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ABSTRACT: In this report, an atom efficient and facile
synthetic strategy for accessing multi-diketopyrrolopyrrole
(DPP)-based oligomers used in solution-processed organic
field effect transistors (OFETs) and organic solar cells (OSCs)
has been developed. The DPP units were successfully installed
onto benzene and pyrene cores via palladium-catalyzed
dehydrohalogenative coupling of mono-capped DPPs with
multi-bromo-benzene or -pyrene (direct arylation), affording
four oligomer small molecules (SMs 1−4) containing bis-, tri-,
tri-, and tetra-DPP, respectively, in high yields of 78−96%. All the designed linear or branched DPP-based oligomers exhibit
broad light absorptions, narrow band-gaps (1.60−1.73 eV), deep highest occupied molecular orbital (HOMO) levels (−5.26 ∼
−5.18 eV), and good thermal stability (Td = 390−401 °C). OFETs based on SMs 1−4 showed hole mobilities of 0.0033, 0.0056,
0.0005, and 0.0026 cm2 V−1 s−1, respectively. OSCs based on SMs 1−4 under one sun achieved power conversion efficiencies of
3.00%, 3.71%, 2.47%, and 1.86% accordingly, along with high open-circuit voltages of 0.86−0.94 V. For OSC devices of SM 1,
SM 3, and SM 4, the solvent CHCl3 was solely employed to the formation of active layers; neither high boiling point additives
nor annealing post-treatment was needed. Such a simple process benefits the large-scale production of OSCs via roll to roll
technology.

KEYWORDS: solution-processed small molecules, diketopyrrolopyrrole, pyrene, direct arylation, organic field effect transistors,
organic solar cells

1. INTRODUCTION

In recent years, oligomers and small molecule organic
semiconductors for organic solar cells (OSCs) have received
great attention, because of their merits of well-defined
molecular structure, definite molecular weight, high mobility
and open circuit voltage, and high purity with little batch to
batch variations.1−6 Diketopyrrolopyrrole (DPP) chromophore
has been extensively explored for organic optoelectronic
applications due to its unique π-conjugated system, high optical
density, and exceptional stability.7−10 DPP-based oligomers or
small molecules (SM) are widely used for OSCs,11−31 organic
field effect transistors (OFETs),32−35 dye-sensitized solar
cells,36−38 chemical sensors,39−41 etc. Besides linear DPP
derivatives, DPP-based branched oligomers used for OSCs
have also been intensively studied very recently.3,15,20,24,42 DPP
derivatives are usually synthesized via Suzuki, Stille, or Negishi
cross-coupling reactions.11−29,43 Nevertheless, palladium-cata-
lyzed dehydrohalogenative coupling of heteroarenes with aryl
halides (known as direct arylation, DA), which does not need
organometallic reactants, has emerged as an atomically efficient
and viable alternative to these classical cross-coupling

reactions.44−52 Taking into account the cost of materials that
are used for devices, developing atom efficient, green, and cost-
effective synthetic approaches to π-conjugated (macro)
molecules will be highly desirable for the large-scale production
of these materials for optoelectronic applications.46,53,54 Very
recently, our group and others have demonstrated that the α-
C−H bonds of thiophene−DPPs can be directly arylated by
aryl bromides under palladium catalysis, leading to various DPP
derivatives.55−57 Inspired by our previous results,55,58 we
developed herein an effective strategy for the synthesis of
structurally complicated multi-DPPs based on the DA reaction
of multi-bromo-arenes with mono-capped DPPs. It is
worthwhile to explore the new strategy for accessing multi-
DPP based oligomers, because multi-DPPs are suggested to
perform better than mono-DPPs and bis-DPPs, for OSCs.22

Polycyclic aromatic pyrene has acted herein as a partner to
integrate with DPP. Pyrene is one of the most frequently
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applied building blocks in fluorescence labeled materials.59,60

Pyrene-based derivatives have also been used as active
components in electronic devices such as organic light emitting
diodes,61−68OFETs,69 and, more recently, OSCs.70,71 Structur-
ally, there are 10 positions surrounding the rings of pyrene,
which can be potentially bonded to functional groups, leading
to multi-functionalized pyrenes. Conventionally, multiaryl
functionalized pyrenes are synthesized via Suzuki or Stille
cross-coupling of arylboronic acids or aryl-stannanes with
multi-bromo-pyrene.61−67,69−71 To the best of our knowledge,
there have been no examples of the application of DA reaction
to multi-functionalized pyrene synthesis, although it would be a
powerful method for the construction of the pyrene-based
materials. In this study, chromophoric DPP and fused aromatic
pyrene have been bonded together via DA reaction. And all the
synthesized oligomers exhibit broad absorption bands from the
visible to near-infrared region, as well as appropriate frontier
energy levels, which are suitable for OSC applications. The
weak donating power and good planarity of the incorporated
pyrene were expected to enhance both open-circuit voltage
(VOC) and short-circuit current (JSC) for OSCs, due to its
deepened HOMO level71 and effective π−π stacking.21 With
these advantages in mind, the solution-processed OFETs and
the bulk heterojunction (BHJ) OSC devices based on our
DPP−pyrene-based molecules have been fully investigated. It is
noteworthy that the previous studies on DA reactions for π-
conjugated functional materials were mainly focused on the
synthetic methodology; the electronic device performances of
the functional materials derived from DA reaction have rarely
been reported.58

2. EXPERIMENTAL DETAILS
2.1. Instruments and Materials. All 1H and 13C NMR

spectra were obtained in chloroform-d, unless otherwise noted,
with Aglient 600, Bruker DMX-500, or Bruker DMX-300. 13C
NMR (126 or 76 MHz) spectra were measured with a proton-
decoupling pulse program. Chemical shifts for 1H and 13C
NMR were referenced to residual signals from CDCl3 (1H
NMR δ = 7.26 ppm and 13C NMR δ = 77.23 ppm). Matrix-
assisted laser desorption/ionizationtime of flight mass spec-
trometry (MALDI-TOF MS) was performed on a Voyager DE
STR using 2,5-dihydroxybenzoicacid or α-cyano-4-hydroxycin-
namicacid as the matrixes. Samples were prepared by diluting
the molecules in chloroform with the matrix. Elemental
analyses were conducted on a Flash EA 1112 elemental
analyzer. Thermogravimetric analysis (TGA) curves and
differential scanning calorimetry (DSC) were measured on a
WCT-2 thermal balance. UV−vis spectra were taken on a
Shimadzu UV-2450 spectrophotometer. Cyclic voltammetry
(CV) was done on a CHI 660C electrochemical workstation
with Pt disk, Pt plate, and standard 10 calomel electrode (SCE)
as working electrode, counter electrode, and reference
electrode, respectively, in a 0.1 mol L−1 tetrabutylammonium
hexafluorophosphate (Bu4NPF6) CH2Cl2 solution. Theoretical
calculations based on density functional methods have been
performed for compounds SMs 1−4 with the Gaussian09
program.72 Becke’s three-parameter73 gradient-corrected func-
tional (B3LYP) with 6-31G(d,p) basis was used to optimize the
geometry and to compute the electronic structure at the
minima found. The determination of the dihedral angle was
achieved using Gaussview. The X-ray diffraction (XRD)
measurement with an out-of-plane arrangement was performed
on a RIGAKU D/MAX 2550/PC rotating anode X-ray diffract

meter equipped with a Cu Kα tube and Ni filter (λ = 0.1542
nm). The current-voltage (J−V) curves were measured with
Keithley 2400 measurement source units at room temperature
in air. The photocurrent was measured under a calibrated solar
simulator (Abet 300 W) at 100 mW cm−2. Topographic images
of the films were obtained on a Veeco MultiMode atomic force
microscopy (AFM) in the tapping mode.
All starting organic compounds were purchased from

Aldrich, Alfa Aesar, Alladin, Energy chemical, or TCI and
used without further purification. The reaction medium
dimethylacetamide (DMA) was anhydrous.

2.2. Fabrication of OFETs and OSC Devices. For
OFETs, a heavily doped silicon wafer was used as the gate
electrode and substrate, with a 300 nm thermally oxidized SiO2
layer as a gate insulator modified with divinyltetramethyldisi-
loxane bis(benzocyclobutene) (BCB). The SMs 1−4 films were
cast from chloroform solution. FETs were constructed in a
bottom-gated configuration by depositing top-contact source
and drain electrodes (70 nm Au), with a channel length of 50
μm and width of 1 mm. Current−voltage characteristics of the
devices were measured in air using a Keithley 4200-SCS
semiconductor parameter analyzer. The measured capacitance
of the BCB-covered SiO2/Si substrates was 10 nF cm−2, and
this value was used for mobility calculation.
Solar cells were fabricated on glass substrates commercially

pre-coated with a layer of indium tin oxide (ITO). The
substrates were prior cleaned using detergent, deionized water,
acetone, and isopropanol consecutively for every 15 min and
then treated in an ultraviolet ozone generator for 15 min before
being spin-coated with a layer of 35 nm poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS). After baking the PEDOT:PSS in air at 140 °C
for 15 min, the substrates were transferred to a glove box. The
BHJ layer was spin-cast from a solution of small molecules and
PC61BM in chloroform at a total solid concentration of 16 mg
mL−1. The thickness of the active layer was tuned by adjusting
the concentration of the solutions and the spin-coating speed.
The poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluo-
rene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) interlayer material
was dissolved in methanol, and its solution (concentration, 2
mg mL−1) was spin-coated on top of the active layers. Then the
samples were loaded into a vacuum deposition chamber
(background pressure ≈ 5 × 10−4 Pa) to deposit 120 nm
thick aluminum cathode with a shadow mask (device area of 4
mm2).
The current−voltage (I−V) curves were measured with

Keithley 2400 measurement source units at room temperature
in air. The photocurrent was measured under a calibrated solar
simulator (Abet 300 W) at 100 mW cm−2, and the light
intensity was calibrated with a standard silicon photovoltaic
reference cell.

2.3. Synthetic Procedures. The general synthetic routes
toward SMs 1−4 are outlined in Scheme 1. The detailed
synthetic procedures are as follows.

1. Py2PhTh4(DPP)2 (SM 1). Py-DPP1 (330 mg, 0.35 mmol),
1,4-dibromobenzene (37.2 mg, 0.16 mmol), anhydrous K2CO3
(54.5 mg, 0.40 mmol), PivOH (4.8 mg, 0.11 mmol), and
Pd(OAc)2 (3.5 mg, 0.017 mmol) were stirred in anhydrous
DMA (5 mL) at 110 °C for 10 h under nitrogen atmosphere in
a Schlenk tube. After cooling to room temperature, the mixture
was poured into a 150 mL aqueous solution of NaCl to remove
the salts and high boiling point solvent DMA. The precipitate
was extracted with CH2Cl2 (3 × 20 mL). The combined
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organic layer was washed with distilled water. Removal of the
CH2Cl2 by rotary evaporator afforded the crude product, which
was then purified by column chromatography on silica gel using
the mixtures of CH2Cl2 and petroleum ether as eluent (2:1, v/
v) and gave a dark blue solid, SM 1 (290 mg, yield 95%).

1H NMR (600 MHz, CDCl3) δ 9.07 (d, J = 95.8 Hz, 4H),
8.52 (d, J = 9.0 Hz, 2H), 8.12 (dd, J = 78.9, 25.5 Hz, 16H),
7.80−7.31 (m, 8H), 4.08 (s, 8H), 2.04 (d, J = 34.3 Hz, 4H),
1.38 (s, 25H), 1.33−1.13 (m, 77H), 0.83 (dd, J = 31.1, 6.9 Hz,
25H).

13C NMR (151 MHz, CDCl3) δ 161.75, 148.48, 140.06,
139.57, 136.54, 133.38, 131.68, 131.47, 130.90, 130.42, 129.46,
128.96, 128.72, 128.14, 128.13, 128.12, 127.29, 126.47, 125.66,

125.42, 125.26, 125.15, 124.73, 124.48, 108.19, 32.01, 31.47,
30.24, 29.97, 29.67, 29.45, 26.49, 26.45, 22.77, 14.25.
MALDI-TOF MS (m/z): [M]+ calcd for C130H162N4O4S4,

1972.69; found, 1972.10. Elemental anal. calcd: C, 79.14; H,
8.28; N, 2.84. Found: C, 79.01; H, 8.31; N, 2.82.

2. Py2Ph2Th4(DPP)3 (SM 2). Py-DPP1 (800 mg, 0.84 mmol),
Br2-Ph-DPP (250 mg, 0.37 mmol), anhydrous K2CO3 (130
mg, 0.93 mmol), PivOH (22.8 mg, 0.25 mmol), and Pd(OAc)2
(8.4 mg, 0.04 mmol) were stirred in anhydrous DMA (5 mL) at
110 °C for 10 h under nitrogen atmosphere in a Schlenk tube.
The post-treatment of the reactions are similar to those of SM
1. The crude product was purified by column chromatography
on silica gel using the mixtures of CH2Cl2 and petroleum ether
as eluent (5:1, v/v) and gave a dark blue solid, SM 2 (850 mg,
yield 96%).

1H NMR (600 MHz, CDCl3) δ 9.18 (d, J = 90.6 Hz, 4H),
8.15 (s, 2H), 7.87 (s, 2H), 7.77-7.16 (dd, J = 210.0 Hz, 26H),
4.41- 3.19 (d, J = 93.7 Hz, 12H), 1.99 (d, J = 78.8 Hz, 6H),
1.34−0.72 (t, J = 187.3 Hz, 148H).
Due to the aggregation of SM 2 in CDCl3, the sample in

solution was below the 13C NMR detection limit. 13C NMR
signals, especially for aromatic areas, could not be observed
(Supporting Information Figure S7).
MALDI-TOF MS (m/z): [M]+ calcd. for C158H200N6O6S4,

2407.58; found, 2408.61. Elemental Anal. calcd: C, 78.82; H,
8.37; N, 3.49. Found: C, 78.63; H, 8.40; N, 3.45.

(3). Py3PhTh6(DPP)3 (SM 3). Py-DPP1 (330 mg, 0.35
mmol), 1,4-dibromobenzene (33.2 mg, 0.12 mmol), anhydrous
K2CO3 (54.5 mg, 0.40 mmol), PivOH (4.8 mg, 0.11 mmol),
and Pd(OAc)2 (3.5 mg, 0.017 mmol) were stirred in anhydrous
DMA (10 mL) at 110 °C for 10 h under nitrogen atmosphere
in a Schlenk tube. The post-treatments of the reaction are
similar to those of SM 1. The crude product was purified by
column chromatography on silica gel using the mixtures of
CH2Cl2 and petroleum ether as eluent (3:1, v/v) and gave a
blue purple solid, SM 3 (320 mg, yield 90%).

1H NMR (600 MHz, CDCl3) δ 9.13 (s, 3H), 8.91 (s, 3H),
8.44 (s, 3H), 7.93 (ddd, J = 103.1, 73.2, 30.1 Hz, 27H), 7.50 (d,
J = 20.4 Hz, 6H), 4.06 (s, 12H), 2.00 (d, J = 40.3 Hz, 6H), 1.22
(dd, J = 79.3, 42.2 Hz, 154H), 0.74 (d, J = 5.8 Hz, 38H).

13C NMR (151 MHz, CDCl3) δ 164.27, 149.76, 143.19,
141.72, 139.29, 137.78, 134.18, 133.97, 133.39, 132.93, 132.75,
131.96, 131.44, 131.25, 131.02, 130.88, 130.75, 130.68, 129.77,
129.00, 128.51, 128.21, 127.49, 127.22, 126.95, 111.41, 49.07,
40.62, 40.50, 34.53, 34.05, 32.79, 32.45, 32.26, 32.00, 29.05,
25.33, 16.76.
MALDI-TOF MS (m/z): [M]+ calcd for C192H240N6O6S6,

2925.39; found, 2925.71. Elemental Anal. calcd: C, 78.96; H,
8.28; N, 2.88. Found: C, 78.35; H, 8.30; N, 2.86.

(4). PyPh4Th8(DPP)4 (SM 4). Ph-DPP2 (440 mg, 0.74
mmol), 1,3,6,8-tetrabromopyrene (77 mg, 0.15 mmol),
anhydrous K2CO3 (100 mg, 0.74 mmol), PivOH (18.2 mg,
0.18 mmol), and Pd(OAc)2 (6.2 mg, 0.03 mmol) were stirred
in anhydrous DMA (8 mL) at 110 °C for 10 h under nitrogen
atmosphere in a Schlenk tube. The post-treatments of the
reaction are similar to those of SM 1. The crude product was
purified by column chromatography on silica gel using the
mixtures of CH2Cl2 and petroleum ether as eluent (5:1, v/v)
and gave a dark blue solid, SM 4 (301 mg, yield 78%).

1H NMR (500 MHz, CDCl3) δ 9.07 (d, J = 46.8 Hz, 8H),
8.57 (s, 4H), 8.32 (s, 2H), 7.80-7.51 (m, 12H), 7.38 (d, d, J =
38.7 Hz, 16H), 4.12 (s, 16H), 2.00 (s, 8H), 1.39-1.14 (m,
64H), 0.94−0.78 (m, 48H).

Scheme 1. Synthetic Routes of SMs 1−4
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Due to the aggregation of SM 4 in CDCl3, the sample in
solution was below the 13C NMR detection limit. 13C NMR
signals, especially for aromatic area, could not be observed
(Supporting Information Figure S9).
MALDI-TOF MS (m/z): [M]+ calcd for C160H178N8O8S8,

2597.69; found, 2598.03. Elemental Anal. calcd: C, 73.98; H,
6.91; N, 4.30. Found: C, 73.55; H, 7.00; N, 4.27.

3. RESULTS AND DISCUSSION
3.1. Synthesis. Scheme 1 shows the synthetic routes of the

four pyrene−DPP-based oligomers. The parent mono-pyrenyl
and mono-phenyl terminated DPPs, Py-DPP1 and Ph-DPP2,
were synthesized by Suzuki couplings of mono-bromo−DPPs
with pyren-1-ylboronic acid and phenylboronic acid, respec-
tively. To ensure enough solubility of the final oligomers in
common solvents, alkyl groups 2-hexyl-decyl (R1) or 2-ethyl-
hexyl (R2) were pre-installed on the nitrogen atoms of the
starting DPPs (for detailed procedures and synthetic routes for
the parent DPPs, see Supporting Information, Schemes S1 and
S2). Since one of the thiophene rings of Py-DPP1 or Ph-DPP2
is end-capped by pyrenyl or phenyl groups, the arylation of the
single remaining α-C−H bond on the other side by multi-
bromo-arenes will lead to formation of multi-DPP-substituted
arenes. This strategy should make the multi-DPPs facilely
accessible, because of the high reactivity of the thiophene α-C−
H bonds in DPPs for DA reactions.55−57As shown by reaction
[1] in Scheme 1, the DA reaction of Py-DPP1 with p-
dibromobenzene under simple and ligandless conditions, 5 mol
% Pd(OAc)2, 30 mol % pivalic acid (PivOH), 1.2 equiv K2CO3,
and anhydrous dimethylacetamide (DMA) at 110 °C for 10 h,
gave the target bis-DPP in 95% yield. The resulting linear
oligomer has two DPP units, two pyrenyl (Py) groups, four
thiophene (Th) rings, and one benzene (Ph) core and thus was
named as Py2PhTh4(DPP)2 (SM 1) accordingly. Furthermore,
the DA coupling of Py-DPP1 with p-bromobenzene-connected
DPP (Br2-Ph-DPP) under the same conditions gave a linear
tri-DPP, Py2Ph2Th4(DPP)3 (SM 2), with an excellent yield of
96%. Using similar conditions, the arylation of Py-DPP1 and
Ph-DPP2 by 1,3,5-tribromobenzene and 1,3,6,8-tetrabromo-
pyrene afforded tri- and tetra-DPP dendrimers, phenyl-centred
Py3PhTh6(DPP) 3 (SM 3 ) and py r ene - c en t r ed
PyPh4Th8(DPP)4 (SM 4), in yields of 90% and 78%,
respectively (reactions [3] and [4] in Scheme 1). As discussed
above, the bis-, tri-, and tetra-DPP units have been successfully
installed onto benzene and pyrene centres by DA reaction just
in one step, leading to SMs 1−4. In these reactions, the use of
organometallic reactants was avoided. Remarkably, even though
the reactant 1,3,6,8-tetrabromopyrene has no observable
solubility in reaction medium DMA, during the reaction it
can be consumed completely and converted effectively to the
product SM 4. This observation suggests that the α-C−H
bonds of Th-DPPs are highly reactive toward DA reaction
under present catalysis, keeping the reaction equilibrium
shifting to the right even for the little soluble aryl bromide
reactants.
3.2. Characterizations and Optical Properties. To

ensure a high purity for high performances, all SMs have
been purified two times by column chromatography followed
by re-crystallization in CH2Cl2−CH3OH mixed solvent before
being employed to characterizations and device fabrication.
These molecules have been well characterized by 1H and 13C
NMR, MALDI-TOF MS, elemental analysis, thermogravimetric
analysis (TGA), and XRD. Figure 1 shows the TGA curves of

SMs. SMs 1−4 all exhibit good thermal stability, with 5%
weight-loss temperatures (Td) at 390, 408, 399, and 401 °C
under N2 protection, respectively.

UV−vis absorption spectra and cyclic voltammetry (CV)
were applied to study the optical and electrochemical properties
of SMs 1−4. Figure 2 shows the UV−vis spectra of the four
oligomers in CHCl3 solution and as thin solid films. All SMs
exhibit broad absorption bands in the visible to near-infrared
region. The significant optical properties are listed in Table 1.
The absorption peaks of SMs 1−4 in CHCl3 solution (λmax

s)
are 629.0, 624.5, 605.5, and 598 nm, respectively, and the solid
films absorption peaks (λmax

f) shift to longer wavelengths 640.1,
671.1, 655.8, and 620.5 nm correspondingly, indicating π−π
stacking of the oligomers in solid state was more favorable than
in solutions. All spectra of thin film absorptions exhibit strong
vibronic shoulder peaks. The absorption band-edges of the cast
films (λedge

f) for SMs 1−4 shift to 761.4, 775.2, 715.2, and
751.1 nm respectively, which correspond to the optical
bandgaps (Eg

opt) of 1.63, 1.60, 1.73, and 1.65 eV. SM 2 has
the lowest bandgap, because of the enhanced intra-molecular
charge transfer from both flank pyrene−thiophene−DPPs to
the central benzene−DPP.

3.3. Electrochemical Properties. The redox behavior of
the oligomers was investigated by CV in 0.1 M solution of
TBAPF6/dichloromethane. The CVs were recorded versus the
potential of the SCE, which was calibrated by the ferrocene−
ferrocenium (Fc/Fc+) redox couple. CV curves of SMs 1−4 are
shown in Figure 3, and the electrochemical data are
summarized in Table 1. The HOMO energy levels were
calculated from the CV, and the corresponding lowest
unoccupied molecular orbital (LUMO) levels were estimated
from LUMO = HOMO + Eg

opt. All oligomers have deep
HOMO levels with an average value of ca. −5.20 eV. The
pyrene-centered DPP SM 4 owns the deepest HOMO level
(−5.26 eV), due to the butterfly-like twisted structure of the
backbone of the multi-aryl-substituted pyrene.68−70

To gain a better understanding of the structure−property
relationships, the molecular geometries and electron density
distribution were simulated using density functional theory
(DFT) (Figure 4 and Figures S10−S13, Supporting Informa-
tion). As shown in Figures 4a,b, the optimized geometries of
SMs 1 and 2 have a linear and planar structure. In contrast, due
to the large torsion angles between thiophene rings and

Figure 1. TGA curves of SMs 1−4.
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benzene or pyrene centers, SMs 3 and 4 possess a twisted and
multi-dimensional structure. Similar to the reported multi-aryl

substituted pyrenes,61−63,69 SM 4 shows a butterfly-like shape
(Figure 4d). The DFT-calculated frontier energy levels are
listed in Table 1. Generally, for SMs 1−4, the electron density
in the HOMO is delocalized on the electron donating
thiophene and pyrene units; LUMO wave functions are
localized on the electron-withdrawing DPPs. Although the
theoretically calculated HOMO−LUMO gaps (Eg

cal) are higher
than those optically obtained (Eg

opt) by ca. 0.9 eV, the results
from DFT calculation are correlated well with the results from
experimental measurement. The SM 2 has still the lowest
calculated band-gap (Eg

cal) and SM 4 has the lowest calculated
HOMOcal among the four molecules.

3.4. Molecular Stacking. To further investigate the
crystallinities and molecular orientations of the thin films of
the SMs, X-ray diffraction (XRD) analyses were performed,
because the interconnectivity of organic semiconductors, which
mainly arises from π−π interactions, plays a key role in charge
transport between adjacent (macro)molecules. Thin films of
SMs 1−4 were drop cast from CHCl3 solutions onto ITO
substrates. To gain the information about the effects of
annealing treatment on the crystallinities of SMs, both the as-
cast and the annealed thin films of SMs were subjected to XRD
measurement. The annealing temperatures are dependent on

Figure 2. Normalized UV−vis absorption spectra of SMs 1−4 in CHCl3 and thin films on quartz substrates.

Table 1. Optical and Electrochemical Properties of SMs 1−4

SMs λmax
s (nm) λmax

f (nm) λedge
f (nm) Eg

opt (eV) HOMOcv (eV) Eg
cal (eV) HOMOcal (eV)

SM1 629.0 640.1 761.4 1.63 −5.18 2.46 −5.04
SM2 624.5 671.1 775.2 1.60 −5.19 2.38 −5.07
SM3 605.5 655.8 715.2 1.73 −5.22 2.67 −5.17
SM4 598.0 620.5 751.1 1.65 −5.26 2.53 −5.18

Figure 3. Cyclic voltammograms of SMs 1−4.
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the crystallization temperatures determined by DSC (Support-
ing Information Figures S14−S17), that is, 140, 120, 100, and
180°C for SMs 1−4, respectively. Figure 5 shows the XRD
patterns of these films from SMs 1−4.
Among the as-cast films of all SMs, SM 1 and SM 2 exhibit

distinct diffraction peaks in the small angle region, with d-
spacings of 1.87 and 1.43 nm, respectively. Compared with SM
1, SM 2 owns a sharper diffraction peak in the small angle
region. This can be ascribed to the presence of a DPP unit at
the center of SM 2, leading to stronger intermolecular
interactions than SM 1 and, thus, a longer-range-ordered
crystalline structure for SM 2. Furthermore, despite that the
alkyl chains (16C) of SM 2 are more steric than those of
previously reported tri-DPPs (8C), SM 2 has a shorter d-
spacing (1.43 nm) than the reported tri-DPPs (d-spacing = 1.53

nm) having no end-groups on the flank thiophene rings.22 Such
a difference indicates that the introduction of pyrene as end-
groups effectively enhances intermolecular interactions. As a
result, the molecules can be stacked more tightly, leading to a
relatively narrower d-spacing. This observation will offer a
useful reference for the design of pyrene-containing functional
(macro)molecules. The promotion of molecular assembly by
pyrene end-group has also been evidenced in a previous
report.21 As shown in Figure 5, the annealing treatment led to
an increased sharpness for the diffraction peak of SM 1, and an
additional diffraction peak (d-spacing = 1.82 nm) for SM 2,
indicating the crystallinities of SM 1 and SM 2 were improved
after annealing treatment. In contrast to SM 1 and SM 2, no
clear diffraction peaks among 2θ of 3−20° were observed for
the as-cast films of SM 3 and SM 4. It was found that the

Figure 4. Optimized geometries obtained by DFT calculations (a) SM1, (b) SM 2, (c) SM 3, and (d) SM 4.
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annealing treatment has no observable effects on the
crystallinities of SM 3 and 4 (Figure 5). The twisted structures
of SM 3 and SM 4, as predicated by DFT calculations, might
hinder the lamella stacking among molecules.
The results of XRD analysis for SMs 1−4 were further

supported by DSC measurements. As shown in Figures S14−
S17 (Supporting Information), all compounds exhibit endo-
thermic peaks during the cooling scan. The enthalpies for SMs
1−4 are found to be 34.74, 21.96, 1.03, and 12.83 J/g,
respectively. The enthalpies of SMs 1 and 2 are higher than
those of SMs 3 and 4, implying stronger intermolecular
interaction and higher crystallinity for the former two, which is
in accordance with the XRD findings.
3.5. OFET Performances. Field effect transistors (FETs)

were constructed in the bottom-gate and top-contact
configuration,with channel length of 50 μm and width of 1
mm. An average charge transport performance of 15 devices for
each molecule was summarized in Table 2. For comparison
purposes, the OFETs of as-cast and annealed films for each
molecule have been independently investigated. The annealing
temperatures for SMs 1−4 were 140, 120, 100, and 180 °C,
respectively, the same as the crystallization temperature
determined by DSC (Supporting Information Figures S14−
S17). After thermal annealing, the hole mobilities of SM 1 and
SM 2 were further enhanced due to their improved
crystalinities, while thermal annealing has a negative effect on
the mobility of SM 3 and SM 4. The highest hole mobilities of
the OFETs based on SMs 1−4 were 0.0033, 0.0056, 0.0005,
and 0.0026 cm2 V−1 s−1, respectively. SM 1 and 2 possess
higher mobility than SM 3 and 4. This can be ascribed to their
higher crystalline packing efficiency, as indicated by the XRD
curves in Figure 5. Owing to the relatively high hole mobility of

SMs 1−4, efficient charge transport in the solar cells is
anticipated.

3.6. OSC Performances. Given the appropriate energy
levels, narrow optical bandgaps, broad absorptions, good
solubility, good thermal stability, and high hole mobility, the
oligomers SMs 1−4 are suitable for use as donors in solution
processed BHJ solar cells. For BHJ OSCs, the above DPP−
pyrene-based compounds and (6,6)-phenyl-C71-butyric acid
methyl ester (PC71BM) were used as electronic donors and
acceptor, respectively. OSCs of the four small molecules were
fabricated by spin-coating SMs:PC71BM blends from chloro-
form onto a clean ITO/PEDOT:PSS bottom electrode on a
glass substrate. Optimizations for the donor−acceptor blend
ratios, annealing temperatures, and additives were systemati-
cally studied. Table 3 and Figure 6 show the power conversion
efficiencies (PCEs) of SMs 1−4 under the optimized
parameters and the corresponding current density−voltage
(J−V) curves. The best PCEs for SM 1, SM 2, SM 3, and SM 4
were 3.00%, 3.71%, 2.47%, and 1.86%, respectively. For OSC
devices of SM 1, 3, and 4, employments of high boiling point
solvent additives and annealing treatments were not necessary
(Table 3). Chloroform solvent was solely applied to the active
layers formation of these three molecules. Such a simple
process benefits the large-scale production of OSCs by roll to
roll or printable technology.21 It is noteworthy that, for SM 3
and 4, annealing treatment has also a negative effect on their
OFET performances (Table 2). Among the four SMs, SM 2 has
the highest fill factor (FF) and a high VOC (0.91 V), leading to
the highest PCE of 3.71%. As discussed, SM 1 and 2 have
higher charge mobility than SM 3 and 4. In accordance with
this result, SM 1 and 2 for OSCs also performed better than
SM 3 and 4. This can be ascribed to their fine planar structures
(Figures 4a,b), which would improve the π−π stacking (Figure
5) and increase the charge mobility (Table 2). The dendritic
SM 4 gave a lowest PCE (1.86%) but a highest VOC (0.94 V)
due to its lowest HOMO level. The low JSC and FF of SM 4
could be ascribed to the limited intermolecular π−π stacking as
a result of its twisted structure.
It is well known that film morphology plays a key role in the

charge separation and charge transfer for the organic thin film
solar cells. To investigate the causes for the varied OSC
performances of SMs 1−4, the film morphologies were
measured using tapping mode AFM. Figure 7 shows the height
and phase images obtained by AFM for SMs 1−4/PC71BM
blended films prepared from their respective optimized
conditions listed in Table 3. The SM 2/PC71BM blended
film is composed of networks with defined crystallites and
phase separation with clear boundaries (Figure 7b,f).
Compared with the other SMs/PC71BM films, SM 2/
PC71BM film exhibits more distinctive morphology with
interconnected domains. These interpenetrating networks of
donors and acceptors provide interfaces for exciton dissocia-
tions and percolation pathways for charge carrier transport to

Figure 5. XRD patterns of as-cast and annealed thin films of SMs 1−4.

Table 2. OFET Performances of the As-Cast and Annealed Films for SMs 1−4a

parameters SM 1 SM 2 SM 3 SM 4

hole mobility
(cm2 V−1 s−1)

9.0 ± 1.2 × 10−5

(2.6 ± 0.7 × 10−3)
4.0 ± 1.4 × 10−4

(3.5 ± 0.8 × 10−3)
3.1 ± 0.9 × 10−4

(1.2 ± 0.4 × 10−4)
1.6 ± 0.4 × 10−3

(4.4 ± 0.8 × 10−4)
Ion/Ioff ∼103 (∼103) >103 (>103) >103 (∼103) >103 (∼103)
VT/V −9.5 ∼ −15.1 (−14.0 ∼ −22.8) −16.6 ∼ −29.7

(−29.7 ∼ −54.3)
−19.6 ∼ −42.7
(−20.0 ∼ −37.7)

−22.5 ∼ −34.4
(−13.0 ∼ −18.7)

aThe values in brackets were obtained from annealed films.
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corresponding electrodes, which accounts for the enhanced
device performance of SM 2. In sharp contrast with SM 2, SM
4/PC71BM film has an underdeveloped phase separation and
unclear boundaries (Figure 7d,h), leading to a relatively poor
device performance. These observations indicate that the
performances of OSCs are heavily dependent on their film
morphology.

4. CONCLUSION
In summary, a series of DPP−pyrene-based new oligomers
containing multi-DPP chromophores, which demonstrated fine
OFETs and OSC performances, have been designed and
facilely accessed by an effective synthetic strategy based on

direct arylation of the single α-C−H bond of thiophene−DPPs.
The thiophene−DPP can even reacted smoothly with little
soluble aryl bromide, 1,3,6,8-tetrabromopyrene, affording the
tetra-DPP-functionalized pyrene. The synthesized SMs 1−4
have been well characterized by 1H and 13C NMR, MALDI-
TOF MS, elemental analysis, TGA-DSC, UV−vis, CV, DFT
calculations, XRD, AFM analysis, and OFET and OSC
performances. The results indicate that OFET and OSC
performances of SMs 1−4 increase with the increase of
planarity of the molecular structures. Our study paves the way
for versatile, green, and straightforward synthesis of structurally
complicated multi-DPP functional molecules for organic opoto-
electronics; the strategy here developed will find applications in
a wide range of π-functional units beyond DPPs and pyrenes.
The synthesis of multi-DPPs end-capped with aryl groups other
than benzene or pyrene, and multi-aryl (other than DPP)-
substituted pyrenes via DA reaction and corresponding device
performance studies are in progress.
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