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ABSTRACT: Two isomeric A-Ar-A-type small molecules of
DPP,An(9,10) and DPP,An(2,6), were synthesized with two
acceptor arms of diketopyrropyrroles (DPP) and a planar aryl
hydrocarbon core of the different substituted anthracene (An),
respectively. Their thermal stability, crystallinity, optoelec-
tronic, and photovoltaic performances were investigated.
Significantly red-shifted absorption profile and higher
HOMO level were observed for the DPP,An(2,6) with 2,6-
substituted anthracene relative to the DPP,An(9,10) with
9,10-substituted anthracene, as the former exhibited better
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planarity and a larger conjugate system. As a result, the solution-processing solar cells based on DPP,An(2,6) and PC,,BM (w/
w,1:1) displayed remarkably increased power conversion efficiency of 5.44% and short-circuit current density (J,.) of 11.90 mA/
cm? under 1% 1,8-diiodooctane additive. The PCE and J,. values were 3.7 and 2.9 times those of the optimized DPP,An(9,10)-
based cells, respectively. This work demonstrates that changing the linkage position of the anthracene core in the A-Ar-A-type
SMs can strongly improve the photovoltaic properties in organic solar cells.
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1. INTRODUCTION

Solution-processed photovoltaic narrowed band gap organic
small molecules (SMs) have recently been receiving increasing
interest with definite molecular structure and high purity in
bulk-heterojunction (BHJ) organic solar cells (OSCs), which
can exhibit good batch-to-batch reproducibility.' ° A significant
development has been made for the SMs-based OSCs with an
increasing power conversion efficiency (PCE) of 10.08%
through molecular design and device optimization.7 However,
compared to the well-developed photovoltaic polymeric
materials, SMs still exhibit inferior photovoltaic performances
in their solar cells.” Therefore, it is necessary to continually
design new photovoltaic SMs for improving cell performance.

Generally, as a high-performance photovoltaic donor materi-
al, it should exhibit strong photo absorption in the visible
region, suitable molecular orbital energy levels, high carrier
mobility, excellent film morphology, and good miscibility with
fullerene derivatives.” In order to achieve the above goal, one
effective strategy is to build low band gap SMs with donor—
acceptor (D—A) framework.® By tuning alkyls in side
chains,” "% as well as the isomers caused by atom position,l"”14
and the linkage positions of functional groups,15 these D—A-
type donor materials exhibited some improved photoelectronic
and photovoltaic properties.
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In recent years, diketopyrrolopyrrole (DPP) has been used as
a promising type of acceptor unit in photovoltaic SMs owing to
its good planarity, intense absorption in the near-infrared
region, strong electron-withdrawing property, and good
photochemical stability.'*"** The polycyclic aryl (Ar) units
have also been emerged as terminal and central building blocks
in the linear-type and star-type SMs because these Ar units have
a good planarity and enlarged 7-conjugation system, which can
result in intense 7—7 stacking and interacting tendency.”*~*° As
a result, several photovoltaic SMs with a DPP,Ar framework
have been developed, which combine two DPP arms and a Ar
core.”’7** The different Ar unit exhibited significant influence
on the photovoltaic property of the DPP,Ar-type SMs. Among
these, DPP,Ar-type SMs with an aryl hydrocarbon core, one
with a 2,6-naphthalene core, exhibited a high PCE of 4.4% in
BH]J-OSCs.

In order to further investigate the influence of the Ar
hydrocarbon core and its linkage position on photovoltaic
property of DPP,Ar-type SMs, two novel isomeric SMs of
DPP,An(9,10) and DPP,An(2,6) were constructed using a
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different substituted anthracene (An) unit as the Ar hydro-
carbon core and two DPP units as arms. Both molecular
structures are shown in Scheme 1, which contain 9,10-

Scheme 1. Molecular Structures of DPP,An(9,10) and
DPP,An(2,6)

DPP,An(9,10)

DPP,An(2,6)

anthracene for DPP,An(9,10) and 2,6-anthracene units for
DPP,An(2,6). As this An core has an extended 7-conjugated
system compared to the 2,6-naphthalene core, it should be in
favor of narrowing the band gap and enhancing molecular 7—7
stacking, finally improving the photovoltaic property. As
expected, the significant influence of the aryl core and its
linkage position on photoelectronic and photovoltaic properties
was exhibited. Stronger photo absorption, higher hole mobility,
and increasing HOMO energy level were obtained in
DPP,An(2,6) rather than DPP,An(9,10). As a result, DPP,An-
(2,6) showed better photovoltaic performance compared with
DPP,An(9,10) in the solution-processed BHJ-OSCs. The
increasing PCE of 5.44% short-circuit current density (J,.) of
11.90 mA/cm? and a fill factor (FF) of 55.40% were obtained in
the optimized DPP,An(2,6)-based cells using PC,BM as
acceptor component. This PCE value was 3.7 times that of the
optimized DPP,An(9,10)-based cells. To the best of our
knowledge, this PCE value is one of the highest levels among
these DPP,Ar-type SMs with Ar hydrocarbon core in BHJ-
OSCs.

2. RESULTS AND DISCUSSION

2.1. Synthesis. The synthetic routes of two A-Ar-A-type
SMs are depicted in Scheme 2. 3-(S-Bromothiophene-2-y1)-2,5-
bis(2-ethylhexyl)-6-(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4-
(2H,5H)dione[DPP-Br],** 9,10-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)anthracene[An(9, 10)B],”> and 2,6-bis-
(4/4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene [An-
(2,6)B]*® were synthesized following the same procedures in
the literature. DPP,An(9,10) and DPP,An(2,6) were obtained
by Suzuki coupling reaction with a ~60% yield. Both new
photovoltaic SMs were characterized by MS, 'H NMR, and
elemental analysis, which are consistent with their molecular
structures. Furthermore, they displayed excellent solubililty in
dichloromethane, chloroform, and dichlorobenzene at room
temperature.

2.2. Thermal and Crystalline Properties. The thermal
properties of DPP,An(9,10) and DPP,An(2,6) were charac-
terized by thermogravimetric analyses (TGA) at a heating rate
of 10 °C min~' under N, atmosphere. The TGA curves are
depicted in Figure 1, and their thermal parameters are

100+ —=— DPP,An(9,10)
—o—DPP,An(2,6)
—~ 80
§
k=
S 60
)
S
&
& 404
=
.0
(0]
E; 204
0 T T T T T
100 200 300 400 500 600

Temperature (C )

Figure 1. TGA curves of DPP,An(9,10) and DPP,An(2,6).

summarized in Table 1. The thermal decomposition temper-
atures (T,) of 418 °C for DPP,An(9,10) and 421 °C for
DPP,An(2,6) are exhibited at a 5% weight loss. It indicates that

Scheme 2. Synthetic Route of DPP,An(9,10) and DPP,An(2,6)

BrBr + IEB-BE:E B

jo;BBigﬁ

An(2,6)-B

DPP,An(2,6)

(i) 1,4-dioxane, KOAc, PdCL,(dppf), 60 °C; (ii) Pd(PPh;),, toluene, 2 M potassium carbonate, CH;CH,OH, 110 °C.
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Table 1. Electrochemical and Thermal Parameters for DPP,An(9,10) and DPP,An(2,6)

SMs E," (V) Eed™ (V) Eromo (eV)* Eumo (eV)* ES (eV)” T, (°C)
DPP,An(9,10) 111 —0.92 -5.38 -3.35 2.03 418
DPP,An(2,6) 0.92 -1.02 -5.19 -325 1.94 £1

“Calculated from the empirical equations: Eyyomo = —(Eo,™ + 427) eV, Ejpmo = —(Ered™ + 4.27) eV. bCalculated from ES5 = —(Eo™ -Eped™).

DPP,An(9,10) and DPP,An(2,6) have high thermal stability.
Changing the substituted positions of the An core has little
influence on the thermal stability for the A-Ar-A-type SMs.
Figure 2 depicts the differential scanning calorimetry (DSC)
plots of both SMs in solid state. The typical endothermal peaks
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Figure 2. DSC plots of DPP,An(9,10) and DPP,An(2,6).

at 193 and 260 °C are observed for DPP,An(9,10) and
DPP,An(2,6) during heating process, which correspond to
melting temperatures (T,,), respectively. However, only
DPP,An(2,6) displayed an exothermal peak at 223 °C during
cooling process. It indicates that DPP,An(2,6) has the higher
melting temperature, furthermore possessing better crystallinity
than DPP,An(9,10). Thus, introducing 2,6-substituted instead
of 9.10-substituted An core can enhance molecular crystallinity,
further promoting 7—7 stacking and charge transport.”’

2.3. Electrochemical Properties. Cyclic voltammetry
(CV) was employed to evaluate redox potentials and molecular
orbital energy levels. The recorded CV plots of DPP,An(9,10)
and DPP,An(2,6) on a platinum electrode are shown in Figure
3, and the electrochemical data are listed in Table 1, which were

—— DPP,An(9,10)
—— DPP,An(2,6)

— Fe/Fct
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Potential ( V vs Ag/AgCl)
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Figure 3. Cyclic voltammogram curves of DPP,An(9,10) and
DPP,An(2,6).
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measured in 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF,) solution (Bu,NPF() of anhydrous acetonitrile
(CH4CN) at a scan rate of 100 mV/s.

It is found that both SMs undergo a reversible oxidation
process and quasi-reversible reduction process. Similar
oxidation and reduction behaviors were reported by Zaborova
group.”” The onset oxidation potential (E,°") value is
decreased from 1.11 to 0.92 V, and the onset reduction
potential (E, ") value drops from —0.92 to —1.02 V for
DPP,An(2,6) instead of DPP, An(9,10) vs Ag/AgCl. On the
basis of the formal potential (0.53 V) of Fc/Ec' vs Ag/AgCl
measured in this work and the reported energy level (—4.80
eV) of Fc/Fc* below the vacuum level, the HOMO and LUMO
energy levels (Egomo and Epyyo) of both SMs are calculated
from the empirical equations shown in Table 1.”> As a result,
the HOMO/LUMO energy levels are —5.38 ¢V/—3.3S eV for
DPP,An(9,10) and —5.19 eV/—3.25 €V for DPP,An(2,6). It is
distinct that DPP,An(2,6) exhibits increasing HOMO and
LUMO energy levels, as well as a decreasing electrochemical
band gap (E,*) compared to DPP,An(9,10), as it has better
planarity and larger conjugation degree.

2.4. Optical Properties. The UV—vis absorption spectra of
DPP,An(9,10) and DPP,An(2,6) in CHCI; solution and in
their neat films are displayed in Figure 4. Their corresponding
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Figure 4. UV—vis absorption spectra of DPP,An(9,10) and DPP,An-
(2,6) in CHCl, and in their neat films.

absorption data are presented in Table 2. Two distinct
absorption bands appeared for both SMs in solutions and
their neat films. The high-lying band in the 300—400 nm region
is attributed to the m—7x* transition band, and the low-lying

Table 2. Optical Properties of DPP,An(9,10) and
DPP,An(2,6)

Amax (D) onset (nm)
SMs solution film film E, ®(eV)*
DPP,An(9,10) 564 575 626 1.98
DPP,An(2,6) 599 612, 662 726 1.71

“Calculated from the formula, E; ™ = 1240/ Ao
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band in the 450—700 nm region belongs to the intramolecular
charge transfer (ICT) from the An core to the DPP moiety.
These UV—vis absorption profiles are the typical feature of the
D—A-type conjugated SMs.*

In contrast to DPP,An(9,10), DPP,An(2,6) exhibits a
significantly bathochromic absorption peak in the CHCI;
solution and in the solid film, respectively. Furthermore,
DPP,An(2,6) displays a discernible vibronic shoulder peak in
the low-lying region. It implies that DPP,An(2,6) has a larger
conjugation system and better planar conformation, whlch
result in more effective 7—7 stacking in the solid state.” ® The
optical band gaps (E,™") of DPP,An(2,6) and DPP, An(9,10)
are 1.71 and 1.98 eV, respectively, estimating from their film
absorption band edges. It indicates that DPP,An(2,6) with
lower EgOpt value has more extended electron delocalization,
caused by the smaller torsional angle between the An and DPP
units.”” Therefore, changing the substituted positions from the
9,10-positions to the 2,6-positions for the An core is beneficial
to enhance the spectral absorption and decrease the optical
band gaps.

2.5. Theoretical Calculation. Density functional theory
(DFT) calculations were performed for both isomers of
DPP,An(9,10) and DPP,An(2,6) at the B3LYP/6-31G(d)
level using the Gaussian 09 program in order to get insight into
their molecular geometry and electronic structures. To simplify
the calculation, a 2-ethylhexyl unit attached to a nitrogen atom
of the DPP unit was replaced by a methyl group. The simulated
electron density distributions of the HOMO and LUMO, as
well as the optimized lowest energy geometry are shown in
Figure S. Significantly different dihedral angles (left: D1 and

DPP An(9 10)

Dz*v‘w X
Top view w yz;{rﬁ« \

D1hcdra1 a.nglcs
D1=58.47 D2=65.63

DPP,An(2,6)

m,;é ol "i%

thcdral angles
D1=7.75 D2=7.81

Side view _*

Figure 5. Molecular geometries and electron density distributions of
HOMO and LUMO for DPP,An(9,10) and DPP,An(2,6).

right: D2) are observed between the An core and either
thiophene unit next to anthracene. The dihedral angles are

58.47 ° and 65.63 ° for DPP,An(9,10), corresponding to 7.75 °
and 7.81° for DPP, An(2,6). It demonstrates that DPP,An(2,6)
has better planar structure and increased interchain 77—z
interaction as previously discussed, which can induce high
crystallinity and good charge-transport properties, and further
greatly improve J..*>*' On the basis of the electron density
distributions of HOMOs and LUMOs for DPP,An(2,6) and
DPP,An(9,10), we find that electron density is delocalized in
the A-Ar-A skeleton for HOMOs. LUMOs exhibit an enhanced
electron density located in molecular donor units, in contrast to
HOMOs. However, it is different that the electron density is
increased in an anthracene and two thienyl units for
DPP,An(2,6), but a phenyl and two thienyl units for
DPP,An(9,10). Therefore, DPP,An(2,6) has larger electron
delocalization than DPP,An(9,10), which is consistent with the
above absorption.

2.6. Photovoltaic Properties. Solution-processed organic
photovoltaic cells based on DPP,An(9,10) and DPP,An(2,6)
were made with a device configuration of ITO/PEDOT:PSS
(40 nm)/photoactive layer (80 nm)/Ca(10 nm)/Al(100 nm).
The photoactive layer here was formed by spin-coating at a
constant concentration of 12 mg/mlL, comprising a mixture of
SM and PC,;BM in chloroform. The ratios between SM and
PC,;BM were changed from 1:1, 1:2, 1:3, 1:4 to 1:5 and 1:6 in
order to optimize the ratio of DPP,An(9,10)/PC,BM and
DPP,An(2,6)/PC,;BM. Moreover, concentrations of 1,8-
diiodooctane (DIO) solvent additive were tuned from O,
0.5%, and 1.0% to 1.5% in order to improve morphology of
photoactive layer. The measured photovoltaic properties of
these DPP,An(9,10)/PC,,BM and DPP,An(2,6)/PC,,BM
based cells are listed in Table S1. It is demonstrates that the
optimized processing conditions are different, in which the
optimized DPP,An(9,10)/PC,,BM cell is made at a ratio of 1:5
without DIO additive, and the optimized DPP,An(2,6)/
PC,;BM cell is fabricated at a ratio of 1:1 with 1% DIO
additive. The resulting photovoltaic properties are presented in
Table 3 at the optimized ratio and different DIO concen-
trations. Under these optimized conditions, the DPP,An(9,10)-
based cell exhibited a relatively high V. of 0.97 V, but a low
PCE of 1.45% with a J. of 4.09 mA/cm?* and an FF of 31.66%.
In contrast, the DPP,An(2,6)-based cell displayed significantly
increased PCE of 5.44%, J.. of 11.90 mA/cm? and FF of
55.40%, except for the decreasing V. of 0.82 V. Apparently,
DPP,An(2,6) exhibited PCE, J,, and FF values considerably
higher than DPP,An(9,10) in the cells. Figure 6 shows -V
characteristics of the cells based on DPP,An(9,10) and
DPP,An(2,6) under the optimized conditions. Compared to
the reported DPP,Ar-type SMs with the Ar hydrocarbon core,
DPP,An(2,6) displayed the highest PCE value. Therefore, the
properly enlarged conjugated system of the aryl core and the
changing substituted positions from the 9,10-position to the

Table 3. Photovoltaic Properties of the Photovoltaic Cells with DPP,An(9,10) and DPP,An(2,6) at Optimized SMs/PC,;BM
Ratios under an Illumination of AM 1.5 G Solar Irradiance (100 mW cm™2)

photoactive layer D/A [w/w)] DIO [v/v %] Joc [mA/cm?] V,. [V] FF [%] PCE,,.. [%] wy, [em®v's7!]
DPP,An(9,10)/PC,,BM 1:5 0 409 0.97 31.66 145 2.19 X 107
1:5 1.0 3.06 0.96 29.35 0.86 1.53 x 1076

DPP,An(2,6)/PC,,BM 1:1 0 451 0.85 46.48 1.79 6.77 x 1075
1:1 0.5 11.10 0.83 54.64 5.05 147 x 107*

1:1 1.0 11.90 0.82 55.40 S5.44 402 x 107*

1:1 1.5 11.15 0.81 50.69 4.58 1.69 x 107*

18295 DOI: 10.1021/acsami.5b03338
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Figure 6. ]V curves of the photovoltaic cells with DPP,An(9,10) and
DPP,An(2,6) at the optimized processing conditions under an
illumination of AM 1.5 G solar irradiance (100 mW cm™2).

2,6-position for the An core are available to enhance PCE for
their SMs in OSCs.

To further understand why the DPP,An(2,6)-based cell
exhibited a higher J,. value than the DPP,An(9,10)-based cell,
the external quantum efficiency (EQE) curve of their fabricated
devices under the optimized processing conditions were
measured as shown in Figure 7. A broad photoresponse region

—=— DPP,An(9,10)

604 —e— DPP,An(2,6)
e
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Figure 7. EQE curves of the photovoltaic cells with DPP,An(9,10)
and DPP,An(2,6) at the optimized processing conditions.

from 300 to 750 nm is analogously observed in both cells.
However, it is different that the DPP,An(2,6)-based cell
displays a significantly improved EQE of 66.2% compared to
the DPP,An(9,10)-based cell, in which the latter cell only
shows a low EQE of 30.8%. A higher EQE level is suggested to
be available for the DPP,An(2,6)/PC,,BM-based devices to
display higher J,. values than the DPP,An(9,10)/PC,BM-
based devices.

2.7. Molecular Stacking and Film Morphology. To
further study the crystallinity and molecular stacking of the neat
films for DPP,An(9,10) and DPP,An(2,6), as well as their
photoactive layers at the optimized SMs/PC,BM ratios, X-ray
diffraction (XRD) analyses were made. The recorded XRD
plots are shown in Figure 8. Both neat films and the other
DPP,An(9,10)/PC,,BM blending films at a ratio of 1:5 with/
without DIO additive only exhibit a sharp diffraction peak in
the small-angle region (20 < 5°).

However, the DPP,An(2, 6)/PC,;BM blending film exhibits
a series of sharp diffraction peaks in the small-angle and wide-

——DPP,An(9,10)
DPP,An(9,10)/PC;,BM
——DPP,An(9,10)/PC;,BM with DIO

Background

Intensity

bt R
5 10 15 20 25
2 0 (degree)
b Background
—— DPP,An(2,6)
DPP,An(2,6)/PC, BM
—— DPP,An(2,6)/PC;,BM with DIO
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38
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—
<=
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Figure 8. XRD plots of the neat and blended films with DPP,An(9,10)
(a); and DPP,An(2,6) (b).

angle regions at a ratio of 1:1 with/without 1% DIO additive.
Furthermore, this blending film with 1% DIO additive displays
more diffraction peaks. These diffraction peaks are attributed to
the orientation along the direction of the alkyl chains in the
small-angle region and backbone stacking in the wide-angle
region, respectively. It indicates that the DPP,An(2,6)/
PC,; BM-blending film with DIO additive has the highest
ordered diffractions among these neat films and blend films,
and that the domains between donor and acceptor were well
formed.”" Therefore, DIO additive is favored to promote
DPP,An(2,6) to exhibit better crystallinity and network, which
can further improve carrier transport.*”

In order to further explore the influence of the DIO additive
on the film morphology of the blend films, their morphologies
were recorded with transmission electron microscopy (TEM).
Figure 9 shows the TEM images of the DPP,An(2,6)/PC,BM
(1:1) and DPP,An(9,10)/PC,,BM (1:5) blend films with/
without 1% DIO additive. It demonstrates that the DIO
additive gives almost no influence on the morphology of the
DPP,An(9,10)/PC,,BM blend film. However, some dark
regions are observed in the DPP,An(2,6)/PC,BM blend film
without the DIO additive, which are suggested to be the
presence of large PC,;BM domains. As these domain sizes are
far larger than the exciton diffusion lengths (~10 nm), it has
the potential to hinder exciton dissociation.”> While the
DPP,An(2,6)/PC,,BM (1:1) film is processed with 1% DIO
additive, a significantly more homogeneous morphology with a
fiber-like structure appears, meaning that a continuously
interpenetrated network is formed, which is favorable for the
charge transportation.”* Therefore, adding DIO additive can

DOI: 10.1021/acsami.5b03338
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Figure 9. TEM images of the DPP,An(9,10)/PC,BM (1:5) films
without/with 1% DIO additive (a, b); the DPP,An(2,6)/PC,,BM
(1:1) films without/with 1% DIO additive (c, d).

significantly improve the crystalline order and eventually
enhance the p-type domain connectivi’fy.“s'46 As a result, the
device performance can be improved in the DPP,An(2,6)/
PC,;BM-based solar cell.

2.8. Hole Mobility. The hole mobilities of DPP,An(9,10)
and DPP,An(2,6) were measured in their hole-only devices
with a structure of ITO/PEDOT:PSS/SM:PC,BM/Au using
the space charge limited current (SCLC) method. The
measured J—V curves of these hole-only devices at different
DIO ratios and the optimized hole-only devices in the dark are
shown in Figure S1 and Figure 10, respectively. On the basis of

10— DPP,An(9,10)

,
10°4 o DPP,AN(2,6)

Current density(A/m?)

10° 10
Applied voltage (V)

Figure 10. J—V characteristics of the optimized hole-only DPP,An-
(9,10) and DPP,An(2,6) devices.

the reported equation: J = (9/8)&yeuh(V/L?),"” the calculated
holes mobilities are also listed in Table 3 for comparison. It is
observed that the small molecular structure, as well as the SM/
PC,BM ratios and DIO concentrations have significant
influence on holes mobility of DPP,An(2,6) and DPP,An-
(9,10). Higher holes mobilities of 2.19 X 10~ cm? v s! and
402 X 107 cm® v! s7! are exhibited in the DPP,An(9,10)/
PC, BM-based device at a 1:5 ratio without the DIO additive
and the DPP,An(2,6)/PC,;BM-based device at a 1:1 ratio with

1% DIO additive, respectively. It is obvious that the holes
mobility of DPP,An(2,6) is two orders of magnitude higher
than that of DPP,An(9,10) in the optimized hole-only devices.
Therefore, DPP,An(2,6) displayed higher FF value than
DPP,An(9,10) in the cells.

3. CONCLUSIONS

In conclusion, two isomeric A-Ar-A-type SMs of DPP,An(9,10)
and DPP,An(2,6) were obtained. Significantly improved
optoelectronic and photovoltaic properties were observed
from DPP,An(9,10) to DPP,An(2,6). The highest hole
mobility of 4.02 X 10™* cm® v7' s7' was presented in the
hole-only DPP,An(2,6)-based devices, which is 2 orders of
magnitude higher than that in the hole-only DPP,An(9,10)
based one. Moreover, the solution-processing solar cells
containing DPP,An(2,6) and PC,;BM (1:1) with 1% DIO
additive exhibited increasing PCE of 5.44% and ], of 11.90
mA/cm® and FF of 55.40%. The PCE and FF values were 3.7
and 2.9 times those of the DPP,An(9,10)-based solar cells,
respectively. It was concluded that the enlarging conjugated
system of the An core and changing its substituted positions
from the 9,10-positions to the 2,6-positions in the A-Ar-A-type
SMs can obviously improve the optoelectronic and photo-
voltaic properties for their corresponding SMs.

4. EXPERIMENTAL SECTION

Synthesis. All reactions were made under nitrogen atmosphere. All
solvents and reagents were purchased from Sigma, Aldrich, and
Adamas. These chemicals were used without purification unless stated
otherwise. Toluene was distilled from sodium-benzophenone under
nitrogen atmosphere prior to use.

Measurement and Characterization. '"H NMR spectra were
measured at 400 MHz on a Bruker Avance-400 spectrometer using
CDCl; as a solvent and TMS (tetramethylsilane) as an internal
standard. Mass spectra were made on a Bruker Daltonics BIFLEX IIT
MALDI-TOF analyzer. UV—vis absorption spectra were recorded on a
Shimadzu UV-1800 spectrophotometer. TGA was measured on a
PerkinElmer Diamond TG/DTA thermal analyzer. Cyclic voltamme-
try was performed on a CHI620 voltammetric analyzer using 0.1 M
Bu/NPF solution in anhydrous CH;CN as electrolyte under argon
atmosphere. A platinum disk and a platinum wire were used as
working electrode and counter electrode, respectively. An Ag/AgCl
electrode was employed as reference electrode. DPP,An(9,10) and
DPP,An(2,6) were coated on the platinum disk surface and all
potentials were corrected against Fc/Fc*.

Synthesis of 2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)anthracene (An(2,6)B). Bis(pinacolato) diboron (499 mg, 1.96
mmol), 2,6-dibromoanthracene (300 mg, 0.89 mmol), potassium
acetate (523 mg, 5.34 mmol), and [1,10-bis(diphenylphosphino)-
ferrocene]dichloropalladium [PdCl,(dppf)] (22 mg, 0.03 mmol) and
1,4-dioxane (20 mL) were added into a SO mL three-necked flask. The
mixture was degassed for 30 min under nitrogen flow and then stirred
at 60 °C for 24 h under nitrogen atomosphere. After being cooled
down to ambient temperature, the reaction mixture was extracted with
dichloromethane (DCM, 3 X 20 mL). The organic layer was collected
and dried over anhydrous magnesium sulfate. The dried organic
solution was filtered and distilled by rotary evaporation. The resulting
residue was purified on a flash silica gel column using a mixing solvents
of petroleum ether (PE) and DCM (V/V, 2:1) as eluent to afford a
yellow solid (185 mg, yield 48.2%). '"H NMR (400 MHz, CDCL;) &
ppm, 8.55 (s, 2H), 8.44 (s, 2H), 7.99 (d, ] = 8.0 Hz, 2H), 7.78 (d, ] =
8.0 Hz, 2H), and 1.41 (s, 24H). MALDI-MS(m/z): 430.274 for [M]".

Synthesis of DPP,An(9,10). DPPBr (200 mg, 0.33 mmol),
An(9,10)B (72 mg, 0.17 mmol), 2 M potassium carbonate (K,CO3, 2
mL), tetrakis(triphenylphosphine) palladium (Pd(PPh;),) (19 mg,
0.02 mmol), and toluene (10 mL) was added into a 50 mL three-
necked flask and degassed for 30 min with nitrogen flow. The mixture
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was stirred and refluxed at 110 °C for 24 h under the nitrogen
protection. After being cooled down to ambient temperature, the
reaction mixture was poured into the solution of methanol (200 mL)
and hydrochloric acid (10 mL) with stirring to get precipitation. The
precipitation was collected and purified on silica gel column using
CHCI, as eluent to provide DPP,An(9,10) as a wine-colored solid
(130 mg, 63.4% yield). 'H NMR (400 MHz, CDCl;) § ppm, 9.22 (s,
2H), 8.95 (s, 2H), 7.49—7.95 (m, 4H), 7.66 (d, ] = 4.0 Hz, 2H), 7.47—
7.49 (m, 4H), 7.42 (s, 2H), 7.30 (s, 2H), 4.03—4.14 (m, 8H), 1.95 (d,
] = 264 Hz, 4H), 1.22—1.36 (m, 32H), and 0.88—0.93 (m, 24H).
MALDI-MS (m/z): 1223.656 for [M]*. Anal. Calcd. for
CHeN,0,S,: C, 72.56; H, 7.02; N, 4.58; S, 10.45. Found: C,
72.50; H, 7.0S; N, 4.53; S, 10.17.

Synthesis of DPP,An(2,6). DPP,An(2,6) was prepared referred to
the above synthetic procedure of DPP,An(9,10). When DPPBr (200
mg, 0.33 mmol) was reacted with An(2,6)-B (72 mg, 0.17 mmol) in
the presence of 2 M K,CO; (2 mL) and Pd(PPh;), (19 mg, 0.02
mmol), DPP,An(2,6) was obtained as a deep blue solid (120 mg,
57.7% yield). '"H NMR (400 MHz, CDCL;) § ppm, 8.96 (d, J = 38.84
Hz, 4H), 8.34 (s, 2H), 8.16 (s, 2H), 7.99 (d, ] = 4.0 Hz, 2H), 7.74 (d, ]
= 4.0 Hz, 2H), 7.59 (s, 4H), 7.25 (s, 2H), 4.04 (d, ] = 15.3 Hz, 8H),
1.91 (d, J = 32.5 Hz, 4H), 1.32(dd, ] = 27.6 Hz, 32H), 0.90 (d, ] = 7.0
Hz, 24H). MALDL-MS(m/z): 1223.712 for [M]*. Anal. Calcd. for
CrHeN,O,S,: C, 72.56; H, 7.02; N, 4.58; S, 10.45. Found: C, 72.30;
H, 7.25; N, 4.53; S, 10.31.

Fabrication and Characterization of Photovoltaic Cells.
Indium tin oxide (ITO)-coated glass substrates were successively
cleaned by ultrason wave with detergent, deionized water, acetone, and
isopropyl alcohol each for 20 min. Poly(3,4-ethylene dioxythiophene)/
poly(styrenesulfonate) (PEDOT:PSS, Clevios P Al 4083) was spin-
coated onto ITO glass and baked at 150 °C for 10 min in air. The
photoactive layer was formed by spin-coating a blend chloroform
solution of SMs/PC¢BM (or PC,BM) onto PEDOT:PSS layer. Ca
(10 nm) and Al (100 nm) were successively deposited on a
photoactive layer by thermal evaporation at a vacuum of 1 X 107
mbar. The J—V characteristics were performed under Newport 150 W
solar simulator with an irradiation intensity of 100 mW/cm? The EQE
curves of the devices were performed on QE-R3011 of solar cell
spectral response measurement system (Enli Technology). Film
morphologies were recorded on the Tecnai G2 F20 S-TWIN TEM
under an acceleration voltage of 100 kV, in which the active-films were
made using a special processing technique.”’ First, the active-films
were spin-cast on the PEDOT:PSS/ITO substrates. Second, the
resulting active-film/PEDOT:PSS/ITO substrates were submerged in
deionized water to make these active-films float onto the air—water
interface. Finally, the floated active-films were taken up on
unsupported 200 mesh copper grids for a TEM measurement.
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