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Two isomeric A-D-A type small molecules (SMs) of BDTx-2TVTDPP and BDTy-2TVTDPP were designed
and synthesized, which contain different donor (D) center of substituted benzodithiophene (BDT) in
backbone, and the same acceptor (A) and bridged units of diketopyrrolopyrrole (DPP) and thienylene-
vinylenethiophene (TVT), respectively. Their thermal stability, crystallinity, film morphology and
photoelectronic properties were primarily investigated. It was found the BDTx-2TVTDPP with 2,6-
substituted BDT unit exhibited a pronouncedly red-shifted and enhanced absorption in solid state and
a better crystallinity. In contrast, the BDTy-2TVTDPP with 4,8-substituted BDT unit in backbone exhibited
better solubility, deeper HOMO energy level and more smoothed blend film morphology. As a result, the
solution-processing BDTy-2TVTDPP based solar cells displayed better photovoltaic properties than the
BDTx-2TVTDPP based ones using fullerene derivatives (PC61BM or PC71BM) as electron acceptor. A power
conversion efficiency maximum of 2.85% was obtained in the BDTy-2TVTDPP based cells, which is 1.8
times that of the BDTx-2TVTDPP based cells. This study indicates that changing the substituted positions
of BDT is available to significantly improve photovoltaic properties for its resulting SMs.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Solution-processable small molecules (SMs) have recently been
made progress in bulk hetero-junction (BHJ) organic solar cells
(OSCs) with a rising power conversion efficiency (PCE) of 10.01%
through device optimization,1 which is comparable to that of
polymer counterparts. In order to improve cell's efficiency,
numerous new photovoltaic donor materials with electron-rich
donor (D) and electron-deficient acceptor (A) units have been
developed in the past few years.2e8 With different combination of
these developed D and A units, various SMs with different
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molecular configurations were obtained, such as D-A-A1,9e11 A-D-
A,12e19 A1-A-D-A-A1,20 A1-D-A-D-A1

21 and D1-A-D-A-D1.22,23 It is
further found that the molecular configurations have played an
important role in improving photovoltaic properties for these
photovoltaic SMs. For instance, the DR-3TBDTT SM with an A-D-A
configuration displayed a PCE of 8.12% in OSCs.17e19 Another p-
DTS(FBTTh2)2 SM with D1-A-D-A-D1 configuration presented an
increasing PCE of 8.9%.23

As alkyl chain and isomeric unit were found to be an important
influence on the photoelectronic properties, solubility, miscibility
with PCBM and active layer morphology for SMs, many works have
been focused on them to tune photovoltaic performance, such as
the length, the shape and the chirality of alkyl side chains,24e27 as
well as the isomers caused by atom position28,29 and the linkage
position of group.30 The results indicate that even a subtle change
in alkyl chain and isomeric unit can result in a significant difference
in optical, morphological, and device properties. For example,
Fr�echet et al. shifted the substituted site of pyrene from C1 to C2,
cules with isomeric benzodithiophene cores: Synthesis and influence
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which led to an enhancement of PCE from 0.7% to 2.4% for its
molecule,31 indicating that end-group symmetry has a dramatic
influence on PCE.

Diketopyrrolopyrrole (DPP) and benzodithiophene(BDT) are
common building blocks, and have been widely used to construct
D-A type low band-gap polymers and SMs.32,33 In order to explore
influence of the linked positions of the BDT central units on
photoelectronic properties, herein, we designed and synthesized
two A-D-A type isomeric SMs based on BDT and DPP units, namely,
BDTx-2TVTDPP and BDTy-2TVTDPP. Their molecular structures are
shown in Fig. 1, in which 2-ethylhexylthiophen-substituted ben-
zodithiophene (BDTx and BDTy) with different linked positions in
backbone, diketopyrrolopyrrole (DPP) and thienylenevinylene-
thiophene (TVT) were used as central donor, terminal acceptor and
bridged units, respectively.

The thermal stability, crystallinity, UV-vis absorption, electro-
chemical behavior, theoretical calculation, photovoltaic perfor-
mance, carrier mobility and active layer morphology were
systematically investigated. It is found that the linked positions of
BDT unit have a significant impact on photovoltaic properties for
both BDT-based SMs. The BDTy-2TVTDPP with 4,8-substituted BDT
unit displayed better photovoltaic properties than the BDTx-
2TVTDPP with 2,6-substituted BDT unit in their solar cells using
fullerene derivatives (PC61BM or PC71BM) as electron acceptors. A
power conversion efficiency maximum of 2.85% was obtained in
the BDTy-2TVTDPP based cells, which is 1.8 times that of the BDTx-
2TVTDPP based cells.
2. Experimental section

2.1. Materials

All reactions were conducted under an argon atmosphere. All
commercial reagents were directly used without further purifica-
tion. The synthetic route was shown in Scheme 1.
Fig. 1. The molecular structure of BDTx-2TVTDPP and BDTy-2TVTDPP.
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2.2. Measurement and characterization

1H NMR spectra were respectively recorded at 400 MHzon a
Bruker Avance-400 spectrometer using CDCl3 as the solvent and
tetramethylsilane (TMS) as the internal standard unless specified
otherwise. Absorption spectra were recorded on a Shimadzu UV-
1800 spectrophotometer. Thermogravimetric analysis (TGA) was
measured with a Perkin-Elmer Diamond TG/DTA thermal analyzer.
Cyclic voltammetry was conducted on a Shanghai Chenhua CHI620
voltammetric analyzer under argon atmosphere in an anhydrous
acetonitrile solution of tetra(n-butyl)ammonium hexa-
fluorophosphate (0.1 M). A platinum dish and a platinumwirewere
respectively used as working electrode and counter electrode, and
an Ag/AgCl electrode was used as reference electrode. SMs were
coated on the surface of platinum dish and all potentials were
corrected against Fc/Fcþ. Mass spectra were measured with a
Bruker Daltonics BIFLEX Ш MALDI-TOF analyzer using MALDI
mode.
2.3. Device fabrication and characterization

All devices were fabricated on indium tin oxide (ITO)-coated
glass substrates, which were cleaned by ultrason wave with
detergent, deionized water, acetone, and isopropyl alcohol,
respectively for 20 min. Poly(3,4-ethylendioxythiophene)/poly(-
styrenesulfonate) (PEDOT:PSS, Clevios™ P Al 4083) was spin-
coated onto ITO glass and then baked at 150 �C for 10 min in air.
The blend solutions of SM/PC61BM (or SM/PC71BM) in chloroform
were spin-coated onto PEDOT:PSS layer to form active layer. Ca
(10 nm) and Al (100 nm) were deposited successively on active
layer by thermal evaporation under high vacuum (<2� 10�6 mbar).
Current density (J)-voltage (V) curves were measured under
AM1.5G illumination from a calibrated solar simulator (New-port
150 W solar simulator) with an irradiation intensity of 100 mW/
cm2. The external quantum efficiency (EQE) of the devices was
measured on solar cell spectral response measurement system QE-
R3011 (Enli Technology).
2.4. Synthesis of BDTx-2TVTDPP and BDTy-2TVTDPP

2.4.1. Synthesis of 2-bromo-5-(bromomethyl)thiophene (2)
To a solution of 2-bromo-5-methyl-thiophene1 (5 g, 28 mmol)

in tetrachloridecarbon (20 mL) were successively added NBS (12 g,
67 mmol) and benzoyl peroxide (200 mg). The reaction mixture
was refluxed for 12 h under stirring. After cooled to room tem-
perature (RT), it was filtered. The collected solution was washed
with water for 3 times and dried over anhydrous MgSO4. The
organic layer was distillated to remove off the solvent and provide
compound 2 as a yellow oil without any purification (5.9 g, yield
82.1%). 1H NMR (400 MHz, CDCl3) d ppm, 6.88 (d, J ¼ 7.0 Hz, 2H),
4.64 (s, 2H).
2.4.2. Synthesis of diethyl ((5-bromothiophen-2-yl)methyl)
phosphonate(3)

Compound 2 (3.2 g, 12.5 mmol) and triethylphosphite (8 mL)
were put into a 50 mL flask and stirred at 160 �C for 8 h. The excess
triethylphosphite was removed off by vacuum distillation at 100

�
C

under 20 mmHg and the residue was purified by silica gel column
chromatography using petroleum ether (PE)/aceticether (AE) (v/v,
1:1) as eluent to obtain compound 3 as a pale yellow oil liquid
(3.4 g, yield 87.2%). 1H NMR (400 MHz, CDCl3) d ppm, 6.89 (d,
J ¼ 3.2 Hz, 2H), 6.73 (s, 2H), 4.17e4.03 (m, 4H), 3.27 (d, J ¼ 20.8 Hz,
2H), 1.40e1.20 (m, 6H).
cules with isomeric benzodithiophene cores: Synthesis and influence
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Scheme 1. Synthetic route of BDTx-2TVTDPP and BDTy-2TVTDPP.
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2.4.3. Synthesis of (E)-3-(5'-(2-(5-bromothiophen-2-yl)vinyl)-[2,2'-
bithiophen]-5-yl)- 2,5-bis(2-ethyl hexyl) -6-(thiophen-2-yl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione (5)

To a solution of compound 3 (270 mg, 0.43 mmol) and com-
pound 4(400 mg, 0.32 mmol) in THF (10 mL), which was degassed
with nitrogen atmosphere for 30 min at RT under stirring, was
added dropwise another solution of potassium tertbutoxide
(84 mg, 0.64 mmol) in THF (4 mL). The reaction mixture was stirred
for 5 h at RT and 12 h at 60 �C successively. After cooled to RT, the
resulting mixture was extracted with dichloromethane (DCM,
100 mL). The collected organic phase was dried over anhydrous
MgSO4. After the solvent was distilled off by rotary evaporation, the
residue was purified by silica gel column chromatography using
DCM-PE(v/v, 1:1) as eluent to give blue solid (244.6 mg, yield
49.3%). 1H NMR (400 MHz, CDCl3) d ppm, 8.95 (d, J ¼ 4.0 Hz, 1H),
8.90 (d, J ¼ 3.4 Hz, 1H), 7.62 (d, J ¼ 4.8 Hz, 1H), 7.34e7.27 (m, 2H),
7.21 (d, J ¼ 3.6 Hz, 1H), 6.98 (d, J ¼ 3.6 Hz, 1H), 6.96 (d, J ¼ 3.2 Hz,
1H), 6.91 (d, J ¼ 11.0 Hz, 2H), 6.80 (d, J ¼ 3.6 Hz, 1H), 4.04 (d,
J¼ 6.4 Hz, 4H),1.89 (d, J¼ 6.8 Hz, 2H),1.47e1.11 (m,16H), 0.99e0.75
Please cite this article in press as: Duan L, et al., The A-D-A type small mole
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(m, 12H). Elementary Analysis Calculated for C40H45BrN2O2S4; C,
60.51; H, 5.71; N, 3.53; Found: C, 60.31; H, 5.81; N, 3.62. MALDI-MS
(m/z): 794.15; Found: 794.23 [Mþ].
2.4.4. Synthesis of BDTx-2TVTDPP
(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']

dithiophene-2,6-diyl)bis(tri-methylstannane) (67 mg, 0.074 mmol)
and compound 5 (130 mg, 0.16 mmol) were dissolved in toluene
(10 mL). Tris(dibenzylideneacetone)dipalladium(Pd2(dba)3, 20 mg)
and tri-o-tolylphosphine (40mg) were then added and the mixture
was heated to 110 �C and stirred for 4 h. After cooled to RT, the
resultingmixturewas poured into 100mLwater and extractedwith
DCM (100 mL). The collected organic phase was dried over anhy-
drous MgSO4. After the solvent was distilled off by rotary evapo-
ration, the residue was purified by silica gel column
chromatography using DCM-PE(v/v, 4:1) as eluent to give blue solid
(76.4 mg, yield 51.3%). 1H NMR (400 MHz, CDCl3) dppm, 8.92 (d,
J ¼ 4.0 Hz, 1H), 8.84 (d, J ¼ 3.6 Hz, 1H), 7.42 (d, J ¼ 4.6 Hz, 1H), 7.24
(d, J¼ 4.8 Hz,1H), 7.21 (d, J¼ 4.8 Hz,1H), 7.11 (d, J¼ 4.6 Hz,1H), 6.96
cules with isomeric benzodithiophene cores: Synthesis and influence
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(d, J ¼ 3.8 Hz, 2H), 6.86 (d, J ¼ 3.8 Hz, 2H), 6.56 (d, J ¼ 3.6 Hz, 2H),
6.41 (d, J ¼ 3.6 Hz, 2H), 3.90 (b, 4H), 2.97 (d, J ¼ 5.4 Hz, 2H), 1.83 (b,
3H), 1.53e1.05 (m, 24H), 0.98e0.80 (m, 18H). Elementary Analysis
Calculated for C114H130N4O4S12; C, 68.29; H, 6.54; N, 2.79; Found: C,
68.27; H, 6.58; N, 2.85. MALDI-MS (m/z): 2003.68; Found: 2003.828
[Mþ].
2.4.5. Synthesis of compound 8
To a solution of compound 4 (419 mg, 0.60 mmol) and com-

pound 7 (244 mg, 0.30 mmol) in THF (20 mL), which was degassed
with nitrogen atmosphere for 30 min at RT under stirring, was
added dropwise another solution of potassium tertbutoxide
(84 mg, 0.64 mmol) in THF (6 mL). The reaction mixture was stirred
for 5 h at RT and 12 h at 60 �C successively. After cooled to RT, the
resulting mixture was extracted with DCM (100 mL). The collected
organic phase was dried over anhydrous MgSO4. After the solvent
was distilled off by rotary evaporation, the residue was purified by
silica gel column chromatography using DCM-PE (v/v, 2:1) as eluent
to give blue solid (410 mg, yield 68.6%). 1H NMR (400 MHz, CDCl3)
d ppm, 8.96 (d, J ¼ 4.0 Hz, 1H), 8.90 (d, J ¼ 3.4 Hz, 2H), 7.67 (d,
J ¼ 5.6 Hz, 2H), 7.62 (d, J ¼ 4.7 Hz, 2H), 7.53 (d, J ¼ 5.6 Hz, 2H), 7.38
(s, 2H), 7.34 (d, J ¼ 4.1 Hz, 2H), 7.23 (s, 4H), 7.14 (d, J ¼ 9.4 Hz, 2H),
7.07 (d, J¼ 3.6 Hz, 2H), 4.03 (d, J¼ 6.6 Hz, 8H),1.88 (s, 4H),1.37e1.25
(m, 32H),, 1.01e0.74 (m, 24H). Elementary Analysis Calculated for
C90H92Br2N4O4S10; C, 60.93; H, 5.23; N, 3.16; Found: C, 60.96; H,
5.68; N, 3.18. MALDI-MS (m/z): 1773.27; Found: 1773.59 [M þ Hþ].
2.4.6. Synthesis of BDTy-2TVTDPP
Tributyl(thiophen-2-yl)stannane (9) (120 mg, 0.25 mmol) and

compound 8 (100 mg, 0.56 mmol) were dissolved in toluene
(10 mL). Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3, 2 mg)
and tri-o-tolylphosphine (4 mg) were then added and the mixture
was heated to 110 �C and stirred for 4 h. After cooled to RT, the
resulting mixture was poured into 50 mL water and extracted with
DCM (50 mL). The collected organic phase was dried over anhy-
drous MgSO4. After the solvent was distilled off by rotary evapo-
ration, the residue was purified by silica gel column
chromatography using DCM-PE(v/v, 4:1) as eluent to give blue solid
(85.7 mg, yield 76.5%). 1H NMR (400 MHz, CDCl3) d ppm, 9.01 (d,
J ¼ 3.9 Hz, 2H), 8.94 (d, J ¼ 3.2 Hz, 2H), 7.81 (d, J ¼ 5.5 Hz, 2H), 7.66
(d, J ¼ 4.7 Hz, 2H), 7.58 (d, J ¼ 6.0 Hz, 4H), 7.49 (d, J ¼ 15.7 Hz, 2H),
7.36 (d, J ¼ 3.9 Hz, 2H), 7.28 (d, J ¼ 3.5 Hz, 4H), 7.18 (d, J ¼ 15.7 Hz,
2H), 7.12 (d, J ¼ 2.9 Hz, 2H), 7.07 (d, J ¼ 3.3 Hz, 2H), 6.91 (s, 2H),
4.20e3.98 (m, 8H), 2.94 (t, J ¼ 7.5 Hz, 4H), 1.94 (d, J ¼ 15.2 Hz, 2H),
1.87e1.73 (m, 4H), 1.35 (m, 48H), 1.05e0.83 (m, 36H). Elementary
Analysis Calculated for C114H130N4O4S12; C, 68.29; H, 6.54; N, 2.79;
Found: C, 68.36; H, 6.46; N, 2.75. MALDI-MS (m/z): 2003.68; Found:
2004.073 [Mþ].
Table 1
Thermal properties of BDTx-2TVTDPP and BDTy-2TVTDPP.

SMs Td (�C)a Tm (�C) Tc(�C)

BDTx-2TVTDPP 406 263 186
BDTy-2TVTDPP 429 209 e

a The temperature at 5% weight-loss under nitrogen atmosphere.
3. Results and discussions

3.1. Synthesis of BDTx-2TVTDPP and BDTy-2TVTDPP

Scheme 1 illustrates the synthetic route of BDTx-2TVTDPP and
BDTy-2TVTDPP. Compounds 2, 3, 4, 7 and 9 were synthesized ac-
cording the reported literature.34e36 Compound 5 was obtained by
the Witting reaction between compounds 3 and 4 in a yield of
49.3%. BDTx-2TVTDPP was prepared by the Still reaction between
compounds 5 and 6 in a yield of 51.3%. Compound 4 reacted with
compound 7 to give compound 8. BDTy-2TVTDPPwas prepared by
the Still reaction between compounds 8 and 9 in a yield of 76.5%.
Both target SMs were fully characterized by 1H NMR, MALDI-MS
spectra and elementary analysis.
Please cite this article in press as: Duan L, et al., The A-D-A type small mole
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3.2. Thermal stability and crystallinity

The thermal properties of BDTx-2TVTDPP and BDTy-2TVTDPP
were investigated by thermogravimetric analysis (TGA), which
were carried out under a N2 atmosphere at a heating rate of 10 �C/
min. The resulting TGA curves and their detailed data are shown in
Fig. S1 and Table 1, respectively. A thermal degradation tempera-
ture (Td) over 400 �C is observed for both SMs at 5% weight loss.
Furthermore, BDTy-2TVTDPP exhibits higher thermal stability than
BDTx-2TVTDPP owing to different substituted positions of BDT. In
order to further study their crystallinity, both differential scanning
calorimetry (DSC) and X-ray diffraction (XRD) were measured. The
resulting DSC and XRD curves are depicted in Figs. 2 and 3,
respectively. A single melting peak (TM) over 209 �C for both SMs
and an obvious crystallization peak (TC) of 186 �C for BDTx-
2TVTDPP are observed. Moreover, BDTx-2TVTDPP exhibits an
increased TM value by at least 50 �C in comparison to BDTy-
2TVTDPP, implying that BDTx-2TVTDPP has stronger intermolec-
ular interaction. In addition, three clearly visible diffraction peaks at
2q values of 5.9�, 17.6� and 24.8� are observed for the BDTx-
2TVTDPP neat film, which correspond to its d-spacing of 15.0, 5.1
and 3.6 Å, respectively. However, there was no diffraction peak for
the BDTy-2TVTDPP neat film, indicating that BDTx-2TVTDPP has a
better crystallinity than BDTy-2TVTDPP in the neat films.
3.3. Optical properties

The UV-vis absorption spectra of BDTx-2TVTDPP and BDTy-
2TVTDPP in DCM solution (10�5 M) and thin film are shown in
Fig. 4. It is found that both SMs have similar absorption spectra at
the range of 300e700 nm with the maximum absorption peak
(lmax) around 600 nm in DCM solution. Furthermore, both SMs
display a red-shift absorption spectrum in their thin films instead of
in DCM solution, implying that the intermolecular interaction is
enhanced in their thin films. Compared to BDTy-2TVTDPP, BDTx-
2TVTDPP shows an additional peak at long wavelength of 679 nm,
which can be attributed to the extent ofp�p interaction. This result
is agreed with the better packing of BDTx-2TVTDPP than BDTy-
2TVTDPP in the neat film. The calculated optical band gaps are
1.61 eV and 1.71 eV for BDTx-2TVTDPP and BDTy-2TVTDPP based
on the film absorptions, respectively (see Table 2).
3.4. Electrochemical properties

Fig. 5 shows the cyclic voltammetry (CV) plots of the BDTx-
2TVTDPP and BDTy-2TVTDPP based films. The onset oxidation
and reduction potentials (Eox/Ered) of 0.78/�1.0 V for BDTx-
2TVTDPP and 0.98/�1.0 V for BDTy-2TVTDPP are exhibited. As
the potential of Fc/Fcþ is 0.48 V vs Ag/AgCl measured in this work
and the assumed energy level of ferrocene/ferrocenium (Fc/Fcþ)
is �4.8 eV below the vacuum level,37 the HOMO and LUMO energy
levels (EHOMO and ELUMO) of both SMs can be calculated according to
the equation: EHOMO ¼ �(Eox þ 4.32) eV; ELUMO ¼ �(Ered þ 4.32) eV.
Table 3 lists the resulting electrochemical data. As a result, the
EHOMO/ELUMO data of �5.1/�3.32 eV for BDTx-2TVTDPP and �5.3/
�3.32 eV for BDTy-2TVTDPP are calculated. It is obviously found
cules with isomeric benzodithiophene cores: Synthesis and influence
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Fig. 2. DSC plots of BDTx-2TVTDPP and BDTy-2TVTDPP.

Fig. 3. XRD plots of BDTx-2TVTDPP and BDTy-2TVTDPP.

Fig. 4. UV�vis absorption spectra of BDTx-2TVTDPP and BDTy-2TVTDPP in DCM so-
lution and their neat films.

Table 2
Optical properties of BDTx-2TVTDPP and BDTy-2TVTDPP.

SMs lmax (nm)a lmax (nm)b lonset (nm)b Eg
opt(eV)c

BDTx-2TVTDPP 608 627,679 771 1.61
BDTy-2TVTDPP 605 609 726 1.71

a The absorption in solution.
b The absorption in thin films.
c Calculated from the absorption band edge of the films Egopt ¼ 1240/lonset.

Fig. 5. Cyclic voltammogram of the BDTx-2TVTDPP and BDTy-2TVTDPP based films.
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that BDTy-2TVTDPP displays a deeper HOMO level by 0.2 eV than
BDTx-2TVTDPP. Since the Voc values of the photovoltaic device is
Please cite this article in press as: Duan L, et al., The A-D-A type small mole
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directly proportional to the energy levels offset between the HOMO
of the donor and the LUMO of the acceptor,38 therefore, the BDTy-
2TVTDPP should possess a higher Voc value than the BDTx-2TVT-
DPP in their solar cells.
3.5. Theoretical calculation

Density functional theory (DFT) calculations were performed for
both SMs to get insights into their electronic structures at the
B3LYP/6-31G(d) level using Gaussian 09 program. Ground state
geometries are optimized at the DFT level, assuming that all thio-
phene rings have a trans-configuration in both backbone and side-
chain, prior to electronic structure calculations. The optimized
molecular geometries and orbital wave functions are depicted in
Fig. 6. For both isomeric SMs, the HOMO wave functions are delo-
calized over the whole conjugated backbone. However, the LUMO
wave functions are delocalized on the terminal acceptor units. It
indicates that the HOMO energy levels are dominated by both
donor and acceptor units, and the LUMO energy levels are governed
with the terminal acceptor units, which are coincided with the
electrochemical results. Moreover, the dihedral angles of ~1�and
~20� between the BDT and thienylenevinylenethiophene moieties
are observed for BDTx-2TVTDPP and BDTy-2TVTDPP, respectively.
It implies that the BDTx-2TVTDPP displays better planar structure
than BDTy-2TVTDPP, which result in a reduced band-gap and an
increased interchain p�p interaction for BDTx-2TVTDPP as previ-
ously discussed.39
3.6. Photovoltaic properties

The photovoltaic properties of BDTx-2TVTDPP and BDTy-
2TVTDPP were investigated in the conventional BHJ solar devices
with a structure of ITO/PEDOT:PSS(40 nm)/SM:PC61BM (or
PC71BM)/Ca(30 nm)/Al(100 nm). The various weight ratios of the
cules with isomeric benzodithiophene cores: Synthesis and influence
oi.org/10.1016/j.tet.2016.12.044



Table 3
Electrochemical and carrier transporting properties of BDTx-2TVTDPP and BDTy-2TVTDPP.

SMs Eox (V) Ered (V) EHOMO (eV)a ELUMO (eV)a Eg
ec (eV)b mh (cm2V�1S�1) me (cm2V�1S�1)

BDTx-2TVTDPP 0.78 �1.0 �5.1 �3.32 1.78 1.61 � 10�4 3.0 � 10�4

BDTy-2TVTDPP 0.98 �1.0 �5.3 �3.32 1.98 2.8 � 10�5 1.2 � 10�4

a Calculated from empirical equation: EHOMO ¼ �(Eox þ 4.32) eV, ELUMO ¼ �(Ered þ 4.32) eV.
b Calculated from Eg

ec ¼ e(Eoxon�Ered
on ).

Fig. 6. Molecular geometries and HOMO/LUMO wave functions of BDTx-2TVTDPP and BDTy-2TVTDPP.
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SM/PC61BM blend films were employed from 1:1, 1:2, 1:3 to 1:4.
Their photovoltaic parameters are summarized in Table 4 and the
corresponding current density-voltage (J-V) curves are presented in
Fig. S2 and Fig. S3. As observed, an optimized weight ratio of 1:2 for
the BDTx-2TVTDPP/PC61BM blend film and 1:3 for the BDTy-
2TVTDPP/PC61BM blend film are obtained, respectively. Further-
more, BDTy-2TVTDPP displays better photovoltaic properties than
BDTx-2TVTDPP in their solar cells. A PCE maxmium of 1.84% with a
Table 4
Photovoltaic properties of the BDTx-2TVTDPP/PCBM and BDTy-2TVTDPP/PCBM
based solar cells.

Donor Acceptor Ratio Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

BDTx-2TVTDPP PC61BM 1:1 0.68 2.33 62.36 1.00
1:2 0.67 3.61 65.82 1.58
1:3 0.66 2.95 67.81 1.32
1:4 0.66 2.20 65.33 0.94

PC71BM 1:2 0.63 2.11 56.13 0.74
BDTy-2TVTDPP PC61BM 1:2 0.86 5.70 35.83 1.76

1:3 0.85 5.90 36.76 1.84
1:4 0.83 5.76 37.79 1.80

PC71BM 1:3 0.86 8.60 38.78 2.85

Please cite this article in press as: Duan L, et al., The A-D-A type small mole
of isomers on photoelectronic properties, Tetrahedron (2016), http://dx.d
Voc of 0.85 V is observed in the BDTy-2TVTDPP/PC61BM based cells.
To further study in effect of acceptor materials on device
Fig. 7. J-V curves of the SM/PCBM-based solar devices under 100 mW/cm2 illumination
with AM 1.5 filter.
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Fig. 8. EQE curves of the SM/PCBM-based solar devices.
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performance, PC71BMwas introduced to replace PC61BM because of
its wider absorption region.40 As a result, the BDTy-2TVTDPP/
PC71BM (1:3, w/w) based device exhibits significantly improved
photovoltaic performances with increasing Jsc of 8.60 mA/cm2 and
Fig. 9. AFM images for the (a) BDTx-2TVTDPP:PC61BM (1:2); (b) BDTx-2TVTDPP:PC71BM (

Please cite this article in press as: Duan L, et al., The A-D-A type small mole
of isomers on photoelectronic properties, Tetrahedron (2016), http://dx.d
PCE of 2.85%. However, the BDTx-2TVTDPP/PC71BM (1:2, w/w)
based device shows a reverse result with decreasing photovoltaic
parameters, which may be caused by its unsatisfied microcosmic
nanostructures, confirmed by the blend film morphology. The
photovoltaic parameters of the SM/PC71BM based solar devices are
also summarized in Table 4, and the J-V characteristics of the
optimized SM/PC61BM and SM/PC71BM devices are depicted in
Fig. 7. The higher Voc of 0.85 V for the BDTy-2TVTDPP based cells is
attributed to its lower HOMO energy level. The higher FF of 65.82%
for the BDTx-2TVTDPP based cells is assigned to its better crystal-
linity and ordered packing.

To further understand the Jsc difference, the EQE curves of the
optimized SM/PCBM based devices were measured as shown in
Fig. 8. It is observed that all EQE curves cover a broad photoresponse
wavelength range from 300 to 700 nm, which is well consistent
with the absorption spectra. The BDTy-2TVTDPP/PC71BM based cell
displays the highest EQE value of 45%. However, the BDTx-
2TVTDPP/PC71BM based cells exhibit an obviously lower EQE value
than the BDTx-2TVTDPP/PC61BM blend. Such difference in the EQE
maximum agrees well with the observed Jsc difference in these
solar cells. The calculated Jsc values by integration of the EQE data
for the BDTx-2TVTDPP and BDTy-2TVTDPP based devices show a
~5% mismatch in comparison with the Jsc values obtained from the
J-V measurements.
1:2); (c) BDTy-2TVTDPP:PC61BM (1:3); (d) BDTy-2TVTDPP:PC71BM (1:3) blend films.
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3.7. Mobility

The carrier mobilities of BDTx-2TVTDPP and BDTy-2TVTDPP
were measured in their hole-only and electron-only devices using
the space charge limited current (SCLC) method. The device
structure is ITO/PEDOT:PSS/SM:PCBM/MoO3/Al for the hole-only
device and ITO/ZnO/SM:PCBM/Ca/Al for the electron-only device.
Fig. S4 depicts their J-V curves in the dark. The hole and electron
mobilities (mh and me) in the BDTx-2TVT-DPP/PC61BM (1:2) based
devices are calculated to be 1.61 � 10�4 and 3.0 � 10�4 cm2 v�1 s�1,
which are higher than those corresponding values (2.89� 10�5 and
1.2 � 10�4 cm2 v�1 s�1) in the BDTy-2TVTDPP/PC71BM (1:3) based
devices, respectively. As a result, the corresponding me/mh values of
1.88 for the BDTx-2TVTDPP/PC61BM based devices and 4.15 for
BDTy-2TVTDPP/PC71BM based devices are obtained, respectively. It
suggests that free charge transfer in the BDTx-2TVTDPP based
device is more balanced, thus a proper FF 65.8% is obtained. In this
case, the higher mobility of BDTx-2TVTDPP may be attributed to its
stronger crystallinity and better ordering. Unfortunately, the BDTx-
2TVT-DPP based device does not exhibit a higher Jsc. This incon-
sistency of Jsc with mobility may be related to its low photo-
response intensity and deteriorative blend film morphology
discussed below.

3.8. Film morphology

In order to further investigate difference between Jsc and
mobility of the BDTx-2TVT-DPP and BDTy-2TVTDPP based devices,
the morphology images of their blend films with PCBM were
measured by AFM measurement, as shown in Fig. 9.

It is observed that both BDTx-2TVTDPP/PC61BM and BDTx-
2TVTDPP/PC71BM based blend films display a large phase separa-
tion with root mean square (rms) value of 2.61 nm and 6.90 nm,
respectively. By contrast, relatively smooth surface morphologies
with the rms values of 0.54 and 0.55 nm are observed in the BDTy-
2TVTDPP/PC61BM and BDTy-2TVTDPP/PC71BM based blend films,
respectively, which could lead to a more efficient exciton diffusion
and separation. The larger roughness of the BDTx-2TVTDPP based
blend films indicates that BDTx-2TVTDPP has a higher degree of
order. In addition, the domain sizes of 50 nm in the BDTx-2TVTDPP
based blend films are much larger than the ideal charge diffusion
length (10e20 nm). It should lead to the recombination of charge
carriers, and thus the decrease of Jsc and PCE.

4. Conclusions

Two isomeric SMs of BDTx-2TVTDPP and BDTy-2TVTDPP with
different substituted BDT units were obtained. The BDTx-2TVTDPP
with 2, 6-substituted BDT core exhibited stronger light absorption,
narrower band gap, more planar structure and better crystallinity,
but worse solubility and blend film morphology than BDTy-
2TVTDPP with 4, 8-substituted BDT core. In contrast, BDTy-
2TVTDPP showed larger backbone torsion, better solubility,
deeper HOMO energy level and smoother blend film morphology
than BDTx-2TVTDPP. As a result, the BDTy-2TVTDPP based devices
exhibited better photovoltaic performance than the BDTx-2TVTDPP
based devices. A PCE of 2.85% was observed in the BDTy-2TVTDPP
based solar cells, which is 1.8 times that in the BDTx-2TVTDPP
based solar cells. The present findings highlight the importance of
Please cite this article in press as: Duan L, et al., The A-D-A type small mole
of isomers on photoelectronic properties, Tetrahedron (2016), http://dx.d
the connected position of the BDT unit on improvement of photo-
voltaic performance for its SMs.
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