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ABSTRACT: Four A-D-A type small molecules using 4,4,9,9-tetrakis(4-hexylphenyl)- indaceno[1,2-b:S,6-b’]dithiophene as
central building block, bithiophene or terthiophene as #-bridges, alkyl cyanoacetate or rhodanine as end acceptor groups were
synthesized and investigated as electron donors in solution-processed organic solar cells (OSCs). These molecules showed
excellent thermal stability with decomposition temperatures over 360 °C, relatively low HOMO levels of —5.18 to —5.22 eV, and
strong optical absorption from 350 to 670 nm with high molar extinction coefficient of 1.1 X 10° to 1.6 X 10° M~ ecm™' in
chloroform solution. OSCs based on blends of these molecules and PC,;BM achieved average power conversion efficiencies of
2.32 to 5.09% (the best 5.32%) after thermal annealing. The effects of thiophene bridge length and end acceptor groups on
absorption, energy level, charge transport, morphology, and photovoltaic properties of the molecules were investigated.

KEYWORDS: small molecule solar cells, indacenodithiophene, alkyl cyanoacetate, rhodanine

1. INTRODUCTION Despite the fact that big improvement has been made in small

Bulk heterojunction (BHJ) organic solar cells (OSCs) have molecule.OSCs, 'exploiting new molecules is needed to realize
attracted much attention because of their advantages of solution commercial applications.

processability, low cost, light weight, flexibility, and potential As one type of p ush'-pull structures, A'D'A ty'pe small
application in large-area devices.!~* Over the last decades, by molecules _geperally consist of electron-'donatlr.lg unit (D) as
optimizing the polymer structure and device architecture, central building bIOd_(’ elgctron-acceptlng unit (A) as enlcél
polymer solar cells made great progress in achieving high power group, and usually ohgoth}ophene as 7-conjugation bridge.
conversion efficiencies (PCEs). Recently, the encouraging PCE This type of molecule architecture can effectively tune HOMO
of 10.6% has been achieved based on polymer donors and and LUMO le‘_’els’ IOWEI: band gap .(Eg) and extend absor.ptl‘on
fullerene acceptors.® Though the great progress has been made through changing the thiophene bridge length, central building
in polymer solar cells, the batch to batch variation issue of blo?k.s anc.l end groups. Actually, A_D_A 1o all molecules
polymers due to their intrinsic polydispersity characteristics exhibited impressive performance in QSCS' ) )

could hinder the performance reproducibility when using As well-performed e}ectr on. w1thdraw1.ng units, alkyl
polymer solar cells in commercial applications. Comparing with cyanoacetate and rhodanlr_le are 11?Froduced 1nt9 A'D_'A type
polymers, small molecules possess the advantages of defined 'rnolecules because of their capability of éffectlve}y inducing
molecular structure, definite molecular weight, high purity, and intramolecular charge transfer and enhancing optical absorp-

good reproducibility.”” Recently, a variety of new small

molecule donors have been created for OSCs.5™** To date, Received: March 5, 2014
the highest PCEs of solution processed OSCs based on small Accepted: May 8, 2014
molecule donors and fullerene acceptors are over 9%.'*' Published: May 8, 2014
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R-IDT3T
Figure 1. Chemical structure of C-IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T.

Scheme 1. Synthetic Routes of C-IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T
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tion.”®>* Single junction OSCs based on small molecules end-
capped with alkyl cyanoacetate and rhodanine achieved the best
PCEs of 5.84% and 8.12% when blending with fullerene
acceptors, respectively.zs’26

In recent years, indaceno[2,1-b:6,5-b"]dithiophene (IDT)
has been regarded as a promising moiety for organic
semiconductors owing to its excellent electron-donating and
hole transporting property.”” ~>* Due to its rigid and coplanar
structure, IDT based conjugated copolymers exhibited

8427

relatively high hole mobility.*> When applied in OSCs, IDT-
based conjugated polymers showed broad absorption and high
molar extinction coefficient, which is beneficial to obtaining
high short circuit current (Jsc).>*** However, relative to IDT
polymers, there are only a few reports on IDT small molecule
photovoltaic materials, which afforded relatively low PCEs (2.8-
4.7%).36738

In this work, we designed and synthesized four A-D-A type
small molecules, C-IDT2T, R-IDT2T, C-IDT3T and R-IDT3T
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(Figure 1), using IDT unit as central donor building block,
bithiophene (2T) or terthiophene (3T) as z-bridges, alkyl
cyanoacetate (C) or rhodanine (R) as end acceptor groups. We
investigated the effects of thiophene bridge length and end
acceptor groups on absorption, energy level, charge transport,
morphology and photovoltaic properties of these molecules.
The OSCs based on the blends of R-IDT3T/PC,,;BM exhibited
a PCE as high as 5.32%, which is the highest reported for IDT-
based small molecule solar cells.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Thermal Stability. The synthesis
routes of these four A-D-A type small molecules are depicted in
Scheme 1. The known intermediate 1 was synthesized
according to the reported procedure.’® The new intermediate
compounds 2 and 3 were synthesized through Stille coupling
reactions between S’-bromo-[2,2’-bithiophene]-5S-carbaldehyde
or S$”-bromo-[2,2':5,2"-terthiophene]-S- carbaldehyde and
compound 1 using Pd(PPh;), as catalyst. Knoevenagel
condensation reactions of aldehyde compounds 2 or 3 with
2-ethylhexyl cyanoacetate or 3-ethylrhodanine afforded final
products C-IDT2T, R-IDT2T, C-IDT3T and R-IDT3T. All
new synthesized compounds were fully characterized by MS,
'H-NMR, BC-NMR, and elemental analysis. These molecules
are readily soluble in common organic solvents such as
dichloromethane, chloroform, and dichlorobenzene at room
temperature.

Thermal properties of these compounds were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) methods under nitrogen atmosphere at a
heating rate of 10 °C min~". All the four compounds exhibit
good thermal stability with decomposition temperature (T4, 5%
weight loss) of over 360 °C in a nitrogen atmosphere (Figure 2,

100-
80-
T 60, C-IDT2T
.-E., 401 —R-IDT2T
) — C-IDT3T
= Ll — R-IDT3T
0- b
100 200 300 400 500

Temperature (°C)

Figure 2. TGA curves of C-IDT2T, R-IDT2T, C-IDT3T, and R-
IDT3T.

Table 1. Thermal and Absorption Parameters of C-IDT2T,
R-IDT2T, C-IDT3T, and R-IDT3T

% (°C) ls,maxb (nm) g (nm) emaxd M1t em™)
C-IDT2T 364 546 540 1.1 x 10°
R-IDT2T 401 554 550 1.1 x 10°
C-IDT3T 364 534 520 1.6 X 10°
R-IDT3T 406 536 536 1.3 x 10°

“Decomposition temperature (5% weight loss) estimated using TGA
under N, “Absorption maxima in CHCI; solution. “Absorption
maxima in film. “Molar extinction coefficient at A, in solution.
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Table 1). According to the DSC traces (see Figure Sl, in
Supporting Information), R-IDT2T and R-IDT3T show glass
transition at ca. 120 °C, whereas C-IDT2T and C-IDT3T show
glass transition at ca. 80 °C. None of them shows melting peaks
from room temperature to 250 °C, indicating that they could
be amorphous.

2.2, Absorption. The normalized spectra of optical
absorption of these four compounds in chloroform solution
(107° M) and in solid film are shown in Figure 3. Benefited
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Figure 3. UV-—vis absorption spectra of C-IDT2T, R-IDT2T, C-
IDT3T, and R-IDT3T (a) in chloroform solution and (b) in thin films.

from their push-pull molecule structure, all the four compounds
exhibit broad absorption from 400 to 650 nm in chloroform
solution and solid films. C-IDT2T, R-IDT2T, C-IDT3T, and
R-IDT3T exhibit absorption maxima at 546, 554, 534, 536 nm
in solutions, respectively. The absorption maxima of rhodanine-
containing compounds exhibit slight red shift (2—8 nm)
relative to their cyanoacetate counterparts. Extending 7-bridge
from bithiophene to terthiophene leads to blue shift (12—18
nm) of the absorption maxima and slightly enhanced
absorption intensity. Although the absorption maxima in film
slightly blue shift in comparison with those in solution, all
absorption spectra in films are broadened relative to those in
solution.

2.3. Electrochemistry. The electrochemical property of C-
IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T was investigated
by cyclic voltammetry (CV) method with the film on glassy
carbon as working electrodes in acetonitrile solution containing
0.1 mol/L Bu,NPF at a potential scan rate of 100 mV s L As
shown in the cyclic voltammograms (see Figure S2 in the
Supporting Information), these compounds exhibit irreversible
reduction waves and oxidation waves. The HOMO and LUMO
values of these compounds are estimated from the onset
oxidation and reduction potentials, assuming the absolute
energy level of FeCp,”° to be 4.8 eV below vacuum. All
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compounds exhibit similar HOMO (—S5.18 to —5.22 €V) and
similar LUMO energies (—3.27 to —3.29 eV) (Table 2),

Table 2. CV Data and Energy Level Parameters of C-IDT2T,
R-IDT2T, C-IDT3T, and R-IDT3T

E,* E.° HOMO° LUMOY E®  E%

@) V) (V) V) (V) (V)
C-IDT2T 0.88 —1.06 —-5.22 —3.28 1.94 1.92
R-IDT2T 0.87 —1.07 —-5.21 -3.27 1.94 1.86
C-IDT3T 0.84 —1.05 —5.18 -3.29 1.89 1.90
R-IDT3T 0.85 —1.07 -5.19 —3.27 1.92 1.88

“Onset oxidation potential. “Onset reduction potential. “Estimated
from the onset oxidation potential. 9Estimated from the onset
reduction potential. “HOMO—-LUMO energy gap estimated from
cyclic voltammetry method. Optical bandgap estimated from
absorption edge of solid film.

indicating that the m-bridge length and end acceptor groups
exert very limited impacts on HOMO and LUMO levels. The
HOMO-LUMO energy gaps (1.89—1.94 V) estimated from
cyclic voltammetry are similar to the optical bandgaps (1.86—
1.92 eV) estimated from absorption edge of solid films. As
shown in Figure 4, the LUMO gaps (0.71 to 0.73 eV) and
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Figure 4. Electronic energy level diagram of C-IDT2T, R-IDT2T, C-
IDT3T, R-IDT3T, and PC,,BM.*

HOMO gaps (0.58 to 0.62 eV) between the donor and
acceptor (PC,;BM) are large enough to guarantee efficient
exciton dissociation. The relatively low HOMO levels of these
compounds are beneficial to gaining high open circuit voltage
(V,.) in OSCs.

2.4. Photovoltaic Properties. To demonstrate potential
applications of these materials in OSCs, we used C-IDT2T, R-
IDT2T, C-IDT3T and R-IDT3T as donor materials and
classical fullerene derivative PC,BM as an electron acceptor to
fabricate BHJ OSCs with a structure ITO/PEDOT:PSS/
donor:PC,;BM/Ca/Al. Table 3 summarizes V_, J,, fill factor
(FF), and PCE of the devices at different donor/acceptor
weight ratios with or without thermal annealing. Figure 5 shows
the J—V (a) curves and IPCE (b) characteristics of the four
annealed devices.

After optimization, C-IDT2T-, R-IDT2T-, and C-IDT3T-
based devices exhibit the best performance at the donor/
acceptor weight ratio of 1:2, and R-IDT3T-based devices
exhibit the best performance at the ratio of 1:3 after thermal
annealing at 120 °C for 10 min. These devices yield relatively
high average V. (0.87—0.93 V), which can be attributed to the
relatively low HOMOs of the molecules, and the V values are
slightly affected by z-bridge length and acceptor end groups.

However, when extending #-bridges from bithiophene to

8429

Table 3. Device Data of OSCs Based on C-IDT2T, R-
IDT2T, C-IDT3T, and R-IDT3T :PC,,BM under the
Ilumination of AM 1.5G, 100 mW cm >

PCE (%)
donor:PC, BM V.. J.(mA  FF

blend (w/w) V) am)?*  (%)* ave®  best
C-IDT2T 1:2 0.87 7.96 32.8 227 2.40
C-IDT2T? 1:2 0.88 7.98 33.1 2.32 2.53
R-IDT2T 1:2 0.93 9.30 41.2 3.56 3.89
RIDT2T? 1:2 0.93 10.11 44.5 4.18 4.38
C-IDT3T 1:2 091 10.55 45.7 4.39 4.73
C-IDT:’)Tb 1:2 0.91 10.52 49.6 4.75 5.00
R-IDT3T 1:3 0.90 10.75 44.9 4.34 4.60
RIDT3T? 1:3 0.90 11.5§ 49.0 5.09 5.32

“The data were obtained from 20 devices. bAnnealing at 120 °C for 10
min.
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Figure S. (a) J—V characteristics and (b) IPCE spectra of the annealed
OSCs based on C-IDT2T, R-IDT2T, C-IDT3T, and R-
IDT3T:PC,,BM under the illumination of AM 1.5G, 100 mW cm™

terthiophene, average J. increases from 7.98 (C-IDT2T) to
10.52 mA cm > (C-IDT3T) for cyanoacetate-containing
compounds, and from 10.11 (R-IDT2T) to 11.55 mA cm™
(R-IDT3T) for rhodanine-containing compounds. As shown in
Figure Sb, the trend of IPCE is similar to that of Jsc. The Js¢
calculated from integration of the IPCE spectra with the AM
1.5G reference spectrum is similar to that obtained from J—V
measurement (the average error is 6%).

To understand the influence of charge carrier transport on
photovoltaic performances, we measured hole and electron
mobilities of four annealed blend films of C-IDT2T, R-IDT2T,
C-IDT3T, and R-IDT3T:PC,BM by space charge limited
current (SCLC) method with the device structure ITO/
PEDOT:PSS/blend film/Au for holes and Al/blend film/Al for

dx.doi.org/10.1021/am501316y | ACS Appl. Mater. Interfaces 2014, 6, 8426—8433
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Table 4. SCLC Data of Hole-Only and Electron-Only Devices Based on C-IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T:PC,;BM

Blends

blend donor:PC,BM (w/w)

C-IDT2T:PC,,BM 12
RIDT2T:PC,,BM 1:2
C-IDT3T:PC,,BM 12
R-IDT3T:PC,,BM 1:3

“Annealing for 10 min.

annealing” (°C)

py (em?® V7157 He (em® V71

120 7.5 % 107° 89 x 107°
120 5.0 % 107° 23 %1078
120 1.7 x 107* 1.3 x 107°
120 3.0x 1074 2.7 % 107°

5.0 ma

5.0

5.0 ma 5.0 m

B 50°

5.0

Figure 6. AFM height (top) and phase (bottom, inset 0.5 gm X 0.5 ym) images (3 yum X 3 um) of (a, e) C-IDT2T:PC,,BM (1:2, w/w); (b, f) R-
IDT2T:PC,;BM (1:2, w/w); (¢, g) C-IDT3T:PC,,BM (1:2, w/w); (d, h) R-IDT3T:PC,;BM (1:3, w/w) blend films after thermal annealing at 120

°C for 10 min.

electrons (see the Supporting information, Figure S3). The
detailed parameters are recorded in Table 4. After thermal
annealing at 120 °C for 10 min, hole mobilities of 5 X 105 to 3
x 107" cm® V™' s7! and electron mobilities of 1.3 X 107> to 8.9
X 107> cm? V7! s7! are obtained from the four blend films
(Table 4). The hole mobilities of C-IDT3T:PC,,BM and R-
IDT3T:PC;,BM blend films are 2 and 6 times of those of C-
IDT2T:PC;BM and R-IDT2T:PC,BM blend films, respec-
tively. Clearly, extending #-bridges from bithiophene to
terthiophene enhances hole transport of the molecules, which
is responsible for improved J,. of OSC devices.

Atomic force microscope (AFM) tapping-mode height and
phase images of as-cast and annealed donor:PC;BM blend
films are shown in Figure S4 (see the Supporting Information)
and Figure 6. All the donor:PC,;BM blend films exhibit smooth
and uniform surface before and after thermal annealing in the
height images. The root-mean-square (RMS) roughness of C-
IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T:PC,BM blend
films are 0.317, 0.416, 0.390, and 0.428 nm, respectively. The
AFM result implies that all the molecules have good miscibility
with PC;;BM. In phase images, rhodanine-containing donor
(R-IDT2T or R-IDT3T):PC,,BM blend film exhibits a better
donor/acceptor interpenetrating network with larger aggre-
gated domains than its cyanoacetate counterpart (C-IDT2T or
C-IDT3T:PC;BM). The result is also supported by the

8430

transmission electron microscopy (TEM) images (see Figure
SS in the Supporting Information). Terthiophene-containing
donor (C-IDT3T or R-IDT3T):PC,;BM blend film exhibits a
better donor/acceptor interpenetrating network with larger
aggregated domains than its bithiophene counterpart (C-
IDT2T or R-IDT2T:PC,,BM). In particular, R-
IDT3T:PC,;BM blend film exhibits best donor/acceptor
interpenetrating network with largest aggregated domain size.
The phase separation profile resembles the PCE profile since
the suitable morphology is beneficial to the exciton dissociation
and charge carriers transport, leading to improved PCE.

3. CONCLUSIONS

New series of IDT based A-D-A type small molecules with
different acceptor end groups (cyanoacetate and rhodanine)
and different z-bridge length (bithiophene and terthiophene),
C-IDT2T, R-IDT2T, C-IDT3T, and R-IDT3T, are designed
and synthesized. These molecules exhibit relatively low HOMO
levels as well as strong and broad optical absorption. Both
acceptor end groups and sz-bridge length slightly affect
absorption and energy levels of the molecules. Extending 7-
bridges from bithiophene to terthiophene promotes hole
mobility. Both acceptor end groups and z-bridge length
obviously affect nanostructure of the blend films; rhodanine
or terthiophene-containing donor:PC,;BM blend film exhibits a

dx.doi.org/10.1021/am501316y | ACS Appl. Mater. Interfaces 2014, 6, 8426—8433
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better donor/acceptor interpenetrating network with larger
aggregated domains than its cyanoacetate or bithiophene
counterpart. In particular, R-IDT3T:PC,;BM blend film
exhibits the best phase separation and highest hole mobility,
leading to the highest PCE of 5.32% after thermal annealing.

4. EXPERIMENTAL SECTION

Synthesis. Unless stated otherwise, solvents and chemicals were
obtained commercially and were used without further purification.
Toluene was distilled from sodium-benzophenone under nitrogen
prior to use.

Synthesis of Compound 2. To a three-necked round bottom
flask were added compound 1 (986.4 mg, 0.8 mmol), 5'-bromo-[2, 2'-
bithiophene]-S-carbaldehyde (480 mg, 1.76 mmol), and toluene (SO
mL). The mixture was deoxygenated with argon for 15 min, and then
Pd(PPh;), (100 mg, 0.086 mmol) was added. The mixture was
refluxed for 24 h and then cooled to room temperature. Forty
milliliters of KF (0.1 g mL™") solution was added and stirred at room
temperature overnight to remove the tin impurity. Water (150 mL)
was added and the mixture was extracted with CHCl, (2 X 150 mL).
The organic phase was dried over anhydrous MgSO,. After removing
the solvent, the residue was purified by column chromatography on
silica gel using petroleum ether/CHCI; (1:2) as eluent yielding a red
solid (815 mg, 79%). 'H-NMR (400 MHz, CD,CL,): 5 9.83 (s, 2H),
7.67 (d, ] = 4 Hz, 2H), 7.46 (s, 2H), 7.29 (d, J = 4 Hz, 2H), 7.24 (4, ]
= 4 Hz, 2H), 7.18 (m, 12H), 7.12 (d, J = 8 Hz, 8H), 2.57 (m, 8H),
1.58 (m, 8H), 1.32 (m, 24H), 0.87 (m, 12H). *C-NMR (150 MHz,
CDCly): 5 182.51, 157.11, 153.83, 146.99, 141.99, 141.77, 141.70,
141.36, 140.16, 139.18, 137.57, 135.39, 134.40, 128.73, 128.13, 127.17,
124.32, 124.16, 120.57, 117.66, 63.37, 35.83, 31.97, 31.58, 29.39,
22.85, 14.35. MS (MALDI-TOF): m/z 1292 (M*). Anal. Calcd for
Cg,Hg,0,S¢: C, 76.16; H, 6.34. Found: C, 76.20; H, 6.35%.

Synthesis of Compound 3. To a three-necked round bottom
flask were added compound 1 (986.4 mg, 0.8 mmol), S”-bromo-
[2,2":5',2"-terthiophene]-S-carbaldehyde (624 mg, 1.76 mmol) and
toluene (50 mL). The mixture was deoxygenated with argon for 1S5
min, and then Pd(PPh;), (100 mg, 0.086 mmol) was added. The
mixture was refluxed for 24 h and then cooled to room temperature.
Forty milliliters of KF (0.1 g mL™") solution was added and stirred at
room temperature overnight to remove the tin impurity. Water (150
mL) was added and the mixture was extracted with CHCI, (2 X 150
mL). The organic phase was dried over anhydrous MgSO,. After
removing the solvent, the residue was purified by column
chromatography on silica gel using petroleum ether/CHCly (1:2) as
eluent yielding a red solid (873.6 mg, 75%). 'H-NMR (400 MHz,
CD,Cl,): 6 9.83 (s, 2H), 7.67 (d, ] = 4 Hz, 2H), 7.46 (s, 2H), 7.29 (d,
J =4 Hz, 2H), 7.26 (d, ] = 4 Hz, 2H), 721 (m, 8H), 7.12 (m, 16H),
2.57 (m, 8H), 1.58 (m, 8H), 1.32 (m, 24H), 0.87 (m, 12H). 3C-NMR
(150 MHz, CDCL,): & 182.52, 156.99, 153.73, 146.89, 141.93, 141.81,
140.86, 139.51, 139.06, 138.30, 137.54, 135.37, 134.99, 134.70, 129.08,
128.71, 128.15, 127.21, 125.36, 124.67, 124.25, 124.15, 120.11, 117.56,
63.35, 35.83, 31.97, 31.59, 29.40, 22.85, 14.35. MS (MALDL-TOF):
m/z 1456 (M"). Anal. Calcd for CogHgsO,Ss: C, 74.17; H, 5.9. Found:
C, 74.40; H, 6.07%.

Synthesis of C-IDT2T. Compound 2 (320 mg, 0.247 mmol) was
dissolved in dry CH,Cl, (25 mL), three drops of triethylamine and
then 2-ethylhexyl cyanoacetate (1.2 mL, 6 mmol) were added. The
mixture was deoxygenated with argon for 15 min and stirred for 12 h
under argon at room temperature. Water (100 mL) was added and the
mixture was extracted with CH,Cl, (2 X 100 mL). The organic phase
was dried over anhydrous MgSO,. After removing the solvent, the
residue was purified by column chromatography on silica gel using
petroleum ether/CHCI, (1:1) as eluent yielding a red black solid (165
mg, 40.5%). "H-NMR (400 MHz, CD,CL,): § 8.24 (s, 2H), 7.67 (d, ]
= 4 Hz, 2H), 7.46 (s, 2H), 7.34 (d, ] = 4 Hz, 2H), 7.26 (s, 2H), 7.19
(m, 20H), 4.21 (m, 4H), 2.59 (m, 8H), 1.70 (m, 2H), 1.59 (m, 8H),
1.44 (m, 4H), 1.30 (m, 36H), 0.93 (m, 24H). *C-NMR (150 MHz,
CDCLy): 5 163.19, 15698, 153.64, 147.11, 145.95, 141.79, 141.65,
141.47, 141.33, 140.37, 139.21, 138.94, 135.21, 134.22, 133.89, 128.53,
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127.91, 127.38, 124.28, 124.16, 120.52, 117.49, 116.01, 97.63, 68.82,
63.14, 38.83, 35.63, 31.77, 31.40, 30.37, 29.20, 28.97, 23.81, 23.00,
22.65, 14.16, 11.07. MS (MALDI-TOF): m/z 1650 (M"). Anal. Calcd
for Cy04H,1eN,0,86: C, 75.68; H, 7.08; N, 1.70. Found: C, 75.48; H,
7.08; N, 1.49%. Ay s = 544 nm (1.1 X 10° L mol™" em™).

Synthesis of R-IDT2T. Compound 2 (320 mg, 0.247 mmol) was
dissolved in dry CHCl; (25 mL), and three drops of piperidine and
then 3-ethylrhodanine (434.7 mg, 2.7 mmol) were added. The mixture
was deoxygenated with argon for 15 min, and then refluxed and stirred
for 12 h under argon. After cooling to room temperature, water (100
mL) was added and the mixture was extracted with CHCI, (2 X 100
mL). The organic phase was dried over anhydrous MgSO,. After
removing the solvent, the residue was purified by column
chromatography on silica gel using petroleum ether/CHCI; (1:1) as
eluent yielding a red black solid (83 mg, 21.3%). "H-NMR (400 MHz,
CD,Cl,): 6 7.82 (s, 2H), 7.46 (s, 2H), 7.36 (d, ] = 4 Hz, 2H), 7.26 (d,
J = 4 Hz, 4H), 7.20 (m, 10H), 7.12 (d, 10H), 4.18 (m, 4H), 2.59 (m,
8H), 1.62 (m, 8H), 1.30 (m, 24H), 0.87 (m, 18H). *C-NMR (150
MHz, CDCL): 6 192.06, 167.51, 157.19, 153.85, 145.35, 142.02,
141.76, 141.37, 139.67, 136.73, 135.56, 135.46, 134.59, 128.76, 128.18,
126.48, 125.13, 125.00, 124.45, 120.80, 120.53, 117.68, 63.38, 40.21,
35.88, 32.01, 31.63, 30.00, 29.45, 22.89, 14.39, 12.57. MS (MALDI-
TOF): m/z 1778 (M*). Anal. Calcd for Cy,Hy,N,0,S,,: C, 70.01; H,
5.88; N, 1.77. Found: C, 70.15; H, 6.17; N, 1.78%. A s = 554 nm
(1.1 x 10° L mol™ em™).

Synthesis of C-IDT3T. Compound 3 (440 mg, 0.3 mmol) was
dissolved in dry CH,Cl, (25 mL), and three drops of triethylamine
and then 2-ethylhexyl cyanoacetate (2 mL, 9.6 mmol) were added.
The mixture was deoxygenated with argon for 15 min and stirred for
12 h under argon at room temperature. Water (100 mL) was added
and the mixture was extracted with CH,Cl, (2 X 100 mL). The
organic phase was dried over anhydrous MgSO,. After removing the
solvent, the residue was purified by column chromatography on silica
gel using petroleum ether/CHCI; (1:1) as eluent yielding a red black
solid (135 mg, 24.8%). "H-NMR (400 MHz, CD,CL): & 8.24 (s, 2H),
7.68 (d, ] = 4 Hz, 2H), 7.4S (s, 2H), 7.34 (d, ] = 4 Hz, 2H), 7.27 (s,
2H), 7.20 (m, 24H), 421 (m, 4H), 2.59 (m, 8H), 1.73 (m, 2H), 1.58
(m, 8H), 1.46 (m, 4H), 1.30 (m, 36H), 0.94 (m, 24H). *C-NMR
(150 MHz, CDCL,): § 163.12, 156.86, 153.55, 146.96, 145.89, 141.72,
141.59, 140.75, 139.12, 138.21, 135.19, 134.81, 134.32, 128.49, 127.94,
127.37, 125.26, 124.69, 124.27, 124.07, 119.92, 117.32, 115.96, 97.75,
68.84, 63.10, 38.83, 35.62, 31.76, 31.38, 30.36, 29.74, 29.19, 29.07,
28.96, 23.81, 22.99, 22.64, 14.14, 14.09, 11.06. MS (MALDI-TOF):
m/z 1814 (M"). Anal. Calcd for C;,H;,0N,0,Sg: C, 74.13; H, 6.67;
N, 1.54. Found: C, 74.02; H, 6.82; N, 1.64%. 4, s = 532 nm (1.6 X
10° L mol™ ecm™).

Synthesis of R-IDT3T. Compound 3 (145.6 mg, 0.1 mmol) was
dissolved in dry CHCI, (25 mL), three drops of piperidine and then 3-
ethylrhodanine (177 mg, 1.1 mmol) were added. The mixture was
deoxygenated with argon for 15 min, and then refluxed and stirred for
12 h under argon. After cooling to room temperature, water (100 mL)
was added and the mixture was extracted with CHCl; (2 X 100 mL).
The organic phase was dried over anhydrous MgSO,. After removing
the solvent, the residue was purified by column chromatography on
silica gel using petroleum ether/CHCI; (1:2) as eluent yielding a red
black solid (71 mg, 40.7%). '"H-NMR (400 MHz, CD,CL,): & 7.82 (s,
2H), 7.45 (s, 2H), 7.36 (d, ] = 4 Hz, 2H), 7.26 (d, ] = 4 Hz, 4H), 7.20
(d, J = 8 Hz, 8H), 7.14 (m, 16H), 4.18 (m, 4H), 2.59 (m, 8H), 1.62
(m, 8H), 1.30 (m, 24H), 0.87 (m, 18H). C-NMR (150 MHz,
CDCL,): 6 191.90, 167.34, 156.87, 153.58, 145.09, 141.80, 141.70,
140.77, 139.36, 138.40, 138.11, 136.67, 135.36, 134.74, 131.00, 128.58,
128.04, 126.36, 125.13, 124.94, 124.64, 124.07, 120.71, 120.00, 117.43,
63.21, 40.05, 35.72, 31.86, 31.48, 29.84, 29.29, 22.73, 14.23, 12.41. MS
(MALDI-TOF): m/z 1742 (M"). Anal. Calcd for C,0oHgN,0,5,,: C,
68.92; H, 5.55; N, 1.61. Found: C, 68.83; H, 5.68; N, 1.71%. Ay, ; =
540 nm (1.3 X 10° L mol™ cm™).

Fabrication and Characterization of Photovoltaic Cells.
Organic solar cells were fabricated with the structure: ITO/PEDOT:
PSS/donor: PC,;BM/Ca/Al. The patterned indium tin oxide (ITO)
glass (sheet resistance = 15Q []!) was pre-cleaned in an ultrasonic
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bath of acetone and isopropanol, and treated in ultraviolet-ozone
chamber (Jelight Company, USA) for 23 min. A thin layer (35 nm) of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS, Baytron PVP Al 4083, Germany) was spin-coated onto the
ITO glass and baked at 150 °C for 20 min. Donor material: PC, BM
(30 mg mL™" in total) in o-dichlorobenzene solvent was spin-coated
on PEDOT: PSS layer to form a photosensitive layer. Thermal
annealing was used after spin-coating active layer. A calcium (ca. 20
nm) and aluminum layer (ca. 100 nm) was then evaporated onto the
surface of the photosensitive layer under vacuum (ca. 107° Pa) to form
the negative electrode. The active area of the device was 4 mm?”. J—V
curve was measured with a computer-controlled Keithley 236 Source
Measure Unit. A xenon lamp coupled with AM 1.5G solar spectrum
filters was used as the light source, and the optical power at the sample
was 100 mW cm ™ The light intensity of solar simulator was calibrated
by using a standard monocrystalline silicon solar cell. The incident
photon to converted current efficiency (IPCE) spectrum was
measured by Stanford Research Systems model SR830 DSP lock-in
amplifier coupled with WDG3 monochromator and 500 W xenon
lamp. Hole-only or electron-only diodes were fabricated using the
architectures: ITO/PEDOT: PSS/active layer/Au for holes and Al/
active layer/Al for electrons. Mobilities were extracted by fitting the
current density—voltage curves using the Mott—Gurney relationship
(space charge limited current). The transmission electron microscopy
(TEM) characterization was carried out on JEM-1011. The samples
for the TEM measurements were prepared as follows: The active-layer
films were spin-casted on ITO/PEDOT: PSS substrates, and the ITO
glass with the active layers were submerged in deionized water to make
the active layers float onto the air—water interface. Then the floated
films were picked up on unsupported 200 mesh copper grids for the
TEM measurement.
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