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Two p-type semiconducting donor—acceptor polymers were designed and synthesized for use in organic
solar cells. The polymers combine a benzodithiophene (BDT) donor and a thiazole-fused benzothiadiazole
(TzBT) acceptor. Two TzBT acceptor units are compared, one with an alkylthio group (P1) and the other with
a more strongly electron-withdrawing alkylsulfonyl group (P2) at the fused thiazole ring. The strongly
electron-accepting nature of the TzBT unit lowers the lowest unoccupied molecular orbital (LUMO)
energy of P1 and P2 relative to that of the BT analog (PBDT-BT), without altering the energy of the

highest occupied molecular orbital (HOMO). Despite the smaller optical band gaps, bulk heterojunction

iig:gti?jlzog&‘];en;zgrf%glg organic solar cells fabricated using these polymers in a PC,;BM blend showed high open-circuit
voltages. The power conversion efficiency (PCE) of the Pl-based device reached 6.13%. Though

DOI: 10.1035/c3ra00223d efficiency of the P2-based device was lower, photoelectric conversion extended into the near-IR region
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Introduction

Organic solar cells (OSCs) have attracted considerable attention
as low cost, flexible, and light-weight sources of electrical
power." In bulk-heterojunction OSC devices, p-type materials,
typically semiconducting polymers, are blended with n-type
molecular materials, typically fullerene derivatives such as
[6,6]-phenyl-C,4-butyric acid methyl ester (PC;;BM).>® The p-
type semiconductor is often a conjugated donor-acceptor (D-
A) polymer consisting of alternating electron-rich donor units
and electron-deficient acceptor units.”® A promising approach
to improve the power conversion efficiency (PCE) of OSCs is
using p-type materials with a narrow highest occupied molec-
ular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) band gap (E,) to increase short-circuit current density
(Jsc)-® The open circuit voltage, Voc, scales closely with the
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energy difference between the HOMO of the p-type polymer and
LUMO of the n-type fullerene.'® Hence, lowering the LUMO
energy level of the p-type polymer without changing the HOMO
energy level should lead to a narrow band gap without sacri-
ficing the Voc. The development of strong acceptor units is
therefore a key element for fine-tuning the electronic structure.
The difference in energy between the optical band gap of the
absorber and the open-circuit voltage of the device is defined as
the photon energy 10ss (Eioss = Ey — €Voc)."*** For high PCE, the
photon energy loss should be minimized.
2,1,3-Benzothiadiazole (BT) is a widely used acceptor unit in
D-A polymers.***® The strong electron-accepting ability of
benzothiadiazole stems from the strong butadiene character
and the presence of the two electron-withdrawing C=N double
bonds. A common approach to enhance the electron-accepting
ability is the introduction of electron-withdrawing substituents
such as fluoro,”™ chloro,* and cyano® groups. As a unique
electronic modification, we have demonstrated the utility of the
formation of intramolecular B-N bonds, which makes it
possible to lower the LUMO energy level without changing the
orbital distribution.?*** Another way for modification of BT unit
is the heteroannulation at the 5- and 6-positions to give accep-
tors such as thiadiazoloquinoxaline (TDQ) and benzobisthia-
diazole (BBT).*>** We have recently developed a thiazole-fused
BT skeleton (TzBT) as a new type of electron acceptor unit
with further enhancement of the electron-accepting ability of
BT skeleton.*?** Additional tuning of the electron-accepting
character is realized by changing the alkylthio group to
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Fig. 1 (a) Fine-tuning of electron-accepting ability in TzBT bearing

alkylthio group. Calculated energy level diagram with depictions of the
LUMO at B3LYP/6-31G(d) level of theory.®” (b) Chemical structures of
TzBT-based D-A polymers P1 and P2.

alkylsulfonyl (Fig. 1a).** We anticipated that this simple
substitution of the alkylthio group in the TzBT derivative can
fine-tune the electronic structure of a D-A polymer when TzBT
is used as the acceptor unit.

Wong, Jones, and co-workers reported a D-A polymer
composed of a benzodithiophene (BDT) donor and a BT
acceptor (PBDT-BT) for the use as a p-type semiconductor in
OSC devices with a blend with PC,;BM.**3¢ Although a high PCE
of 9.4% is reported, the device shows a relatively large photon
energy loss of 0.83 eV as a result of the high-lying LUMO energy
level of PBDT-BT. The PCE might therefore be further improved
by reducing the band gap of the polymer while maintaining the
Voc. To examine the potential of the TzBT unit in OSC devices,
we designed donor-acceptor polymers containing two types of
TzBT acceptor units, P1 with alkylthio groups and P2 with
alkylsulfonyl groups at the fused thiazole rings, respectively
(Fig. 1b). The strong electron-accepting nature of TzBT unit,
especially in the unit with alkylsulfonyl substituent, is expected
to lower the LUMO energy levels in these polymers compared to
the BT analog, resulting in a smaller photon energy loss (Ejoss)-

In the present work, the synthesis of the D-A polymers is re-
ported, followed by a summary of the photophysical properties
evaluated by ultraviolet-visible-NIR (UV-Vis-NIR) spectroscopy
and photoemission yield spectroscopy (PYS). Smaller optical
band gaps compared to BT-based polymers were observed, and
PYS confirmed that the HOMO energy levels are relatively
unchanged. Bulk heterojunction organic solar cell devices were
fabricated using the blend of these polymers with PC;;BM as the
light-absorbing layer. P1 and P2-based devices exhibited smaller
photon energy losses than that for PBDT-BT based device.
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Results and discussion
Synthesis and characterization of polymers

For the synthesis of TzBT acceptor unit, we followed the same
method we previously developed for the synthesis of the unit
with a methylthio group substituent (Scheme 1).** The reaction
of commercially available 2-chloro-5-nitrobenzene-1,4-diamine
(1) with sodium ethylxanthate gave the intermediate 2, which
was treated with 2-decyltetradecyl bromide to give benzothia-
zole 3 in 68% yield in two steps. Reduction of the nitro group by
tin(u) chloride gave diamine 4, and the following condensation
with thionyl chloride gave thiazole-fused BT 5 in 81% yield in
two steps. The reaction of 5 with bromine in the presence of
iron(m) chloride yielded 6 with an alkylthio group in 63% yield.
Furthermore, 7 with an alkylsulfonyl group was synthesized by
the reaction with two equivalents of mCPBA in 89% yield.

The monomers 6 and 7 were polymerized with the benzo-
dithiophene (BDT) unit via the Stille coupling reaction assisted
by microwave heating to give P1 and P2, respectively (Scheme 2).
The number-average molecular weight (M,,) and weight-average
molecular weight (M,,) were estimated to be 16 kDa and 35 kDa
with a polydispersity index (PDI) of 2.15 for P1 by high-
temperature gel permeation chromatography (GPC) using o-
dichlorobenzene as the eluent at 140 °C. M,, and M, were 22
kDa and 66 kDa with a PDI of 3.04 for P2 (Table 1).

The thermal stability of the polymers was examined by ther-
mogravimetric analysis (TGA) under nitrogen atmosphere with
a heating rate of 10 °C min " (Fig. S1f). The 5% weight loss
temperatures (Ty5) were 332 °C and 340 °C for P1 and P2, respec-
tively, confirming that these polymers have good thermal stability.

Photophysical properties

The UV-Vis-NIR absorption spectra of the polymers were
measured in dichloromethane solution and in the solid state
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Scheme 1 Synthesis of thiazole-fused BT units. Reagents and condi-
tions: (i) sodium ethylxanthate (2.0 equiv.), DMF, 120 °C, 3 h; (i) R'Br
(1.5 equiv.), DMF, 0 °Ctort, 16 h, 68% in two steps; (iii) SnCl,-2H,0O (5.0
equiv.), MeOH/HCl aq., 70 °C, 22 h; (iv) SOCL, (3.0 equiv.), EtzsN (6.0
equiv.), CHyCl,, 0 °C to rt, 2 h, 81% in two steps; (v) Br, (48 equiv.),
FeCls-6H,0 (0.6 equiv.), 50 °C, 19 h, 63%; (vi) mCPBA (2.0 equiv.),
CH,Cly, rt, 28 h, 89%.
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Scheme 2 Synthesis of D—A polymers. Reagents and conditions: (i)
Pd,(dba)sz- CHCls (2 mol%), P(o-tolyl)s (8 mol%), toluene, microwave,
160 °C (ca. 3.4 atm), 1 h, 86%; (ii) Pdx(dba)s- CHClz (2 mol%), P(o-tolyl)s
(8 mol%), toluene, microwave, 160 °C (ca. 3.4 atm), 1 h, 69%.

Table 1 Characterization of polymers

Polymer  M,“[kba]  M,“[kDa]  PDI* DP,” T4 [°C]
P1 16.2 34.8 2.15 14.2 332
P2 21.5 65.5 3.04 18.4 340
“ Determined by GPC using polystyrene standard and o-

dichlorobenzene as the eluent. ” Degree of polymerization based on
the repeating unit. © 5% weight loss temperature.

(Fig. 2). In solution, P1 with alkylthio substituents shows an
absorption maximum (A,a,) at 746 nm. This value is red-shifted
compared to that of the BT analog, PBDT-BT (A,.x = 650
nm),**® by ca. 100 nm, as a result of the enhanced electron-
accepting nature of the TzBT unit. P2 with alkylsulfonyl
substituents exhibits Ay.x of 829 nm in the near-IR region,
which is further red-shifted by ca. 80 nm compared to that of P1.
In the thin films, the absorption is broadened and red-shifted to
756 nm for P1 and 848 nm for P2, respectively, suggesting some
degree of intermolecular interactions in the solid state.

The optical band gaps (E,) were estimated using Tauc plots
of the solid state absorption spectra (Fig. S21). E, of P1 and P2
are 1.54 eV and 1.37 eV, respectively, which are smaller than
that of PBDT-BT (1.75 eV).

Electronic properties

In this section, the solid state energy levels of these polymers as
well as n-type PC,;BM are determined by experimental and
theoretical methods. The HOMO energy level (Eyomo) of the
polymer thin films on ITO substrates was estimated using
photoemission yield spectroscopy (PYS) in air. Eyomo Of n-type

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-Vis absorption spectra of D—A polymers; (a) in CH,Cl,
solution and (b) in the solid state.

PC,;BM was also investigated. The values of —5.26 eV, —5.35 eV,
and —6.08 eV were obtained for P1, P2, and PC,;BM, respec-
tively (Fig. 3a). The Egomo values of P1 and P2 do not signifi-
cantly differ from the value of PBDT-BT (—5.27 eV) estimated
similarly by PYS.*® The LUMO energy levels (Epymo) were
determined as the sum of Eyomo and Eg. The values were
—3.72 eV, —3.98 eV, and —4.19 eV for P1, P2, and PC,,BM,
respectively. Compared to the Epypo of PBDT-BT (—3.52 eV),*
the E;ymo of P1 and P2 were found to be deeper by 0.20 eV and
0.46 eV, respectively. The lowering of LUMO energy levels in
TzBT-based polymers was also confirmed by cyclic voltammetry
(CV) measurements (Fig. S31). As the energetic parameters
determined by CV measurements can be affected by the solvent,
supporting electrolyte, and electrodes,*® the parameters deter-
mined by PYS and E, are considered to be more reliable. Fig. 3b
shows the energy level diagram of P1, P2, and PC,,BM, together
with the energy levels of PBDT-BT*® estimated by PYS and the
optical band gap. Table 2 summarizes the physicochemical
properties. As a result of the effective lowering of the LUMO
energy levels in P1 and P2, the energy differences in the LUMO
energy of p-type polymers and PC,;BM decrease from 0.67 eV
for PBDT-BT to 0.47 eV for P1 and 0.21 V for P2, respectively.
Consequently, smaller photon energy losses are anticipated in
organic solar cells using these TzBT-based polymers, especially
in the cells using P2 with alkylsulfonyl groups.

The DFT calculations on the tetramer model compounds
clarifies the selective reduction in the LUMO energy levels in
these polymers. The calculated electron density of the LUMO is

RSC Adv., 2019, 9, 7107-7114 | 7109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00229d

Open Access Article. Published on 01 March 2019. Downloaded on 11/7/2025 9:44:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a)

Photoelectron yield"2 (a.u.)

6.08 eV

%00t . & coas®®®,
4.0 4.5 5.0 55 6.0 6.5 7.0
Photon energy [eV]
(b)
PBDT-BT P1 P2 PC,,BM
A
-3.52
LUMO ——sg— =3.72
N -3.98
= —r -4.19
2
> 1575
3 1.54 137
(0]
7 1.89
HOMO ’
-5.27 -5.26 -5.35
—-6.08
Fig. 3 (a) Photoemission yield spectra of the polymers as well as

PC71BM in the solid state and (b) energy level diagram of P1, P2, and
PC71BM, estimated from photoemission yield spectroscopy and
optical band gap in the solid state. Energy levels of PBDT-BT** are also
shown for comparison.

located on the TzBT moieties, whereas the HOMO is mainly
distributed at the BDT donor units (Fig. S41). The use of a strong
acceptor unit should therefore have a greater impact on the
LUMO energy than the HOMO energy.

Device fabrication and photovoltaic properties

To evaluate the photovoltaic properties of these TzBT-based
polymers, bulk heterojunction solar cells using the two poly-
mers were prepared with the following structure; indium tin

Table 2 Physicochemical properties of polymers

Amax. [nm]
Polymer  Solution Film  Eyomo’ [eV] E,’ [eV] Epumo” [eV]
P1 746 756 —5.26 1.54 —-3.72
P2 829 848 —5.35 1.37 —3.98

@ Absorption maximum. ? The HOMO energy levels estimated by
photoemission yield spectroscopy (PYS) in air. © Optical band gap
estimated from the edge of the Tauc plot. ¥ The LUMO energy levels
calculated from the HOMO energy level and optical band gap (ELumo
= Eyomo * Ey).
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oxide (ITO)/zinc oxide (ZnO)/polymer : PC,;BM/molybdenum
oxide (MoO,)/Ag. The light-absorbing layer was spin-coated
from the polymer : PC,;BM blend solution (optimized ratio,
1:1.2 wt/wt for P1, 1: 1 wt/wt for P2) in chlorobenzene with
3 vol% 1,8-diiodooctane (DIO) as an additive to control the bulk
heterojunction morphology.** The optimal thickness of the
light-absorbing layer was 80 nm, similar to the BT analog PBDT-
BT device (90 nm).*

Fig. 4a shows the current density-voltage (J-V) characteris-
tics of the representative polymer : PC,,BM cells under AM 1.5
G irradiation (100 mW cm™2). The solar cell devices using P1
and P2 showed high open-circuit voltages (Vo) of 0.78 V and
0.79 V, respectively (Table 3). The high V¢ of the cell using P2
with alkylsulfonyl substituents is especially striking given the
small band gap of P2. From the optical band gaps of these
polymers (1.54 eV for P1 and 1.37 eV for P2), the photon energy
losses (Eioss = E; — €Voc) were estimated to be 0.76 eV and
0.58 eV for P1 and P2-based cells, respectively. The energy losses
are lower compared to that for the BT analog PBDT-BT (0.83 eV)
by 0.06 eV and 0.25 eV for P1 and P2, respectively.** The reduced
energy loss is attributed to the enhanced electron-accepting
ability of the TzBT units, which lowers the LUMO energy
levels of D-A polymers.

The PCEs of the P1 and P2-based devices were 6.13% and
1.15%, respectively (Table 3). The lower PCEs than the reported
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Fig. 4 (a) J-V characteristics, and (b) incident photon to current
conversion efficiency (IPCE) spectra of polymer/PC;,BM cells.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Photovoltaic parameters of polymer/PC,1BM Cells

Polymer Jsc [mA cm 2] Voo [V] FF  PCE [%)] Eioss” [€V]

P1 12.1
P2 3.2

0.78
0.79

0.65 6.13 (5.97 + 0.21)” 0.76
0.45 1.15 (1.12 + 0.03)° 0.58

“ Photon energy loss defined by Ejoss = E; — €Voc. b Average PCE with
standard deviation from 15 independent devices. © Average PCE with
standard deviation from 6 independent devices.

value for the PBDT-BT based cell (9.4%) are mainly due to the
lower short-circuit current densities (Jsc) of 12.1 mA cm™ > and
3.2 mA ecm? for the P1 and P2-based devices, respectively,
compared to 15.4 mA cm > for the PBDT-BT based device. The
reduced current output correlates with the lower incident
photon to current conversion efficiencies (IPCE) of P1 (0.4-0.5)
and P2 (ca. 0.1) based devices (Fig. 4b) compared to the PBDT-
BT based device (0.6-0.8).>> The IPCE spectra closely resemble
the thin film absorption spectra of the polymer : PC,;BM blends
(Fig. S51). Though the IPCE of P2-based device was low, it
should be noted that the photon to current conversion in the
near-IR region extends up to 950 nm.

The different IPCE and Jsc values could be caused by at least
three different factors: (i) the morphology of polymer : PC,;BM
heterojunction, (ii) the charge carrier mobility of the blends, or
(iii) the energy offset of the LUMOs between the polymer and
PC,,BM. These possibilities were examined as follows:

The film morphology of polymer and PC,;BM blends was
imaged by atomic force microscopy (AFM). Without 1,8-diio-
dooctane (DIO) additive, the films of P1 : PC,;BM exhibits large-
size phase separation with isolated PC,;BM domains of ca.
300 nm (Fig. S6at). The addition of 3 wt% DIO significantly
decreased phase separation size to ca. 100 nm (Fig. S6b¥). This
observation is in good agreement with the increased Jsc in the
P1-based device with increased amount of DIO additive (Fig. S7
and Table S1t). The phase separation size is, however, still
larger than the ideal value of ~20 nm, which is likely the reason
of the moderate IPCE and Jsc of P1-based device. Though the
P2 : PC,;BM blends have slightly smaller domain size of ca.
80 nm (Fig. S6dt), the overall morphology is similar, making it
difficult to assign any causal relationship between morphology
and performance.

The hole mobility of the polymer: PC,4BM blends was
measured using the space-charge-limited current (SCLC)
method. Hole only devices were fabricated with the structure of
ITO/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)/polymer : PC,;BM/Au. Both polymers exhibit
similar hole mobility, which was (1.06 + 0.09) x 107> cm* V"
s~ ' for P1 and (1.21 £ 0.08) x 10 °> cm® V' s~ for P2 (Fig. S8
and Table S27). It seems then that hole mobility is also unlikely
a limiting factor in the present instance.

As no significant differences were observed in P1 and P2 in
regard to film morphology and hole mobility, it would be
reasonable to ascribe the different Jsc values to the energy
offsets in the LUMOs of the polymer and PC,,BM. Whereas the
energy offset is 0.47 eV for P1, it is only 0.21 eV for P2, the latter
being smaller than the empirical value of 0.3 eV considered

This journal is © The Royal Society of Chemistry 2019
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necessary for efficient charge separation.'® This would explain
why the P2-based device shows low Jsc.

Conclusions

Two donor-acceptor polymers combining a thiazole-fused
benzothiadiazole (TzBT) acceptor unit with the benzodithio-
phene (BDT) donor unit were designed and synthesized. In
polymer P1, the TzBT acceptor unit had an alkylthio substit-
uent. In polymer P2, this was replaced with a more electron-
withdrawing alkylsulfonyl group. The strong electron-
accepting nature of the TzBT units lowered the LUMO energy
levels of P1 and P2 compared to that of the BT analog (PBDT-BT)
by 0.20 and 0.46 eV, respectively. Since the HOMO energies were
remained largely unchanged, the band gaps were reduced. Bulk
heterojunction organic solar cells using a polymer/PC,;BM
blend showed high Vo of 0.78 Vand 0.79 V for P1 and P2-based
devices, despite their small optical band gaps of 1.54 eV and
1.37 eV. The photon energy loss was determined to be 0.76 eV
and 0.58 eV, respectively, smaller than for the PBDT-BT based
device (0.83 eV). The overall power conversion efficiencies of
these devices were found to be 6.13% for P1 and 1.15% for P2.
NIR photon-to-current conversion was found to extend to
860 nm for P1 and 950 nm for P2.

Experimental section
General

Melting points (mp) were measured on a Yanaco Micro Melting
Point Apparatus or Stanford Research Systems Opti Melt. "H
and *C NMR spectra were recorded with JEOL JNM ECA500
(500 MHz for 'H and 126 MHz for "*C). Chemical shifts are
reported in 6 ppm using residual protons in the deuterated
solvents for "H NMR and using solvent peaks for '*C NMR as
internal standards. UV-Vis-NIR absorption spectra were recor-
ded with a Shimadzu UV-3150 spectrometer. Mass spectra were
measured on a Bruker micrOTOF-Q II (APCI). Ionization
potentials in the solid states were determined by an ambient
photoelectron spectroscopy method with a Riken-Keiki AC-3
spectrometer. Thermogravimetric analysis (TGA) was per-
formed on a SHIMADZU TGA-50 apparatus. Thin layer chro-
matography (TLC) was performed on plates coated with
0.25 mm thick silica gel 60F-254 (Merck). Column chromatog-
raphy was performed using silica gel PSQ 60B (Fuji Silysia) or
PSQ 100B (Fuji Silysia). The microwave reaction was performed
using Anton Paar Monowave 300. All reactions were carried out
under an argon atmosphere except as otherwise noted.
Analytical GPC was performed on a HLC 8120 GPC system
with a TOSOH TSKgel GMHHR-H(S)HT column. o-Dichloro-
benzene was used as the mobile phase with a flow rate of 1.0
mL min~" at 140 °C. The columns were calibrated against nine
standard polystyrene samples (M,, = 1200-1 410 000).
Photocurrent-voltage measurements for organic solar cells
were measured in air with an OTENTO-SUNIII (BUNKOUKEIKI
Co., Ltd.) and a Keithley 2400. The light intensity of the illu-
mination source was adjusted by using standard silicon

RSC Adv., 2019, 9, 7107-7114 | 7111
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photodiodes: BS520 for j-V characteristics and SiPD S1337-
1010BQ for EQE measurements.

All calculations were conducted using the Gaussian 09
program.”” The geometries were optimized at the B3LYP/6-
31G(d) level of theory. The fact that these geometries are at
the energy minimum was confirmed by frequency calculations
at the same level of theory.

Synthesis

2-(2-Decyltetradecylthio)-5-nitro-1,3-benzothiazole-6-amine
(3)- To a 1 L two-necked flask were added 2-chloro-5-
nitrobenzene-1,4-diamine (1) (9.00 g, 48.0 mmol), sodium eth-
ylxanthate (13.8 g, 96.0 mmol), and dry DMF (480 mL). The
mixture was stirred at 120 °C for 3 h and then cooled in an ice
bath. 2-Decyltetradecylbromide (29.9 g, 71.8 mmol) was then
added dropwise over 10 min. The mixture was allowed to warm
to room temperature and was stirred for 16 h. The reaction
mixture was concentrated under reduced pressure and then
water (300 mL) was added. The aqueous phase was extracted
with ether (200 mL x 3). The combined organic layers were
washed with saturated NaCl aq., dried over Na,SO,4, and then
concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (toluene/hexane
= 2:1, Ry = 0.25) to give 3 (18.3 g, 68% in two steps) as dark
red oil.

"H NMR (500 MHz, CDCl,): 6 8.55 (s, 1H), 7.08 (s, 1H), 5.97
(brs, 2H), 3.36 (d, J = 5.7 Hz, 2H), 1.77-1.82 (m, 1H), 1.25-1.43
(m, 40H), 0.86-0.89 (m, 6H); *C NMR (126 MHz, CDCl;):
6 166.7, 145.5, 145.0, 141.2, 132.2, 117.7, 108.2, 38.2, 37.6, 33.2
(2C), 31.9 (2C), 29.8 (2C), 29.6 (8C), 29.3 (2C), 26.5 (2C), 22.7
(2C), 14.1 (2C); HRMS (APCI) (m/z): [M — H]  caled. for
C31Hs5,N;30,S,, 562.3506; found, 562.3506.

6-(2-Decyltetradecylthio)thiazolo[5,4-f]-2,1,3-benzothiadiazole
(5). To a 2 L two-necked flask were added 3 (18.3 g, 32.5 mmol),
SnCl,-2H,0 (36.7 g, 162 mmol), MeOH (900 mL), distilled water
(90 mL), and HCl aq. (1 M, 16.2 mL, 16.2 mmol). The mixture was
stirred at 70 °C for 22 h. The reaction mixture was concentrated
under reduced pressure and then neutralized with saturated
NaHCOs; aq. (300 mL). 2 M NaOH agq. (ca. 200 mL) was added and
the aqueous phase was extracted with CH,Cl, (200 mL x 3). The
combined organic layers were washed with saturated NaCl aq.
(300 mL), dried over Na,SO,, filtered, and concentrated under
reduced pressure to give 4 as pale brown solids. Triethylamine
(23.7 mL, 170 mmol) was added to a solution of 4 in CH,Cl, (500
mL) in a 1 L two-necked flask and the mixture was cooled in an
ice bath. Then, SOCI, (6.16 mL, 85.0 mmol) was added dropwise
over 12 min. The mixture was allowed to warm to room
temperature and was stirred for 2 h. The resulting mixture was
neutralized with sat. NaHCO; aq. (300 mL) and the aqueous
phase was extracted with CH,Cl, (100 mL x 3). The combined
organic layers were washed with saturated NaCl aq. (200 mL),
dried over Na,SO,, filtered, and concentrated under reduced
pressure. The crude product was purified by silica gel column
chromatography (toluene/hexane = 2:1, Ry = 0.25) to give 5
(14.0 g, 81% in two steps) as brown oil.
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'H NMR (500 MHz, CDCl,): ¢ 8.32 (s, 1H), 8.29 (s, 1H), 3.47
(d,J = 6.3 Hz, 2H), 1.83-1.87 (m, 1H), 1.24-1.46 (m, 40H), 0.85-
0.89 (m, 6H); *C NMR (126 MHz, CDCl;): 6 172.9, 155.8, 153.9,
152.0, 140.6, 111.5, 110.3, 38.1, 37.7, 33.3 (2C), 31.9 (2C), 29.8
(2€), 29.6 (8C), 29.3 (2C), 26.6 (2C), 22.7 (2C), 14.1 (2C); HRMS
(APCI) (m/z): [M]™ caled for Cj;Hs;N;S;, 561.3245; found,
561.3240; elemental analysis calcd (%) for C3;H5,N3S3: C 66.26,
H 9.15, N 7.48; found: C 66.05, H 9.26, N 7.50.

4,8-Dibromo-6-(2-decyltetradecylthio)thiazolo[5,4-f]-2,1,3-
benzothiadiazole (6). To a 10 mL two-necked flask were added 5
(281 mg, 0.50 mmol) and FeCl;-6H,0 (81 mg, 0.30 mmol). Br,
(1.24 mL, 24 mmol) was added and the mixture was stirred at
50 °C for 19 h. Saturated NaHSO; aq. (100 mL) was added to
consume the excess bromine. The aqueous phase was extracted
with CH,Cl, (50 mL x 2). The combined organic layers were
washed with saturated NaCl aq. (50 mL), dried over Na,SOy,,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography
(toluene/hexane = 1: 1, Ry = 0.6) to give 6 (243 mg, 63%) as
yellow oil.

"H NMR (500 MHz, CDCl;): 6 3.50 (d, J = 6.3 Hz, 2H), 1.87-
1.91 (m, 1H), 1.24-1.46 (m, 40H), 0.85-0.89 (m, 6H); "*C NMR
(126 MHz, CDCl,): 6 173.5, 152.6, 152.1, 149.8, 142.9, 102.7,
102.2, 38.6, 38.0, 33.4 (2C), 31.9 (2C), 29.9 (2C), 29.6 (8C), 29.3
(2C), 26.6 (2C), 22.7 (2C), 14.1 (2C); HRMS (APCI) (m/z): [M]~
caled for C3;H,9Br,N;3S;, 717.1455; found, 717.1471.

4,8-Dibromo-6-(2-decyltetradecylsulfonyl)thiazolo[5,4-f]-2,1,3-
benzothiadiazole (7). To a 10 mL two-necked flask were added 6
(217 mg, 0.30 mmol) and dichloromethane (3.0 mL). mCPBA
(148 mg, 0.60 mmol) was added and the mixture was stirred at
room temperature for 28 h. 10% Na,S,0, aq. (20 mL) was added,
and the aqueous phase was extracted with CH,Cl, (20 mL x 2).
The combined organic layers were washed with saturated NaCl
ag. (20 mL), dried over Na,SO,, filtered, and concentrated under
reduced pressure. The crude product was purified by silica gel
column chromatography (toluene/hexane = 2 : 1, Ry = 0.6) to give
7 (201 mg, 89%) as a pale-yellow solid.

Mp (decomp.): 280.6 °C; 'H NMR (500 MHz, CDCl;): 6 3.61
(d, 2H), 2.18-2.21 (m, 1H), 1.21-1.57 (m, 40H), 0.86-0.89 (t,
overlapped, 12H); *C NMR (126 MHz, CDCl;): 6 171.7, 152.3,
151.2, 151.1, 141.8, 110.3, 104.8, 57.8, 33.2 (2C), 32.9, 31.9 (2C),
29.7-29.5 (12C), 26.0 (2C), 22.7 (2C), 14.1 (2C); HRMS (APCI) (m/
2): [M]™ caled for C3,H,4Br,N30,S3, 749.1354; found, 749.1372.

P1. To a 30 mL reaction vessel were added 6 (144 mg, 0.20
mmol), 8 (182 mg, 0.20 mmol), Pd,(dba);- CHCI; (4.1 mg, 0.0040
mmol), P(o-tolyl); (4.9 mg, 0.016 mmol), and dry toluene (10
mL). The vessel was put into a microwave reactor and heated at
160 °C for 1 h. The reaction mixture was poured into methanol
(100 mL) and the precipitates were collected by filtration. The
low molecular weight fraction was removed by sequential
Soxhlet extraction with methanol, acetone, and hexane. The
residue was extracted with chloroform and was reprecipitated in
methanol. The precipitate was filtered and dried under vacuum
to give P2 (185 mg, 78%) as a dark-blue solid. GPC (DCB, 140
°C): M,, = 16.2 kDa, M,, = 34.8 kDa, PDI = 2.15.

P2. To a 10 mL reaction vessel were added 7 (76 mg, 0.10
mmol), 8 (92 mg, 0.10 mmol), Pd,(dba);-CHCl; (2.1 mg, 0.0020
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mmol), P(o-tolyl); (2.4 mg, 0.0080 mmol), and dry toluene (5
mL). The vessel was put into a microwave reactor and heated at
160 °C for 1 h. The reaction mixture was poured into methanol
(50 mL) and the precipitates were collected by filtration. The low
molecular weight fraction was removed by sequential Soxhlet
extraction with methanol, acetone, and hexane. The residue was
extracted with chloroform and was reprecipitated in methanol.
The precipitate was filtered and dried under vacuum to give P2
(82 mg, 69%) as a dark-blue solid. GPC (DCB, 140 °C): M,, = 21.5
kDa, M,, = 65.5 kDa, PDI = 3.04.

Solar cell fabrication

The ITO-coated glass substrate (5 Q cm 2, 2.5 cm x 2.5 cm,
GEOMATEC) was washed carefully under ultrasonic irradiation
using water (15 min), acetone (15 min), detergent solution
(Semico Clean 56, Furuuchi chemical, 15 min), water (15 min)
and ethanol (15 min). The substrate was further cleaned with
a Filgen UV230 UV/ozone cleaner.

0.2 M Zn(OAc), solution was prepared by dissolving
Zn(OAc),-2H,0 (110 mg, 0.50 mmol) in ethanolamine (30 pL)
and anhydrous ethanol (2.5 mL). A thin layer of ZnO was
prepared onto the ITO substrate by spin-coating of precursor
solution at 1200 rpm for 50 s under relative humidity of 30%.
The resulting substrate was heated at 150 °C for 30 min under
ambient conditions.

The photoactive layers were deposited in a glove box filled
with an inert gas. For P1-based device, chlorobenzene solution
containing 10 mg mL™" of P1 with PC,,BM (P1:PC,BM =
1:1.2 wt/wt) and 3 vol% 1,8-diiodooctane was deposited by
spin-coating at 900 rpm for 40 s. For P2-based device, chloro-
benzene solution containing 5 mg mL™" of P2 with PC,;BM
(P2 : PC,1BM = 1:1 wt/wt) and 3 vol% 1,8-diiodooctane was
deposited by spin-coating at 900 rpm for 40 s. Finally, a layer of
MoO, (10 nm) and silver (90 nm) were vacuum deposited.
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