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A novel naphthyl side-chained benzodithiophene
polymer for efficient photovoltaic cells with a high
fill factor of 75%t

Dakang Ding,1® Jiuxing Wang, {2 Zurong Du,” Feng Li,° Weiye Chen,?
Fushuai Liu,? Haiyan Li, Mingliang Sun {©**and Rengiang Yang *

To study which strategy (extending side chain p-conjugation with single-bonded or fused aromatic rings) is
more effective in improving the photovoltaic properties of benzodithiophene (BDT)-based polymers,
naphthyl (NP) and biphenyl (BP) units were introduced to the BDT core as conjugated side chains. Two
polymers PBDTNP-DTBO and PBDTBP-DTBO based on NP or BP-substituted BDT and 5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]oxadiazole (DTBO) were designed. These two polymers
only exhibited small differences in the chemical structure, but great differences in photovoltaic
performance. PBDTNP-DTBO showed a high power conversion efficiency (PCE) of 8.79%, with an open-
circuit voltage (Vo) of 0.82 V, a short-circuit current density (Js.) of 14.34 mA cm—2, and a fill factor (FF)
of 74.73%, while PBDTBP-DTBO only showed a maximum PCE of 6.69%, with a V,.of 0.75 V, a Js.of
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Introduction

The past 30 years have witnessed the great progress achieved in
the Eeld of polymer solar cells (PSCs) and the power conversion
efficiency (PCE) has exceeded 10%."* The development of poly-
mer donorsisakeydrivingforce for the advances of PSCs. To
realize high PCE, a polymer donor should have suitable energy
levels, high hole mobility and good miscibility with the
acceptor.* Many strategies have been developed to design high-
performance polymer donors, such as introducing Euorine
substituents and extending p-conjugated systems.*"® Compared
with introducing Zkuorine substituents, extending p-conjugation
systems is more environmentally friendly.

Among various donor units, benzo[1,2-b:4,5-b"|dithiophene
(BDT) arouses particular interest due to its good planarity and
strongp-pinteraction. Extendingthe side chain p-conjugation
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13.55 mA cm—2, and a FF of 65.86%. Hence, extending the side chain p-conjugation system of a BDT-
based polymer with naphthyl is a more effective method to enhance the photovoltaic properties.

system of BDT is an effective way to improve the photovoltaic
properties of BDT-based polymers. In 2011, Hou and co-workers
designedatwo-dimensional (2D) conjugated BDTunit BDTT by
replacing alkoxy groups with alkylthienyl groups.” The BDTT-
based polymers exhibited simultaneously increased open-
circuit voltage (Voc), short-circuit current density (Jsc) and PCE
values than BDT-based polymers. Given the success of
designing BDTT, more BDT derivatives with larger side chain p-
conjugation systems are synthesized by the introduction of
single-bonded or fused aromatic rings into BDT."****%% [n
2014, Wang et al. designed a novel donor unit BDTBzT by
introducing two benzo[b|thiophene groups into BDT." The
BDTBzT-based polymer exhibited a much enhanced PCE
(7.30%) than the BDT-based polymer (5.35%). Then Han et al.
reported a polymer based on a BDT derivative with phenyl-
thiophene groups as side chains.?” The polymer showed
a maximum PCE of 7.68%. Previous reports show that the
photovoltaic properties can be improved through the intro-
duction of single-bonded or fused aromatic rings into BDT.
What is the difference in performance between these two
methods? Which method is more effective? These issues need
further study.

Diphenyl BDT (BDTP) is a widely used donor unit in con-
structing D-A polymers. Through introducing ¥fuorineinto te
¥ranking benzene ring of BDTP, the highest PCE of BDIPbesed
polymers reached 9.02%.° Although the photovoltaic perfor-
mance can be greatly enhanced by the introduction of
Eruorine, this method is costly and environmentally
unfriendly. To date, extending the side chain p-conjugation
system of BDTP has not
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been reported. Naphthalene is an extended conjugated struc-
ture based on phenyl, and it is fused together by two benzene
units and all ten carbon atoms of naphthalene are in the same
plane. Every hexatomic ring of naphthalene has alternating
single and double connection, so the p-conjugation system can
be expanded along the whole naphthalene structure. A biphenyl
unit is another extending conjugated structure based on phenyl.
Here, we designed two BDT derivatives, BDTNPand BDTBP, by
introducing naphthyl and biphenyl into BDT, respectively.

Di(thiophen)-benzooxadiazole and di(thiophen)-benzo-
thiadizole are two main electron-withdrawing units for con-
structing D-A copolymers with 2D BDT. A deeper HOMO level
and increased planarity based on DTBO polymers can be ach-
ieved due to the higher electronegativity of oxygen atom and
SZ0 interaction between thiophene and benzothiadizole.
Therefore, 5,6-bis(octyloxy)-4,7-di(thiophen-2yl)benzolc|[1,2,5]
oxadiazole (DTBO) was chosen as the acceptor unit. The opto-
electronic properties of the two polymers based on BDTNP
(named PBDTNP-DTBO) and BDTBP (named PBDTBP-DTBO)
were thoroughly studied. PBDTNP-DTBO showed a high PCE
0f8.79%, withaVec0f0.82V,als.0f 14.34 mAcm 2, and a Bl
factor (FF) of 74.73%, while PBDTBP-DTBO only showed
amaximum PCE of 6.69%, with aV,.0f0.75V, aJsc0f 13.55mA
cm ™2, and aFF of 65.86%.

Results and discussion

Synthesis and characterization

The synthetic routes for these new monomers (BDTNPSn and
BDTBPSn) and polymers (PBDTBP-DTBO and PBDTNP-DTBO)
are shown in Scheme 1 and the detailed synthetic processes
are given in the Experimental section. Compound 4,8-dihy-
drobenzo[1,2-b:4,5-b'|dithiophen-4,8-dione, DTBOBr and 5-
(bromomethyl)pentadecane were synthesized according to the
reported methods.'®*** The polymers were synthesized by the
Stille coupling reaction with DTBOBr and BDTNPSn or
BDTBPSn as reactants using tris(dibenzylideneacetone)dipalla-
dium (Pdz(dba)s) and tri(o-tolyl)phosphine (P(o-tol)s) as cata-
lysts in anhydrous toluene at 110 °C. These polymers both
exhibited poor solubility, and could be dissolved in hot o-
dichlorobenzene (DCB). The number-average molecular weight
(Mp) of PBDTNP-DTBO determined by gel permeation chroma-
tography (GPC) with trichlorobenzene as the eluent at 150 °C
was S6kDawiththe polydispersityindex (PDI)of 1.98, whilethe
Mn of PBDTBP-DTBO was 43 kDa with the PDI of 2.31. The
thermal properties of the polymer were recorded by thermog-
ravimetric analysis at a heating rate of 10 °C min—'under
a nitrogen atmosphere. As shown in Fig. S1 (ESI),T the onset
decomposition temperature (5% weight loss) of the polymer
PBDTNP-DTBO and PBDTBP-DTBO was 322.5 and 326.3 °C,
respectively, which were enough for application in PSCs.

Optical properties

The ultraviolet-visible absorption (UV-vis) spectra of PBDTNP-
DTBO and PBDTBP-DTBO in thin #lms and dilute DCB six
tionareshownin Fig. 1a. These two polymers exhibited very
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Scheme 1  Synthetic routes of BDTBP, BDTNP and their polymers.

similar absorption spectra both in #lms and solution. In thin
Elms, the shoulder peaks of PBDTNP-DTBO and B3DIBPDIBO
located at 638 nm and 635 nm were attributed to the aggrega-
tions ofthe polymer chains. The absorption peak wavelength of
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Fig. 1 (a) Normalized absorption spectra of PBDTNP-DTBO and
PBDTBP-DTBO in DCB solution and as solid films at room tempera-
ture. (b) Absorption coefficients of PBDTNP-DTBO and PBDTBP-
DTBO.
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PBDTNP-DTBO and PBDTBP-DTBO was ca. 596 nm and 589 nm,
respectively, which could be attributed to the intramolecular
charge transfer between the DTBO unit and the BDT unit.
Compared with the absorption spectra in thin Elms, the two
polymers in dilute DCB solution showed slightly blue-shiilled
spectra. The detailed optical data are listed in Table 1. The
absorption onset (lonset) of the polymer PBDTNP-DTBO and
PBDTBP-DTBO was 705 and 703 nm, respectively. Hence,
according to the equation E‘épt Y4 1240/ 1 onset, the optical band
gaps (Eg™) of the two polymers were both 1.76 eV. As shown in
Fig. 1b, the maximum 2£1m absorption coefficients of FEDIN®
DTBO and PBDTBP-DTBO were 6.74x10*and 5.76x 10*cm™,
respectively, indicating that PBDTNP-DTBO has stronger ability
of harvesting light, which may be one reason for the increased
photovoltaic performance of PBDTNP-DTBO.

Electrochemical properties

The electrochemical properties of PBDTNP-DTBO and PBDTBP-
DTBO were studied by cyclic voltammetry (CV).The CV curves
are shown in Fig. 2 and the detailed onset oxidation potentials
(Eox) and HOMO and LUMO energy levels are listed in Table 1.
The Eox of PBDTNP-DTBO and PBDTBP-DTBO was 1.12 and
0.92 Vrespectively, vs. the saturated calomel electrode (SCE).
The half-wave potential of the ferrocene /ferrocenium (Fc/Fc’)
redox couple was used as the internal standard, and the
potential (E{f5/*") vs. the SCE was measured to be 0.40 V.
The HOMO energy levels of PBDTNP-DTBO and PBDTBP-DTBO
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Fig. 2 Electrochemical cyclic voltammograms of the two polymers.
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Fig. 3 Optimized molecular geometries and frontier molecular

orbitals for PBDTNP-DTBO and PBDTBP-DTBO obtained by DFT
calculations.

PBDTBP-DTBO

calculated by the equation Enomo % —e(Eox + 4.8 EF/"")) were

—5.52 and —5.32 eV, respectively. Higher V,. of PBDTNP-DTBO
based polymersolarcells could be achieved due tothelow-lying
HOMO. As shown in Fig. S2,1 the LUMO was obtained by the E,e
and the detailed energy level values are listed in Table 1.
Compared with BDTBP, the BDTNP with fused aromatic rings
exhibits alarger p-conjugation side chain system on account of
the zero torsion angle on phenyl units. Fused aromatic rings
(NP) may decrease the electron density of BDT units more
effectively due to the phenyl unit with high ionization potential
and low electron densities, so BDTNP could become more
electron-withdrawing relative to BDTBP, which would lead to
alower-lying HOMO energy level.

Theoretical calculations

To further research the optoelectronic properties about the
HOMO and LUMO of PBDTNP-DTBO and PBDTBP-DTBO,

density functional theory (DFT) calculations were carried out
using the Gaussian 09 program in the gas phase. In order to
reduce calculation time, some simpli¥ed methods were carried

out, such as choosing one repeating unit and replacing alkyl side
chains with methyl groups. The optimized molecular geometries
were recognized as the minimum-energy conformations by
vibrational calculations at the same level. The optimized molec-
ular geometry and frontier molecular orbitals are shown in Fig. 3
and the detailed energy levels are listed in Table 1. The simulated
energy levels calculated from the DFT calculations were well
consistent with the experimental results estimated from the CV
curves. As shown in Fig. S3,7 PBDTNP-DTBO exhibited a larger
side chain and backbone dihedral angles than PBDTBP-DTBO,
which may account for the deeper HOMO and LUMO energy
levels of PBDTNP-DTBO relative to PBDTBP-DTBO. These two
polymers exhibited similar distributions of HOMO and LUMO.
The LUMO was mainly delocalized in the DTBO unit, while the
HOMO waslocatedinboth BDT and DTBO units.

Photovoltaic properties and hole mobility

Tostudythephotovoltaic properties ofthese two polymers, bulk
heterojunction PSCs were fabricated with a traditional structure

Table 1 Optical absorption properties and molecular energy levels of the two polymers

Imax sOlution  lonset Eox LUMO® HOMOP*T  LUMOP™"
Polymer Imax 2lm fm)  (nm) Ylm (nm) EP'(eV) (V) HOMOY(eV) (eV) EX'(eV) (eV) (eV)
PBDTNP-DTBO 424,596,638 420,592,628 705 1.76 1.12 —5.52 —3.21 248 —5.13 —2.65
PBDTBP-DTBO 413,589,635 411,585,627 703 1.76 0.92 —5.32 —3.08  2.39 —4.96 —2.57
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of indium tin oxide (ITO)/poly(3,4-ethylene dioxythiophene):-
poly(styrenesulfonate) (PEDOT:PSS)/polymer:PC7;BM/Ca/Al.
The active layer solutions with different polymer:PC7;;BM
(D : A) ratios were stirred at 120 °C for 2 h. All PSCs were tested
under the illumination of AM 1.5 G, 100 mW cm™2.

The current density-voltage (J-V) curves of the PSCs based on
different D : A ratios are shown in Fig. 4 and their detailed
parameters are listed in Table 2. As can be seen from Table 2,
both PBDTNP-DTBO and PBDTBP-DTBO showed the best
photovoltaic performance when they were blended with
PC71BM attheD:Aratioof 1:2. The best PCEs (7.70%, 8.79%
and 7.81%) of PBDTNP-DTBO with differentD : Aratios were all
obviously higher than those (6.00%, 6.69% and 6.19%) of

PBDTBP-DTBO. Itis a pity that the PCE of the two polymers did
notincreaseanymorewhen processingadditiveswereblended.
PBDTNP-DTBO showed a highest PCE of 8.79%, with a V,c of
0.82V, alJscof 14.34 mA cm 2, and a Bl factor (FF) of 74.73%,

while PBDTBP-DTBO only showed a maximum PCE of 6.69%,
with aVo.0f 0.75V, a Jscof 13.55 mA cm™2, and a ¥l factor (FF)
0f65.86%. The Vo, Jscand FF for PBDTNP-DTBO were improved
simultaneously in comparison with those for PBDTBP-DTBO.
The enhancement of Vo,c may result from the deeper HOMO
energy level. The higher absorption coefficient of PBDTNP-
DTBO should be one of the contributing factors for the
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Fig. 4 J-V characteristics of the PSCs based on (a) PBDTNP-DTBO
and (b) PBDTBP-DTBO with different polymer/PC7,BM ratios.
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Table 3 Comparison of the photovoltaic parameters of DTBO-based
polymers

Polymer Vo (V) Jsec (mA cm™2) FF (%) PCE (%) Reference
PBDTNP-DTBO 0.82  14.34 74.73 8.79 Thiswork
PBDTBP-DTBO 0.75  13.55 65.86 6.69 Thiswork
PBO-m-FPO  0.87 14.3 64 8.0 30
PBDTTTBO 0.85 11.8 59 5.9 31
P3 0.86 10.8 59 5.5 32
PQDT-DTPyT 0.75 13.49 55.1  5.57 33
PIPCP 0.86 13.4 53 6.13 34
PBPT-12 0.75 12.56 54.2  5.11 35

improvement of Jsc. The FF of PBDTNP-DTBO-based PSCs was
as high as 74.73%, which is a good result in the Eeld of By
and it may result from the excellent active layer morphology.
These results indicated that extending the side chain p-conju-
gation system of BDTP through fused aromatic rings is better
thanthrough single-bonded aromaticrings for PSCs.

Table 3 summarizes the photovoltaic parameters of DTBO-
based polymers. The previously reported highest PCE for
DTBO-based polymersis 8.0%, with aV,.0f0.87V, aJsc0f 14.3
mA cm 2, and an FF of 64%.% However, the polymer contains
Fruorine atoms which are detrimental to the environment. Ths
work indicates that extending the side chain p-conjugation
system with the naphthyl side group is a more effective and
environmentally friendly method.

The hole mobility was measured by the space-charge-
limited-current (SCLC) method with the device structure of
ITO/PEDOT:PSS/polymer:PC7;:BM/MoO3/Al. As shown in
Fig. S4,1 the hole mobility of PBDTNP-DTBO and PBDTBP-
DTBO is 2.65 x 10*and 2.30 x 10~*ecm?V—'s™, respec-
tively. The polymer PBDTNP-DTBO exhibited higher hole
mobility than PBDTBP-DTBO, which may be part of the reason
that the PBDTNP-DTBO-based PSC device showed higher Jsc
and FF.?

The external quantum efficiency (EQE) spectra of the opti-
mized PSCs based on PBDTNP-DTBO and PBDTBP-DTBO are
showninFig. 5. The EQEs of PBDTNP-DTBO based PSC devices
were higher than those of PBDTBP-DTBO in the region of 400-
700 nm, which should be another reason that PBDTNP-DTBO-
based devices showed higher Js.. The calculated current densi-
ties integrated from the EQE curves of PBDTNP-DTBO and
PBDTBP-DTBO were 14.01 and 13.14 mA cm ™2, respectively,
which were consistent with the Jscobtained by J-V curves.

Table 2 Photovoltaic properties of PBDTNP-DTBO and PBDTBP-DTBO with different polymer:PC+;:BM (D : A) ratios

Polymer D:A Voc (V) Joe (MA cm™?) FF (%) PCEax/ PCEaye (%)
PBDTNP-DTBO 1:1 0.83 12.88 72.06 7.70/7.63
PBDTNP-DTBO 1:2 0.82 14.34 74.73 8.79/8.68
PBDTNP-DTBO 1:3 0.81 13.31 72.46 7.81/7.72
PBDTBP-DTBO 1:1 0.76 11.75 67.21 6.00/5.94
PBDTBP-DTBO 1:2 0.75 13.55 65.86 6.69/6.65
PBDTBP-DTBO 1:3 0.76 11.81 68.60 6.19/6.10

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 EQE spectra of the PSCs based on PBDTNP-DTBO and
PBDTBP-DTBO.

Active layer morphology

To investigate the morphology of the active layer, atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
measurements were carried out. As shown in Fig. 6, the
PBDTBP-DTBO:PC7:BM Elm showed a much rougher sufe
than the PBDTNP-DTBO:PC7;BM Elm. The wtreensyae(RMS)
surface roughness values were 2.38 and 0.99 nm for
PBDTBP-DTBO:PC7;BM and PBDTNP-DTBO:PC7:BM, respec-
tively. According to the literature, the rougher surface is

unfavourable to realizing a high PCE.’The TEM images clearly
show that the phase separation of PBDTBP-DTBO:PC7;BM was
veryserious. As the exciton diffusion lengthis onlyrv10-20nm,
large phase separation is detrimental to the separation of
excitons. In contrast, the PBDTNP-DTBO:PC7;BM £1m soaeda
much smaller phase separation with nanoscale domains.
From the AFM and TEM results, we can conclude that the
compatibility of PBDTNP-DTBO:PC7;BM was much better than
that of PBDTBP-DTBO:PC7;BM. Polymer PBDTNP-DTBO
exhibited a higher regularity, higher molecular weight and
more effective extended p-conjugation system caused by the
less torsion angle of the side chain, which may be potential

Fig. 6 AFM (a and b) and TEM (c and d) images of polymer:PC  7,BM
blends. The size of the AFM images is 5 mm x 5 mm.
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factors to in¥fuence the morphology. A better active byer
morphology should be another factor for the improvement of Jsc
and FF for PBDTNP-based PSCs.

Conclusions

In summary, two novel BDT-based polymers containing naph-
thyl (PBDTNP-DTBO) and biphenyl (PBDTBP-DTBO) side chains
were synthesized, and their optoelectronic properties were
studied in detail. Compared with PBDTBP-DTBO, PBDTNP-
DTBO exhibited a larger #lm absorption coefficient, deger
HOMO and LUMO, improved EQE, and better miscibility with
PC7:BM. As a result, the photovoltaic properties of PBDTNP-
DTBO were greatly improved and the maximum PCE achieved
was 8.79%. Thisworkindicated thatextendingthe side chain p-
conjugation system of a BDT-based polymer with naphthyl is
amoreeffectivemethod toenhancethe photovoltaic properties.

Experimental section

Materials

All chemicals and solvents were purchased from commercial
sources. Toluene and tetrahydrofuran (THF) were dried using
sodium under an argon atmosphere before used for sensitive
reactions and the other solvents were used directly. Compound
4%bromo biphenyl-4-ol and 6-bromona phthalen-2-ol were
purchased from J & K. Compound benzo[1,2-b:4,5-bY]
dithiophen-4,8-dione, DTBOBr, BDTBPSn and 5-(bromo-
methyl)pentadecane were synthesized according to the reported
methods.'**** The new monomer BDTNP and the corre-
sponding polymers were synthesized in accordance with
Scheme 1 and the detailed synthetic routes are as follows.

Synthesis of compound 2-bromo-6-(2-hexyldecyloxy)
naphthalene

A mixture of 6-bromonaphthalen-2-ol (4.46 g, 20 mmol), 5-
(bromomethyl)pentadecane (9.16 g, 30 mmol), potassiumhydr-
oxide (1.68 g, 30 mmol) and dimethyl formamide (DMF, S50 mL)
was stirred at 100 °C for 24 hours. Aller cooling the Irask b
room temperature, 40 mLwater was added to dissolve the white
inorganic substance. The mixture was extracted with hexane
several times, and the organic phase was dried using anhydrous
Na,S04. Afller removingthe solventunderreduced pressure, te
crude product was puri¥ed further by silica column droma
tography using petroleum ether as the eluent. The colorless oil
wasreceived (5.83 g,65.14%yield).

'H NMR (600 MHz, CDCl3): d 7.90 (d, 1H), 7.63 (d, 1H), 7.57
(d, 1H), 7.49-7.46 (dd, 1H),7.17-7.14 (dd, 1H), 7.08 (d, 1H), 3.93
(d, 2H), 1.85-1.80 (m, 1H), 1.43-1.22 (m, 24H), 0.88 (m, 6H).

Synthesis of compound BDTNP

Compound 2-bromo-6-(2-hexyldecyloxy)naphthalene (5.61 g,
12.54 mmol) was dissolved in THF (30 mL) and then was cooled
to 78 °C under an argon atmosphere. n-Butyllithium solution
(8.36mL, 1.6molL™",13.78 mmol)wasaddeddropwiseintothe
¥rask. The mixture was maintained at this temperature for two

This journal is © The Royal Society of Chemistry 2017
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hours, and then benzo[1,2-b:4,5-b"|dithiophen-4,8-dione (0.92 g,
4.18 mmol) was quickly poured into the #}ask. Ailler keeping te
reaction at—78 °C for another hour, the temperature of the
mixture was increased to room temperature and stirred over-
night. SnCl>$2H>0 in 10% HCI bubbled using argon was
injected into the reaction. The solution was stirred at 70 °C for 4
hoursand the cooled mixture was poured into 20 mLwater. The
mixturewasextracted withdiethyletherandawhitesolid (1.8 g,
47.3%yield) was obtained ailler further purication by dam
chromatography using dichloromethane and petroleum ether
as the eluents.

'H NMR (600 MHz, CDCl3): d8.13 (s, 2H), 7.92 (d, 2H), 7.83
(d, 2H), 7.80-7.75 (dd, 2H), 7.42 (d, 2H), 7.36 (d, 2H), 7.25 (s,
2H),7.23(d,2H),4.02(d,4H), 1.94-1.86 (m,2H), 1.55-1.25 (m,
48H), 0.92-0.87 (m, 12H).

13C HMR (150 MHz, CDCl3): d 158.02, 138.51, 136.41, 134.46,
134.36, 130.48, 129.71, 129.05, 128.29, 127.82, 127.34, 127.25,
123.08, 119.77, 106.59, 71.09, 37.70, 31.94, 31.91, 31.50, 31.49,
30.08, 29.75, 29.64, 29.37, 26.88, 22.71, 14.15.

Synthesis of compound BDTNPSn

Compound BDTNP (1.84 g, 1.99 mmol) was dissolved in anhy-
drous THF (40 mL) under an argon atmosphere, and then n-
butyllithium (3.36 mL, 5.37 mmol, 1.6 mol L™!) was dropped
slowly at 0 °C. Ailler the mixture stirred at room temperature fr
1 hour, trimethyltin chloride (6.96 mL, 6.96 mmol, 1.0 molL ™)
was injected into the #ask quickly. The mixture was stirred &
room temperature overnight and 10 mL water was poured into
the #rask. The mixture was extracted with diethylether and ten
the solvent was removed under reduced pressure. The raw
product can be puriled by recrystallization from acetone, ad
awhite solid (1.5 g, 48% yield) could be received.

'H NMR (600 MHz,CDCl;): d 8.14 (s, 2H), 7.93 (d, 2H), 7.84
(d, 2H), 7.80 (dd, 2H), 7.40 (m, 2H), 7.27 (d, 2H), 7.24 (dd, 2H),
4.02(d, 4H), 1.94-1.86 (m, 2H), 1.53-1.22 (m, 48H), 0.95-0.84
(m, 12H), 0.38-0.26 (m, 18H). *C NMR (150 MHz, CDCly):
d157.89, 142.79, 142.11, 137.25, 135.12, 134.23, 130.75, 129.70,
128.95,128.90, 128.25,128.11,127.12,119.63, 106.52,71.11,
37.96, 31.90, 31.48, 30.07, 29.74, 29.63, 29.36, 26.89, 26.87,
22.70, 14.14. HRMS (MALDI-TOF): calcd for: CegHogO2S2Sn,
(M"): 1248.505, found: 1248.663.

Synthesis of PBDTNP-DTBO and PBDTBP-DTBO

The mixture of BDTNSn (124.97 mg, 0.10 mmol), DTBOBr
(69.86 mg, 0.10 mmol), Pd2dbas (2.0 mg), P(o-tol)3 (4.0 mg) and
toluene (5 mL) was added into the Erask under an argon ano
sphere, which was heated to 110 °C and stirred overnight. The
solution was dropped into methanol. The raw polymer was
received by Eltration and puriffed further by Soxhlet dimwith
hexane, acetone, dichloromethane, and chloroform. The
remaining solid was dissolved using o-dichlorobenzene at
80 °C, and then washed with o-dichlorobenzene by chroma-
tography. It was dropped into methanol again before the solu-
tion was removed exactly. It was obtained as a blue solid
(111.12 mg, 76% yield) ailler Hltration.
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Elementalanalysiscalcd (%) forCooHi20N205S4:C75.57%,H
8.27%,found: C75.43%,H7.96%.

PBDTBP-BTBO was prepared by the same method, and
adeep blue solid was obtained (104.4 mg, 69% yield).

Elementalanalysiscalcd (%) forCosH124N205S4:C76.14%,H
8.25%, found: C76.03%, H8.32%.

Characterization

'H nuclear magnetic resonance (NMR) and 3C NMR spectra
were measured with a Bruker AVANCE-III 600 spectrometer
usingtetramethylsilane (TMS) as theinternalreference. HRMS
were performed on a Bruker time-of-Ekight mass seamserwith
the model of MALDI-TOF. The molecular weight and
polydispersity were measured by gel permeation chromatog-
raphy (GPC) analysis with an ELEOS system using tri-
chlorobenzene as the eluent at 150 °C. Thermal gravimetric
analysis (TGA) curves were obtained by using a STA-409 at
a heating rate of 10 °C min™". Cyclic voltammetry (CV) curves
were recorded by using a CHI660D electrochemical workstation
using polymer Blms on glassy carbon as the working
electrode,

a saturated calomel as the reference electrode and a platinum
wire as the counter electrode in the solution of tetrabuty-
lammonium phosphorus hexaffuoride (BusNPFs, 0.1 M) nn
acetonitrile at a scanning rate of 50 mV s—'. UV-vis absorption
spectra were recorded on a Hitachi U-4100 spectrophotometer.
The absorption spectra of 2llms were measured by quartz ghes
spin-coated from their chloroform solutions. The surface
morphological characterization of ¥lms blended with pdmas
and PCBM were done by using a tapping-mode atomic force
microscope Agilent 5400.

Fabrication and characterization of polymer solar cells

The polymer solar cell devices were fabricated on the glass

substrates spin-coated with indium tin oxide (ITO) using
a traditional sandwich structure of ITO/PEDOT:PSS/

polymer:PC71BM/Ca/Al. The active area for the solar cell devices

was about 0.1 cm?. The ITO coated glass substrates were
cleaned in an ultrasonic bath with ITO detergent, deionized

water, acetone, toluene, methanol and isopropanol, sequen-

tially. Thewashed ITO glasses were treated with oxygen plasma
for 20 minutes, and then they were spin-coated with ca. 40 nm

Blm of PEDOT (poly(3,4-ethylene dioxythiophene)):PSS fpdy
(styrenesulfonate)) under an argon atmosphere. The active layer
consisting of polymers and PC7:BM (10 mg mL ™) with different
ratios of DIO were dissolved in deoxygenated anhydrous chlo-

roform solution overnight and spin-cast onto the PEDOT:PSS

layer. Finally, the negative electrode consisting of Ca (10 nm)

and aluminum (100 nm) was thermally evaporated onto the

active layer. The current density-voltage (J-V) curves were
measured with a Keithley 2420 source measurement unit under
simulated AM 1.5 G irradiation (100 mW cm™2) from a Newport
solar simulator. A calibrated silicon solar cell was used to
determine the light intensity. The external quantum efficiency
(EQE) of the PSC devices was measured with a certi®ed Newpat
incident photon conversion efficiency (IPCE) measurement
system.
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