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a b s t r a c t
Two novel D–A–Ar-type small molecules of TPA–DPP–P and TPA(DPP–P)2 were synthesized and characterized, in which triphenylamine (TPA), diketopyrrolopyrrole (DPP)
and phenanthrene (P) were used as the donor (D) core, acceptor (A) arm, and enlarged
p-system of polycyclic arene (Ar) terminal. Their absorptive, electro-chemical, thermal,
and photovoltaic properties were preliminary investigated. Signiﬁcantly improved photophysical and photovoltaic performances were observed for both small molecules containing the planar P terminal in comparison with those for their parent D–A-type molecule
of TPA–DPP. The highest power conversion efﬁciency (PCE) of 3.42% and a maximum
short-circuit current density (Jsc) of 9.2 mA/cm2 were obtained in the solution-processed
TPA(DPP–P)2-based solar cells using [6,6]-phenyl-C-71-butyric acid methyl ester
(PC71BM) as acceptor. The PCE and Jsc values are 8.76 and 4.97 times higher than those
of the TPA–DPP-based cells, respectively. It indicates that appending the enlarged
p-system of the planar P terminal and incorporating the DPP–P arm into D–A-type small
molecule are efﬁcient approaches to improve photophysical and photovoltaic
performances for its resulting molecules.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Organic solar cells (OSCs) have recently received a great
deal of interest due to their advantages of low-cost (solution processing), light weight, ﬂexible substrates [1–3].
Over the past decade, most research efforts have focused
on solution-processed bulk heterojunction (BHJ) polymer
solar cells (PSCs) using a blend of p-type polymers and ntype soluble fullerene derivatives as the photoactive layer
⇑ Corresponding authors. Tel.: +86 731 58298280; fax: +86 731
58292251(W. Zhu).
E-mail addresses: tanhua815@126.com (H. Tan), yangrq@qibebt.ac.cn
(R. Yang), zhuwg18@126.com (W. Zhu).
http://dx.doi.org/10.1016/j.orgel.2014.03.011
1566-1199/Ó 2014 Elsevier B.V. All rights reserved.

[3]. Signiﬁcant progress was made in this ﬁeld, primarily
stemming from combined improvements in material design [4,5], morphology control [6,7], interface modiﬁcation
and device engineering [8,9]. To date, power conversion
efﬁciencies (PCEs) in the range of 6–9% have been steadily
achieved for solution-processed single BHJ-PSCs [10–14].
In particular, a series of semiconducting polymeric donors
with benzodithiophene (BDT) units, representing the most
successful example, exhibited a PCE level up to 8.5% in the
standard BHJ devices using [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM) as the acceptor [12,15–17]. Furthermore, the PCE level was enhanced to 9.2% by incorporating
a thin layer of alcohol/water-soluble polymer as a cathode
interlayer [18]. Compared to PSCs, the small molecular
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organic solar cells (SM-OSCs) have received tardy attention
[19–24]. Owing to their well-deﬁned molecular structures,
easier puriﬁcation, amenability to large-scale production,
and better batch-to-batch reproducibility, organic SMs recently have received increasing interest and been developed as donor materials in SM-OSCs [22–24]. However,
SM-OSCs have not exhibited better photovoltaic performance than PSCs. Therefore, it remains a great challenge
to construct new organic SMs and develop high-performance solution-processable SM-OSCs.
As we know, triarylamine (TPA) is one of the most popular organic optoelectronic materials [25,26], due to its
good electron-donating and hole-transporting abilities,
and has been widely used as donor unit to construct donor(D)–acceptor(A)-type molecules for the applications in
OSCs [27–32]. Diketopyrrolopyrrole (DPP) is a promising
type of acceptor units owing to its strong electron-withdrawing property, intense light absorption and good photochemical stability [33–40], and often coupled with a
variety of electron-rich groups to form low-bandgap polymers and small molecules in OSCs [41–47]. Considering
their merit, using TPA and/or DPP as molecular building
blocks, some star-shaped and linear small molecules were
developed and showed ameliorative photo-voltaic performances [48–52].
Polycyclic arene (Ar) has an intense pp stacking and
interacting tendency owing to its plane and enlarged
p-conjugation system, it is considered to be favorable to
enhance molecular interaction and charge transport by
directed molecular self-assembly [53]. With the above
considerations, in this paper, in order to explore the effect
of the appending planar p-system at terminal, we used TPA
as a donor (D) core, DPP as an acceptor (A) arm and phenanthrene (P) as the polycyclic Ar terminal to design a type
of small molecules of TPA–DPP–P and TPA(DPP–P)2, which
have a linear framework of D–A–Ar. For comparison, another D–A-type small molecule of TPA–DPP without Ar terminal was also prepared as parent molecule. Three
molecular structures are shown in Scheme 1. Their

photophysical, electrochemical and photovoltaic performances were preliminary studied. We anticipate that the
performances of the D–A–Ar-type organic small molecules
should be improved by appending the p-system of the P
terminal and incorporating additional DPP arm into the
D–A-type small molecule. As expected, TPA(DPP–P)2 and
TPA–DPP–P exhibited better photovoltaic performance
than TPA–DPP in the solution-processed BHJ organic solar
cells. Specially in the cells utilizing PC71BM as acceptor,
the optimized TPA(DPP–P)2-based cell gave the best photovoltaic performance with a PCE of 3.42%, an open-circuit
voltage (Voc) of 0.78 V, a short-circuit current density (Jsc)
of 9.24 mA cm2 and a ﬁll factor (FF) of 48.0%. The PCE
and Jsc levels here were 2.3 and 1.6 times higher than the
corresponding values of the TPA–DPP–P-based cells, further 8.8 and 4.9 times higher than those values of the
TPA–DPP-based cells, respectively. Our work indicates that
the photovoltaic performance of D–A-type small molecules
can be improved by introducing the enlarged p-system of
the Ar terminal and another A–Ar arm into the small
molecules.

2. Experimental section
2.1. Materials
All solvents were carefully dried and distilled prior to
use. Commercially available reagents were used without
further puriﬁcation unless otherwise stated. All reactions
were performed under nitrogen atmosphere and were
monitored by thin-layer chromatography. 4-Octyloxymethy-40 ,400 -(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)triphenyl-amine (TPA–2BPin), 4,40 -dioctyloxy-400 -(4,4,
5,5-tetrameth-yl-1,3,2-dioxaborolan-2-yl) triphenylamine
(TPA-BPin) [54], 3-(5-bromothiophen-2-yl)-2,5-bis-(2ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)
-dione (DPP-Br) [55] were synthesized by the reported
procedures.

Scheme 1. Molecular structures of TPA–DPP, TPA–DPP–P and TPA(DPP–P)2.
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2.2. Synthesis of small molecules
2.2.1. 4,4,5,5-Tetramethyl-2-(phenanthren-2-yl)-1,3,2dioxaborolane (P-BPin)
To 20 mL of dry 1,4-dioxane were added 2-bromophenanthrene (257 mg, 1 mmol), bis(pinacolato) diboron
(305 mg, 1.2 mmol), potassium acetate (525 mg, 5 mmol)
and [1,10-bis(diphenylphosphino)-ferrocene] dichloropalladium (22 mg, 0.03 mmol). The mixture was degassed
for 30 min with nitrogen ﬂow and heated to reﬂux for
24 h under the protection of nitrogen. After cooled to room
temperature, the mixture was extracted with dichloromethane (DCM, 3  20 mL) and the combined organic layer
was dried over anhydrous magnesium sulfate. The solvent
was removed off by rotary evaporation and the residue was
passed through a ﬂash silica gel column with petroleum
ether (PE)-DCM (V/V, 4:1) as the eluent to give a white solid (271 mg, yield 89.1%). 1H NMR (400 MHz, CDCl3), d
(ppm): 8.70 (dd, J = 8.0 Hz, 2H), 8.39 (s, 1H), 8.04 (d,
J = 8.0 Hz, 1H), 7.89 (d, J = 7.4 Hz, 1H), 7.72–7.79 (m, 2H),
7.61–7.66 (m, 2H), 1.26 (s, 12H). GC–MS: 304.000 for [M]+.
2.2.2. 2,5-Bis(2-ethylhexyl)-3-(5-(phenanthren-2-yl)thiophen-2yl)-6-(thiophen-2-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(P–DPP)
To a mixture of P-BPin (170 mg, 0.56 mmol), 3-(5-bromo-thiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP-Br, 280 mg,
0.47 mmol) and tetrakis(triphenylphosphine) palladium
(Pd(PPh3)4, 16 mg) was added a degassed mixture of toluene (15 mL), anhydrous ethanol (8 mL) and 2 M potassium
carbonate aqueous solution (1 mL). The mixture was reﬂuxed for 24 h under the protection of nitrogen. After
cooled to room temperature, the mixture was poured into
water (200 mL). It was extracted with DCM (3  20 mL)
and the combined organic layer was dried over anhydrous
magnesium sulfate. The solvent was removed off by rotary
evaporation and the residue was passed through a ﬂash silica gel column with PE-DCM (V/V, 3:1) as the eluent to give
a red solid (261 mg, yield 80.0%). 1H NMR (CDCl3, 400 MHz),
d (ppm): 9.02 (s, 1H), 8.91 (s, 1H), 8.67–8.73 (m, 2H), 8.17
(s, 1H), 7.95 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 7.4 Hz, 1H),
7.79 (s, 2H), 7.67–7.69 (m, 2H), 7.64 (s, 2H), 7.26 (s, 1H),
4.06 (d, J = 22.4 Hz, 4H), 1.88–1.98 (m, 2H), 1.25–1.39 (m,
16H), 0.89–0.95 (m, 12H). MALDI-MS (m/z): 700.377 for
[M+]. 13C NMR (100 MHz, CDCl3), d (ppm): 10.6, 14.1, 23.1,
23.7, 28.5, 30.3, 39.2, 45.9, 108.0, 108.1, 111.9, 122.7,
123.6, 124.3, 124.7, 125.5, 126.7, 126.9, 127.9, 128.3,
128.6, 129.9, 130.3, 130.4, 132.3, 132.2, 132.3, 135.1,
136.9, 140.2, 149.5, 161.6, 161.8.
2.2.3. 3-(5-Bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6(5-(phenanthren-2-yl)thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,
4(2H,5H)-dione (P–DPP-Br)
P–DPP (225 mg, 0.321 mmol) and N-bromosuccinimide
(57 mg, 0.321 mmol) were dissolved into chloroform
(20 mL) in a two-neck round ﬂask under argon protection.
The mixture was protected from light and stirred at room
temperature for 2 h. The solvent was removed off by rotary
evaporation and the residue was passed through a ﬂash silica gel column with PE-DCM (V/V, 4:1) as the eluent to give
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a red solid (261 mg, yield 84.2%). 1H NMR (CDCl3,
400 MHz), d (ppm): 9.03 (d, J = 3.8 Hz, 1H), 8.66–8.72 (m,
2H), 8.63 (d, J = 4.0 Hz, 1H), 8.16 (s, 1H), 7.89–7.93 (m,
2H), 7.78 (d, J = 2.8 Hz, 2H), 7.69–7.73 (m, 1H), 7.64 (d,
J = 4.0 Hz, 2H), 7.22 (d, J = 4.0 Hz, 1H), 4.10 (d, J = 6.8 Hz,
2H), 3.96 (d, J = 8 Hz, 2H), 1.95–1.97 (m, 1H), 1.92–1.94
(m, 1H), 1.26–1.39 (m, 16H), 0.88–0.95 (m, 12H). MALDIMS (m/z): 780.246 for [M+]. 13C NMR (100 MHz, CDCl3), d
(ppm): 10.5, 14.0, 23.1, 23.7, 28.4, 30.2, 39.2, 46.1, 107.8,
108.3, 118.4, 122.7, 123.6, 124.2, 124.7, 125.4, 126.7,
127.0, 128.0, 129.9, 130.5, 131.0, 132.2, 132.3, 134.9,
137.3, 149.9.
2.2.4. TPA–DPP
To a mixture of DPP-Br (380 mg, 0.606 mmol), TPA-BPin
(434 mg, 0.404 mmol) and Pd(PPh3)4 (68 mg) was added a
degassed mixture of toluene (15 mL), anhydrous ethanol
(5 mL) and 2 M potassium carbonate aqueous solution
(1 mL). The mixture was degassed with nitrogen ﬂow for
30 min and heated to reﬂux for 22 h under the protection
of nitrogen. After cooled to room temperature, the mixture
was poured into water (200 mL). It was extracted with
DCM (3  20 mL) and the combined organic layer was
dried over anhydrous magnesium sulfate. The solvent
was removed off by rotary evaporation and the residue
was passed through a ﬂash silica gel column with PEDCM (V/V, 3:1) as the eluent to give a red solid (493 mg,
yield 79.6%). 1H NMR (CDCl3, 400 MHz), d (ppm): 9.09 (d,
J = 3.8 Hz, 1H), 8.90 (d, J = 3.2 Hz, 1H), 7.65 (d, J = 4.4 Hz,
1H), 7.51 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 4.0 Hz, 2H), 7.14
(d, J = 8.6 Hz, 4H), 6.97 (d, J = 8.6 Hz, 2H), 6.91 (d, J =
8.8 Hz, 4H), 4.10 (d, J = 6.4 Hz, 4H), 3.99 (t, J = 6.8 Hz, 4H),
1.97–2.03 (m, 2H), 1.82–1.85 (m, 4H), 1.16–1.38 (m,
36H), 0.91–0.95 (m, 18H). MALDI-MS (m/z): 1023.614 for
[M+]. Anal. Calcd for: C64H85N3O4S2: C, 75.03; H, 8.36; N,
4.10; S, 6.26. Found: C, 74.89; H, 8.78; N, 3.89; S, 6.48.
2.2.5. TPA–DPP–P
To a mixture of DPP–P-Br (114 mg, 0.146 mmol), TPABpin (110 mg, 0.146 mmol), and Pd(PPh3)4 (5 mg) was
added a degassed mixture of toluene (15 mL), anhydrous
ethanol (5 mL) and 2 M potassium carbonate aqueous
solution (1 mL). The mixture was stirred and heated to reﬂux for 24 h under the nitrogen protection. After cooled to
room temperature, the mixture was poured into water
(200 mL). It was extracted with DCM (3  20 mL) and the
combined organic layer was dried over anhydrous magnesium sulfate. The solvent was removed off by rotary evaporation and the residue was passed through a ﬂash silica
gel column with PE-DCM (V/V, 3:1) as the eluent to give
a red solid (138 mg, yield 78.8%). 1H NMR (CDCl3,
400 MHz), d (ppm): 9.05 (d, J = 3.6 Hz, 1H), 8.98 (d,
J = 4.8 Hz, 1H), 8.67–8.70 (m, 2H), 8.17 (s, 1H), 7.95 (d,
J = 7.2 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.79–7.83 (m, 2H),
7.67–7.69 (m, 1H), 7.63 (d, J = 4.0 Hz, 2H), 7.46 (d,
J = 8.8 Hz, 2H), 7.33(d, J = 3.2 Hz, 1H), 7.09 (d, J = 8.8 Hz,
4H), 6.91 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.4 Hz, 4H), 4.09
(d, J = 20.0 Hz, 4H), 3.95 (t, J = 6.0 Hz, 4H), 1.95–1.99 (m,
2H), 1.77–1.79 (m, 4H), 1.25–1.43 (m, 36H), 0.90–0.94
(m, 18H). 13C NMR (100 MHz, CDCl3), d (ppm): 10.6, 14.1,
22.7, 23.1, 23.7, 26.1, 28.6, 28.7, 29.3, 29.4, 30.4, 30.5,
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Scheme 2. Synthetic routes for TPA–DPP, TPA–DPP–P and TPA(DPP–P)2.

31.9, 39.3, 39.4, 46.1, 107.7, 115.5, 119.6, 122.7, 122.9,
123.6, 124.4, 124.6, 124.7, 125.4, 126.8, 127.0, 127.2,
128.0, 128.7, 130.4, 132.4, 136.4, 139.9, 148.8, 149.6,
150.7, 156.1, 161.8. MALDI-MS (m/z): 1199.808 for [M+].
Anal. Calcd for C78 H93N3O4S2: C, 78.02; H, 7.81; N, 3.50;
S, 5.34. Found: C, 77.74; H, 8.38; N, 3.45; S, 5.70.
2.2.6. Tpa(DPP–P)2
To a mixture of P–DPP-Br (252 mg, 0.32 mmol), TPA2Bpin (101 mg, 0.16 mmol), and Pd(PPh3)4 (12 mg) was
added a degassed mixture of toluene (30 mL), anhydrous
ethanol (10 mL) and 2 M potassium carbonate aqueous

solution (2 mL). The mixture was stirred and heated to reﬂux for 24 h under the protection of nitrogen. After cooled
to room temperature, the mixture was poured into water
(200 mL). It was extracted with DCM (3  20 mL) and the
combined organic layer was dried over anhydrous
magne-sium sulfate. The solvent was removed off by rotary evaporation and the residue was passed through a
ﬂash silica gel column with PE-DCM (V/V, 1:1) as the eluent
to give a red solid (71 mg, yield 25.5%). 1H NMR (CDCl3,
400 MHz), d (ppm): 9.00–9.03 (m, 4H), 8.68–8.70 (m, 4H),
8.15 (s, 2H), 7.90–7.93 (m, 4H), 7.78 (s, 4H), 7.67–7.71
(m, 2H), 7.62 (d, J = 4.4 Hz, 4H), 7.56 (d, J = 8.0 Hz, 4H),
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Fig. 1. TGA plots of TPA–DPP, TPA–DPP–P and TPA(DPP–P)2 at a heating
rate of 10 °C min1 under N2 atmosphere.

Fig. 2. Cyclic voltammograms of TPA–DPP, TPA–DPP–P and TPA(DPP–P)2
ﬁlms on platinum electrode in 0.1 mol L1 Bu4NPF6 acetonitrile solution
at a scan rate of 100 mV s1 using ferrocene as an internal standard.

7.40 (d, J = 3.2 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.15
(s, J = 8.8 Hz, 6H), 4.49 (s, 2H), 4.10 (d, J = 14.2 Hz, 8H),
3.53 (t, J = 6.4 Hz, 2H), 1.93–1.20 (m, 4H), 1.64–1.67 (m,
2H), 1.30–1.40 (m, 42H), 0.87–0.95 (m, 27H). MALDI-MS
(m/z): 1784.800 for [M+]. Anal. Calcd for C114H123N5O5S4
C, 77.29; H, 7.00; N, 3.95; S, 7.24. Found: C, 76.604; H,
7.27; N, 4.10; S, 6.75.

compounds were given in the Experimental Section. Their
structures were conﬁrmed and were consistent with
molecular formulas by 1H NMR, 13C NMR, MALDI-TOF (matrix-assisted laser desorption/ionization-time of ﬂight)
mass spectroscopy and elemental analysis.
The thermogravimetric analyses (TGA) curves of TPA–
DPP–P, TPA(DPP–P)2 and TPA–DPP were depicted in Fig. 1
under N2 atmosphere and the corresponding data were
summarized in Table 1. The decomposition temperature
(Td) level of 402 °C for TPA–DPP, 408 °C for TPA–DPP–P
and 384 °C for TPA(DPP–P)2 were observed at a 5% weight
loss under N2 protection, respectively. It means that three
small molecules here have high thermal stability. However, compared to TPA–DPP–P, the TPA(DPP–P)2 with symmetrical structure exhibited a little descending Td level.

3. Results and discussion
3.1. Synthesis and thermal property
As shown in Scheme 2 and 2-(phenanthren-2-yl)-4,
4,5,5-tetramethyl-1,3,2-dioxaborolane (P-BPin) was prepared by a one-pot reaction between 2-bromophenanthrene and bis-(pinacolato)diboron under catalyzation of
PdCl2(dppf) with a high yield of 89.1%. 2,5-bis(2-ethylhexyl)-3-[5-(phenanthren-2-yl)-2-thio-phenyl]-6-(thiophen-2-yl)pyrrolo-[3,4-c]pyrrole-1,4(2H,5H)-dione (P-DPP)
was synthesized by a common Suzuki coupling reaction
using Pd(PPh3)4 as catalyst with a yield 80.3%. 3-(5-bromothiophen-2-yl)-2,5-bis-(2-ethylhexyl)-6-[5-(phenanthren2-yl)thiophen-2-yl] pyrrolo[3,4-c]pyrrole-1,4 (2H,5H)-dione
(P-DPP-Br) was prepared by a direct substituted reaction
of P-DPP and N-bromosuccinimide (NBS) in chloroform
solution under dark condition with a yield of 84.2%. TPA–
DPP–P, TPA(DPP–P)2 and TPA–DPP were also prepared by
the Suzuki coupling reaction, in which TPA(DPP–P)2 exhibited a lower yield owing to the increasing steric hindrance.
The details of synthesis and characterization for these

3.2. Electrochemical properties
The cyclic voltammetry (CV) curves of the TPA–DPP–P,
TPA (DPP–P)2 and TPA–DPP ﬁlms coated on a platinum
electrode are shown in Fig. 2. The empirical equations of
EHOMO = (Eox + 4.35) eV and ELUMO = (Ered + 4.35) eV
were applied to estimate the highest occupied and lowest
unoccupied molecular orbital energy levels (EHOMO and
ELUMO) by using the onset of oxidation/reduction potentials
(Eox/Ered). Their electrochemical data were summarized in
Table 1. The redox waves were observed with a tardily
increasing Eox value in the range of 0.63–0.68 V and a

Table 1
Electrochemical and thermal parameters for TPA–DPP, TPA–DPP–P and TPA(DPP–P)2.

a

Compounds

Eox/Va

Ered/Va

EHOMO/eVb

ELUMO/eVb

Ecv
g /eV

Td/°C

TPA–DPP
TPA–DPP–P
TPA(DPP–P)2

0.63
0.63
0.68

0.87
0.89
0.90

4.98
4.98
5.03

3.48
3.46
3.45

1.50
1.52
1.58

402
408
384

Onset oxidation and reduction potentials measured by cyclic voltammetry in solid ﬁlms.
EHOMO = [(Eox0.45)4.8] eV, ELUMO = [(Ered0.45)4.8] eV, where 0.45 V is the value for ferrocene vs. Ag/Ag+ and 4.8 eV is the energy level of
ferrocene below the vacuum.
b
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slowly decreasing Ered value in the range of 0.87 to
0.90 V from TPA–DPP to TPA–DPP–P, then to TPA (DPP–
P)2. It implies that appending the planar P terminal unit
and incorporating additional electron-withdrawing DPP–
P arm into TPA–DPP can decrease the reduction potential
and increase oxidation potential to some extent. Compared
to EHOMO/ELUMO values of 4.98/3.48, 4.98/3.46 and
5.03/3.45 eV respectively for TPA–DPP, TPA–DPP–P
and TPA(DPP–P)2, the last liner-shaped TPA(DPP–P)2 molecule showed more matched energy levels with the acceptor material of PC71BM in the photoactive layer. It means
that TPA(DPP–P)2 is a potential candidate for electron donor material in OSCs. Therefore, appending the planar P
terminal and incorporating additional DPP–P arm into
TPA–DPP can slightly tune the energy levels to match well
with acceptor material of PC71BM for their resulting
molecules.
3.3. Optical properties
The UV–vis absorption spectra of TPA–DPP–P,
TPA(DPP–P)2 and TPA–DPP in DCM solution and in their
neat ﬁlms are shown in Fig. 3a. Their corresponding
absorption data are listed in Table 2. The intense longwavelength absorption peaks at 587 nm, 630 nm and
630 nm are respectively observed for TPA–DPP, TPA–
DPP–P and TPA(DPP–P)2 in DCM solution. Compared to
TPA–DPP, both TPA–DPP–P and TPA(DPP–P)2 exhibited
43 nm bathochromic absorption peaks and remarkably
increasing molar extinction coefﬁcients (e) in the low-energy region. The maximum e value of 1.17  105 M1 cm1
was observed for TPA(DPP–P)2, which is 1.89 and 2.25
times higher than those of TPA–DPP–P and TPA–DPP,
respectively. The increased absorption from TPA–DPP to
TPA–DPP–P is due to the enlarged p-system of the P terminal and also possible planar conformation. The further enhanced absorption from TPA–DPP–P to TPA(DPP–P)2
should be resulted from the additional p-system of the
DPP–P arm. It means that appending an enlarged p-system
of the planar P terminal and incorporating additional DPP–
P arm onto TPA–DPP are beneﬁcial to increase the oscillator strength of the intramolecular charge transfer (ICT)
transition and the absorption intensity. Compared with
their dilute solutions in DCM, the corresponding spincoated thin ﬁlms exhibited 15–44 nm red-shifted absorption proﬁle, respectively. Furthermore, similar increased
absorptivities were also observed from TPA–DPP to TPA–
DPP–P and TPA(DPP–P)2 in their neat ﬁlms. At 601 nm in
the ﬁlms, TPA(DPP–P)2 displayed a maximum absorption
coefﬁcient of 9.2  104 cm1, which is 1.19 and 1.66 times
higher than those values of TPA–DPP–P and TPA–DPP,
respectively. The red-shift of the lowest vibronic band in
the solid state should originate from strong intermolecular
p–p interaction. The maximum absorption peak at 674 nm
with 44 nm red-shift related to that in solution was observed for TPA–DPP–P rather than TPA(DPP–P)2, indicating
that TPA–DPP–P has better planar conformation than TPA
(DPP–P)2.
Based on the onset of ﬁlm absorption proﬁles, the optical bandgaps ðEopt
g Þ of TPA–DPP, TAP–DPP–P and TPA(DPP–
P)2 were calculated to be 1.85 eV, 1.72 eV and 1.73 eV,

Fig. 3. UV–vis absorption spectra of TPA–DPP, TPA–DPP–P and TPA(DPP–
P)2 in DCM and in the neat ﬁlms (a) and as well as in their blend ﬁlms
with PC71BM at an optimized ratio of 1:2 (b).

respectively. A broad absorption range, a low bandgap
and intense absorption are suggested to be in favor of
light-harvesting for these donor materials in OSCs. Fig. 3b
shows the UV–vis absorption spectra of the blend ﬁlms
between one of these small molecules and PC71BM at an
optimized ratio of 1:2. The gradually increased absorption
intensity was also observed from the TPA–DPP/PC71BM
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Table 2
UV–vis data of TPA–DPP, TPA–DPP–P and TPA(DPP–P)2 in dichloromethane solution ([c] = 105 mol L1) and in their neat ﬁlms.

a
b
c
d

Compounds

kabs,sol/nma, (e  105/M1 cm1)

kabs,ﬁlm/nmb, (104 cm1)

konset,ﬁlm/nmc

d
Eopt
g,ﬁlm/eV

TPA–DPP
TPA–DPP–P
TPA(DPP–P)2

345 (0.21); 587 (0.52)
350 (0.34); 630 (0.62)
353 (0.58); 630 (1.17)

352 (3.01), 580 (5.88)
361 (5.54), 578 (7.82)
352 (6.23), 601 (9.20)

669
723
716

1.85
1.72
1.73

In dilute dichloromethane.
Spin-coated ﬁlm from dichloromethane solutions.
Onset ﬁlm absorption in long-wavelength region.
Optical bandgaps determined based on equation Eopt
g,ﬁlm = 1240/konset,ﬁlm.

Fig. 4. J–V characteristics of the small moleculers/PC71BM-based solar
cells at an optimized ratio of 1:2 (W/W) under illumination of AM 1.5G,
100 mW cm2.

Fig. 5. External quantum efﬁciency curves of the optimized small
moleculers/PC71BM-based devices.

Table 3
Photovoltaic parameters of the small moleculers/PC71BM-based solar cells
at an optimized ratio of 1:2 (W/W) and different thicknesses of the
photoactive layer under illumination of AM 1.5G, 100 mW cm2.
Donor

Thicknesses/nm Jsc/mA cm2 Voc/V FF/% PCEmax/%

TPA–DPP

75
90
105

1.14
1.86
1.12

0.68
0.69
0.68

39
39
34

0.30
0.39
0.26

TPA–DPP–P

82
90
95

5.44
5.59
5.48

0.74
0.73
0.74

35
37
36

1.39
1.50
1.45

TPA(DPP–P)2

85
95
106

8.72
9.24
7.57

0.78
0.78
0.78

47
48
46

3.22
3.42
2.72

blend to the TPA–DPP–P/PC71BM blend and the TPA(DPP–
P)2/PC71BM blend. It implies that pending enlarged p-system of the planar P terminal and incorporating additional
the DPP–P arm onto TPA–DPP can play better role in
enhancing the absorption property for its resulting small
molecules.
3.4. Photovoltaic properties
The solar cells with a conﬁguration of ITO/PEDOT:PSS(30 nm)/active layer/Ca(10 nm)/Al(100 nm) were
made and evaluated under simulated air mass 1.5 global
(AM 1.5G, 100 mW cm2) irradiation. The active layer

Fig. 6. J–V characteristics of the optimized hole-only TPA–DPP, TPA–DPP–
P and TPA(DPP–P)2 devices.

consisted of the donor of TPA(DPP–P)2 (or TPA–DPP–P or
TPA–DPP) and the acceptor of PC61BM (or PC71BM). The
device area was 0.1 cm2, as deﬁned by a shadow mask.
To obtain the optimized ratio between the donor and the
acceptor in active layer, the photovoltaic performance of
the TPA–(DPP–P)2/PC61BM-based solar cells were ﬁrstly
explored with various ratios from 1:1 to 1:4 (W/W).
Fig. S1 shows the recorded current density–voltage (J–V)
characteristics of the TPA(DPP–P)2/PC61BM-based cells
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Fig. 7. AFM height images TPA–DPP:PC71BM (a), TPA–DPP–P:PC71BM (b) and TPA(DPP–P)2:PC71BM (c); phase images TPA–DPP:PC71BM (d) TPA–DPP–
P:PC71BM (e) and TPA(DPP–P)2:PC71BM (f) blending ﬁlms on glass/ITO/PEDOT:PSS substrates.

and the corresponding photovoltaic data were summarized
in Table S1 under AM 1.5G illumination. The device in the
optimized ratio of 1:2 (W/W) between one of these small
molecules and PC71BM exhibited the best photovoltaic
performance.
In order to understand the inﬂuence of thicknesses of
the photoactive layer on the photovoltaic properties, the
current density–voltage (J–V) characteristics of the TPA–
(DPP–P)2,- and TPA–DPP-based PC71BM devices at different
thicknesses shown in Figs. S2 and S3, respectively. An optimized ratio of 1:2 (W/W) between one of these small molecules and PC71BM, as well as thickness of 95–90 nm were
obtained for these small molecules-based devices. In the
optimized condition, the donor/PC71BM-based devices
exhibited signiﬁcantly different photovoltaic performances. Fig. 4 shows the J–V characteristics of the optimized donor/PC71BM-based cells under simulated AM
1.5G illumination. Device parameters, such as Jsc, Voc, FF
and PCE were deduced from the J–V characteristics and
summarized in Table 3.
It is clear that the optimized TPA(DPP–P)2/PC71BMbased device exhibited the best photovoltaic properties
among these donor/PC71BM-based devices. The maximal
PCE of 3.42% with a Voc of 0.78 V, a Jsc of 9.24 mA cm2
and a FF of 48.0% was obtained in the TPA(DPP–P)2/PC71-

BM-based device. The PCE and Jsc values here were 2.27
and 1.65 times higher than those values in the optimized
TPA–DPP–P/PC71BM-based device, further 8.76 and 4.97
times higher than the corresponding values in the
optimized TPA–DPP/PC71BM-based device, respectively.
The increased PCE and Jsc values from TPA–DPP to
TPA–DPP–P in the BHJ OSCs indicate that appending the
planar P p-system into the small molecule is feasible to
markedly improve photovoltaic properties of its derivative
molecules. The further increased PCE and Jsc values from
TPA–DPP–P to TPA(DPP–P)2 in the cells demonstrate that
incorporating additional DPP–P arm unit into the small
molecules can further improve photovoltaic properties of
its derivative molecules.
In order to understand why the donor/PC71BM-based
devices presented difference photovoltaic properties, we
measured the relevant external quantum efﬁciency (EQE)
of these optimized devices and charge transport property
of the photoactive layers. Figs. 5 and 6 show EQE curves
of these optimized devices and the J–V characteristics of
the optimized hole-only donor/PC71BM-based devices with
a conﬁguration of ITO/PEDOT:PSS (40 nm)/active layer
(130 nm)/Ca (10 nm)/Al (100 nm), respectively. We note
that all spectral response ranges of EQEs are almost identical from 300 to 800 nm, which are consistent with the
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optical absorption proﬁle in Fig. 3b. However, the observed
EQE data are signiﬁcantly different for the three optimized
devices. The maximum EQE of 13% at 581 nm, 22% at
610 nm and 40.4% at 616 nm are exhibited in the TPA–
DPP-, TPA–DPP–P- and TPA(DPP–P)2 -based device, respectively. Here, the Jsc values integrated from the EQE values
are 1.74, 4.99 and 7.91 mA cm2 in sequence for these devices, which present around 10% mismatch compared to
the corresponding Jsc from the J–V measurement. The highest EQE value observed in the TPA(DPP–P)2/PC71BM device
implies that introducing additional DPP–P arm into TPA–
DPP–P can act as extra light harvesting antennae to enhance light harvesting ability. The highest EQE level and
most intense absorption is available to powerfully facilitate the TPA(DPP–P)2/PC71BM device to provide a highest
Jsc value.
On the other hand, it is found that the hole mobility (lh)
is gradually increased in a range of 1.09  105–
1.52  104 cm2 V1 s1 from the TPA–DPP-device to the
TPA–DPP–P- and TPA(DPP–P)2-based devices as well,
which is extracted by space-charge-limited-current (SCLC)
model and listed in Table 3 based on the J–V characteristics
in Fig. 6. Obvious improvement in hole mobility is also
exhibited when TPA–DPP is replaced by TPA–DPP–P or
TPA(DPP–P)2 as donor in the optimized hole-only devices.
The increasing hole mobility is responsible for the improved FF value in the optimized TPA(DPP–P)2/PC71BM
device.

P terminal were obtained. Both D–A–Ar-type molecules
exhibited better photophysical and photovoltaic performances than the parent D–A-type molecule of TPA–DPP
in the solution-processed BHJ-OSCs. The highest PCE of
3.42% was exhibited in the optimized TPA(DPP–P)2/PC71BM
device with a Jsc of 9.24 mA cm2, a Voc of 0.78 V and a FF of
48% under simulated AM 1.5G (100 mW cm2) irradiation.
These results demonstrate that the constructed D–A–Ar-type
small molecule is efﬁcient strategy to improve the photophysical and photovoltaic performances for the small
molecules.

3.5. Film morphology

Appendix A. Supplementary material

The morphology of these small molecules/PC71BM
blend ﬁlms were investigated by atomic force microscopy
(AFM). All blend ﬁlms were prepared by spin-coating their
CHCl3 solution on the top of the PEDOT:PSS layer of ITO
glass. Fig. 7 shows the tapping-mode AFM images of these
blended ﬁlms. The isolated spherical domains with approximate sizes of 8–13, 10–18 and 15–20 nm are estimated in
the TPA–DPP/, TPA–DPP–P/ and TPA(DPP–P)2/PC71BM
blend ﬁlms, respectively. It means that the TPA–DPP–P/
and TPA(DPP–P)2/PC71BM blend ﬁlms exhibited more
proper isolated spherical domains than TPA–DPP/PC71BM
blend ﬁlm for the efﬁcient exciton diffusion. Furthermore,
the surface roughnesses of 0.357, 0.380 and 0.419 nm are
presented in the TPA(DPP–P)2-, TPA–DPP–P- and TPA–
DPP-based blend ﬁlms, respectively. It indicates that these
blend ﬁlm exhibited good surface morphology. In general,
suitable isolated spherical domains in size and good surface morphology would lead to higher exciton dissociation
efﬁciency and thus improve device performance. Therefore, the highest Jsc and PCE values displayed in the
TPA(DPP–P)2-based device should be ascribed to the efﬁcient charge transport and good surface morphology, as
well as the stronger absorption among the three molecules-based solar cells.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.orgel.2014.03.011.

4. Conclusion
Two novel D–A–Ar-type small molecules of TPA–DPP–P
and TPA(DPP–P)2 with the enlarged p-system of the planar
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