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a b s t r a c t

Four novel small molecules, Ph(DPP-Th)2, Ph(DPP-Py)2, Ph(DPP-ThCN)2 and Ph(DPP-ThR)2 were syn-
thesized and characterized, in which diketopyrrolopyrrole-phenyl-diketopyrrolopyrrole was used as the
core, donor units of 2-octylthiophene (Th), pyrene (Py), acceptor units octyl 2-cyano-3-(thiophen-2-yl)-
acrylate (ThCN) and 3-octyl-5-(thiophen-2-ylmethylene)rodanine (ThR) were used as the terminals,
respectively. By changing the terminals of small molecules, their corresponding thermal, absorptive,
electro-chemical and photovoltaic properties were rationally adjusted for applications as donor materials
in organic solar cells (OSCs). All of small molecules exhibit broad absorption spectra from the visible to
near-infrared region, and Ph(DPP-ThR)2 showed the minimum optical band gap of 1.48 eV. The small
molecules with acceptor terminal units had much deeper HOMO energy levels than those with donor
terminal units, which is important to increase the open-circuit voltage (Voc). A maximum power con-
version efficiency of 3.22%, short-circuit current density of 10.55 mA cm�2, Voc of 0.85 V, and fill factor of
39% were obtained in the Ph(DPP-Py)2/PC71BM based cells under AM 1.5 G irradiation (100 mW cm�1).
These results demonstrate valuable guidelines for the rational design of solution-processed small mol-
ecules for OSCs.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few decades, solution-processed organic solar cells
(OSCs), as a promising alternative to traditional silicon solar cells
for addressing the global energy crisis, have received tremendous
interest and attention due to their low cost, light weight, and
flexibility in large-area applications [1e6]. At the same time, sig-
nificant progress has beenmade for polymer solar cells (PSCs), such
as the development of highly promising bulk-heterojunction (BHJ)
structures and power conversion efficiencies (PCE) above 10%
[7e9]. So far, solution-processed small molecules based OSCs (SM-
OSCs) have demonstrated PCE over 10% [10,11], but their
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ngrq@qibebt.ac.cn (R. Yang),
photovoltaic performance is still behind that of polymer based
PSCs. Recently, SM-OSCs have come to great attention due to their
merits of well-defined molecular structure, definite molecular
weight, easier purification, and improved batch to batch repro-
ducibility. Therefore, the design and synthesis of superior materials
present a great challenge in which accurate guidelines are yet to be
determined [12,13].

Diketopyrrolopyrrole (DPP) is a promising type of acceptor unit
for organic optoelectronic applications due to its strong light ab-
sorption, unique p-conjugated system, photochemical stability, and
large-scale synthesis [14e17]. DPP is a strong electron-withdrawing
moiety with exceptional stability and has been coupled with a
variety of electron-rich groups to provide low band gap polymers
and small molecules for BHJ solar cells [18e20], organic field effect
transistors (OFETs) [21,22], dye-sensitized solar cells (DSSCs)
[23,24], and chemical sensors [25]. Furthermore, introducing
planar heteroarene DPP units into p-conjugated system backbones
has been shown to improve relational characteristics, such as
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higher charge mobility and broader light absorption due to
increasing the effective conjugation length by facilitating p-elec-
tron delocalization. Considering these merits and characteristics,
star-shaped and linear small molecules were rapidly developed by
using DPP as molecular building blocks and exhibited favorable
photovoltaic performances [26e28]. Nevertheless, to our knowl-
edge, there is less reported about arene-diketopyrrolopyrrole-p-
diketopyrrolopyrrole-arene (Ar-DPP-p-DPP-Ar)-type framework,
in which Ar is different conjugated molecular terminals, as the
small molecular building block for applications in OSCs.

Conventionally, coupling strong acceptor units and weak donor
units serves to broaden the absorption spectra, decrease the
highest occupied molecular orbital (HOMO) energy levels, and
improve the photovoltaic performances. Planar acceptor units as
molecular terminal groups (such as cyanoacetate, 3-
ethylrhodanine, thiobarbituric acid, indenedione) have a broad
absorption spectra, low HOMO energy levels, high hole mobilities
and good photovoltaic performances [29e32]. In contrast, pyrene
(Py) has intense pep stacking interactions due to its planar struc-
ture, an enlarged p-conjugation system, and a relatively lowHOMO
energy level [33e36]. Incorporating planar Py as molecular termi-
nal groups is considered to be favorable for enhancing molecular
self-assembly [37]. Previous studies have also shown that p-
extended Py derivatives usually exhibit significantly higher carrier
mobilities and are used in organic thin film transistors (OTFTs)
[38,39] and in organic photovoltaics (OPV) [40].

For better understanding the influence of different conjugated
molecular terminals on the properties of diketopyrrolopyrrole-
phenyl-diketopyrrolopyrrole (DPP-Ph-DPP)-based small mole-
cules, we synthesized and characterized four novel DPP-based
small molecules of Ph(DPP-Th)2, Ph(DPP-Py)2, Ph(DPP-ThCN)2 and
Ph(DPP-ThR)2, in which DPP-Ph-DPP was used as the core, and 2-
octylthiophene (Th), Py, octyl 2-cyano-3-(thiophen-2-yl)acrylate
(ThCN), and 3-octyl-5-(thiophen-2-ylmethylene)rodanine (ThR)
were used as the different molecular terminals (see Scheme 1),
respectively. By changing the terminals of these small molecules,
their thermal, absorptive, electro-chemical, and photovoltaic
properties could be rationally adjusted for applications in OSCs. All
of SMs exhibited broad absorption spectra from the visible to near-
infrared region, and Ph(DPP-ThR)2 had the minimum optical band
gap of 1.48 eV. The SMs with acceptor terminal units (ThCN or ThR)
had much deeper HOMO energy levels than those with donor ter-
minal units (Py or Th), which helped to increase the open-circuit
voltage (Voc). A maximum PCE of 3.22%, short-circuit current den-
sity (Jsc) of 10.55 mA cm�2, Voc of 0.85 V, and fill factor (FF) of 39%
were obtained in the Ph(DPP-Py)2/PC71BM based solar cells. Our
study offers a valuable guideline for designing Ar-DPP-p-DPP-Ar
based small molecules for high-performance OSCs.

2. Experimental section

2.1. Materials

Commercially available chemicals were purchased from com-
mercial sources and used without further purification unless
otherwise specified. All solvents were dried over sodium and
freshly distilled prior to use. Compounds Ph(DPP-Br)2 [4], 2 [41], 3
[42] and 5 [43] were synthesized following the same procedure as
reported in the literature.

2.2. Measurements and characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker DRX 400 spectrometer using tetramethylsilane (TMS) as a
reference in deuterated chloroform (CHCl3) solution at 298 K.
MALDI-TOF mass spectrometric measurements were performed on
Bruker Bifiex III MALDI TOF. Elemental analyses were carried out
with a Harrios elemental analysis instrument. Thermogravimetric
analysis (TGA) was conducted under a dry nitrogen gas flow at a
heating rate of 20 �C min�1 on a PerkineElmer TGA 7. UVeVis
absorption spectra were recorded on a HP-8453 UV visible system.
Cyclic voltammograms (CV) were carried out on a CHI660A elec-
trochemical work station with a three electrode electrochemical
cell in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)
acetonitrile solution with a scan 100 mV s�1 at room temperature
(RT) under argon atmosphere. In this three-electrode cell, a plat-
inum rod, platinum wire and Ag/AgCl electrode were used as a
working electrode, counter electrode and reference electrode,
respectively. The surface morphologies were recorded by atomic
force microscopy (AFM) on a Veeco, DI multimode NS-3D apparatus
in a trapping mode under normal air condition at RT with a 5 mm
scanner.

2.3. Device fabrication and characterization

The photovoltaic cells were fabricated using indium tin oxide
(ITO) glass as an anode, Ca/Al as a cathode, and a blend film of the
small molecule/PCBM as a photosensitive layer. After a 30 nm
buffer layer of poly-(3,4-ethylenedioxy-thiophene) and polystyrene
sulfonic acid (PEDOT:PSS) was spin-coated onto the precleaned ITO
substrate, the photosensitive layer was subsequently prepared by
spin-coating a solution of the small molecule/PCBM in chloroform
on the PEDOT:PSS layer. Ca (10 nm) and Al (100 nm) were succes-
sively deposited on the photosensitive layer in vacuum and used as
top electrodes. The currentevoltage (IeV) characterization of the
devices was carried out on a computer-controlled Keithley source
measurement system. A solar simulator was used as the light
source and the light intensity was monitored by a standard Si solar
cell. The active area was 1 � 10�2 cm2 for each cell. The thicknesses
of the spun-cast films were recorded by a profilometer (Alpha-Step
200, Tencor Instruments). The external quantum efficiency (EQE)
was measured with a Stanford Research Systems model SR830 DSP
lock-in amplifier coupled withWDG3monochromator and a 150W
xenon lamp.

2.4. Synthesis of target molecules

2.4.1. Synthesis of Ph(DPP-Th)2
To a mixture of compound Ph(DPP-Br)2 (420 mg, 0.33 mmol), 2

(397 mg, 0.82 mol), tetrakis(triphenylphosphine)palladium
(Pd(PPh3)4, 20 mg, 0.02 mmol) was dissolved in a degassed mixture
of toluene (20 mL). The reaction mixture was heated to reflux for
24 h by stirring under nitrogen atmosphere. After cooling down to
RT, the mixture was quenched with water (100 mL) and extracted
with CHCl3 (3 � 50 mL) and then combined organic layer was dried
over anhydrous magnesium sulfate (MgSO4). The solvent was
removed off under reduced pressure by rotary evaporation and the
residue was purified through a flash silica gel column with
dichloromethane/petroleum ether (DCM/PE, V/V, 3:2) as the eluent
to give a dark blue solid (320 mg, yield 75%). 1H NMR (CDCl3,
400 MHz), d (ppm): 8.90 (s, 2H), 7.68 (s, 4H), 8.20 (s, 2H), 7.49 (d,
J ¼ 4.0 Hz, 2H), 7.21 (d, J ¼ 4.0 Hz, 2H), 7.12 (d, J ¼ 4.0 Hz, 2H), 6.72
(d, J ¼ 4.0 Hz, 2H), 4.06 (m, 4H), 2.80 (t, J ¼ 8.0 Hz, 2H), 1.93 (s, 1H),
0.87e1.71 (m,14H). MALDI-MS (m/z): 1512.760 for [Mþ]. Anal. Calcd
for: C90H118N4O4S6: C, 71.48; H, 7.86; N, 3.70; S, 12.72. Found: C,
71.01; H, 8.65; N, 3.58; S, 8.65.

2.4.2. Synthesis of Ph(DPP-Py)2
To a mixture of compound Ph(DPP-Br)2 (300 mg, 0.23 mmol), 3

(232 mg, 0.71 mmol), Pd(PPh3)4 (14 mg, 0.02 mmol), potassium



Scheme 1. Synthetic routes of the DPP-Ph-DPP-based small molecules.
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carbonate solution (2 M, 4 mL) was dissolved in a degassed mixture
of toluene (20 mL) and aqueous ethanol (8 mL). The reaction
mixture was heated to reflux for 24 h by stirring under nitrogen
atmosphere. After cooling down to RT, the mixture was quenched
withwater (100mL) and extractedwith CHCl3 (3� 50mL) and then
combined organic layer was dried over anhydrous MgSO4. The
solvent was removed off under reduced pressure by rotary evapo-
ration and the residuewas purified through a flash silica gel column
with DCM/PE (V/V, 3:2) as the eluent to give a dark blue solid
(214 mg, yield 61%). 1H NMR (CDCl3, 400 MHz), d (ppm): 9.16 (d,
J ¼ 4.0 Hz, 2H), 9.01 (d, J ¼ 4.0 Hz, 2H), 8.54 (d, J ¼ 12.0 Hz, 2H),
8.04e8.22 (m, 18H), 7.70 (s, 4H), 7.57 (d, J ¼ 4.0 Hz, 2H), 7.52 (d,
J ¼ 4.0 Hz, 2H), 4.10 (s, 2H), 0.87e1.44 (m, 16H). MALDI-MS (m/z):
1522.643 for [Mþ]. Anal. Calcd for: C98H98N4O4S4: C, 77.23; H, 6.48;
N, 3.68; S, 8.42. Found: C, 74.11; H, 6.95; N, 3.44; S, 8.23.

2.4.3. Synthesis of Ph(DPP-ThCN)2
To a mixture of compound Ph(DPP-ThCHO)2 (100 mg,

0.07 mmol), 4 (366 mg, 1.86 mmol), triethylamine (1.5 mL) were
dissolved in dry CHCl3 (20 mL). The reaction mixture was heated to
reflux for 48 h by stirring under nitrogen atmosphere. After cooling
down to RT, the mixture was quenched with water (100 mL) and
extracted with CHCl3 (3 � 20 mL) and then combined organic layer
was dried over anhydrous MgSO4. The solvent was removed off
under reduced pressure by rotary evaporation and the residue was
purified through a flash silica gel column with DCM/ethyl acetate
(EA) (V/V, 40/1) as the eluent to give a dark green solid (77mg, yield
61%). 1H NMR (CDCl3, 400 MHz), d (ppm): 9.05 (d, J ¼ 3.2 Hz, 2H),
8.98 (d, J ¼ 4.0 Hz, 2H), 8.20 (s, 2H), 7.68 (d, J ¼ 4.0 Hz, 2H), 7.95 (d,
J¼ 7.2 Hz,1H), 7.61 (s, 4H), 7.47 (d, J¼ 4.0 Hz, 2H), 7.42 (d, J¼ 4.0 Hz,
2H), 7.32 (d, J ¼ 4.0 Hz, 2H), 4.27 (t, J ¼ 8.0 Hz, 2H), 4.04 (s, 2H),
1.90e2.04 (m, 8H), 0.9e1.39 (m, 8H). MALDI-MS (m/z): 1702.942 for
[Mþ]. Anal. Calcd for: C98H120N6O8S6: C, 69.14; H, 7.10; N, 4.94; S,
11.30. Found: C, 69.75; H, 7.99; N, 4.56; S, 10.67.

2.4.4. Synthesis of Ph(DPP-ThR)2
To a mixture of compound Ph(DPP-ThCHO)2 (100 mg,

0.07 mmol), 5 (365 mg, 1.48 mmol), triethylamine (1.5 mL) were
dissolved in dry CHCl3 (20 mL). The reaction mixture was heated to
reflux for 48 h by stirring under nitrogen atmosphere. After cooling
down to RT, the mixture was quenched with water (100 mL) and
extracted with CHCl3 (3 � 20 mL) and then combined organic layer
was dried over anhydrous MgSO4. The solvent was removed off
under reduced pressure by rotary evaporation and the residue was
purified through a flash silica gel column with DCM/EA (V/V, 40/1)
as the eluent to give a brown green solid (63mg, yield 47%). 1H NMR
(CDCl3, 400 MHz), d (ppm): 9.04 (d, J ¼ 4.0 Hz, 2H), 8.93 (d,
J ¼ 4.0 Hz, 2H), 7.77 (s, 4H), 7.66 (d, J ¼ 20.0 Hz, 2H), 7.50 (d,



Fig. 1. TGA curves of the small molecules.

D. Yu et al. / Dyes and Pigments 125 (2016) 151e158154
J¼ 8.0 Hz, 2H), 7.32 (s, 2H), 4.05 (s, 2H), 2.03 (s, 1H),1.92 (s, 1H), 1.67
(S, 1H), 0.71e1.25 (m, 17H). MALDI-MS (m/z): 1798.028 for [Mþ].
Anal. Calcd for: C98H120N6O6S10: C, 65.44; H, 6.72; N, 4.67; S, 17.83.
Found: C, 65.09; H, 6.35; N, 4.48; S, 17.52.
Fig. 2. UVeVis absorption spectra of the small molecules in CHCl3 (a) and in thin films
(b), respectively.
3. Results discussion

3.1. Synthesis and thermal property

The general synthetic routes for small molecules are outlined in
Scheme 1. The detailed procedures of the monomer Ph(DPP-
ThCHO)2 are shown in the electronic supporting information (ESI).
The target compounds of Ph(DPP-Py)2, Ph(DPP-Th)2, Ph(DPP-
ThCN)2 and Ph(DPP-ThR)2 were synthesizedwith yields of 75%, 61%,
61% and 47%, respectively. Their structures are consistent with
molecular formulas characterized by elemental analysis, 1H NMR
and MALDI-MS (ESI).

The thermal stability of these small molecules was investigated
by TGA under the atmosphere of nitrogen, and corresponding
curves and data were depicted in Fig. 1 and Table 1. The thermal
decomposition temperatures (Td) for Ph(DPP-Th)2, Ph(DPP-Py)2,
Ph(DPP-ThCN)2 and Ph(DPP-ThR)2 are 410, 434, 344 and 386 �C at
5% weight loss, respectively. Compared to the Ph(DPP-ThCN)2 and
Ph(DPP-ThR)2 with the terminal acceptors of ThCN and ThR,
Ph(DPP-Th)2 and Ph(DPP-Py)2 with the terminal donors of Th and
Py exhibit increased Td values, which means that two terminal
donors play a positive role in increasing thermal stability of its
small molecules with DPP-Ph-DPP building block central core. All of
SMs have a good enough thermal stability for their application in
optoelectronic devices.
Table 1
Electrochemical, optical and thermal propertiess of the small molecules.

Compounds labs
/nma

labs
/nmb

lonset
/nm

Ph(DPP-Th)2 342, 630 367, 585, 698 790
Ph(DPP-Py)2 353, 647 413, 661, 708 821
Ph(DPP-ThCN)2 439, 679 427, 616, 747 837
Ph(DPP-ThR)2 468, 680 445, 678, 771 860

a Measured in CHCl3.
b Measured in the neat film.
c Eoptg ¼ 1240/lonset.
3.2. Optical properties

The absorption spectra of these SMs in dilute CHCl3 solutions
and thin solid films are shown in Fig. 2. The detailed parameters are
summarized in Table 1. All of SMs exhibited strong and broad ab-
sorption bands in the visible to near-infrared region. In a solution,
all of these SMs exhibited similar absorbance spectra that feature
two unique bands. The high-energy absorption band from 340 to
500 nm was assigned to the pep transition and the low-energy
absorption band from 500 to 750 nm was attributed to strong
photoinduced the intramolecular charge-transfer (ICT). Compared
to Ph(DPP-Th)2 and Ph(DPP-Py)2, the absorption spectra of Ph(DPP-
ThCN)2 and Ph(DPP-ThR)2 shift to longer wavelengths by
Eoptg
/eVc

EHOMO

/eV
ELUMO

/eV
Eevg
/eV

Td
/�C

1.57 �5.27 �3.34 1.93 410
1.51 �5.30 �3.16 2.14 434
1.48 �5.42 �3.45 1.97 344
1.44 �5.35 �3.44 1.91 386



Fig. 3. Cyclic voltammogram curves of the small molecules.

Table 2
Photovoltaic performance of the small molecules/PCBM-based solar cells under
illumination of AM 1.5G, 100 mW cm�2.

Active layers D/A
(w/w)

Voc (V) Jsc
(mA cm�2)

FF
(%)

PCEmax

(%)

Ph(DPP-Th)2:PC60BMa 3:2 0.65 5.63 66 2.41
Ph(DPP-Py)2:PC71BMb 1:3 0.85 10.55 39 3.22
Ph(DPP-ThCN)2:PC71BMc,d 1:1 0.88 2.21 49 0.95
Ph(DPP-ThR)2:PC71BMd 1:2 0.81 2.11 39 0.67

a Annealing at 110 �C.
b Speed/rpm (3000).
c Annealing at 70 �C.
d 1% DIO additive.
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introducing electron-withdrawing units ThCN and ThR to the DPP-
Ph-DPP-based SMs (Fig. 2a).

Compared to the absorption spectra in CHCl3 solution, Ph(DPP-
Th)2, Ph(DPP-Py)2, Ph(DPP-ThCN)2 and Ph(DPP-ThR)2 in neat films
showed 60e90 nm red-shifted peaks in the long wavelength re-
gion, an additional shoulder peak at 585, 661, 616 and 678 nm, and
a red-shift high energy peak of 698, 708, 747 and 771 nm (Fig. 2b),
suggesting that these SMs possess strong intermolecular packing
potentials in a solid state. Based on the onset of the film absorption,
the optical band gaps (Eoptg ) of Ph(DPP-Th)2, Ph(DPP-Py)2, Ph(DPP-
ThCN)2 and Ph(DPP-ThR)2 were calculated to be 1.57, 1.51, 1.48 and
1.44 eV, respectively. The extended absorption edge in the long
wavelength region was attributed to the aggregated configurations
in the solid state.

3.3. Electrochemical properties

The electrochemical properties of these small molecules was
investigated by cyclic voltammetry (CV) using an Ag/AgCl electrode
as a reference and the redox potential of ferrocene/ferrocenium (Fc/
Fig. 4. JeV curves of the small molecules/PCBM-based at optimized conditions under
illumination of AM 1.5G, 100 mW cm�2.
Fcþ) as a calibrated standard. Fig. 3 shows the recorded CV curves of
these small molecules and the relevant data are summarized in
Table 1. The HOMO and the lowest unoccupied molecular orbital
(LUMO) energy levels of the four small molecules were calculated
from the onset of oxidation (Eox) and reduction (Ered) values by
using the following empirical equations [44]: EHOMO¼�(Eoxþ 4.35)
eV and ELUMO ¼ �(Ered þ 4.35) eV. As a result, the HOMO energy
levels (EHOMO) were estimated at �5.27 eV for Ph(DPP-
Th)2, �5.30 eV for Ph(DPP-Py)2, �5.42 eV for Ph(DPP-ThCN)2
and �5.35 eV for Ph(DPP-ThR)2, respectively. Compared to the
Ph(DPP-Th)2 and Ph(DPP-Py)2, Ph(DPP-ThCN)2 and Ph(DPP-ThR)2
exhibit a significantly decreased EHOMO levels, which means that
two terminal acceptors of ThCN and ThR play a positive role in
reducing HOMO levels of its small molecules with DPP-Ph-DPP
building block central core due to the strong electron with-
drawing ability. Meanwhile, the LUMO energy levels of Ph(DPP-
Th)2, Ph(DPP-Py)2, Ph(DPP-ThCN)2 and Ph(DPP-ThR)2 were calcu-
late to be �3.34 eV, �3.16 eV, �3.45 eV and �3.44 eV, and the
corresponding electrochemical bandgaps (Eevg ) were estimated to
be 1.93 eV, 2.14 eV, 1.98 eV and 1.91 eV, respectively. This discrep-
ancy between the optical and electrochemical band gaps might be
induced by the presence of an energy barrier at the interface be-
tween the small molecule film and the electrode surface [45].

3.4. Photovoltaic properties

To investigate the photovoltaic properties of these small mole-
cules, BHJ OSCs were fabricated with a general device structure of
ITO/PEDOT:PSS/active layer/Ca/Al under simulated AM 1.5 G,
100 mW cm�2 irradiation. The active layer consisted of DPP-Ph-
DPP-based donors materials, Ph(DPP-Th)2, Ph(DPP-Py)2, Ph(DPP-
ThCN)2 and Ph(DPP-ThR)2, and an acceptor material, (6,6)-phenyl
butyric acid methyl ester (PCBM). The device area was 0.1 cm2, as
defined by a shadowmask. The photovoltaic performances of OSCs
are strongly affected by the processing parameters, including the D/
A ratios (w/w), annealing temperatures, spin-coating rates, and DIO
additive concentrations [2]. Optimized parameters were obtained,
and Figs. S1eS4 depict the current densityevoltage (JeV) charac-
teristics of small molecules/PCBM-based devices at different ratios,
annealing temperatures, spin-coating rates, and DIO additive con-
centrations, respectively. The resulting photovoltaic data are sum-
marized in Tables S1eS4, respectively. As shown in Fig. 4, these
devices exhibited typical JeV characteristics under these optimized
conditions. Device parameters, such as Jsc, Voc, FF and PCE, were
deduced from the JeV characteristics and are summarized in
Table 2.

As shown in Fig. 4, the Ph(DPP-Th)2/PC60BM and Ph(DPP-Py)2/
PC71BM-based devices exhibited better photovoltaic properties
compared to the Ph(DPP-ThCN)2/PC71BM and Ph(DPP-ThR)2/
PC71BM-based devices, which was attributed to significant in-
creases in the Jsc (from 2.11 and 2.21 mA cm�2 to 5.63 and



Fig. 5. EQE curves of the small molecules/PCBM-based devices.
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10.55 mA cm�2) of their OSCs. As result, a maximum PCE of 3.22%
was obtained with Voc of 0.85 V, Jsc of 10.55 mA cm�2, and FF of 39%
in the Ph(DPP-Py)2/PC71BM-based device. Promisingly, we note
that the PCE of optimized Ph(DPP-Py)2/PC71BM solar cells is 3.22%,
Fig. 6. AFM height images of Ph(DPP-Py)/PC71BM (a), Ph(DPP-Th)/PC60BM (b), Ph(DPP-ThC
condition, respectively.
which is higher than the results obtained by Chen for the same
blend (3.0%) [6].

As shown in Fig. S5, dissolution properties of these SMs at CHCl2
with a same concentration of ~2mg/mL under RTwere investigated
by a reported method [46]. These SMs have a solubility ranking of
Ph(DPP-ThR)2 < Ph(DPP-ThCN)2 < Ph(DPP-Py)2 < Ph(DPP-Th)2, and
we can clearly see that Ph(DPP-Th)2 and Ph(DPP-Py)2 show good
solubility properties, although Ph(DPP-ThCN)2 and Ph(DPP-ThR)2
have lots of residual particles in the solution. Opposite to the
ranking of melting temperatures, and these characteristics were
reflected during photovoltaic device fabrication. In accordancewith
these results, Ph(DPP-Th)2 and Ph(DPP-Py)2 OSCs performed better
than Ph(DPP-ThCN)2 and Ph(DPP-ThR)2 OSCs. The worse photo-
voltaic performance of Ph(DPP-ThCN)2 and Ph(DPP-ThR)2
compared to Ph(DPP-Th)2 and Ph(DPP-Py)2 could be attributed to
the surface morphology of the active layer is restricted by the
poorer solubility in CHCl3 lead to lower Jsc value of the latter two
molecules, which limited their device performances [47].

To better understand why the Ph(DPP-Py)2/PC71BM based de-
vices displayed high Jsc and PCE values, the external quantum ef-
ficiency (EQE) curves of the small molecules/PCBM based devices at
the optimal conditions weremeasured. As shown in Fig. 5, all of the
devices showed relatively wide EQE spectra in the range of
300e800 nm and were consistent with their corresponding
UVeVis absorption profile (Fig. 3). Notably, a maximum EQE of 56%
N)/PC71BM (c) and Ph(DPP-ThR)/PC71BM (d)/PC61BM blend films under the optimized
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at 460 nm for the Ph(DPP-Py)2/PC71BM based device, correspond-
ing to high EQE over 40% in a broad range from 374 to 664 nm, was
observed, whereas the other three small molecules based devices
showed lower EQE values. According to the EQE curves and the solar
irradiation spectrum, the integral Jsc values of the four SMs based
devices are 10.17, 5.03, 2.21 and 2.11 mA cm�2, respectively, which
are coincident with the measured Jsc values from JeV curves within
a 4% error.

To get some ideas about the influence of the chemical structures
on hole mobilities (mh) of these photoactive layers, the space charge
limited current (SCLC) method were carried in the hole devices
with a structure of ITO/PEDOT:PSS/active layer/Au at the optimized
condition [44]. As showed in Fig. S6 and Table S6, the mh values of
the four SMs based on the hole devices are proportional to the FF
values based on the OSCs. Ph(DPP-Th)2 shows the highest mh of
8.42 � 10�5 cm2 V�1 s�1, which can be attributed to the good sol-
ubility and the plane of thiophene terminal [41]. Ph(DPP-Th)2 and
Ph(DPP-Th)2 shows that the lower mh can be attributed to the poor
solubility of terminal acceptors of ThCN and ThR. As we known, the
poor dissolution properties of the compounds will severely restrict
the morphology of the films lead to a reduced mh and FF [47].
Ph(DPP-Py)2 shows the lowest mh of 3.27� 10�5 cm2 V�1 s�1, which
can be attributed to the twisted conjugate structure of 1-
substituted pyrene terminal [48].

In order to get some ideas about the influence of the chemical
structures on their surface morphologies, tapping mode atomic
force microscope (AFM) measurements were carried out to inves-
tigate the surface morphologies of the blend films of compounds/
PC71BM processed under the optimized condition. The height im-
ages (5 � 5 mm2) are shown in Fig. 6. The root mean square (RMS)
roughness was determined to be 1.38, 2.75, 19.15 and 21.75 nm for
the Ph(DPP-Py)2, Ph(DPP-Th)2, Ph(DPP-ThCN)2 and Ph(DPP-ThR)2
based blend films, respectively. A smoother surface was observed
for the Ph(DPP-Py)2 based blend film. In general, the smoother
morphology indicates finer phase separation, which would pro-
mote the exciton dissociation efficiency, resulting in increasing the
light response and Jsc [6]. Therefore, a higher Jsc of 10.55% mA cm�2

for the Ph(DPP-Py)2 based device was ascribed to a well-ordered
nanoscale morphology, and the corresponding PCEwas up to 3.22%.

4. Conclusion

Four novel DPP-based SMs, Ph(DPP-Th)2, Ph(DPP-Py)2, Ph(DPP-
ThCN)2 and Ph(DPP-ThR)2, were obtained, in which DPP-Ph-DPP
was used as the central core, and Th, Py, ThCN and ThR were
used as the different molecular terminals, respectively. All of SMs
exhibit broad absorption spectra from the visible to near-infrared
region, and Ph(DPP-ThR)2 showed the minimum optical band gap
of 1.44 eV. The SMs with acceptor terminal units (ThCN or ThR)
have much deeper HOMO energy levels compared to those with
donor terminal units (Py or Th). A maximum PCE of 3.22%, a Jsc of
10.55% mA cm�2, Voc of 0.85 V and FF of 39% were obtained in the
Ph(DPP-Py)2/PC71BM based cell. These results indicate a valuable
guideline for rational design of solution-processed SMs for OSCs.
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