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ABSTRACT
A series of small-molecules (SMs) based on coplanar perylene unit
coupled with diketopyrrolopyrrole chromophoric core exhibit broad
absorption in the range of 500–800 nm and low bandgap energise of
1.6–1.7 eV. The power conversion efficiency approximately reach at 0.4%
under 1.5 G illumination is achieved for organic solar cells based on a
small-molecule bulk heterojunction system consisting of SMs as a donor
and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as an acceptor.

1. Introduction

Bulk hetero-junction (BHJ) organic solar cells (OSCs) based on low band gap π-conjugated
polymers as a donor and fullerene derivatives as an acceptor have been intensively researched
in recent years for developing and renewable clean energy [1–3]. Compare to the polymer
solar cells (PSCs), small-molecule (SM)-based OSCs have made vast studies as polymeric
counterparts, offering several unique advantages such as well-defined structure, monodis-
persity, easy purification, and better reproducibility [4, 5]. Even through tremendous high
performance SM OSCs have been reported, the number of results are still lower than PSCs.
The main problems of small-molecular system are relatively narrower absorption ability and
poor film quality than polymeric system. To overcome these problems, well-reorganizing
donor (D)-π-acceptor (A)-π-D or A-π-D-π-A core frameworks-based SMs with coplanar
structures have been proposed and reported for SM OSCs with high performance approach-
ing PSCs [6, 7]. Recently, diketopyrrolopyrrole (DPP) derivatives have been focused on effi-
cient electron deficient unit in small-molecular systems, due to well conjugated rigid and
coplanar backbone with electron withdrawing effect [8]. Especially, coplanar electron rich
units, including benzofuran, benzene, and pyrene units coupled with central DPP chro-
mophoric core-based SMs show high performances [9–11]. In this research, we describe the
design, optoelectronic and photovoltaic properties of low bandgapπ-conjugatedD-π-A-π-D
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Scheme . Synthesis of small-molecules (DPPPe and DPPTPe).

type SMs (Scheme 1), 2,5-bis-(2-octyl-dodecyl)-3,6-bis-(5-perylen-3-yl-thiophen-2-yl)-2,5-
dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPPPe) and 2,5-bis-(2-octyl-dodecyl)-3,6-bis-(5-
perylen-3-ylethynyl-thiophen-2-yl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPPTPe).
In DPPTPe, electron rich ethynyl group were introduced inter-thienyl and Pe units for giving
the more improved absorption ability into small-molecular backbone.

2. Experimental

2.1. Synthesis of 2,5-Bis-(2-octyl-tetradecyl)-3,6-bis-(5-perylen-3-yl-thiophen-2-yl)-
2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPPPe) (3a)

To a mixture of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (1)[12] (0.24 g, 0.24 mmol) and 4,4,5,5-tetramethyl-2-perylen-
3-yl-[1,3,2]dioxaborolane (2a)[13] (0.19 g, 0.51 mmol) in dry toluene (5 mL) was added
Pd(PPh3)4 (13.9 mg, 12.0 μmol). The mixture was stirred for 10 min at 90°C. Tetraethylam-
monium hydroxide solution (TEA, 0.7 mL, 20 wt.% in water, 1.0 mmol) was then added, and
themixture was stirred for 6 h under reflux condition. After cooling to room temperature, the
reaction mixture was poured into water and then extracted with chloroform. The combined
organic layers were washed with water and dried over anhydrous MgSO4. After filtration
and evaporation, the product was purified by silica gel column chromatography (eluent:
chloroform), recrystallized from chloroform/methanol, and dried under vacuum to afford 3a
as a dark green solid (yield = 0.26 g, 76%). MS: [M+],m/z 1417. 1HNMR (400 MHz, CDCl3,
ppm): δ 9.12–9.11 (d, J = 4.04 Hz, 2H), 8.23–8.10 (m, 10H), 7.69–7.67 (d, J = 8.04 Hz, 4H),
7.56–7.57 (d, J = 7.68 Hz, 2H), 7.53–7.46 (m, 8H), 4.10–4.07 (d, J = 7.68 Hz, 4H), 1.23–1.19
(m, 70H), 0.87–0.85 (m, 16H), C98H116N2O2S2: C, 83.00; H, 8.24; N, 1.98; O, 2.26; S, 4.52.
Found: C, 83.01; H, 8.21; N, 1.96; O, 2.25; S, 4.51.

2.2. Synthesis of 2,5-Bis-(2-octyl-dodecyl)-3,6-bis-(5-perylen-3-ylethynyl-thiophen-2-
yl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (PPTPe) (3b)

To a stirred solution of 1 (0.13 g, 0.13 mmol) in diisopropylamine (DIPA):toluene blending
solution (15 mL, 1:2, v/v) was added dry toluene (5 mL) was added Pd(PPh3)2Cl2 (7.5 mg,
10 μmol) and cupper iodide (CuI, 2.0 mg, 10.0 μmol) at room temperature. The mixture
was allowed to react for 30 min at room temperature. 3-Ethynyl-perylene (2b)[14] (0.25 g,
0.91mmol) was then added, and themixture was stirred for 6 h at 60 °C. After cooling to room
temperature, the reactionmixture was poured into water and then extracted with chloroform.
The combined organic layers were washedwithwater and dried over anhydrousMgSO4. After
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Figure . (a) UV/vis spectra of the small-molecule in thin films and (b) cyclic voltammograms of the small-
molecules.

filtration and evaporation, the product was purified by silica gel column chromatography
(eluent: chloroform), recrystallized from chloroform/methanol, and dried under vacuum to
afford 3b as a dark violet solid (yield= 0.13 g, 69%).MS: [M+],m/z 1410. 1HNMR (400MHz,
CDCl3, ppm): δ 8.91–8.90 (d,J= 4.04Hz, 2H), 8.20–8.18 (d, J= 7.32Hz, 2H), 8.15–8.13 (d,J=
8.44 Hz, 2H), 8.10–8.08 (d, J = 7.36 Hz, 2H), 8.05–8.03 (d, J = 8.4 Hz, 2H), 7.66–7.62 (t, J =
8.43 Hz, 8H), 7.59–7.55 (t, J = 7.88 Hz, 2H), 7.44–7.41 (m, 6H), 4.02–4.00 (d, J = 7.32 Hz,
4H), 1.24–1.20 (m, 58H), 0.84–0.81 (m, 20H). Anal. Calcd. for C98H108N2O2S2: C, 83.48; H,
7.72; N, 1.99; O, 2.27; S, 4.55. Found: C, 83.46; H, 7.71; N, 1.97; O, 2.25; S, 4.53.

3. Results and discussion

DPPPe and DPPTPe were synthesized from DPP precursor (1) and perylene (Pe) with or
without ethynyl group, as shown in Scheme 1. SMs are soluble in organic solvents owing to
their multiple solubilizing alkyl chain into DPP central core. Glass transition temperature of
DPPPe and DPPTPe showed at 101 and 110°C, respectively. Melting behavior of DPPPe and
DPPTPe appeared at 140 and 151°C, respectively. However, both materials did not show any
crystallization behavior up to 200°C.

To investigate the optical properties of SMs, UV/vis absorption spectra and cyclic voltam-
metry (CV)[15] have been measured, and depicted in Figure 1. The UV-Vis absorption spec-
trum of DPPPe film shows broad absorption with a maximum absorption (λmax) at 605 nm,
as a result of strong intramolecular charge transfer (ICT). In DPPTPe film also shows broad
absorption and red-shifted spectrum with the λmax at 636. In addition, a vibronic shoulder
peak at 697 nmwas observed, which indicates strongerπ-πstacking betweenmolecular back-
bones attributed to existence of triple bonded ethynyl group between DPP and Pe backbones
[16]. Compared to DPPPe with single bonding inter-thienyl and Pe units, ethynyl group with
strong electron donating property in DPPTPe are caused by improving the ICT ability and
having a more coplanar structures. The optical band gaps of DPPPe and DPPTPe are esti-
mated to be 1.7 and 1.6 eV, respectably, from the absorption edge. The HOMO energies of
SMs were calculated from the measured onset potential of oxidation by assuming the energy
level of ferroccene (Fc) as − 4.8 eV by CV and figured out from the oxidation onset poten-
tials of DPPPe and DPPTPe was – 5.2 eV (Figure 1b). The LUMO energy levels of DPPPe
(– 3.5 eV) and DPPTPe (– 3.6 eV) were estimated from the HOMO energy level and the
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Figure . (a) Current density-voltage (J-V) characteristics under one sun illumination and (b) energy diagram
for solar cells based on SM:PCBM (:, w/w) BHJ blends.

optical band gap energy. Energy level diagram of SM-based OSC are shown in Figure 2b, and
SMs could be applied to BHJ OSCs as the donor, due to higher LUMO energy values above
0.3 eV than the that of PC61BM [17].

Solution-processed BHJ OSCs were fabricated using SMs as the donor and PC61BM as
the electron acceptor with a device structure of ITO/PEDOT:PSS/SM:PC61BM/Al. Figure 2a
shows the current density-voltage (J-V) characteristics of the optimized BHJ OSCs based on
SM:PC61BM (1:2, w/w) blend. The DPPP:PC61BM blend-based OSCs showed the power con-
version efficiency (PCE) of 0.41% with a short-circuit current density (Jsc) of – 2.24 mA/cm2,
Voc of 0.72 V, and fill factor (FF) of 0.26. In the DPPTPe:PC61BM blend-based OSCs showed
similar performance with a Jsc of – 2.42 mA/cm2, Voc of 0.60 V, and FF of 0.40 yielding a
PCE of 0.43%. Thermal and solvent annealing also additive technique were tried to improve
the device performance, but any improvement of PCEs could not be observed. Despite the
linkage between DPP and Pe units with coplanar structures, branched octyldodecyl chain in
DPP central core seems to prevent the well-ordered orientation, due to amorphous charac-
teristics, and thus SMs are unable to an appropriate chromophore packing structure after any
treatments.

4. Conclusions

We have synthesized and characterized a series of diketopyrrolopyrrole and perylene-based
small-molecules (SMs). The SMs show broad absorption in the range of 500–800 nm and low
bandgap energise of 1.6–1.7 eV, as a result of intermolecular charge transfer. DPPTPe with
ethynyl group shows broader absorption characteristic than DPPPe without ethynyl group.
The use of these molecules as donors has been demonstrated in solution-processed organic
solar cells with PC61BM as the acceptor. The photovoltaic performances approximaterly 0.4%
is achieved for OSCs based on a bulk-hetero-junction system consisting of SMs as the donor
and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as an acceptor.
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