0.90
(m, 12H); 3C-NMR (100 MHz, CDCls) 8/ppm: 145.2, 143.4, 140.7, 138.0, 136.2, 120.8, 120.6,
118.6, 118.0, 31.8, 31.6, 31.0, 29.6, 29.4, 29.3, 29.0, 27.0, 22.6, 14.1; FT-IR (KBr) u/cm™: 2954,
2920, 2852, 1466, 922, 876, 831, 729; UV-Vis (CH,Cl2) Amax/nm (log €): 432 (4.77), 457 (4.68); MS

(m/z) (MALDI-TOF): calculated Cs2He0S4: 692.36; found: 692.91 (M*).

2.1.4  General procedure for the Vilsmeier-Haack formylation

In a round-bottomed flask, under an argon atmosphere, POCl; (4.5 eq) was added to a solution
of the corresponding co-oligomer (1 eq) and DMF (6.3 eq) in dry DCE. The mixture was stirred
overnight at room temperature. 1 M aqueous sodium acetate solution was added to neutrality
and then the mixture was stirred vigorously for 1 h. The solution was extracted with
dichloromethane and the organic phase was dried over MgS0O.. After evaporation of the solvent,

the product was purified by chromatography column (silica gel, hexane: CHCl; 2:3).

2.1.5 Synthesis of (E,E)-2,6-Bis[2-(5-formyl-2-thienylvinyl)]-4,4-dihexyl-4H-cyclopenta[1,2-

b:5,4-b’]dithiophene (14)

0.11 mL (1.20 mmol) of POCI; were added to a solution of 150 mg of 11 (0.27 mmol) and 0.13
mL (1.68 mmol) of DMF in dry DCE (25 mL) under the same conditions as described in the general
procedure. The dialdehyde 14 was obtained in 42% yield as a violet solid (71 mg, 0.11 mmol).
'H-NMR (400 MHz, CDCls) /ppm: 9.85 (s, 2H), 7.66 (d, 2H, 3/ = 3.8 Hz), 7.27 (d, 2H, 3/ = 15.6 Hz),
7.10 (d, 2H, 3/ = 3.8 Hz), 6.99 (d, 2H, 3/ = 15.6 Hz), 7.01 (s, 2H), 1.86-1.82 (m, 4H), 1.21-1.14 (m,
12H), 0.98-0.94 (m, 4H), 0.84-0.81 (m, 6H); *C-NMR (100 MHz, CDCl3) §/ppm: 182.4, 159.8,
152.4, 143.0, 141.1, 137.8, 137.5, 126.8, 126.2, 122.8, 118.5, 54.0, 37.8, 31.6, 29.7, 24.5, 22.6,
14.0; FT-IR (KBr) u/cm™: 2951, 2926, 2852, 2794, 1651, 1597, 1522, 1448, 1387, 1228, 1047,
924, 822, 667; UV-Vis (CH2Cly) Amax/nm (log €): 512 (4.77); MS (m/z) (MALDI-TOF): calculated

C35H3802S42 618.18; found: 618.28 (M+)
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2.1.6  Synthesis of (E,E)-2,5-Bis[2-(5-formyl-3,4-dihexyl-2-thienylvinyl)Jthieno[3,2-b]thiophene

(17)

0.10 mL (1.14 mmol) of POCIl; were added to a solution of 175 mg of 16 (0.25 mmol) and 0.12
mL (1.59 mmol) of DMF in dry DCE (25 mL) under the same conditions as described in the general
procedure. The dialdehyde 17 was obtained in 69% yield as a red solid (130 mg, 0.17 mmol). H-
NMR (400 MHz, CDCls) §/ppm: 9.98 (s, 2H), 7.22 (d, 2H, 3/ = 15.6 Hz), 7.18 (s, 2H), 7.01 (d, 2H, %/
= 15.6 Hz), 2.86-2.82 (m, 4H), 2.64-2.60 (m, 4H), 1.60-1.57 (m, 4H), 1.54-1.49 (m, 4H), 1.42—
1.32 (m, 24H), 0.94-0.89 (m, 12H); *C-NMR (100 MHz, CDCl5) §/ppm: 181.8, 152.8, 145.8, 145.2,
142.4,139.3,135.3, 125.2, 120.2, 119.5, 32.3,31.5, 31.2, 29.4, 39.3, 27.2, 26.4, 22.6, 22.5, 14.1,
14.0; FT-IR (KBr) u/em™: 2953, 2922, 2854, 1635, 1591, 1433, 1406, 1373, 1304, 1246, 1124,
945, 848; UV-Vis (CH,Cly) Amax/nm (log €): 474 (4.91); MS (m/z) (MALDI-TOF): calculated

C44H5002S42 748.35; found: 749.00 (M+)

2.1.7 General procedure for the Knoevenagel reaction

In a round-bottomed flask, under an argon atmosphere, three drops of EtsN were added to a
solution of malononitrile (3 eq) and the corresponding dialdehyde (1 eq) in CHCls. The reaction
mixture was stirred overnight at room temperature and treated with brine after consumption
of the bisaldehyde (monitored by TLC). The organic phase was dried over MgS0O, and the solid
obtained by evaporation of the solvent under reduced pressure was purified by chromatography

column (silica gel, hexane:CHCls 2:3) and recrystallization from MeOH and hexane.

2.1.8 Synthesis of 1

380 mg (0.40 mmol) of 12 [21], 79 mg (1.19 mmol) of malononitrile and three drops of EtsN were
stirred in CHCI5 (50 mL) under the conditions described in the general procedure. The product 1
was obtained in 68% yield (287 mg, 0.27 mmol). *H-NMR (400 MHz, CDCls) §/ppm: 7.76 (s, 2H),
7.36 (d, 2H, 3/ = 15.6 Hz), 7.05 (s, 2H), 7.00 (d, 2H, 3/ = 15.6 Hz), 2.69-2.62 (m, 8H), 1.88-1.84 (m,

4H), 1.51-1.34 (m, 30H), 1.26-1.18 (m, 12H), 1.01-0.91 (m, 18H), 0.85-0.82 (m, 6H); *C-NMR

6
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(100 MHz, CDCls) 6/ppm: 160.6, 156.0, 149.3, 147.1, 143.9, 141.1, 138.5, 128.3, 128.2, 123.6,
116.4, 115.6, 114.4, 72.8, 54.1, 37.6, 32.2, 31.6, 31.5, 31.0, 29.6, 29.4, 29.3, 27.8, 26.8, 24.6,
22.6,22.6,22.5,14.1, 14.0; FT-IR (KBr) u/cm™: 2954, 2929, 2856, 2218, 1587, 1560, 1402, 1286,
1161, 1086, 920; UV-Vis (CHCly) Amax/nm (log €): 645 (5.03); MS (m/z) (MALDI-TOF): calculated

CesHssN4Sa: 1050.57; found: 1051.65 (M*). MP (DSC): 284 °C.

2.1.9 Synthesis of 2

144 mg (0.18 mmol) of 13 [21], 36 mg (0.55 mmol) of malononitrile and three drops of EtsN were
stirred in CHCI5 (25 mL) under the conditions described in the general procedure. The product 2
was obtained in 86% yield (139 mg, 0.16 mmol). *H-NMR (400 MHz, CDCls) §/ppm: 7.67 (s, 2H),
7.43 (s, 2H), 7.33 (d, 2H, 3/ = 15.6 Hz), 7.05 (s, 2H), 6.98 (d, 2H, 3/ = 15.6 Hz), 2.68 (t, 4H, 3/ = 7.5
Hz), 1.88-1.84 (m, 4H), 1.65-1.57 (m, 4H), 1.38-1.33 (m, 12H), 1.24-1.15 (m, 16H), 0.93-0.90
(m, 6H), 0.85-0.81 (m, 6H); *C-NMR (100 MHz, CDCls) §/ppm: 160.5, 149.8, 149.5, 143.8, 142.2,
141.7, 138.5, 131.8, 128.1, 123.5, 116.1, 114.8, 113.9, 74.7, 54.1, 37.6, 31.6, 31.5, 30.5, 29.6,
28.9, 28.0, 24.6, 22.6, 22.5, 14.1, 14.0; FT-IR (KBr) u/cm™™: 2956, 2928, 2856, 2220, 1589, 1568,
1431, 922; UV-Vis (CH3Cly) Amax/nm (log €): 642 (4.97); MS (m/z) (MALDI-TOF): calculated

Cs3Hs2N4S4: 882.39; found: 882.51 (M*). MP (DSC): 269 °C.

2.1.10 Synthesis of 3

80 mg (0.40 mmol) of 14, 26 mg (0.39 mmol) of malononitrile and three drops of EtsN were
stirred in CHCl5 (15 mL) under the conditions described in the general procedure. The product 3
was obtained as a dark blue solid in 66% yield (61 mg, 0.085 mmol). *H-NMR (500 MHz, TCE-D,)
8/ppm: 7.75 (s, 2H), 7.68 (d, 2H, 3/ = 5 Hz), 7.42 (d, 2H, 3/ = 15.6 Hz), 7.20 (d, 2H, 3/ = 5 Hz), 7.15
(s, 2H), 7.08 (d, 2H, 3/ = 15.6 Hz), 1.95-1.92 (m, 4H), 1.32-1.24 (m, 12H), 1.11 (m, 4H), 0.93-0.90
(m, 6H); 3C-NMR (125 MHz, CDCl3) §/ppm: low solubility; FT-IR (KBr) u/cm™: 2953, 2920, 2856,
2218, 1593, 1568, 1439, 1383, 1055, 926, 829; UV-Vis (CH,Cl>) Amax/nm (log €): 630 (4.94); MS

(m/z) (MALDI-TOF): calculated C41H3sN4S4: 714.20; found: 714.30 (M*).
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2.1.11 Synthesis of 4

130 mg (0.17 mmol) of 17, 34 mg (0.52 mmol) of malononitrile and three drops of EtsN were
stirred in CHCl5 (22 mL) under the conditions described in the general procedure. The product 4
was obtained as a purple solid in 75% yield (110 mg, 0.13 mmol). *H-NMR (500 MHz, TCE-D,)
8/ppm: 7.84 (s, 2H), 7.40 (d, 2H, 3/ = 15.6 Hz), 7.36 (s, 2H), 7.16 (d, 2H, 3/ = 15.6 Hz), 2.78-2.72
(m, 8H), 1.66-1.57 (m, 8H), 1.53-1.48 (m, 8H), 1.46—1.41 (m, 16H), 1.02—0.99 (m, 12H); 3C-NMR
(125 MHz, CDCls) 6/ppm: 155.8, 148.0, 147.3, 145.6, 142.3, 140.6, 128.9, 127.5, 120.9, 119.3,
115.3,114.1,74.5,31.9,31.5,31.4,30.9, 29.3, 29.2, 27.9, 27.0, 22.5, 22.4,13.9, 13.8; FT-IR (KBr)
u/cm™: 2956, 2924, 2854, 2220, 1599, 1564, 1464, 1406, 1338, 1159, 1082, 926, 802, 690; UV-
Vis (CH2ClL) Amax/nm (log €): 566 (5.02); MS (m/z) (MALDI-TOF): calculated CsoHeoN4S4: 844.37;

found: 844.60 (M*). MP (DSC): 212 °C.

2.2 Device fabrication and characterization

Photovoltaic devices were made by spin-coating PEDOT:PSS (Clevios P, VP Al4083) onto pre-
cleaned, patterned indium tin oxide (ITO) substrates (17-20 Q per square) (Naranjo). The
photoactive layer (~80 nm) was deposited by spin-coating from of a mixed solution of donor
with PCs1BM (total concentration of 15 mg mL? in chloroform or tetrachloroethane) at room
temperature. PCs:BM was purchased from Solenne BV, Netherlands. The counter electrode of
LiF (1 nm) and aluminum (100 nm) was deposited by vacuum evaporation at 2 x 10® Torr. The
active areas of the cells were 0.09 cm? or 0.16 cm?. Film thicknesses were measured using a
Dektak profilometer. J-V characteristics were measured under AM 1.5G conditions at 100
mW/cm? with a AAA solar simulator from Oriel Instruments, using a Keithley 2400 source meter.
Spectral response was measured under monochromatic light from a 300 W Xenon lamp in
combination with monochromator (Oriel, Cornerstone 260), modulated with a mechanical
chopper. The response was recorded as the voltage over a 220 Q resistance, using a lock-in

amplifier (Merlin 70104). A calibrated Si cell was used as reference.
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3. Results and discussion

3.1 Synthesis and thermal properties

The synthesis of novel A-D-A-type systems 1-4 is shown in Schemes 1 and 2. Horner—
Wadsworth—Emmons reaction of dialdehyde 5 [17] with the corresponding phosphonates 6 [18],
7 [19], and 8 [20] afforded central building blocks 9 [21], 10 [21], and 11 as trans-isomers
according to NMR spectra (3Juans = 15.6 Hz). Subsequent Vilsmeier—Haack formylation led to the
corresponding dialdehydes 12 [21], 13 [21], and 14 after purification by chromatography
column. Finally, Knoevenagel condensation of 12—14 with malononitrile under basic conditions
(EtsN) afforded target oligomers 1-3 in good yields. The synthetic route for the preparation of
derivative 4 was similar, but dialdehyde 15 [22] and phosphonate 6 were used in the Horner—
Wadsworth—-Emmons reaction. Subsequent Vilsmeier—Haack formylation and Knoevenagel
reaction yielded the final product 4 after purification by chromatography column and
recrystallization from methanol (Scheme 2). All new compounds were characterized by H-NMR,
BC-NMR, FT-IR, and MALDI-TOF MS analysis and the results confirmed the expected structures

(see Supporting Information).



210

215

S S
R, Ry
5 /A
(Et0),0P" g
6:Ry =Ry =CgHys 196.': :_Fé;z ;C.S';m_ H
7:R, = CoHyy Ry = H 10: Ry = Cothio: Rz =
8:Ry =R, =H "R =R, =
DMF/POCI;
DCE

CH,(CN),/Et;N

Cly
1: Ry = Ry = CgHys 12: Ry = Ry = CgHya
2:Ry=CgHiz Ry =H 13: Ry = CgHyz; Ry = H
3:R;=R,=H 14:Ry=R,=H

Scheme 1. Synthesis of co-oligomers 1-3.
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Scheme 2. Synthesis of co-oligomer 4.

Decomposition (Td) and melting (Tm) temperatures of derivatives 1-4 were investigated by
thermogravimetric analysis (TGA) (Figure 1 (top)) and differential scanning calorimetry (DSC)
(Figure 1 (bottom)), respectively, under a nitrogen atmosphere at a heating rate of 10 °C min™..
TGA measurements confirmed the high thermal stability of the novel A-D-A systems, as
evidenced by Td values of 350 °C for 1, 340 °C for 2, 340 °C for 3, and 355 °C for 4 determined
from the onset value of the degradation process. Removal of the hexyl side chains decreased

10
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the melting point from 284 °C (compound 1) to 269 °C (2) indicating weaker intermolecular
interactions in the solid state. In the case of co-oligomer 3, a peak was not observed in the DSC
trace due to either glass transition temperatures, a melting point, or crystallization. This finding
indicates that 3 has amorphous properties, at least by the experiments carried out via standard

DSC.

Two endothermic peaks due to a solid-solid phase transition and a melting transition at around
148 °C and 212 °C, respectively, were observed in the heating trace of derivative 4. The melting
point of this co-oligomer is lower than those of 1 and 2, which means poorer intermolecular
interactions of the TT-based co-oligomer in the solid state. The thermal stability of oligomers 1—

4 is sufficiently high to allow photovoltaic device fabrication.
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Fig. 1. (top) TGA traces of co-oligomers 1-4 measured under N, flow at a heating rate of 10 2C min* and
(bottom) DSC traces of co-oligomers 1-4 measured under N; flow at a heating rate of 20 2C min? and a

cooling rate of 10 2C min.

3.2 Optical and electrochemical properties

The absorption properties of co-oligomers 1-4 were investigated by UV-vis spectroscopy. The
UV-vis spectra in dilute dichloromethane solution (c = 10~® M) are displayed in Figure 2 (top) and
the most relevant optical properties are summarized in Table 1. The A-D-A co-oligomers 1-3,
which bear CPDT as a donor moiety, exhibited a broad, intense absorption band with maxima at
645, 642, and 630 nm, respectively, while molecule 4 showed an absorption maximum at Amax =
566 nm; these broad bands are attributed to an intramolecular charge-transfer transition from
the oligomer backbone to the terminal electron-accepting DCV. Remarkably, a substantial blue-
shift of the absorption maximum is observed for derivative 4 compared with chromophores 1—
3 and this can be explained by the decreased conjugation length in the A-D-A structures. All
derivatives showed a second, weaker absorption band in the UV region at ~ 350—-400 nm due to
the m-rt* transition of the conjugated system. All chromophores exhibited significantly high

molecular absorption coefficients, values up to log € = 5.03 were obtained.

In thin films, oligomers 1, 2, and 4 displayed two different absorption maxima at 658 and 720
nm, 664 and 725 nm, and 614 and 663 nm, respectively (Figure 2 (bottom)). These two
absorption bands, along with a shoulder at higher energy, indicate the presence of H- and J-
aggregates in the solid state. Deconvolution of the UV-vis spectra in thin films can provide an
insight into the contribution of individual molecules (absorption band at similar A to that in
solution) and H- (absorption band shifted to higher energies) and J- (absorption band shifted to
lower energies) aggregates [23], with the contribution of J-aggregates being more pronounced
in co-oligomers 1, 2 and 4 (Figures S32-35, Supporting Information). In the case of co-oligomer
3, a 40 nm red-shift and a broadening of the main absorption band was observed in thin films,
probably due to the lower contribution of H- and J-aggregates with respect to those in

12
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derivatives 1, 2, and 4. The presence of these aggregates can be attributed to co-planarization

and ordering of the molecules in the bulk and this suggests good packing in thin films.

The emission spectra of co-oligomers 1-4 measured in dichloromethane solution (c = 107 M)
are depicted in Figure S36 (Supporting Information). In a similar way to the absorption spectra,
the emission maxima were shifted bathochromically upon elongation of the rt-system (Table 1),
from 664 nm for TT-based co-oligomer 4 to 754 nm for 1, 759 nm for 2, and 744 nm for 3 (CPDT-
based derivatives). All molecules showed relatively similar and large Stokes shifts between 2241
cm™ and 2608 cm™ (Table 1). These values are consistent with substantial differences in the
geometry, electron distribution, and molecular dipole moment between the ground and excited
state. Co-oligomer 4 (TT-based derivative) exhibited the largest Stokes shift (2608 cm™) within

this family.

Electrochemical measurements were carried out in order to determine HOMO and LUMO
energy levels. Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV)
experiments were carried out in a three-electrode configuration in Ortho-
Dichlorobenzene:Acetonitrile ~ (ODCB:ACN) (4:1)  solutions  containing 0.1 M
tetrabutylammonium perchlorate as supporting electrolyte. The data are presented in Figures

$37-45 (Supporting Information) and are summarized in Table 1.
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Fig. 2. UV-Vis absorption spectra of co-oligomers 1-4 in (top) dichloromethane solution (c = 10® M) and

(bottom) thin films deposited by spin-coating on glass substrates.

CPDT-based derivatives 1-3 showed two reversible and one irreversible one-electron oxidation
(3 x 1e-) processes within the accessible electrochemical window. The first two processes are
assigned to the formation of stable radical cations and dications of the central thiophene-based
co-oligomer. In contrast, compound 4 exhibited three irreversible oxidation waves and these are
also ascribed to the stepwise oxidation of the oligomer core. Compared to molecules 1-3, the
replacement of CPDT by a TT unit in 4 resulted in an increase in the oxidation potential from
0.32-0.34V t0 0.58 V (vs. Fc/Fc*), respectively, as a consequence of the decrease in conjugation.
In the negative potential regime, all co-oligomers (1-4) showed a reduction process at around —
1.30 V vs. Fc/Fc* assigned to the reduction of the terminal DCV groups. In contrast to the effect

seen in the oxidation window, the reduction potential is affected to a lesser degree by the
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extension of the m-conjugated system, and it remains practically unaltered in the CPDT- and TT-
based oligomers because the negative charges are rather localized on the electron-withdrawing

DCV acceptor groups.

The electrochemical data were transformed into HOMO and LUMO energy levels vs. vacuum
(Figure 3); the frontier molecular orbitals (FMO) were calculated from the first oxidation and
reduction potentials, respectively, with the ferrocene HOMO energy set to 5.1 eV vs. vacuum
(Table 1) [24]. The HOMO and LUMO energy levels of CPDT-based oligomers 1-3 were found to
be around —5.4 eV and —3.8 eV, respectively, and they are essentially unaltered by the nature of
the substitution on the thiophene rings. A decrease in the HOMO energy level was observed for
TT-based oligomer 4, concomitant with the reduction of the mt-conjugation by one double bond,
and this is consistent with the trend previously observed for the absorption maxima. Due to
both, the relatively low-lying HOMO and the low LUMO energy values, which are around —3.80
eV, co-oligomers 1-4 should be suitable as donor and p-type semiconducting materials in
organic solar cells using fullerene derivatives as acceptors. Chromophores 1-3 have a smaller
band gap of around 1.6 eV and this would be expected to give a good light absorption in the
visible-nir region. In contrast, the low values for the HOMOs should be beneficial in providing a
higher V,. for the resultant BHJ OSC; derivative 4 should afford the highest open circuit voltage

(Voc) in solar cells because it has the deepest HOMO energy level.
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Table 1

Optical and electrochemical data for chromophores 1-4.

(r)l\r‘:) loge (ﬁar:) (r:\::)b Sﬁﬁ.kfis Sﬁlgmlty Eoa  Eewr  HOMO LUMO  Ege
g U i} BV (Ve (V) (ev)d (e
sol film sol (cm1) (mg mL™1)

1 645 503 ‘;52% 754 2241 66 032 -134 -542 -376 1.66

664,

2 e 497 00 759 2401 44 032 -130 -542 -380 1.62

3 630 494 670 744 2432 0.4 034 -128 -544 382 162

4 566 5.02 Zg,' 664 2608 1 058 -131 -568 -3.79  1.89

2 Measured in CH2Cl; solution (c = 10® M). P Excitation at the maximum absorption wavelength. ¢ OSWV
(Osteryoung square wave voltammetry) value. ¢ HOMO and LUMO energy levels were estimated from
OSWV oxidation and reduction curves, respectively, assuming the absolute energy level of

ferrocene/ferrocenium to be 5.1 eV below vacuum. € Calculated from E¢*¢ (eV) = ELumo — Enomo.

3.3 Theoretical calculations

Quantum chemical calculations for the gas phase were carried out in order to gain insight into
the electronic structures and molecular energy levels of all new systems (1—4) using density
functional theory (DFT) at the B3LYP 6-31G* level with Gaussian 09W. Hexyl side chains were
replaced by methyl groups in order to reduce the calculation time. Co-oligomers 1-4 have high
planarity and symmetry for the optimized ground-state geometries (Figure S46, Supporting

Information), which should favour the n-it stacking of the donor molecules.

A

-3.76 eV -3.80 eV 3.82 eV -3.79 eV

-4.0 eV
Energy
level
-5.42 eV -5.42 eV 5.44 eV L

-5.68 eV

1 2 3 a4 PC¢;,BM

Fig. 3. FMO energy levels and band gap (solid area) of oligomers 1-4 and their relative position to the

LUMO with respect to PCe1BM.
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The HOMO electron densities of all co-oligomers 1-4 are mainly localized around the thiophene-
based central building block and LUMOs are distributed along the whole molecule, with a
preference for the acceptor moieties (Figure 4). The calculated MO energy levels are listed in
Table S1 (Supporting Information). Both the experimental and theoretical data show that the
new co-oligomers 1-4 display suitable HOMO and LUMO energy values for application as
electron-donor materials in BHJ solar cells using PCs:BM or PC;:BM derivatives as electron-
acceptors, in agreement with the electrochemical data. As predicted from the experimental
data, these results highlight that molecule 4 will have the highest Voc within this family of

derivatives since it has the lowest HOMO value.

LUMO rig;%"ﬁf’ '{""‘;‘;‘Fj‘/‘ M
o 4 >~ s ~
HOMO r(t,*(l}/' Pl *‘if’ )‘1}}' [l&f' "(I’ J‘{"'C&.’“

LUMO MH\{
HOMO %S‘ \l\}\;\f’*

Fig. 4. Electronic distribution of the HOMO-LUMO energy levels in co-oligomers 1-4.

3.4 Photovoltaic properties

Solution-processed BHJ devices were fabricated using co-oligomers 1-4 as electron donors with
a standard device architecture of indium tin oxide (ITO)/PEDOT:PSS/donor:PCs1BM/LiF/Al
(where PCsBM is [6,6]-phenyl-Csi-butyric acid methyl ester, which was used as electron
acceptor material against PC71BM ([6,6]-phenyl-C7:-butyric acid methyl ester) since poorer

results were obtained). The optimal conditions were determined by investigating a range of
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device fabrication parameters, including the solvent, concentration and ratio of the
donor:acceptor (blend) solution, spin speed, time for the solvent vapour annealing (SVA)
process, and the use of solvent additives. Optimized devices were prepared by spin-coating
blended chloroform solutions (total concentration of 15 mg mL™) in the case of co-oligomers 1,
2 and 4, whereas tetrachloroethane solution (total concentration of 15 mg mL™) was used for
derivative 3 due to its poor solubility (3 only contains two hexyl side chains). Thinner films
obtained from more dilute solutions (10 mg mL™) resulted in lower device performance
parameters. All blends were prepared with an excess of the acceptor material (D:A, 1:2 w/w)
and all devices were submitted to a solvent vapour annealing (SVA) process using chloroform as
solvent. This process resulted in a significant improvement of the final results — with the
exception of 4, where the PCE decreased by about 41%. The current density-voltage (J-V)
characteristics and external quantum efficiency (EQE) spectra of the optimized devices for 1-4

are shown in Figures 5 and 6. The solar cell data are summarized in Table 2.

The devices based on 1:PCs:BM exhibited a relatively high open circuit voltage (Voc) of 0.91V, a
short-circuit current density (Jsc) of 5.95 mA cm™, a fill factor (FF) of 57%, and a PCE of 3.1%. The
solar cell performance was further examined under solvent vapour annealing (SVA) treatment.
In OSCs, solvent vapour can penetrate into the blend and lower the glass transition temperature
of the materials, thus enabling molecules in blends to gain some mobility to organize into a lower
energy state. Thus, according to the findings of Chen and co-workers, good solvents with high
vapour pressure lead to the best performances [25]. The devices were optimized by varying the
time of the SVA in chloroform and the best result was achieved after 45 s of SVA (Table 2). The
device provided an improvement in Jsc up to 7.76 mA cm™ and maintained nearly the same Voc
(0.89 V) and FF (57%) which resulted in a higher PCE of 4.0% compared to devices before SVA.
These results are in agreement with the external quantum efficiency (EQE) measured for all new

derivatives, since co-oligomer 1 showed the highest overall value (48% @ 670 nm) within this
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new family of oligomers (Figure 6 (top)) and a notable improvement after the SVA treatment

(Figure 6 (bottom)).

Removal of one of the hexyl side chains from each thiophene bridge in 2 led to a decrease in the
Jsc value to 4.30 mA cm™ and in FF to 33% resulting in a PCE of 1.3% generated in the 2:PCsBM
device. Nevertheless, a dramatic improvement was achieved upon applying SVA, with an
increase in the Jsc value to 6.06 mA cm™, a twofold increase in FF to 63%, and an increase in the
Voc to 0.94 V. The 2:PC¢BM had an enhanced PCE of 3.6%. The solar cell performance of co-
oligomer 2 was also examined by using solvent additives, such as polydimethylsiloxane (PDMS),
diiodoctane (DIO), or chloronaphthalene (CN). The use of solvent additives in OSCs can have a
substantial effect on the morphology of the active layer and this can lead to enhanced charge
collection and transport properties and, therefore, improved efficiencies. In the case of
2:PCe1BM devices fabricated with the solvent additives, the best results were obtained with a
D:A ratio of 2:3 using 0.2 mg mL™? of PDMS, 5 mg mL™? of DIO, or 5 mg mL™ of CN. The
photovoltaic results with the solvent additives are presented in Table S2 (Supporting
Information). The PCE of the devices prepared with PDMS, DIO, or CN increased from 1.2%
(without any additional additives) to 2.8%, 1.5%, and 1.7%, respectively. Nevertheless, these
results demonstrate that SVA leads to higher PCEs than the solvent additives in 2:PCs:BM

devices.
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Fig. 5. J-V curves for optimized devices prepared with co-oligomers 1-4 as donors and PCe1BM as the

acceptor measured under standard sun-simulated illumination conditions (AM 1.5G, 100 mW m2).

In contrast to the previous co-oligomers 1 and 2, 3:PCs:BM devices were fabricated in
tetrachloroethane as solvent owing to the low solubility of derivative 3 (0.4 mg mL™? in
chloroform). The photovoltaic results for 3:PCc:BM devices also exhibited an outstanding
improvement upon SVA, from 5.41 mA cm™ to 7.30 mA cm™ in Jsc, from 38% to 48% in FF, and
from 1.8% to 3.0% in PCE. In contrast to the CPDT-based co-oligomers 1-3, the devices
fabricated using TT-based derivative 4 as the donor gave the best results without SVA. The Js¢
and the FF decreased from 3.01 mA cm™ and 54% to 2.51 mA cm™ and 36%, respectively, after
SVA. It seems that when the alkyl chains point towards the central building block of the co-
oligomers, the SVA treatment gives rise to the greatest effect, a situation that was also observed
in previous studies [26]. The PCE was 1.7% and the EQE was the lowest (22% @ 660 nm). As
expected, 4:PCs:BM devices exhibited the highest Vo within this family of co-oligomers, 1.06 V,

and this is attributed to the low lying of the HOMO energy level of derivative 4.
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Table 2

Photovoltaic data for co-oligomers 1-4 before and after SVA measured under standard sun-simulated

390 illumination conditions (AM 1.5G, 100 mW m)3,

Device SVA time (s) Jsc (MA cm™2) Voc (V) FF (%) PCE (%)

1 0 5.95 0.91 57 31
1 45 7.76 0.89 57 4.0
2 0 4.30 0.90 33 13
2 45 6.06 0.94 63 3.6
3 0 541 0.88 38 1.8
3 30 7.30 0.84 48 3.0
4 0 3.01 1.06 54 1.7
4 30 2.51 1.08 36 1.0

2 Device structure: ITO/PEDOT:PSS/donor:PCs1BM/LiF/Al.

T T T T T 1
400 500 600 700 800 900

Wavelength / nm

1 after SVA
====1 before SVA

T T T T T T T T T
400 500 600 700 800 900

Wavelength / nm

Fig. 6. (top) External quantum efficiency (EQE) spectra of the optimized devices prepared with 1-4 as
donor materials and PCe1BM as acceptor after SVA and (bottom) external quantum efficiency (EQE)

spectra of 1:PCs1BM optimized devices before (dotted line) and after (solid line) SVA.

395 The surface morphologies of 1-4:PCs;BM blend films were investigated by atomic force

microscopy (AFM, tapping mode). Each sample was prepared by spin-coating from
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donor:PCs;:BM mixed solutions onto ITO/PEDOT:PSS glass surfaces accurately reproducing the
photoactive layer of the optimized devices. The topography images of the blends before SVA are
shown in Figures 7 a—d and those after SVA are shown in Figures 7 e—h. The topography
roughness of the blended films was obtained from the height images. The AFM phase images

are collected in Figures S47-50 (Supporting Information).

Blended surfaces based on co-oligomer 1 (Figures 7 a (before SVA) and 7 e (after SVA)) displayed
bundle-like structures both, before and after the SVA process. The morphology after SVA
showed an interpenetrated network of fibres, which suggests a good phase separation, well-
connected domains and thus efficient charge generation and charge transfer within the active

layer.

Blended surfaces based on 2 (Figures 7 b (before SVA) and 7 f (after SVA)) and 3 (Figures 7 c
(before SVA) and 7 g (after SVA)), after the SVA process, showed a twofold increase in
topography roughness and a regular grain-structured morphology. These features are consistent
with a more distinct bi-continuous network of donor and acceptor domains. The increase in
surface roughness and phase separation is favourable for exciton dissociation and the

interpenetrating pathways for charge transport.

Finally, 4 (Figures 7 d (before SVA) and 7 h (after SVA)) exhibited a decrease in surface roughness
after the SVA process, probably due to poor film properties of the blend of donor 4 and PCs:BM.
The relatively homogeneous morphology and the poor phase separation are unfavourable for
charge transfer from the donor to the acceptor and involve high recombination, which in turn

limits the Jsc and PCE of the resulting device.
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Fig. 7. AFM topography images of donor:PCs1BM blend films on PEDOT:PSS-coated ITO glass substrates,

before (a-d) and after (e-h) SVA.

4. Conclusions

In summary, we have designed and synthesized a new series of co-oligomers based on
cyclopentadithiophene (1-3) or thieno[3,2-b]thiophene (4) as central core linked to different B-
hexyl substituted thiophene rings, and to dicyanovinylene as acceptor groups for applications as
electron donor materials in solution-processed BHJ organic solar cells. The optical and
electrochemical properties of the CPDT-based derivatives 1-3 were not affected by the B-alkyl
substitution of the thienylenevinylene bridges. Replacement of the CPDT by a TT unit in 4 led to
a blue-shift in the absorption spectra in solution and thin films, to a significant decrease in the
HOMO energy level, and to a slight increase the HOMO-LUMO energy gap. The devices were
prepared using the new co-oligomers as electron donors and PCsBM as electron acceptor.
CPDT-based derivatives showed relatively high efficiencies, ranging from 3.0% to 4.0%, with the
highest PCE of 4.0% obtained for the highest substituted derivative 1. With the exception of 4,
the new co-oligomers 1-3 showed a marked improvement in efficiency after SVA, mainly due to
the increase in Jsc and FF. The effect that SVA had on the morphology of the active layer was also

investigated by AFM. Devices based on the acceptor-donor-acceptor structure 4 reached the
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highest Voc within this new series of co-oligomers (1.06 V), although the low short-circuit current
density (3.01 mA cm™) led to a moderate PCE of 1.7%. Comparison of 1 and 4 showed the better
ability of the CPDT unit as a central core when compared to TT, since Jsc increased by more than

double on changing from a TT-based molecule to CPDT-based derivative.
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