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A series of linear-conjugated small molecule compounds featured with the acceptor-donor-acceptor-
donor-acceptor (A-D-A-D-A) structure were designed, synthesized and characterized. The films of the
compounds showed a broad UV—Vis absorption range of 300—800 nm with high molar absorption co-
efficient of more than 1.0 x 10% cm~. Their hole-mobility can be as high as 1.0 x 10~3 cm? V-! s~ The
compounds have a compatible HOMO energy level of —5.0 eV to PC71BM and a high solubility up to
20 mg mL~! in chloroform. Therefore, compounds can blend with PC7{BM in the chloroform and form an
active layer for a photovoltaic cell device by spin-coating of the blend solution. A maximum power
conversion efficiency of 3.2% was achieved with the DERH3TT solar cell device. These results indicate that
the A-D-A-D-A small molecules with electron-withdrawing dyes as terminals are promising candidates
for the high efficiency solution processed organic photovoltaic cells.
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1. Introduction

Linear-conjugated small molecules have attracted considerable
attentions recently due to their applications in many fields, such as
in light-emitting diodes [1-5], thin-film transistors [6,7], as well as
in organic photovoltaic (OPV) cells [8—25]. Generally, these con-
jugated small molecules prepared by rational molecular design
contain finite conjugated units and are highly soluble in organic
solvents. Therefore, their corresponding films can be formed simply
by solution processing without the vacuum evaporation process
that is required for the fabrications of most film devices [26]. These
small molecules have an acceptor-donor-acceptor (A-D-A) or
donor-acceptor-donor (D-A-D) structure, which is favorable for low
bandgap molecules and low HOMO energy level with broad
UV—Vis absorption range. In addition, due to their rigid structures
and high mobility, the soluble small molecules can form a good
phase-separated mixture as a donor with the acceptors such as
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCg;BM) or [6,6]-
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phenyl-C71-butyric acid methyl ester (PC71BM). All these unique
properties of the linear-conjugated small molecules including high
solubility, excellent light absorption ability, high hole-mobility and
the compatible energy level and good phase-separation with PCBM
contribute to their high performances in OPV cells.

The currently available single layer OPV devices with the
solution-processed small molecules as donor active materials can
show PCEs of >9% [25], which is comparable with that of the
polymer counterparts [27]. Therefore, novel donor materials are
very attractive for the preparation high efficiency solution pro-
cessed organic photovoltaic cells. In the present work, we re-
ported the design, synthesis and OPV performances five acceptor-
donor-acceptor-donor-acceptor (A-D-A-D-A) small molecules
including DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT
(Chart 1). Thienothiophene-one unit was chosen as the central
building block due to its extendable conjugation and planar
structure. In addition, this unit can form donor-acceptor-donor
(D-A-D) structure with three thiophene units on both sides due
to its weak electron-drawing property. This construction can
lower the HOMO energy level and band-gap of the target mole-
cules. Rhodanine and pyrazolone derivatives were selected as the
terminal groups, which had been manifested to enhance the light
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Chart 1. The chemical structures of DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT.

absorption ability, to complete the A-D-A-D-A structure with its
electron-drawing group. This was able to lower the band-gap of
the molecules [11]. Moreover, different alkyl chains were intro-
duced into the rhodanine and pyrazolone skeletons to tune their
performances in the OPV devices. The thiophene and
thienothiophene-one units were also modified with long alkyl
chains to improve the solubility of the molecules in organic sol-
vents, which ensured the formation of the photoactive layer for
OPV devices. OPV cells with >3% efficiency was achieved under
preliminarily optimized conditions.

2. Experimental section
2.1. Materials and methods

3-octylthiophene, NBS, Mg, BrCH,CH,Br, BrCsH11-n, BrCgHq7-n
and Buli, were purchased from J&K Company. NiCl, (ppp), TsOH,
glycol, Me3SnCl, Pd(PPhs)4, pyridine, rhodanine, and 3-ethyl-
rhodanin were purchased from Alfa Aesar Company. All solvents
were dried and purified by standard methods prior to use. The
procedure for synthesis of compounds 2, 5-dibromothiophene
and 3-methyl-1-phenyl-2-pyrazolin-5-one were according to the
literature [11]. The 'TH NMR and 3C NMR spectra were measured
on a Bruker AC-400 and a Bruker AC-500 using TMS as internal
standard. HRMS for small molecules (molecular weight <800)
were recorded on a Fourier transform ion cyclotron resonance
mass spectrometer (Bruker, APEX IV FTMS) with ESI resource. MS
for macromolecules (molecular weight >800) were recorded on a

MALDI-TOF mass spectrometer (Bruker Daltonics Inc.). FTIR
spectra were obtained on the instrument Bruker, TENSOR 27.
Absorption spectra were observed with a JASCO V-570 spectro-
photometer. Thermo-gravimetric and differential thermal ana-
lyses were carried out on Q50TGA instruments at an elevation
temperature rate of 5 °C min~! under nitrogen flow. Cyclic vol-
tammetry was performed with a computer controlled CHI6G00C
electrochemical workstation using a conventional three electrode
configuration consisting of a compartment electrolysis cell with a
platinum button as a working electrode, platinum wire as a
counter electrode, and Ag/AgCl reference electrode. Cyclic vol-
tammograms were obtained in dichloromethane (1 x 107> M)
using TBAPFg (0.1 M) as the supporting electrolyte at scan rate of
0.1 Vs—! with Fc/Fct as internal reference. Atomic force micro-
scope (AFM) investigation was performed using SPA 400 in
contact-mode and transmission electron microscopy (TEM)
investigation was performed using JEM-2100F.

2.2. Synthesis

2.2.1. Synthesis of DCHO3TT

Compound 11 (1.70 g, 2.0 mmol), compound 5 (0.34 g,
0.8 mmol) and Pd(PPhs)4 (70 mg, 0.06 mmol) were added into dry
toluene (100 mL) under protection of argon flow, and the mixture
was refluxed under argon for 48 h under darkness. Then the
toluene was removed and the crude black product was dissolved in
CH,Cl,/THF (40/10 mL). Then HCl (4 M, 10 mL) was added and
stirred at room temperature for 12 h. Subsequently, the mixture
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was extracted by CH,Cl,, dried by anhydrous Na;SO4 and purified
by silica column with eluent as petroleum ether:AcOEt = 40:1
firstly, then petroleum ether:CH,Cl, = 1:1. At last, red solid (0.81 g,
0.64 mmol) was obtained with two-step yield 64.1%, from com-
pound 11 to DCHO3TT.

TH NMR (400 MHz, CDCl3): 6 [ppm] = 9.85 (1H,s), 9.84 (1H,s),
7.87 (1H,s), 7.62 (1H, s), 7.61 (1H,s), 7.29 (1H, d, ] = 4.0 Hz), 7.27 (1H,
d,]=4.0Hz),7.21 (1H,d,] =4.0Hz), 717 (1H,d,] = 4.0 Hz), 716 (1H,
s), 712 (1H,s), 3.29—3.20 (1H, m), 2.87—2.80 (8H, m), 1.88—1.82 (2H,
m), 1.78—1.66(8H, m), 1.43—1.25 (46H, m), 0.96—0.86 (18H, m).>C
NMR (100 MHz, CDCl3): ¢ [ppm] = 199.38, 182.47, 151.86, 142.57,
141.52, 141.50, 140.90, 140.66, 140.63, 140.58, 140.51, 140.40, 138.97,
138.96, 137.76, 137.72, 137.41, 136.36, 135.27, 134.86, 133.72, 133.65,
130.84,129.95, 128.15, 127.90, 127.12, 127.09, 126.67, 126.38, 126.35,
122.18, 49.77, 34.72, 34.17, 32.35, 31.93, 31.91, 30.54, 30.36, 29.89,
29.74, 29.67, 29.66, 29.55, 29.49, 29.46, 29.32, 29.28, 26.00, 22.94,
22.72, 22.36, 14.12, 14.06, 13.98, 12.12. MS (MALDI-TOF) calcd. for
[C72H9403Sg]™": 1262.5; found: 1263.2.

2.2.2. Synthesis of DERH3TT

Compound DCHO3TT (0.12 g, 0.095 mmol) and excess 3-ethyl-
rhodanin (0.12 g, 7.45 mmol) were dissolved in dry CHCl3 (50 mL),
followed by adding 3 drops pyridine. After being degassed for 5
times by argon, the mixture was refluxed for 48 h under argon
and darkness. After remove of the solvent, the crude product
was obtained. And then it was recrystallized in the mixture of
CH,Cly and CH30H (Vol [CH2Cl>]/[CH30H] = 1:10) for 3 times,
followed in the mixture of CH,Cl, and hexane (Vol [CHxCl»]/
[hexane] = 1:20 for 3 times. Then obtained solid was further
purified by Al,03 column with eluent as petroleum ether:
CH,Cl, = 3:1 to get golden brown product (0.10 g, 0.064 mmol)
with yield as 68.0%.

TH NMR (400 MHz, CDCl3): 6 [ppm] = 7.86 (1H, s), 7.78 (1H, s),
7.77 (1H, s), 7.25 (1H, d, ] = 3.2 Hz), 7.24—7.22 (3H, m), 719 (1H, d,
J = 3.2 Hz), 716 (1H, d, ] = 3.2 Hz), 7.14 (1H, s), 711 (1H, s),
4.20—-4.18 (4H, m), 3.30—3.21(1H, m), 2.85—2.81 (8H, m),
1.90-1.82 (2H, m), 1.75-1.64 (8H, m), 1.45-1.26 (52H, m),
0.90—0.86 (18H, m).1>C NMR (100 MHz, CDCl3): ¢ [ppm] = 199.36,
192.07,192.02, 167.32, 151.81, 142.54, 141.42, 141.37, 141.32, 141.21,
139.41,139.13,137.46,137.28,137.23,137.08, 136.35, 135.50, 135.32,
135.26, 134.87, 133.65, 133.59, 130.92, 130.09, 128.10, 127.85,
127.36, 127.33, 127.03, 126.62, 126.33, 124.86, 124.78, 122.17,
121.59, 120.88, 120.70, 49.78, 39.96, 39.94, 32.35, 31.92, 31.89,
30.49, 30.31, 29.88, 29.76, 29.72, 29.66, 29.58, 29.52, 29.49, 29.45,
29.32, 29.29, 26.95, 25.99, 22.94, 22.70, 14.12, 13.99, 12.30, 12.12.
MS (MALDI-TOF) calcd. for [CgyH104N203S12]™: 1550.5; found:
1550.5. Melting point [°C] = 215—226. FTIR (KBr): wavenumber
[em~'] = 2953, 2920, 2849, 1693, 1657, 1570, 1456, 1412, 1383,
1345, 1319, 1235, 1127, 1101, 1080, 877, 816, 779, 732.

2.2.3. Synthesis of DPRH3TT

Compound DCHO3TT (0.20 g, 0.158 mmol), excess 3-pentyl-
rhodanin (2.00 g, 9.85 mmol) and 3 drops pyridine were dissolved
in dry CHCl3 (70 mL). After it was degassed for 5 times with argon,
the mixture continued to reflux for 48 h under argon and darkness.
The solvent was removed and the crude product was recrystallized
in mixture of CH,Cl; and methanol (Vol [CH,Cl,: MeOH] = 1:10) for
3 times and then in mixture of CH,Cl; and hexane (Vol [CH,Cly:
hexane = 1:20]) for 3 times. Then obtained solid was further pu-
rified by neutral Al,03 column with eluent as petroleum ether:
CH,Cly = 4:1 to get product (0.12 g, 0.11 mmol) with metal gloss
with yield as 69.6%.

'H NMR (400 MHz, CDCl3): 6 [ppm] = 7.83 (1H, s), 7.72 (1H, s),
7.70 (1H, s), 7.20—7.17 (4H, m), 7.13 (1H, d, ] = 4.0 Hz), 7.10 (1H, d,
J =4.0 Hz), 7.06 (1H, s), 7.10 (1H, s), 410—4.04 (4H, m), 3.30—3.23

(1H, m), 2.83—2.75 (8H, m), 1.93—1.82 (2H, m), 1.71—1.69 (14H, m),
1.44—1.25 (52H, m), 0.94—0.87 (24H, m).’>*C NMR (100 MHz, CDCl3):
0 [ppm] = 199.27,192.21,192.17,167.48,151.71, 142.41, 141.24, 141.19,
141.17, 141.03, 139.44, 137.43, 137.21, 137.18, 137.06, 136.26, 135.41,
135.20, 135.19, 134.79, 133.54, 133.46, 130.94,130.16,127.96,127.84,
127.18,126.90, 126.40, 126.08, 124.72, 124.66, 122.18, 121.54, 120.74,
120.54, 49.77, 44.85, 32.32, 31.94, 31.91, 30.44, 30.28, 30.26, 29.89,
29.85, 29.73, 29.71, 29.59, 29.53, 29.49, 29.35, 29.31, 28.92, 26.69,
25.95, 22.96, 22.72, 22.28, 14.14, 14.13, 14.02, 13.93, 12.14. MS
(MALDI-TOF) calcd. For [Cg;H116N203S12]": 1634.6; found: 1634.8.
Melting point [°C] = 201-208. FTIR (KBr): wavenumber
[Cm‘l] = 2955, 2921, 2854, 1693, 1659, 1571, 1533, 1416, 1382, 1324,
1257, 1193, 1135, 1101, 1025, 777, 731.

2.24. Synthesis of DORH3TT

Compound DCHO3TT (0.20 g, 0.158 mmol), excess 3-octyl-rho-
danin (2.00 g, 8.15 mmol) and 3 drops pyridine were dissolved in
dry CHCl3 (40 mL). After being degassed for 5 times with argon, the
mixture was refluxed for 48 h under argon and darkness. Then the
solvent was removed and the crude solid was obtained. It was
recrystallized in mixture of CH,Cl, and methanol (Vol [CH,Cl;:
MeOH] = 1:10) for 3 times and then in mixture of CH,Cl, and
hexane [CH,Cl,: hexane = 1:20] for 3 times. At last, obtained solid
was further purified by Al,03 column (eluent as petroleum ether:
CH)Cl; = 6:1), to get product (0.19 g, 0.11 mmol) with metal gloss
with yield as 69.9%.

'H NMR (400 MHz, CDCl3): 6 [ppm] = 7.85 (1H, s), 7.74 (1H, s),
7.73 (1H, s), 7.20—-7.19 (4H, m), 7.16 (1H, d, ] = 3.6 Hz), 712 (1H, d,
J = 3.6 Hz), 710 (1H, s), 7.06 (1H, s), 4.10—4.05 (4H, m), 3.30—3.23
(1H, m), 2.83—2.79 (8H, m), 1.92—1.84 (2H, m), 1.75—-1.62 (14H, m),
1.48—1.22 (64H, m), 0.94—0.85 (24H, m).">*C NMR (100 MHz, CDCl3):
0 [ppm] = 199.32, 192.25, 192.20, 167.51, 151.76, 142.48, 141.33,
141.28, 141.24, 141.12, 139.40, 139.12, 137.44, 137.22, 137.19, 137.06,
136.31, 135.48, 135.29, 135.24, 134.84, 133.60, 133.53, 130.93, 130.12,
128.05, 127.85,127.27,127.25,126.97,126.52, 126.21, 124.77,124.70,
122.18,121.57,120.80,120.61, 49.77, 44.88, 32.33, 31.93, 31.80, 30.47,
30.30, 30.29, 29.88, 29.80, 29.70, 29.68, 29.60, 29.55, 29.51, 29.47,
29.33, 29.30, 29.15, 27.01, 26.82, 25.97, 22.94, 22.71, 22.69, 22.65,
14.13, 14.11, 14.08, 14.00, 12.13. MS (MALDI-TOF) calcd. for
[CoqH128N203S12]":  1718.8; found: 1719.6. Melting point
[°C] = 162—170. FTIR (KBr): wavenumber [cm~!'] = 2955, 2921,
2853, 1693, 1656, 1572, 1534, 1458, 1416, 1382, 1358, 1324, 1261,
1231, 1168, 1135, 1102, 1013, 812, 778, 727.

2.2.5. Synthesis of DPPR3TT

Compound DCHO3TT (0.10 g, 0.079 mmol), excess 1-phenyl-3-
methyl-1H-pyrazol-5(4H)-one (1.00 g, 5.74 mmol) and 3 drops tri-
ethylamine were dissolved in dry CHCl3 (50 mL). After it was
degassed for 5 times with argon, the mixture was refluxed for 48 h
under argon and darkness. Then the mixture was recrystallized in
the mixture of CH,Cl; and CH30H, (Vol [CH;Cl;:CH30H] = 1:10)
for 3 times, followed in the mixture of CH,Cl, and hexane (Vol
[CH,Cl;: hexane] = 1:20) for 3 times. At last, the obtained solid
was further purified by silica column (eluent as Vol [petroleum
ether: CH,Cl,] = 4:1) to get product (0.051 g, 0.032 mmol) with
yield as 40.9%.

TH NMR (400 MHz, CDCl3): 6 [ppm] = 8.00 (4H, d, ] = 6.4 Hz),
7.87 (1H, s),7.79 (2H, d, ] = 8.8 Hz),7.46—7.39 (8H, m),7.21-7.17
(4H, m), 7.14(1H, s), 7.11 (1H, s), 3.29—3.24 (1H, m), 2.89—-2.82 (8H,
m),2.35 (3H, s), 2.34 (3H, s), 1.77—1.71 (8H, m), 1.34—1.26 (52H, m),
0.90—0.87 (18H, m)."*C NMR (100 MHz, CDCl3): 6 [ppm] = 198.39,
161.47,150.81, 148.82, 143.30, 143.09, 141.49, 141.08, 140.42, 139.97,
139.50, 137.56, 137.52, 137.11, 136.77, 136.72, 135.33, 134.48,
134.00, 133.25, 133.11, 132.64, 132.59, 127.78, 127.20, 12713,
126.90, 126.02, 125.60, 125.58, 125.31, 123.70, 123.64, 121.18,
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120.76, 120.62, 118.04, 118.02,48.72, 31.36, 30.89, 29.43, 29.25,
28.84, 28.78, 28.69, 28.64, 28.60, 28.49, 28.46, 28.42, 28.30, 28.27,
25.00, 21.92, 21.67, 13.09, 12.96, 12.02, 11.09. MS (MALDI-TOF)
calcd. for [CooH110N403Sg]™: 1574.6; found: 1575.4. Melting point
[°C] = 153—165. FTIR (KBr): wavenumber [cm™'] = 2956, 2924,
2849, 1728, 1677, 1658, 1588, 1555, 1499, 1457, 1397, 1368, 1299,
1177, 1139, 1093, 1023, 995, 785, 748.

2.2.6. Synthesis of DBPPR3TT

Compound DCHO3TT (0.20 g, 0.152 mmol), excess compound 20
(2.00 g, 5.28 mmol) and 3 drops tri-ethylamine were dissolved in
dry CHCl3 (80 mL). After the mixture was degassed for 5 times with
argon, it was refluxed for 48 h under argon and darkness. Then the
mixture was recrystallized in the mixture of CH,Cl; and CH30H (Vol
[CH,Cly: MeOH] = 1:10) for 3 times, followed in the mixture of
CH,Cl,: hexane (Vol [CHCly: hexane] = 1:20) for 3 times. The
obtained solid was further purified by silica column (eluent as Vol
[petroleum ether: CH)Cl;] = 4:1) to get product (0.102 g,
0.051 mmol) with yield as 33.6%.

TH NMR (400 MHz, CDCl3): 6 [ppm] = 8.04 (4H, d, ] = 8.4 Hz),
7.88 (1H, s), 7.81 (1H, s), 7.19 (1H, s), 7.61 (4H, d, ] = 8.8 Hz), 7.54
(4H, d,] = 8.4 Hz), 748 (1H, s), 747 (1H, 5),7.43 (1H, d, ] = 4.0 Hz),
742 (1H, d, J = 4.0 Hz), 7.22 (1H, d, ] = 4.0 Hz), 7.20 (1H, d,
] = 4.0 Hz), 716 (1H, s), 712 (1H, s), 6.98 (4H, d,
] = 8.8 Hz),3.88—3.89 (4H, m), 3.30—3.23 (1H, m), 2.91-2.82 (8H,
m), 2.37(3H, s), 2.36 (3H, s), 1.91-1.82 (2H, m), 1.78—1.72 (8H, m),
1.35-1.25 (67H, m), 1.90—0.84 (35H, m).3C NMR (100 MHz,
CDCl3): ¢ [ppm] = 199.43, 162.47, 158.93, 158.91, 149.94, 145.04,
144.66, 144.61, 144.34, 144.11, 142.56, 141.50, 141.48, 140.58,
138.14,137.75,137.31, 137.26, 137.24, 137.18, 135.50, 135.45, 135.07,
134.33, 133.70, 133.67, 133.65, 133.12, 133.08, 128.28, 128.20,
127.89, 127.09, 127.08, 126.96, 126.66, 126.39, 121.84, 121.71],
119.25, 114.87, 70.69, 53.40, 41.38, 39.47, 36.09, 35.69, 34.70,
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34.54, 32.40, 31.92, 31.60, 30.60, 30.48, 30.30, 29.88, 29.80, 29.71,
29.67, 29.66, 29.63, 29.51, 29.45, 29.32, 29.14, 29.08, 26.95, 25.31,
23.94, 23.09, 22.95, 22.70, 22.67, 22.63, 14.12, 13.99, 13.07, 12.12,
11.42, 11.14. MS (MALDI-TOF) calcd. for [Ci20H150N405Sg]™:
1985.0; found: 1984.2. Melting point [°C] = 205—212. FTIR (KBr):
wavenumber [cm~'] = 2957, 2919, 2848, 1721, 1681, 1656, 1595,
1497, 1464, 1388, 1361, 1296, 1263, 1241, 1175, 1138, 1029, 996,
816, 794, 729.

3. Results and discussion
3.1. Material synthesis and characterization

The synthetic methods are outlined in Schemes 1-3. 1-(4,6-
dibromothieno|[3,4-b]thiophen-2-yl)-2-ethylhexan-1-one (3)
and 5-bromo-3,3-dioctyl-2,2”,2""-terthiophene-2-carbaldehyde
(9) were synthesized according to the reported procedures,
respectively [11,28]. It is noteworthy to mention that the syn-
thesis of compound 4 was optimized by using 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) instead of m-chloroperox-
ybenzoic acid to oxide compound 3 to form the aromatic thio-
phene ring [28]. This one-step method we proposed in the
present work significantly simplified the synthesis process with
improved yields of the target compound. Due to their active re-
actions with BuLi, the aldehyde-groups of compound 9 were first
protected with glycol to form a five-ring diether for the synthesis
of 5-(1,3-dioxolan-2-yl)-3,3-dioctyl-2,2"”,2"’-terthiophene-2-
tributylstannane (11) [29]. The protective groups can be easily
removed under acidic condition after the Stille-coupling reaction.
The reaction of precursor DCHO3TT (see Scheme 3), catalyzed by
piperidine, with 3-ethyl-rhodanin produced DERH3TT compound
in a yield of 68.0%. DPRH3TT and DORH3TT were then synthe-
sized with 3-pentyl-rhodanin and 3-octyl-rhodanin as terminal

(0]
(0]
s Al ¢ CICH,0CH, TiCl, Na,S DDQ, CH,Cl, (dry)
- ey T
\ /] cHCl RT &N s0.60°C CH;0H, reflux 0°Ctort,Ar 3 ] DMF,Ar,RT
— yield: 21.7% yield:76.3% | \ yield: 75.0%
| CI
1 c
C.H n-CgHq7 n- CSH17
. -n
UCann NBS U\s 17 )Mg C,H,Bry, EL,O CgHﬂ n POCI3 DMF H17 n
—
s CHCI4/HAc, 0°C s~ Br 2) NiCl (dppp ), reflux / \ CHiCly, 0°C
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Scheme 1. Synthetic routes for the monomers and precursor DCHO3TT of the target molecules.



W. Yan et al. / Dyes and Pigments 121 (2015) 99—108 103

CsHq4-n
BrCsHys-n ‘
M Lo N/\és
§ KOH K DMF, 130°C j—s
o %S o) N\?S yield: 44.1% 13
T Eon a0 Y BrOuH CahH7-n
yield: 66.5% 12 rCgHq7-n |
N
DMF, 130°C O S
yield: 43.0% X_f
14
Br
O O
Br Br
NH,OH MOEt
0°C CH30H, KOH, reflux
H . 0,
NHNHZHC| NHNH2 yleld. 70.8%

N0
N
18 19

HO._.OH
Br B 0.0

1) BuLi, THF, -78°C OH OH B

2) B(OMe);, -78°C AcgEé,3 RBTO/

3) HCI (2M yield: 63.8%
OCgH 7 JHCHEN OCgH 7-i

OCgHy7-i

15 16 17

17 Pd(PPhy),, NaHCO,

THF,H,O
yield: 68.1%

o}
=N

20

Scheme 2. Synthetic routes for the terminal groups 13, 14 and 20.

DCHO3TT

CoHs
s N0
T
- DERH3TT
yield: 68.0%

CsHqq-n
|
s N0
ij

yield: 69.6%

DPRH3TT
CgHi7-n
SQ{NAfo
yield: 69.9%

Jase)

yield: 40.9%

o
=N

yield: 33.6%

DORH3TT

DPPR3TT

DBPPR3TT

Scheme 3. Synthetic routes for the target molecules under the condition: peridine (3 drops), CHCls, Ar, darkness, reflux.

groups in similar yields [30]. Both DPRH3TT and DORH3TT
showed high solubility in organic solvents including CHCls,
CH)Cl, and o-dichlorobenzene (ODCB). The molecular energy
level, absorption ability and hole-mobility of the synthesized A-
D-A-D-A small molecules were tuned by using pyrazolone de-
rivatives as the terminal groups. The yields of the pyrazolone
terminated DPPR3TT and DBPPR3TT are in the range of 30—40%,
slightly lower than those of the rhodanin derivatives terminated
small molecules. This can be attributed to the high hindrance of
the pyrazolone groups.

The performance of the A-D-A-D-A small molecule based
photovoltaic device is highly dependent on the solubility, film-
forming property and stability of the small molecule. The solu-
bility of DERH3TT, DPPR3TT and DBPPR3TT is 10 mg mL™! in
CHCI3 and those of DPRH3TT and DORH3TT in CHCl3 are
15 mg mL~! and 20 mg mL~, respectively. The decomposition
temperatures of DERH3TT, DPRH3TT, DORH3TT, DPPR3TT
and DBPPR3TT are 395, 393, 394, 314 and 322 °C, respectively

(Fig. 1). Therefore, these compounds can be applied in the op-
toelectronic devices at the annealing temperatures between 100
and 200 °C. DSC analysis under nitrogen atmosphere from 20 to
250 °C indicates no obvious glass transition occurred in these
compounds. The rhodanin derivatives terminated DERH3TT,
DPRH3TT and DORH3TT displayed obvious melting temperatures.
The melting temperature (Tm) of DORH3TT is 167 °C, which is
39 °C or 56 °C lower than those of DERH3TT and DPRH3TT,
respectively, indicating that the octyl-terminal chains can
affect the melting temperature of the compounds. The pyr-
azolone derivatives terminated DPPR3TT and DBPPR3TT showed
no obvious melting temperature below their decomposition
temperatures.

3.2. XRD characterization and electrochemical properties

The packing of the molecules in the solid state was charac-
terized with X-ray powder diffraction (XRD) [31]. As shown
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Fig. 1. a) TGA plots of DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT obtained at a heating rate of 10 °C min~"! under N, atmosphere; b) DSC curves of the small molecule
compounds obtained under N, flow at a heating rate of 10 °C min~".
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Fig. 2. a) Powder XRD patterns of the small molecule films; b) cyclic voltammograms of the five compounds.

in Fig. 2a, DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and lower HOMO levels than the rhodanin derivatives terminated

DBPPR3TT exhibited diffraction peaks at 20 of 4.61°, 4.56°, DERH3TT, DPRH3TT and DORH3TT.

4.42°, 449° and 3.66°, respectively, corresponding to the back-

bone distances of 19.15, 19.35, 19.97, 19.67 and 24.10 A, respec- 3.3. Photophysical properties

tively. This indicates that the long terminal alkyl chain and big

biphenyl terminal groups can prevent the molecules from Fig. 3 shows the UV—Vis absorption spectra of the five synthe-

approaching. sized A-D-A-D-A compounds in solution and film. Due to the
Fig. 2b shows the CV curves of DERH3TT, DPRH3TT, DORH3TT, thienothiophene-one t-bridges of the A-D-A-D-A structures, all

DPPR3TT and DBPPR3TT, which can be used to determine five compounds exhibited a strong absorption band ranging from

their HOMO energy levels. Their onset oxidation potentials are 250 to 700 nm in chloroform (Fig. 3a). When rhodanin or pyr-

019 V, 015 V, 0.21 V, 035 V and 0.34 V, respectively. Their azolone derivatives were introduced onto the terminal of the pre-

HOMO levels were calculated with Egomo = —(Eox + 4.80) cursor DCHO3TT, its absorption coefficient was significantly

as —4.99, —4.95,-5.01, —5.15 and —5.14 eV, respectively [32]. Pyr- enhanced and the absorption peaks was red-shifted about

azolone derivatives terminated DPPR3TT and DBPPR3TT exhibited 25—30 nm in solution. This indicates that the electron-withdrawing
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Fig. 3. (a) UV—Vis absorption spectra of the compounds in chloroform; (b) UV—Vis absorption spectra of the compound films.
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Table 1

Electrochemical and optical properties and hole mobility of the compounds.
Small Amax Amax  Egopr HOMO" LUMO"  u°
molecules  (nm) (nm) (eV) (eV) (eV) (em?Vv-1s71)

Solution Film

DERH3TT 559 642 1.54 —4.99 -3.45 8.51 x 1074
DPRH3TT 556 652 1.52 -4.95 -343 5.04 x 1074
DORH3TT 554 657 1.52 -5.01 -3.49 112 x 107
DPPR3TT 567 662 1.52 -5.15 -3.63 2.38 x 1073
DBPPR3TT 562 630 1.52 -5.14 -3.62 533 x 107

¢ Calculated from the absorption band edge of these compounds, Egqpc = 1240/
)\edge-

b Calculated by the equation Eiymo = Enomo + Egopt [29].

€ Hole Mobility of these molecular films were measured by field effect
transistors [28].

groups can increase the light absorption of the small molecules.
Interestingly, compared with rhodanin-terminal derivatives, the
pyrazolone-terminal derivatives showed ~5 nm red-shifts absorp-
tion peak. This may be attributed to the stronger electron-drawing
property of pyrazolone derivatives. As expected, extending the
conjugated terminal group increased the absorption intensity in UV
region (Fig. 3a).

Compared with those of their solutions, the absorption bands of
DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT films are
stronger, broader and red-shifted by ca. 100 nm (Fig. 3Db).
In addition, a new vibronic peak at ca. 715 nm, close to absorption
edge, was observed, indicating the ordered structure and strong
T—T stacking interaction between the molecular backbones at solid
status. The absorption edges of DERH3TT, DPRH3TT, DORH3TT,
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Fig. 4. a) Transfer and b) output characteristics of the DERH3TT solar cell device.

DPPR3TT and DBPPR3TT films are at ca. 807, 817, 815, 812 and
814 nm, corresponding to the optical band gaps (Eg opt) 0f 1.54,1.52,
1.52,1.52, and 1.52 eV, respectively (Table 1). These results indicate
that the small molecules are good light absorbers and possess
compatible energy levels to the acceptor PCBM.

3.4. Hole mobility of the target molecular films

Compatible hole mobility to PCBM is usually required for donors
to achieve the balanced electron and hole mobility of the small
molecules and PCBM blends, which is very crucial for the high
performance solar cells. To measure the carrier mobility of the
compounds, bottom-gate and bottom-contact field effect transis-
tors (FETs) were fabricated [31]. The source-drain electrodes with
8 nm Cr and 60 nm Au layers were prepared by thermal evaporation
with p-doped Si/300 nm SiO; as a substrate. The thin small mole-
cule films were spin-coated on the electrodes with their chloroform
solutions (5 mg mL™') at 1700 rpm for 1 min Fig. 4 shows the
transfer characteristic curve of DERH3TT device. The characteristic
curves of the devices prepared with other A-D-A-D-A small mole-
cules compounds can be found in the Supporting Information
(Fig. S19). The hole mobility (u) of the solar cell device was calcu-
lated with the equation Ins = (W/2L)-u-Gi(Vg-Vr)?, where Ips, W, L,
G;, Vi and V1 were the source-drain current, the channel width, the
channel length, the gate dielectric capacitance per unit area (SiO,
300 nm, G; = 11 nF cm2), the gain voltage and threshold voltage,
respectively. The results indicate that DERH3TT, DPRH3TT,
DORH3TT, DPPR3TT and DBPPR3TT have a hole-mobility of
851 x 1074 504 x 1074 112 x 1074, 238 x 1073 and
533 x 1074 cm? V~! 571, respectively, in the saturated regime,
which are consistent with that of P3HT [33] and the previous report
[11]. These results indicate that shorter alkyl terminal chain is
favorable for hole-mobility and the phenyl-pyrazolone terminal
groups increase the hole-mobility of the molecule.

3.5. Theoretical computations

To further understand the structure and physicochemical
properties of the compounds, the molecular geometries and elec-
tronic wave functions of frontier orbital were investigated with
theoretical computation. Since the computations of both geometry
optimizations and excited-state were conducted on their chloro-
form solutions, the solvent effects were included in the framework
of the polarizable continuum model (PCM). The detailed compu-
tation is described in the Supporting Information. Due to the slight
effects of the long side alkyl chain on the energy level of the whole
molecule, n-octyl groups on the thiophene were simplified as the
methyl groups in the model [34]. Fig. 5 shows the theoretical
electronic wave functions of HOMO and LUMO of DERH3TT,
DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT. The electronic wave
functions of the frontier orbital were delocalized on the whole main
chain. Relatively high HOMO densities were observed on the cen-
tral thienothiophene-one group and high LUMO densities were
found on the terminal rhodanine or pyrazolone groups, which were
consistent with the previous reports [11,16]. Furthermore, the in-
crease of the alkyl chain on N-rhodanine and the substitutions of N-
pyrazolone showed almost no effect on the HOMO and LUMO of the
compounds (Table 2). Theoretically, the less hindrance around the
electron-withdrawing terminal groups such as in DERH3TT would
be favorable for the electron transfer from the donor molecules to
the fullerene acceptors in the bulk hetero-junction OPV [16]. In all,
the theoretical computation results are in good agreement with
experimental results (Table 1).
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Table 2
B3LYP/6-31G* calculated HOMO and LUMO energies, excitation energies and oscil-
lator strengths of the lowest singlet excited states (S1). (Energies are in unit of eV).

Small molecules  HOMO (eV) LUMO (eV) E(S1) (eV) Oscillator (S1)

DERH3TT —4.85 -3.00 1.55 3.00
DPRH3TT -4.86 -2.99 1.57 297
DORH3TT —4.85 —2.99 1.57 3.02
DPPR3TT -4.91 -3.05 1.57 3.21
DBPPR3TT -4.92 -3.04 1.58 3.34

3.6. Applications of the A-D-A-D-A small molecule compounds in
solar cells

To determine the photovoltaic properties of these compounds,
bulk-heterojunction OSCs were fabricated with them as the
donor and PC70BM as the acceptor in the ITO/PEDOT:PSS/pho-
toactive layer/PFN/AI device. The photoactive layer was prepared
by the conventional spin-coating with the chloroform solutions
of the compounds. The best -V curves of the devices are
shown in Fig. 6a and the corresponding photovoltaic perfor-
mance is summarized in Table 3. Since the solubility of DERH3TT,
DPPR3TT and DBPPR3TT in chloroform is ~10 mg mL~!, their
solutions with concentrations of 10 and 8 mg mL~' were used
for the preparation of the photoactive layer (Table S1 and S2).
The DERH3TT device prepared with a D/A weight ratio of 1:0.8 at
a donor concentration of 10 mg mL~! showed the best photo-
voltaic performance with a high open circuit voltage (V,.) of
0.81 V, a short-circuit current density (Jsc) of 751 mA cm™, a
fill factor (FF) of 52.8%, and a power conversion efficiency (PCE)
of 3.19%.

In view of the high solubility of DPPR3TT and DOPPR3TT in
chloroform, respectively, therefore, higher concentrations of the
donors were used for the fabrication of their solar cells. As shown in
Table 3 and S3, the PCE of the devices prepared with 12 mg mL™"
donor solutions dramatically dropped due to the deceased Js.. It can
be explained that the thickness of the active layer is increased with
the increase of the donor concentration under the same film-
formation condition, which increased the recombination proba-
bility of the excitation, leading to lower J..

The external quantum efficiency (EQE) spectra of the opti-
mized DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT
devices are shown in Fig. 6b. The DERH3TT/PC7;BM device
exhibited high photo conversion efficiency in the wavelength
range from 300 to 800 nm, with a highest EQE value of 38% at
430 nm. The theoretical J;c of DERH3TT integrated from EQE
spectrum is 7.25 mAcm~2 and has about 5% deviation from the
experimental result. Although the PCEs of the A-D-A-D-A small
molecule solar cells are relatively low, their efficient photo con-
version efficiency ranges are broader than those of the similar
small molecule devices previously reported [11—13]. In addition,
despite the similar absorption spectra, band-gap and hole-
mobility of the compounds, the DPPR3TT and DBPPR3TT devices
showed lower EQEs and higher J;c than the DERH3TT, DPRH3TT
and DORH3TT devices. This can be explained that DPPR3TT and
DBPPR3TT compounds can not form a good phase separation with
PC71BM as shown in the AFM and TEM images of the their blends
with PC7:BM (Fig. S21 and S22).

Fig. 5. The electronic wave functions of the lowest unoccupied (LUMO) and the
highest occupied (HOMO) in the DERH3TT (a), DPRH3TT (b), DORH3TT (c), DPPR3TT
(d) and DBPPR3TT (e) chloroform solutions, depicted at isodensity surface of 0.025 au
and calculated at B3LYP/6-31G* level.
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Fig. 6. (a) J-V curves of the solar cells with the photoactive layer composed of DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT/PC7,BM (1:0.8, w/w) without additives and
annealing treatment; (b) EQE plots of the solar cells with an active layer composed of DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and DBPPR3TT/PC7;BM (1:0.8, w/w).

Table 3
Device performance parameters for BHJ solar cells based on DERH3TT, DPRH3TT,
DORH3TT, DPPR3TT and DBPPR3TT with donor concentration of 10 mg mL™ ..

Donor molecular D/A ratio D (mg mL™") Vo (V) Jsc (MA cm™2) FF (%) PCE (%)

DERH3TT 1:0.5 10 082 6.72 50.8 2.80
1:0.8 10 081 751 52.8 3.19
1:1 10 0.77  5.92 304 139
DPRH3TT 1:0.8 10 081 6.01 559 2.72
DORH3TT 1:0.8 10 0.79 5.28 523 219
1:0.8° 10 082 6.03 50.3 249
DPPR3TT 1:0.8 10 073 480 423 148
DBPPR3TT 1:0.8 10 071 426 40.0 1.21

2 devices were annealed at 160 °C.

3.7. Morphologies of the A-D-A-D-A small molecule photoactive
layers

The surface morphologies of DERH3TT/PC71BM, DPRH3TT/
PC71BM, DORH3TT/PC71BM, DPPR3TT/PC71BM and DBPPR3TT/
PC7:BM (1:0.8, w/w) blend films spin-coated from their chloroform
solutions were imaged with AFM. Their average roughness are 4.63,
4.90, 7.42, 25.3, 29.4 nm, respectively, indicating that the DERH3TT,
DPRH3TT and DORH3TT with alkyl chain terminal groups have
better miscibility with PC71BM molecules in the blend film than
DPPR3TT and DBPPR3TT with large phenyl groups.

Fig. 7 shows the TEM images of the A-D-A-D-A small molecule
photoactive layers of the solar cell devices. As shown in Fig. 7a and
b, DERH3TT and DPRH3TT are continuous interpenetrating net-
works with the domain sizes more than 100 nm. Blending PC71BM
with DORH3TT distributed the domains with an obvious aggrega-
tion, resulting in an irregular morphology (Fig. 7c). The blending of
PC7:BM with DPPR3TT and DBPPR3TT even broke their continuous
interpenetrating networks, leading to low efficient excitation
dissociation, charge transport, and thus lower Js.. Therefore, the
dissatisfactory solar cell performance is at least in some degree
attributed to irregular morphology of the blend film of the com-
pounds with PC7:BM and fine design of the A-D-A-D-A small
molecule structure is critical to obtain desired solar cell
performances.

4. Conclusions

In summary, DERH3TT, DPRH3TT, DORH3TT, DPPR3TT and
DBPPR3TT molecules with the A-D-A-D-A structure and
thienothiophene-one as the central building block have been
designed, synthesized and well characterized. They showed broad
UV—Vis absorption spectrum, high molar absorption coefficient
and good solubility in most organic solvents. In addition, they have

Fig. 7. TEM images of DERH3TT (a), DPRH3TT (b), DORH3TT (c), DPPR3TT (d) and
DBPPR3TT (e)/PC71BM (1:0.8, w/w) photoactive layers.

high hole-mobility and compatible energy level with PCBM, as well
as good photoelectric response in the range from 300 to 800 nm.
The solar cell device prepared with the short-alkyl-chain termi-
nated DERH3TT as the photoactive layers showed a highest J;c and a
highest PCE of 3.19%. The high molar absorption coefficient, broad
photoelectric response range and the high hole-mobility of these
compounds make them the promising candidates for the high ef-
ficiency solution processed organic photovoltaic cells.
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