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New Benzol[1,2-b:4,5-b']ldithiophene-Based Small
Molecules Containing Alkoxyphenyl Side Chains for High
Efficiency Solution-Processed Organic Solar Cells

Zhengkun Du,”® Weichao Chen,® Shuguang Wen,” Shanlin Qiao,” Qian Liu,”

[a, b

Dan Ouyang,

A new acceptor-donor-acceptor (A-D-A) small molecule,
namely, BDT-PO-DPP, based on the alkoxyphenyl (PO)-substitut-
ed benzo[1,2-b:4,5-b’]dithiophene (BDT) derivative and the di-
ketopyrrolopyrrole (DPP) unit was synthesized as an electron
donor for solution-processed small-molecule organic solar cells
(SMOSCs). BDT-PO-DPP exhibited good thermal stability, with
a 5% weight-lost temperature at 401°C under a nitrogen at-
mosphere. BDT-PO-DPP exhibited a lower HOMO energy level
of —5.25 eV and a weaker aggregation ability than alkoxy-sub-
stituted BDT-O-DPP. A bulk heterojunction SMOSC device

Introduction

Recently, bulk heterojunction (BHJ) organic solar cells (OSCs)
have attracted considerable attention because of their promi-
nent advantages, which include easy fabrication, light weight,
low cost, and large area fabrication on flexible substrates.!®
Currently, solution-processed BHJ solar cells based on conju-
gated polymers as donors (D) and fullerene derivatives as ac-
ceptors (A) have been widely studied, and promising power
conversion efficiencies (PCEs) of over 9% have been ach-
ieved.” In contrast, solution-processed small-molecule organic
solar cells (SMOSCs) have not been studied so intensively."*"”
Relative to their polymeric counterparts, SMOSCs show better
prospects of industrialization, including monodispersity, a well-
defined chemical structure, synthetic reproducibility, and easy
purification. Although the PCEs of solution-processed SMOSCs
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based on BDT-PO-DPP and [6,6]-phenyl-Cg;-butyric acid methyl
ester was prepared, and it showed a power conversion efficien-
cy up to 5.63% with a high open-circuit voltage of 0.83V,
a short circuit current density of 11.23 mAcm % and a fill
factor of 60.37% by using 1,2-dichlorobenzene as the co-sol-
vent after thermal annealing at 110°C. The results indicate that
the alkoxyphenyl-substituted BDT derivative is a promising
electron-donor building block for constructing highly efficient
solution-processed SMOSCs.

have recently been increased up to 6-8%, the development of
novel D-A small molecules is still significant for the commer-
cial application of SMOSCs in the future.l'>'”!

To achieve high-performance SMOSCs, low band gap small
molecule containing alternating D and A units in the backbone
or side chains have been widely designed and synthesized be-
cause of the easily tunable energy levels and solubility."*>” In
the past few years, considerable attention has been paid to
benzo[1,2-b:4,5-b'dithiophene (BDT) derivatives.""">? The
BDT unit has a symmetric and coplanar conjugated structure,
and most importantly, it can be relatively easily modified and it
exhibits good electron delocalization and excellent hole mobi-
lity. BDT-based derivatives have proven to be excellent donor
materials in OSCs.?'* Chen and co-workers reported a 2D
BDT-based small molecule, DR3TBDTT, that demonstrated
a PCE as high as 8.12%."" Their work also revealed that the
nature of the acceptor end group mainly influences the per-
formance of the resulting SMOSCs. Hence, to enhance light ab-
sorption and to tune the HOMO energy levels of small mole-
cules, much effort has been devoted to the design of new ac-
ceptor building blocks. Among the vast variety of the devel-
oped electron-withdrawing groups, the diketopyrrolopyrrole
(DPP) unit has recently attracted much attention in the design
and synthesis of new polymers and small molecules for high-
performance OSCs as a result of its strong light absorption in
the visible light region and because of its good photochemical
stability."*'*?¥ Recently, Yao and co-workers reported three
alkoxy- or alkylthienyl-substituted BDT derivative small mole-
cules end capped by DPP as the donor.?” The resulting small
molecules showed weaker aggregation ability and improved
PCE values upon replacing the alkoxy chain by a alkylthienyl
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group. In most cases, the PCEs of DPP-based SMOSCs are
lower than 4%. However, Zhan and co-workers reported an al-
kylthienyl-substituted BDT-based small molecule, BDT-2DPP,
that exhibited good photovoltaic performance with a PCE of
5.79%, and this is the highest value reported to date for
SMOSCs based on DPP and BDT units."" In comparison to al-
kylthienyl-substituted BDT, alkoxyphenyl-substituted BDT
would be a promising 2D electron-donor material. Zou and co-
workers reported an alkoxyphenyl-substituted BDT-based poly-
mer (PBDTPO-DTBT) with a PCE of up to 6.2%."%

In view of the above discussion, replacing the alkoxy side
chain with an alkoxyphenyl group may be a good choice for
improving the photovoltaic performance of BDT-based
SMOSCs. This could increase the electronic delocalization and
the torsion angle of the side chain, and it could also further
improve thermal stability and reduce molecular self-aggrega-
tion. To our knowledge, alkoxyphenyl-substituted BDT-based
small molecules have not been investigated for efficient
SMOSCs. In this work, we designed and synthesized a novel
small molecule, namely, BDT-PO-DPP (Scheme 1), with an al-
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Scheme 1. Chemical structures of BDT-O-DPP and BDT-PO-DPP.

koxyphenyl (PO)-substituted BDT unit as the central electron
donor and DPP units as the end-capped blocks. BDT-PO-DPP
was found to exhibit excellent thermal stability and good solu-
bility in common organic solvents. Finally, the relationship be-
tween the chemical structure and photovoltaic performance
was investigated in detail. The film showed a hole mobility up
to 2.98x107* cm?V~'s™' for BDT-PO-DPP, which was measured
by the space-charge limit current (SCLC) model. The optimized
OSCs based on BDT-PO-DPP as the donor and [6,6]-phenyl-Cq;-
butyric acid methyl ester (PC¢;BM) as the acceptor showed

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a high PCE of 5.63% with an open-circuit voltage (V) of
0.83V, a short-circuit current (J;) of 11.23 mAcm™2 and a fill
factor (FF) of 60.37% under the illumination of AM1.5G
(100 mMWcm™2).

Results and Discussion
Synthesis and characterization

For the design of BDT-PO-DPP, the BDT unit containing alkoxy-
phenyl side chains as the donor and the DPP unit as the ac-
ceptor were employed. Detailed synthetic routes to BDT-O-DPP
and BDT-PO-DPP are outlined in Scheme 2. All reactions were
performed under an argon atmosphere. Benzo[1,2-b:4,5-b']di-
thiophene-4,8-dione,  2,6-bis(trimethyltin)-4,8-bis(2-ethylhexy-
loxy)benzo[1,2-b:4,5-b’]dithiophene (5), 1-bromo-4-(2-ethylhex-
yloxy)benzene (2), and 3-(5-bromothiophen-2-yl)-2,5-bis(2-eth-
ylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(DPP-Br) were synthesized according to literature procedures.
The target small molecule BDT-O-DPP was obtained in good
yield by Stille coupling of 5 and 6 in the presence of catalytic
amounts of tris(dibenzylideneacetone)dipalladium [Pd,(dba),]
and tri(o-tolyl)phosphine [P(o-tol);]. BDT-PO-DPP was synthe-
sized by using the same coupling reaction of 4 and 6. The
chemical structures of related compounds were characterized
by NMR spectroscopy, elemental analysis, mass spectrometry,
and Fourier-transform infrared (FTIR) spectroscopy. The mass
spectra were recorded with a Bruker Maxis UHR TOF spectrom-
eter in the APCI mode. BDT-O-DPP and BDT-PO-DPP exhibited
good solubility in common organic solvents, such as toluene,
dichloromethane (CH,Cl,), chloroform (CHCI,), and 1,2-dichloro-
benzene (o-DCB).

Thermal stability

Thermogravimetric analysis (TGA) was used to investigate the
thermal properties of BDT-O-DPP and BDT-PO-DPP. As shown
in Figure 1, BDT-PO-DPP exhibits good thermal stability, with
a 5% weight-lost temperature (Ty) at 401°C under a nitrogen
atmosphere. Relative to that of BDT-O-DPP (361°C) and BDT-
2DPP (388°C)," the thermal stability of BDT-PO-DPP was im-
proved owing to the introduction of the alkoxyphenyl side
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Figure 1. TGA curves of BDT-O-DPP and BDT-PO-DPP with a heating rate of
10°Cmin~" under a nitrogen atmosphere.
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Scheme 2. Synthetic routes to BDT-O-DPP and BDT-PO-DPP.

chains. The high thermal stability of BDT-PO-DPP is adequate
for application in solution-processed OSCs.

Optical properties

The normalized ultraviolet/visible (UV/Vis) absorption spectra
of BDT-O-DPP and BDT-PO-DPP in dilute CHCl; solution (5x
10"®m) and as thin films are shown in Figure 2, and the data
are summarized in Table 1. In CHCI; solution, BDT-O-DPP exhib-
its an absorption peak at A=622 nm. After replacing the
alkoxy group with an alkoxyphenyl! unit, the BDT-PO-DPP solu-
tion displays an absorption peak that is slightly redshifted to
A=625 nm. As shown in Figure S1 (Supporting Information),
the maximum molar extinction coefficient (g,,,) of BDT-PO-DPP
(0.88x10°Lmol'ecm™ at A=625nm) is lower than that of
BDT-O-DPP (1.17x10°Lmol~'cm™" at =622 nm) as a result of
the decreased backbone planarity of BDT-PO-DPP. Relative to
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Figure 2. The normalized UV/Vis absorption spectra of BDT-O-DPP and BDT-
PO-DPP in CHCI; solution and as thin films.

the absorptions in solution, as thin films both small molecules
show absorptions that are remarkably redshifted and broader.
In the long wavelength region, as-cast films of BDT-O-DPP and
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Table 1. Optical and electrochemical properties of BDT-O-DPP and BDT-
PO-DPP.

Compound A, solution® A, film® APt g & Homo® Lumof
[nm] [nm] [eV] VI [evV] [ev]

BDT-O-DPP 622 615,675 1.69 0.75 -5.16 —3.47

BDT-PO-DPP 625 622,677 1.70 0.84 —-5.25 —3.55

[a] Measured in CHCl, solution. [b] Thin film spin coated from CHCl; solu-
tion onto ITO glass substrate. [c] Estimated from the absorption onset of
the thin film. [d] Measured from the CV curves. [e] HOMO = —e(E,, + 4.8
0.39). [f] Calculated from the difference between the HOMO and AE®.

BDT-PO-DPP show shoulder peaks at A=675 and 677 nm, re-
spectively. However, the maximum absorption peak of the
BDT-PO-DPP film is slightly redshifted (7 nm) relative to that of
the BDT-O-DPP film, owing to alkoxyphenyl substitution. The
broader absorption in the thin films originates from the forma-
tion of intermolecular aggregates in the solid state.""'>2% Opti-
cal band gaps of BDT-O-DPP and BDT-PO-DPP calculated from
the absorption edges of the thin films are approximately 1.69
and 1.70 eV, respectively.

Electrochemical properties

The electrochemical properties of BDT-O-DPP and BDT-PO-DPP
were investigated by cyclic voltammetry (CV), and the corre-
sponding data are summarized in Table 1. As shown in
Figure 3, the oxidation onset potentials of BDT-O-DPP and
BDT-PO-DPP are at approximately 0.75 and 0.84 V, respectively.

—o— BDT-O-DPP
——BDT-PO-DPP

Current

00 03 06 09 12 15
Potential (V)

Figure 3. Cyclic voltammograms of BDT-O-DPP and BDT-PO-DPP films in

0.1 M nBu,NPF/acetonitrile solution at a scan rate of 50 mVs™"

The corresponding HOMO levels of BDT-O-DPP and BDT-PO-
DPP are —5.16 and —5.25 eV, respectively. By employing the
empirical formula in Equation (1), the corresponding LUMO
levels were calculated to be —3.47 eV for BDT-O-DPP and
—3.55 eV for BDT-PO-DPP. From the CV results, one can ob-
serve that the energy levels of the small molecules could be
well tuned by introducing different side chains on the molecu-
lar backbone. The downshift in the HOMO energy level of BDT-
PO-DPP relative to that of BDT-O-DPP was mainly attributed to
the weaker electron-donating ability of the alkoxyphenyl

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

group relative to that of the alkoxy group as a result of the
larger torsion angle between the phenyl group and the back-
bone.?%

LUMO = HOMO + AE° (1)

The LUMO levels of the two target molecules are approxi-
mately 0.36 eV higher than that of the fullerene derivative ac-
ceptor PC¢BM, (—3.91 eV, Figure 4), which indicates that
charge transfer from the small molecules to PC¢;,BM could be
efficient.”*"
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Figure 4. Diagram of the HOMO and LUMO energy levels of BDT-O-DPP and
BDT-PO-DPP and other materials used in OSCs.

Theoretical studies

To better understand the effect of the side chains on the mo-
lecular optoelectronic properties, the electronic structures and
geometries of BDT-O-DPP and BDT-PO-DPP were investigated
by using density functional theory (DFT) calculations. All the
alkyl side chains were replaced with methyl groups to reduce
the computational cost. As shown in Figure 5, the torsion
angle between the phenyl group and the backbone is approxi-
mately 58.6° for BDT-PO-DPP. As a result, BDT-O-DPP is slightly
more planar than BDT-PO-DPP, which can be ascribed to steric
hindrance in the phenyl side chain. This result indicates that
the molecular conformation of BDT-PO-DPP could be finely

O 2 0 »d '0.‘ . b 758_60\.2‘:5;,) °
L O3 242 20 3 "“.. a", > % ";a", ' 3
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Figure 5. Optimized molecular geometries and frontier molecular orbitals of
BDT-O-DPP and BDT-PO-DPP by using DFT calculations evaluated at the
B3LYP/6-31G(d) level of theory. For clarity, all side chains are not shown.
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tuned by introduction of an al-
koxyphenyl group into the BDT
central moiety. Although the
molecular conformation is clearly

Table 2. Photovoltaic performance of the BHJ small molecule OSCs under AM1.5 G conditions.

different, the distribution state
of the frontier molecular orbitals
of BDT-O-DPP and BDT-PO-DPP
are almost the same as that pre-
dicted by DFT calculations.

Donor/acceptor (w/w) Annealing Ve Je FF PCE,ox (PCE,./)
rd vl [mAcm™] [%] [%]
BDT-O-DPP:PC,;,BM (1:1) none 0.86 9.02 42,97 3.34 (3.16)
BDT-O-DPP:PC¢,BM (1:1) 110 0.88 9.54 51.15 4.28 (4.07)
BDT-O-DPP:PC¢,BM (1:1) 110@%! 0.84 8.97 4236 3.23 (3.08)
BDT-PO-DPP:PC¢,BM (1:1) none 0.80 7.49 58.95 3.53 (3.34)
BDT-PO-DPP:PC¢,BM (1:1) 110 0.84 8.22 60.30 4.16 (3.98)
BDT-PO-DPP:PCy,BM (1:1) 110@P! 0.83 11.23 60.37 5.63 (5.47)

was obtained from ten devices.

Photovoltaic properties

[a] Thermal annealing at 110°C for 10 min. [b] 1,2-Dichlorobenzene (3 %) as the co-solvent. [c] The average PCE

To investigate the photovoltaic

performance of the two small

molecules, a series of BHJ SMOSCs devices were fabricated
with a typical configuration of ITO/PEDOT:PSS/small mole-
cule:PC;BM/Ca/Al  [ITO=indium tin oxide, PEDOT:PSS=
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)]. The
fabrication and measurements of the device are described in
the Experimental Section. Detailed parameters of the device
are summarized in Tables S1-S4 and Figures $2-S6.

The optimized device performance for both SMOSCs is
shown in Table 2. For the BDT-O-DPP-based devices (Table S1),
different weight ratios of BDT-O-DPP and PC4BM (1.5:1, 1:1,
and 1:1.5) were explored. With a decreasing D/A ratio in the
active layer, the best device was obtained with BDT-O-
DPP:PC,BM at 1:1, which showed PCE=3.34%, V,.=0.86V,
J,.=9.02 mAcm™? and FF =42.97 % without thermal annealing.
If the D/A blend ratio was decreased to 1:1.5, the PCE of the
device was clearly reduced to 2.49% owing to a reduction in
the values of J,. and FF (Figure S2). To further improve their
photovoltaic properties, thermal annealing at different temper-
atures was employed. Upon increasing the temperature, the
value of J first increased and then decreased markedly. Upon
thermal annealing at 110°C, the device with a blend ratio of
1:1 showed the highest efficiency, with PCE=4.28%, V,.=
0.88V, J,=9.54 mAcm™, and FF=51.15% (Figure S3).

For the BDT-PO-DPP-based SMOSCs without thermal anneal-
ing, upon decreasing the D/A ratio in the active layer from
1.5:1 to 1:1.5, the values of J,. and FF for the devices first in-
creased and then decreased slightly (Table S3). The best device
was obtained with BDT-PO-DPP:PC,,BM in a 1:1 ratio, which
showed PCE=3.53%, V,,.=0.80V, J,=7.49 mAcm and FF=
58.95%. If the D/A blend ratio was decreased to 1:1.5, the PCE
of the device reduced noticeably to 2.97% owing to a reduc-
tion in the values of J, and FF. Upon thermal annealing at
110°C, the device based on BDT-PO-DPP:PC,,BM (1:1 w/w)
showed PCE=4.16%, V,.=0.84V, J, =822 mAcm? and FF=
60.30% (Figure S5). Otherwise, BDT-PO-DPP exhibited a FF
value that was higher than that of BDT-O-DPP (60.30 vs.
51.15%); however, the value of V,. decreased slightly from 0.88
to 0.84V and the value of J. decreased from 9.54 to
8.22 mAcm™2 Given the same device configuration, the varia-
tions in the values of V,. and J, are likely associated with re-
markable differences in the phase-separated nanostructures in
the active layers.” Interestingly, if 0o-DCB was added to the
mixture solution as a co-solvent, the performance of the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

device was further enhanced because of the improved misci-
bility of BDT-PO-DPP with PC¢;BM and the decreased phase
domain size. The optimized content of 0-DCB was 3 %. Follow-
ing thermal annealing at 110°C after spin coating, the device
based on BDT-PO-DPP:PC,,BM (1:1 w/w) showed the highest
PCE of 5.63% with V,,=0.83V, J,=11.23 mAcm™2 and FF=
60.37 % (Figure S6).

The current density-voltage (J-V) curve of the device based
on BDT-PO-DPP:PC¢,BM (1:1 w/w) with the use of o-DCB as the
co-solvent and thermal annealing at 110°C and the corre-
sponding external quantum efficiency (EQE) spectrum are
shown in Figure 6. One can observe that the EQE of the opti-
mized device covered a broad wavelength range from A =325
to 750 nm. The maximum EQE plateau exceeded 50% from
A=550 to 700 nm. The EQE curve is consistent with its absorp-
tion spectrum as a thin film (Figure 2), and this indicates that
the absorbed sunlight by the target small molecule could ef-
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Figure 6. (a) J-V characteristic and (b) EQE spectrum of the device based on
BDT-PO-DPP:PC4,BM (1:1 w/w) by using o-DCB as the co-solvent and thermal
annealing at 110°C.
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fectively contribute to the generation of the photocurrent. The
value of J. calculated from the EQE spectrum was
10.87 mAcm™2, which is in accord with its photocurrent ob-
tained from the J-V curve.

Hole mobility

The hole mobility is an important factor for OSCs, because of
its direct influence on charge transport. High hole mobility
could guarantee effective charge carrier transport to the elec-
trodes and reduce the photocurrent loss in photovoltaic devi-
ces. The hole mobility of BDT-O-DPP and BDT-PO-DPP were
measured by the SCLC method®*>* with a device structure of
ITO/PEDOT:PSS/small molecule/Au. The SCLC is described by
Equation (2):
VZ

Jscie = geogrﬂh - )

in which J is the for current density, ¢, is the permittivity of
free space, ¢, is the relative dielectric constant of the transport
medium, u, is the hole mobility, V is the internal potential in
the device, and L is the thickness of the active layer. The inter-
nal potential V is obtained by subtracting the built-in voltage
(V) and the voltage drop (V) from the series resistance of the
substrate from the applied voltage [V,,,, see Eq. (3)]:

V= Vappl_vbi_vs (3)

As shown in Figure S6, according to Equation (2), the hole
mobility was calculated to be 1.54x107%and 2.98x
107" cm?V~'s™' for BDT-O-DPP and BDT-PO-DPP, respectively.
Notably, the hole mobility of the BDT-PO-DPP film was higher
than that of the BDT-O-DPP film under the same measurement
conditions, which can be ascribed to the 2D conjugated struc-
ture of the BDT core.*

X-ray diffraction

To elucidate the performance difference of BDT-O-DPP -and
BDT-PO-DPP-based SMOSCs before and after thermal annealing
at 110°C, the crystallinities of the BDT-O-DPP:PC4;,BM film and
BDT-PO-DPP:PC¢,BM film were investigated by X-ray diffraction
(XRD). As shown in Figure 7a, the BDT-O-DPP:PC¢,BM film ex-
hibits an evident diffraction peak at 26 =5.55° corresponding
to the (100) lattice plane of the molecule. Specifically, the
second-order diffraction peak (200) and third-order diffraction
peak (300) of the BDT-O-DPP:PC;BM film with the use of o-
DCB as the co-solvent are also clearly observed at 260=11.1°
and 16.5°, which is indicative of a continued increase in or-
dered arrangement after thermal annealing at 110 °C. Addition-
ally, the much narrower (100) diffraction peak of the annealed
sample relative to that of the pristine sample also indicates
that the crystalline size of the BDT-O-DPP:PC,,BM film grows
significantly after thermal annealing at 110°C. The fact that the
diffraction peak of the annealed film is stronger than that of
the pristine sample reveals that the annealing process enhan-
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Figure 7. XRD patterns of (a) BDT-O-DPP:PC;,BM film and (b) BDT-PO-
DPP:PC4,BM film spin coated from CHCI; solution before and after thermal
annealing at 110°C.

ces the ordered aggregation of the BDT-O-DPP:PC,BM blend
in the donor phase.’**? However, the film of the BDT-PO-
DPP:PCs,BM blend does not show any noticeable diffraction
peaks neither after thermal annealing nor after adding o-DCB
as the co-solvent (Figure 7b). Therefore, in comparison with
BDT-O-DPP, the molecular aggregation of BDT-PO-DPP is drasti-
cally decreased, because of the introduction of large alkoxy-
phenyl side chains.

Morphology

To further understand the photovoltaic properties of the result-
ing small molecules, the morphologies of the blending films
with a D/A ratio of 1:1 spin coated from their CHCI; solutions
were recorded by tapping-mode atomic force microscopy
(AFM). As shown in Figure 8, the pristine film of the BDT-O-
DPP:PC4,BM blend shows a root-mean-square (RMS) roughness
of 0.4 nm, and the film after thermal annealing exhibits a RMS
roughness of 0.5 nm. Surprisingly, the surface roughness of the
BDT-O-DPP:PC¢,BM blend film with the use of 0o-DCB as the co-
solvent significantly increased to 4.5 nm. The surface rough-
ness of the BDT-O-DPP:PC,,;BM blend film is well consistent
with its aggregation ability, as discussed in the XRD section.
The sharp increase in the surface roughness and the diffraction
peak indicates that the active layer based on the BDT-O-
DPP:PC,,BM blend could not form effective phase separation,
and this led to a clear decrease in the value of J,.. On the
other hand, the film of the BDT-PO-DPP:PC,,BM blend shows
RMS roughness values of 2.1 and 2.4 nm before and after ther-
mal annealing at 110 °C, respectively. Upon using o-DCB as the
co-solvent, the film of the BDT-PO-DPP:PC¢;BM blend shows
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Figure 8. AFM height images of blend films of (a-c) BDT-O-DPP:PC¢,BM and
(d-f) BDT-PO-DPP:PC4,BM prepared by spin-coating from the CHCl; solution
with a D/A ratio of 1:1.

a RMS roughness of 5.9 nm after thermal annealing at 110°C.
Although the RMS roughness becomes larger after thermal an-
nealing, the miscibility of BDT-PO-DPP with PC¢;,BM improves.
As shown in Figure8c and f, the film of the BDT-PO-
DPP:PC4,BM blend shows better phase separation than that of
the BDT-O-DPP:PC¢,BM blend film, which would decrease the
trap state density existing in the boundary and therefore
reduce the recombination current and improve the charge
transport.”! This thereby increases the current density and the
FF of BDT-PO-DPP-based SMOSCs in this work. Compared to
BDT-PO-DPP, the domain size of BDT-O-DPP may overgrow,?”
and this would result in a decrease in the donor-acceptor in-
terface and the unbalanced charge transport, which would
lead to relatively lower values of J,. and FF.

Conclusions

A new donor (D)-acceptor (A) small molecule based on
benzo[1,2-b:4,5-b’]dithiophene-containing alkoxyphenyl side
chains, BDT-PO-DPP, was designed and synthesized. BDT-PO-
DPP exhibited good thermal stability and a HOMO energy level
of —5.25 eV. Through replacing the alkoxy chain by an alkoxy-
phenyl group, the resulting BDT-PO-DPP exhibited weaker ag-
gregation ability than BDT-O-DPP. A bulk heterojunction small-
molecule organic solar cell based on BDT-PO-DPP and PC4,BM
was prepared, and it showed a PCE up to 5.63% with V.=
0.83V, J,=11.23 mAcm™? and FF=60.37% upon using 1,2-di-
chlorobenzene as the co-solvent and thermal annealing at
110°C. The results indicate that the alkoxyphenyl-substituted
benzo[1,2-b:4,5-b’]dithiophene derivative is a promising elec-
tron-donor building block that can be used for the construc-
tion of high-efficiency solution-processed organic solar cells.

Experimental Section
Materials

[Pd,(dba)s], [P(o-tol);, 1, n-butyllithium (nBuLi), trimethyltin chloride
(SnMe;Cl), and tin(ll) chloride dihydrate (SnCl,:2H,0) were pur-
chased from commercial sources and were used without further
purification, unless otherwise mentioned. Toluene and THF were
dried with sodium and were distilled before use. 1-Bromo-4-(2-eth-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ylhexyloxy)benzene (2), DPP-Br (6, Figure S8), and DPP were syn-
thesized according to literature procedures."?*3# Synthetic routes
to BDT-O-DPP and BDT-PO-DPP (Figure S8) are described below.

Syntheses

Compound 2: Under the protection of an argon atmosphere, 4-
bromophenol (5.20 g, 30 mmol) and potassium carbonate (4.98 g,
36 mmol) were put into a two-necked flask, and then DMF
(100 mL) was added. After stirring for 5 min, 2-ethylhexyl bromide
(6.75 g, 35 mmol) was added by syringe. The mixture was heated
to 120°C for 24 h in the dark. The cooled mixture was poured into
water and then extracted with ethyl ether (3x). The combined or-
ganic phase was dried with anhydrous MgSO,. After removing the
organic solvents, the residue was purified by silica gel column
chromatography (petroleum ether). Compound 2 was obtained as
a pale yellow oil (7.27 g, 85%).'"H NMR (600 MHz, CDCl,): 5=7.36
(d, 2H), 6.78 (d, 2H), 3.80 (d, 2H), 1.70 (m, 1H), 1.51-1.28 (m, 8H),
0.93-0.89 ppm (m, 6H); *CNMR (150 MHz, CDCl,): 6=158.52,
132.15, 116.34, 112.46, 70.78, 39.32, 30.49, 29.06, 23.83, 23.04,
14.08, 11.09 ppm.

Compound 3: In a 200 mL argon-purged flask, nBulLi (11.25 mL,
1.6 M in hexane) was added dropwise to a solution of compound 2
(5.13 g, 18 mmol) in THF (40 mL) at —78°C. After the addition, the
mixture was kept at this temperature for 1h. Subsequently,
benzo[1,2-b:4,5-b']dithiophene-4,8-dione (1.32g, 6.0 mmol) was
added quickly, and the mixture was stirred for 2 h at 55°C. After
cooling down to room temperature, a solution of SnCl,-2H,0
(10.83 g, 48.0 mmol) in 10% HCl (19.2 mL) was added, and then
the mixture was stirred for an additional 2 h at 55°C. The mixture
was quenched with deionized water (50 mL) and extracted with
ethyl ether. The combined organic extract was dried with anhy-
drous MgSO, and evaporated under vacuum. The raw compound
was purified by a silica gel column chromatography (petroleum
ether). Compound 3 was obtained as a white solid (1.43g,
40%)."H NMR (600 MHz, CDCl,): 6=7.62 (d, 4H), 7.38 (d, 2H), 7.34
(d, 2H), 7.09 (d, 4H), 3.96 (d, 4H), 1.80 (m, 2H), 1.60-1.36 (br, 16 H),
0.98 (t, 6H), 0.94ppm (t, 6H); *CNMR (150 MHz, CDCly): 0=
159.25, 138.30, 136.24, 131.41, 130.50, 130.01, 126.99, 123.09,
114.74, 70.57, 39.49, 30.61, 29.15, 23.94, 23.10, 14.13, 11.19 ppm; el-
emental analysis calcd (%) for C3H,60,S, (598.90): C 76.21, H 7.74,
0 5.34,5 10.71; found: C 76.29, H 7.81, S 10.80.

Compound 4: In a 100 mL argon-purged flask, nBulLi (3.25 mL,
1.6M in hexane) was added to a solution of compound 3 (1.20 g,
2.0 mmol) in dry THF (40 mL) at 0°C. After the addition, the mix-
ture was kept at this temperature for 2 h, and then SnMe,Cl
(5.75mL, 1.0m in hexane) was added. Then, the mixture was
stirred for 6 h at room temperature. Subsequently, the mixture was
poured into deionized water (40 mL) and extracted with ethyl
ether. The combined organic phase was dried with anhydrous
MgSO,. After removing the organic solvents, the residue was re-
crystallized from acetone to afford 4 as a pale yellow solid (1.07 g,
58%). "H NMR (600 MHz, CDCl,): 6=7.64 (d, 4H), 7.38 (s, 2H), 7.10
(d, 4H), 3.97 (d, 4H), 1.80 (m, 2H), 1.60-1.36 (br, 16H), 0.99 (t, 6H),
0.94 (t, 6H), 0.35 ppm (t, 18H); *CNMR (150 MHz, CDCl,): 6=
159.05, 14259, 141.62, 137.07, 132.06, 130.86, 130.57, 12845,
114.64, 70.49, 39.54, 30.63, 29.17, 23.96, 23.11, 14.14, 11.22,
—8.36 ppm.

BDT-O-DPP: In a two-necked round-bottomed flask, compound 5
(0.23 g, 0.3 mmol) and compound 6 (0.37 g, 0.61 mmol) were dis-
solved in dry toluene (15 mL). After purging with argon for 25 min,
[Pd,(dba);] (14 mg) and [P(o-tol);] (27 mg) were added under the
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protection of an argon atmosphere. The mixture was stirred and
heated to reflux for 24 h. Then, the mixture was poured into deion-
ized water (25mL) and extracted with dichloromethane (3x
25 mL). The combined organic phase was dried with anhydrous
MgSO, and filtered. After removing the organic solvents, the raw
product was purified by silica gel column chromatography (petro-
leum ether/CH,Cl,) to give a blue-black solid (268 mg,
60%)."H NMR (600 MHz, CDCl;): 6=9.00 (d, 2H), 8.92 (d, 2H), 7.59
(d, 2H), 7.55 (s, 2H), 7.39 (d, 2H), 7.25 (t, 2H), 4.20 (d, 4H), 4.05 (m,
8H), 1.94 (m, 2H), 1.87 (m, 4H), 1.74 (m, 2H), 1.65 (m, 4H), 1.47-
1.25 (m, 42H), 1.08 (t, 6H), 1.00-0.94 (m, 12H), 0.91-0.86 ppm (m,
18H); *C NMR (150 MHz, CDCl,): 6 =161.65, 161.57, 144.44, 142.24,
140.17, 139.49, 136.78, 135.68, 13542, 132.80, 130.56, 129.87,
129.49, 129.31, 128.45, 126.22, 117.58, 108.49, 108.16, 76.25, 45.97,
40.69, 39.31, 39.14, 30.45, 30.32, 30.31, 30.26, 30.23, 29.72, 29.25,
29.23, 28.46, 28.37, 23.86, 23.71, 23.57, 23.18, 23.11, 14.24, 14.09,
14.04, 11.36, 10.52, 10.29 ppm; MS (UHR-TOF): m/z: calcd. for
CagH114N,06Ss: 1490.7063 [M]*; found: 1490.7057.

BDT-PO-DPP: Prepared by a procedure similar to that used to syn-
thesize BDT-O-DPP starting from compound 4 (0.18 g, 0.20 mmol)
and compound 6 (0.25g, 0.41 mmol). Finally, a blue-black solid
was obtained (0.21g, 65%). M.p. 324.5°C; 'HNMR (600 MHz,
CDCl,): 6=8.90 (d, 4H), 7.65 (d, 4H), 7.61 (d, 2H), 7.49 (s, 2H), 7.34
(d, 2H), 7.27 (d, 2H), 7.16 (d, 4H), 4.06-3.95 (m, 12H), 1.87-1.81 (m,
6H), 1.63-1.45 (m, 6H), 1.40-1.25 (m, 42H), 1.01 (t, 6H), 0.96 (t,
6H), 0.89-0.81 ppm (m, 24H); FTIR (KBr): #=3075.63, 2955.75,
2925.14, 2855.99, 1663.75, 1607.03, 1555.94, 1517.14, 1451.40,
1418.68, 1401.59, 1377.44, 1314.74, 1230.85, 1173.22, 1098.44,
1023.94, 856.65, 830.31, 809.76, 734.15, 702.84, 466.85 cm™'; MS
(UHR-TOF): m/z: calcd. for CogH,»,N,06Ss: 1642.7689 [M]*; found:
1642.7683; elemental analysis calcd (%) for CogH,,,N,06Ss (1644.43):
C 71.58, H 7.48, N 3.41, O 5.84, S 11.70; found: C 71.65, H 7.58, N
3.37,S 11.69.

Spectroscopic measurements

'H NMR and C NMR spectra were measured with a Bruker Advan-
ce lll 600 spectrometer with tetramethylsilane (0 =0 ppm) as an in-
ternal standard. UV/Vis absorption spectra were performed with
a Hitachi U-4100 spectrophotometer. TGA was performed with
a TA Q600 thermogravimetric analyzer. Cyclic voltammetry (CV)
measurements were taken with a CHI660D electrochemical work-
station. CV experiments were performed at room temperature with
a conventional three-electrode system by using a platinum wire as
the counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a glassy carbon electrode as the working
one. Tetrabutylammonium phosphorus hexafluoride (Bu,NPFg,
0.1 ™) in acetonitrile solution was used as the supporting electro-
lyte, and the scan rate was 50 mVs~'. Ferrocene/ferrocenium (Fc/
Fc*) was used as the internal standard (the energy level of Fc/Fc*
is —4.8 eV under vacuum), and the formal potential of Fc/Fc™ was
measured as 0.39 V vs. SCE. Elemental analysis was measured with
a Vario EL Cube elemental analyzer. FTIR spectra were measured
with a Nicolet iN10 infrared microscope.

Photovoltaic device fabrication and characterization

SMOSCs were fabricated with a structure of ITO/PEDOT:PSS/BDT-
PO-DPP:PC¢,BM/Ca/Al by using the conventional solution spin-
coating process. The ITO-coated glass substrates were cleaned by
ultrasonic treatment in detergent, deionized water, acetone, and
isopropyl alcohol for 20 min. A layer of PEDOT:PSS was spin coated

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(4000 rpm, ~40 nm thick) onto the ITO glass. After baking at
150°C for 25 min, the substrates were transferred into a glove box.
Subsequently, the active layer was spin coated from different ratio
blends of BDT-PO-DPP (or BDT-O-DPP) and PC¢,BM in CHCl, solu-
tion at 1500 rpm for 25 s on the ITO/PEDOT: PSS substrate. Finally,
a 10 nm Ca layer and a 100 nm Al layer were successively deposit-
ed onto the active layer under high vacuum by a shadow mask to
define the area of 0.1 cm? (<3x10°*Pa). Thermal annealing was
performed by placing the completed devices on a digitally con-
trolled hotplate at different temperatures in a nitrogen-filled glove
box.

The structure of the film was evaluated by grazing incidence X-ray
diffraction (GIXRD, Bruker D8 Advance). Surface morphological
characterizations of the films were performed by tapping-mode
atomic force microscopy (AFM, Agilent 5400). Current density-volt-
age (J-V) characteristics of the devices were measured with a Keith-
ley 2420 source measurement unit under simulated 100 mWcm 2
(AM1.5 G) irradiation from a Newport solar simulator. Light intensi-
ty was calibrated with a standard silicon solar cell. The external
quantum efficiencies (EQEs) of the solar cells were analyzed by
using a certified Newport incident photon conversion efficiency
(IPCE) measurement system.
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Z. Du, W. Chen, S. Wen, S. Qiao, Q. Liu, R BDT-O-DPP ey Taking it up a notch: A 2D small mole-
L. R., iz = mA cm2 H
D. Ouyang, N. Wang, X. Bao, R. Yang* ~ R T cule based on the benzo[1,2-b:4,5-b']di-
R g g PCE=563% thiophene (BDT) unit containing alkoxy-
uE-EN ety Rl phenyl (PO) side chains is synthesized
New Benzo[1,2-b:4,5-b'ldithiophene- (eilioatee sile chaini iRz L e for organic solar cells. By replacing the

R

alkoxy side chain with an alkoxyphenyl
group, the molecular aggregation of
BDT-PO-DPP is effectively reduced. A

Based Small Molecules Containing
Alkoxyphenyl Side Chains for High
Efficiency Solution-Processed Organic

Solar Cells small-molecule organic solar cell based
BDT-PO-DPP on BDT-PO-DPP/PC4,BM exhibits promis-
ing power conversion efficiency.
DPP =diketopyrrolopyrrole.
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