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Designing a thiophene-fused benzoxadizole as an
acceptor to build a narrow bandgap polymer for
all-polymer solar cellsT

Yang Yang,? Jiacheng Wang,? Xiaowei Zhan {2 *° and Xingguo Chen () *2

In this work, a thiophene-fused benzoxadizole (BXT) unit was designed as a new acceptor and synthesized
for the first time to build a D—A conjugated polymer (PBXT-IDT) with 4,4,9,9-tetrakis(4-hexylphenyl)-4,9-
dihydro-s-indacenoll1,2-b:5,6-b'ldithiophene (IDT) for all polymer solar cells (all-PSCs). Due to the strong
electron-withdrawing ability of the BXT unit, PBXT-IDT exhibited a very narrow optical bang gap of
1.43 eV and very strong ICT absorption in the range of 500-850 nm that could be complementary with
poly(3-hexylthiophene) (P3TH) in the visible absorption region. Moreover, PBXT-IDT showed relatively
low HOMO-LUMO energy levels of —5.33 eV and —3.64 eV, respectively, which can be act as an
electron-accepting material to match with P3HT as an electron-donating material for all-PSCs.
Therefore, the all-PSC device with a blend of PBXT-IDT and P3HT as the active layer was fabricated and
the photovoltaic performances were investigated. The device showed a PCE of 1.09% with a high V. of
0.84 V and a relatively low energy loss (Eiss) Of 0.59 V. This indicates that reasonable structural
modification of benzoxadizole (BX) can pave a new way to design a polymer as an electron-accepting

rsc.li/rsc-advances material in all-PSCs.

Introduction

Polymer solar cells (PSCs) have received much attention due to
their many advantages, including low-cost processing, flexi-
bility, visible transparency and low weight.* Benefiting from the
development of new electron donors, dramatic developments
have been achieved in conventional PSCs with fullerene deriv-
ative PCBM (such as PCq;BM and PC,;BM) as the electron-
accepting material.> However, fullerene derivatives also have
some insufficiencies to be overcome, such as a difficulty in
enhancing the absorption in the visible solar spectrum region
and tuning the energy levels.* Thus, some non-fullerene
accepting materials have been developed including some
small molecules such as ITIC or polymers such as N2200 to
replace PCBM.

Recently, all polymer solar cells (all-PSCs) that contains two
or more different polymers act as the electron-accepting mate-
rial and the electron-donating material, respectively, have
attracted much attention due to the advantages such as easily
solution-processibility, possibility of a vast number of
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combinations of donor/acceptor pairs, tenability for absorption
complementation in the visible and near-infrared regions of the
solar spectrum and the better phase separation stability than
that of conventional PSCs with PCBM as an accepting mate-
rial.** For example, some perylenediimide (PDI) or naph-
thalenediimide (NDI) based polymers as typical n-type
materials showed strong light absorption and high electron
transport properties, so they were widely used as the polymer
accepting materials to construct all-PSCs.® Much recently, Li
and Zhang et al. built an all-PSCs with N2200 (poly((N,N'-bis(2-
octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl)-alt-
5,5'-(2,2'-bithiophene))) as the accepting material and difluoro-
benzotriazole based polymer as the donating material to ach-
ieve the excellent photoelectric conversion efficiency as high as
8.27%.” Yan et al. also reported a novel polymer accepting
material based on the PDI and vinylene unit that achieved an
efficiency up to 7.57% in the all-PSCs.® In addition, a number of
electron-withdrawing units including diketopyrrolopyrrole
(DPP),® 2,1,3-benzothiadiazole (BT)," thieno[3,4-c]pyrrole-4,6-
dione (TPD)" and B« N bridged bipyridine (BNBP)* were
also used as the building blocks in designing the polymer
accepting materials.

In previous reports, benzoxadizole (BX) as an electron-
deficient unit had been used to build D-A polymer donating
materials in the PSCs, and high V,. was obtained due to its
much lower HOMO energy level compared with it analogous
polymers based on benzothiadiazole (BT) unit.’* However, as far
as we know, the BX unit has never been used to design the

This journal is © The Royal Society of Chemistry 2017
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polymer as an electron-accepting material. Much recently, our
group had demonstrated that the fusion of a thiophene ring
onto the BT unit was an effective way to modulate the HOMO-
LUMO energy levels and broaden absorption spectrum of the
polymer,*** so the polymer based on thieno[2,3-f]-2,1,3-
benzothiadiazole-6-carboxylate (BTT) unit showed smaller
optical bandgap (E,) than that of polymer based on the BT unit.
In this work, we designed a new electron-deficient unit by fusing
a thiophene ring onto the benzoxadizole (BX) unit, namely,
thieno[2',3:4,5]benzo[1,2-c][1,2,5]oxadiazole-6-carboxylate
(BXT). Then we applied it to construct a new narrow bandgap
polymer (PBXT-IDT) with indacenodithienothiophene (IDT)
donor. Herein, the photophysical and electrochemical proper-
ties of PBXT-IDT were studied, and the photovoltaic perfor-
mances of all-PSCs based on PBXT-IDT as an electron-accepting
material and P3TH as an electron-donating material were
investigated in detail.

Experimental
Synthetic procedures

Synthesis of monomer. All of the chemicals were purchased
from commercial source and used as received unless otherwise
stated. Ethyl 5-amino-6-nitrobenzo[b]thiophene-2-carboxylate
(1) was prepared following literature procedure.***

6-(Ethoxycarbonyl)thienof2',3':4,5benzof1,2-c][1,2,5Joxadiazole
1-oxide (3). To a 250 mL round-bottomed flask were added 50
mL concentrated hydrochloric acid and 1 (756 mg, 2.8 mmol).
NaNO, (193 mg, 2.8 mmol) was added to the flask slowly at 0 °C.
After reacting for 30 minutes, the NaN; (182 mg, 2.8 mmol) was
added slowly. After stirring at room temperature for 3 h, the
reaction mixture was poured into water and extracted with ethyl
acetate. The organic layer was dried over anhydrous Na,SO,.
Compound 2 was obtained by removing the solvent without
further purification. The crude product (2) was dissolved in 20
mL toluene. The reaction solution was heated to reflux for 2 h.
After removing the solvent under vacuum, the crude product
was purified by column chromatography (1:1, petroleum
ether : dichloromethane) to yield 3 (266 mg, 36%) as yellow
powder. "H-NMR (300 MHz, CDCl;,  ppm): 7.918 (s, 2H), 7.828
(s, 1H), 4.395-4.466 (m, 2H), 1.429 (t, ] = 6.9 Hz, 3H). “C-NMR
(75 MHz, CDCl3, 6 ppm): 161.15, 145.19, 143.03, 140.39, 128.72,
110.41, 110.25, 108.34, 62.43, 14.11. EI-MS: caled for
[C11HgN,0,4S]": 264.02; found: 264.02. (Note: sodium azide and
organic azide are toxic and potentially explosive hazard, so they
should be handled with great care!).

Ethyl thieno[2',3':4,5]benzo[1,2-c][1,2,5]oxadiazole-6-carboxylate
(4)-. 3 (266 mg, 1.0 mmol), PPh; (528 mg, 2.0 mmol) and 10 mL
THF were added to a 100 mL round-bottomed flask. After stirring
for 2 h, the reaction mixture was poured into water and extracted
with chloroform. The mixture was purified by column chroma-
tography (1 : 1, petroleum ether: chloroform) to yield 4 (223 mg,
90%) as yellow powder. "H-NMR (300 MHz, CDCl;, 6 ppm): 8.345
(s, 1H), 8.261 (s, 1H), 7.916 (s, 1H), 4.410-4.480 (m, 2H), 1.440 (t,
J = 6.9 Hz, 3H). *C-NMR (75 MHz, CDCl;, 6 ppm): 161.63, 160.26,
148.40, 145.62, 144.63, 140.71, 129.26, 112.56, 108.92, 62.73,
14.46. EI-MS: calcd for [C,,HgN,05S]": 248.03; found: 248.00.
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Ethyl 4,8-dibromothienof2',3':4,5]benzo[1,2-c][1,2,5Joxadiazole
-6-carboxylate (BXT):. 4 (223 mg, 0.9 mmol), Br, (1.44 g, 9 mmol)
and 30 mL chloroform were added to a 100 mL round-bottomed
flask. The solution was heated to reflux for 12 h. After cooling to
room temperature, the mixture was poured into water and
extracted with chloroform and purified by column chromatog-
raphy (1 : 1, petroleum ether: chloroform) to yield BXT (292 mg,
80%) as yellow powder. "H-NMR (300 MHz, CDCl;, 6 ppm):
8.109 (s, 1H), 4.432-4.503 (m, 2H), 1.462 (t, ] = 6.9 Hz, 3H). **C-
NMR (75 MHz, CDCl;, 6 ppm): 161.12, 148.91, 148.03, 147.09,
143.75,141.33, 129.47, 104.97, 100.47, 63.17, 14.48. EI-MS: calcd
for [C11HeBr,N,055]": 405.84; found: 405.83.

Synthesis of polymer. BXT (49.6 mg, 0.12 mmol), IDT
(150.5 mg, 0.12 mmol), Pd,(dba); (2.2 mg, 2.4 pmol) and P(o-
tol); (3.0 mg, 9.8 umol) were added to 5 mL microwave tube. The
tube was flushed with Ar for three times. 1 mL of chlorobenzene
was added to the tube under Ar. The tube was sealed with
a Teflon cap. The mixture was stirred at 100 °C for 1 minute,
then 135 °C for 1 minute, and then 170 °C for 1 h using a Biot-
age microwave reactor. After reaction, 0.1 mL of 2-tributyl-
stannylthiophene was added to the tube under Ar and the
mixture was stirred at 170 °C for 20 minutes. Then 0.2 mL 2-
bromothiophene was added and the mixture was stirred at
170 °C for another 20 minutes. After cooling to room tempera-
ture, the crude product was precipitated into methanol. The raw
polymer was purified by using Soxhlet extraction with acetone,
hexane and CHCl;. The polymer was collected from the chlo-
roform fraction as purple black solid (96 mg, 70%). "H-NMR
(400 MHz, CDCl3, 6 ppm): 8.58 (br, 1H), 8.30 (br, 1H), 8.11-
8.01 (m, 1H), 7.62 (br, 2H), 7.28-7.25 (m, 8H), 7.18-7.04 (m,
11H), 4.48 (br, 1H), 2.58 (br, 10H), 1.75-1.69 (m, 2H), 1.61-1.59
(m, 11H), 1.48-1.26 (m, 40H), 0.97-0.86 (m, 20H), M;, = 7.5 kDa,
PDI = 1.6.

Results and discussion
Synthesis and characterization

In our previous work,'* it was found that the fusion of a thio-
phene ring at the side of benzothiadiazole (BT) or benzotriazole
(BTAZ) unit can stabilize the quinoid population of the conju-
gated backbone because of the aromaticity of the side-fused
thiophene ring. This structural modification not only
strengthens the intramolecular charge transfer (ICT), but it also
reduces the optical bandgap, thus to effectively harvest the
sunlight. As known, benzoxadizole (BX) unit is a very strong
electron-withdrawing group to be applied to build D-A poly-
mers as electron-donating materials for PSCs.”* In order to
further broaden the absorption spectra and regulate the energy
levels of benzoxadizole (BX) based D-A polymers, a thiophene
ring has been fused onto BX unit to build a new acceptor of
thiophene-fused benzoxadizole (BXT) unit. It can be expected
that the fused thiophene ring can also stabilize the quinoid
structure of the conjugated backbone and strengthen the ICT.
In addition, another weak electron-withdrawing group of
alkoxycarbonyl group has been introduced at the a-position of
fused thiophene unit, which can further reduce the HOMO-
LUMO energy levels. It can be expected that the deep HOMO-
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Scheme 1 Synthetic routes for BXT unit and the corresponding
polymer PBXT-IDT.

LUMO energy levels of the corresponding BXT-based copolymer
can make it as an electron-accepting material for PSCs.

The synthetic route for electron-deficient unit (BXT) and the
polymer PBXT-IDT was outlined in Scheme 1. Ethyl 5-amino-6-
nitrobenzo[b]thiophene-2-carboxylate (1) synthetized
according to the method reported by our group.*** Compound 2
was prepared by the diazotization of 1 and then the substitution
by sodium azide carefully. Compound 3 could be easily ob-
tained by heating 2 in toluene. Finally, the thiophene-fused
benzoxadizole (BXT) as a new electron acceptor was obtained
by the reduction of 3 with PPh;. The monomer, di-Br-BXT was
synthesized by the bromination of BXT. The corresponding
polymer of PBXT-IDT was prepared via the microwave-assisted
Stille cross-coupling reaction of di-Br-BXT with IDT. The
number average molecular weight (M,) of the polymer PBXT-
IDT was about 7.5 kDa with PDI = 1.6, which was determined by
GPC (the Gel permeation chromatography) using tetrahydro-
furan as the eluent. The thermal stability of the polymer PBXT-
IDT was measured by the thermogravimetric analysis (TGA). It
showed good thermal stability with decomposition temperature
beyond 332 °C (see Fig. S1 in ESI¥).

was

Photophysical and electrochemical properties

The UV-vis absorption spectra of PBXT-IDT in diluted chloro-
benzene solution and in thin film were shown in Fig. 1, and
corresponding data were listed in Table 1. As can be seen, in
solution it displayed two absorption bands (band I 350-450 nm
and band II 550-850 nm). The high energy band of 350-450 nm
was correlated to the local w-m* transition. The broad and
strong low energy band in the region of 550-850 nm was
attributed to the strong intramolecular charge transfer (ICT)
effect. Compared with the solution, the polymer exhibited
obvious redshift absorption spectra in the thin film state, and
its ICT absorption was extended to about 900 nm. From the
absorption onset edge of the thin film, the optical bandgap of
PBXT-IDT was estimated to be about 1.43 eV, implying that
fusing a thiophene ring onto BX unit was an effective way to
design the low bandgap polymer.

Fig. 2 showed the absorption spectra of PBXT-IDT, P3HT and
the blend of P3HT:PBXT-IDT (4 : 1, p/n) in thin films. It can be
seen that PBXT-IDT and P3HT showed good complementary

19992 | RSC Adv., 2017, 7, 1999019995

View Article Online

Paper

1.0 [ —o—PBXT-IDT( in CB)
—e— PBXT-IDT (_in film

0.8+
0.6+
0.4+

0.2+

Normalized Absorption (a.u)

0.0
300 4(')0 S(I)O 660 7(I)0 8(')0 Q(I)O
Wavelength (nm)

1000

Fig. 1 Absorption spectra of PBXT-IDT in chlorobenzene (CB) and in
thin film for comparison.

absorption in the visible region of 300-900 nm, indicating that
the blend of PBXT-IDT and P3HT in the film is much favorable
for the light harvesting.”** The complementary absorption can
also be seen from the absorption coefficient in thin film as
shown in Fig. S3.f The polymer donor P3HT shown strong
absorption in the region of 350-650 nm with the absorption
coefficient of 1.2 x 10° ecm™ " at 526 and 546 nm and the poly-
mer acceptor PBXT-IDT shown strong absorption in the region
of 600-900 nm with the relatively low absorption coefficient of
5.7 x 10* em™ ' at 748 nm.

The HOMO and LUMO energy levels of PBXT-IDT were
investigated by the cyclic voltammetry (CV) measurement as
shown in Fig. S4,1 and the electrochemical data were also
summarized in Table 1. Its onset oxidation and reduction
potential were about 0.53 V and —1.16 V, respectively, which
were applied to estimate the HOMO level of —5.33 eV and LUMO
level of —3.64 eV. The HOMO-LUMO energy levels of PBXT-IDT
is at least 0.3 eV lower than those of P3TH (HOMO = —4,76 eV
and LUMO = —2.74 eV), indicating that this polymer can be
acted as an electron-accepting material to be well-matched with
P3HT as the polymer donating material for all-PSCs. In addi-
tion, because of the higher LUMO energy level of PBXT-IDT than
that of PC¢;BM,'® an enhanced open circuit voltage (V,.) of the
PSC can be expected to apply PBXT-IDT as the polymer accept-
ing material and P3HT as the polymer donating matreial.">* As
shown in Fig. 3, the P3HT/PBXT-IDT blend in thin film exhibi-
ted effective photoluminescence (PL) quenching (90%) indi-
cating that the exciton can split efficiently in the blend.

Photovoltaic performances

All-PSC devices using the configuration of ITO/PEDOT:PSS/
P3HT:PBXT-IDT/Ca/Al were fabricated to investigate the
photovoltaic performance of the polymer PBXT-IDT as an
electron-accepting material to build active layer with P3TH as
an electron-donating material. The mixture of P3HT/PBXT-IDT
in chlorobenzene (CB) solvent (14 mg mL " in total) was spin-
coated on a PEDOT/PSS layer to form an active layer. The
open-circuit voltage (V,.), short circuit current density (J,.), fill
factor (FF), and power conversion efficiency (PCE) of the devices
were listed in Table 2, and the relevant current density-voltage
(/-V) and external quantum efficiency (EQE) curves were shown

This journal is © The Royal Society of Chemistry 2017
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Table 1 Photophysical and electrochemical data of the polymer

Acceptor Soln Apay (nm) Film Apay (nm) EP (eV) EQuset® (V) EXg (V) HOMO (eV) LUMO (eV)
PBXT-IDT 418, 740 417,748 1.43 0.53 —1.16 —-5.33 —3.64
PCq,BM? 400 333 2.05 — — —6.15 —4.10

“ potential is relative to a Fc/Fc* couple. ” The data are coming from the ref. 18.

(—=—PBXT-IDT
1.0 —e— P3HT
- —&— PBXT-IDT / P3HT|
3 =1:4
< 0.84
c
K]
=
2
5 0.6
3
2
<
B 0.4-
N
©
E 02
o
z
0.0 T T T T T t T
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 2 Absorption spectra of PBXT-IDT, P3HT and P3HT/PBXT-IDT
(4 : 1, p/n) in thin films.
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Fig. 3 Photoluminescence spectra of P3HT and P3HT/PBXT-IDT
blend in thin film.

in Fig. 4 and 5, respectively. As can be seen in Table 2, these
devices showed the higher V,. than the devices using P3HT as
the donating material and PC4;BM as the accepting material
because of the higher LUMO energy level of PBXT-IDT. By
changing the weight ratio of P3HT:PBXT-IDT, all-PSC devices
with 4 :1 blend ratio of P3HT:PBXT-IDT exhibited the best
power conversion efficiency (PCE) of 0.49 + 0.05% with Js. of

Table 2 OPV performances of P3HT/PBXT-IDT devices

1.34 £ 0.11 mA Cmfz, FF of 42.14 4+ 1.97%, and V,. of 0.86 +
0.01 V. Thermal treatment at 100 °C could improve the PCE of
the devices due to the increased J,. (from 1.34 &+ 0.11 to 2.08 +
0.12 mA cm ?). To further improve the PCE of the device,
variant amount of chloroform (CF) was added into CB solution
for building the active layer. At optimized volume ratio of CB/CF
(10 : 1), the J;. was increased from 2.08 & 0.12 to 2.54 £ 0.21 mA
cm™2. Thus, the PCE was further increased from 0.79 £ 0.05%
to 0.99 + 0.06%. The best PCE of the all-PSC devices was 1.09%,
with V. of 0.84 V. The photon energy loss (Ejoss) of the P3HT/
PBXT-IDT system was about 0.59 V that was quantified by Ejss =
Eglq — Voe.

The increased Js. in PSCs could be identified by the EQE
curve. As shown in Fig. 5, the blend film showed the photo-
response from 300-850 nm using CB as the processing solvent
and its EQE was improved at annealing at 100 °C. Furthermore,
the photo-response in 300-850 nm was strengthened obviously
after adding CF to the blend film, so the Js. was improved. The
similarity of the spectra shape of EQE curves and absorption
spectra of the blend film indicated that both the polymer
accepting material PBXT-IDT and donating material P3HT
contributed to the photocurrent generation. It should be noted

34 —=— (CB) no Annealing
—e— (CB) with Annealing
24 |—&— (CBICF) with i

14

 —a—

Current Density (mAcm'z)
o

2
| —o—

=34 __a—
-4

-0.2 0.0 0:2 0:4 O:G 0:8 1.0
Voltage (V)

Fig. 4 The J-V curves of the all-PSCs based on P3HT/PBXT-IDT
mixture.

Blend film Solvent Vo (V) Jse (MA cm™?) FF (%) PCE” (PCEnay) (%)
CB 0.86 &+ 0.01 1.34 £ 0.11 42.14 +£1.97 0.49 + 0.05(0.54)

P3HT/PBXT-IDT CB“ 0.81 + 0.01 2.08 + 0.12 47.12 £+ 2.75 0.79 + 0.05(0.85)
CB/CF(10/1)* 0.83 + 0.01 2.54 £ 0.21 46.97 £ 2.31 0.99 + 0.06(1.09)

P3HT/PCs;BM 0-DCB 0.61 + 0.01 8.64 + 0.39 64.33 £2.78 3.39 + 0.12(3.50)

“ Annealing at 100 °C for 10 min. ® Average data were obtained from 9 devices.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The IPCE curves of the all-PSCs based on P3HT/PBXT-IDT
mixture.

that the photo-response in the region of 550-850 nm is much
weaker than that in the region of 300-650 nm. This result is well
in agreement with the absorption intensity of the blend film of
P3HT:PBXT-IDT (4 : 1, p/n) (Fig. 2), in which relatively higher
absorption coefficient and larger ratio of P3TH than PBXT-IDT
in the blend film influences the light-harvesting in the region of
550-850 nm.

Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were measured to examine the morphology
of the P3HT:PBXT-IDT (w:w, 4 : 1) in the mixed solvent of CB
and CF after annealing. As seen in Fig. 6a, the AFM image of the
active layer showed some crystalline grains which could be
attributed to the self-organization of P3HT." The root mean
square (RMS) was 0.83 nm. On the other hand, the fibrous
aggregation and bicontinuous and small nanostructure phase
segregation were observed in the TEM image (Fig. 6b). The TEM
image and AFM height image indicated that the two polymers
were mixed well in the blend film.***

The space-charge limited current (SCLC) method was used to
determine the charge transporting properties of pure PBXT-IDT
film and the blend film of P3HT/PBXT-IDT (p/n = 4 : 1). The
corresponding curves were shown in Fig. S5-S7.f As can be
seen, the electron mobility of pure PBXT-IDT film is about 4.2 X
10 ®cem”V~'s™', and the hole mobility and electron mobility of
the P3BHT/PBXT-IDT (w:w = 4 : 1) in the mixed solvent of CB and
CF after annealing were 1.2 x 10 * em®> V' s " and 2.3 x 107>
cm?® V' 57, respectively. Apparently, the relatively low electron
mobility for PBXT-IDT as an electron-accepting material leads

e

* -3.6nm *

Fig. 6 (a) Tapping mode AFM topography images (2 x 2 um?) and (b)
TEM image of the P3HT/PBXT-IDT device.
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to the unbalanced hole and electron mobility of the blend film
of P3HT/PBXT-IDT, that can be responsible for the poor J,. of
the PBXT-IDT based all-PSC device. Therefore, the further
structural modification for BXT to build the accepting material
with high and balanced electron mobility to match P3TH will
improve the photovoltaic performances for the corresponding
all-PSCs, which is under progress.

Conclusions

In this work, a thiophene fused benzoxadizole (BXT) unit has
been designed as a new acceptor to build D-A copolymer (PBXT-
IDT) for all-PSCs. By fusing a thiophene ring onto benzox-
adizole, the PBXT-IDT polymer exhibited strong ICT absorption
in the range of 500-850 nm with much narrow optical bang gap
of 1.43 eV. The polymer showed a higher LUMO energy level
than that of PCBM that was conducive to the enhancement of
Voe- Using this polymer as an electron-accepting material to
match P3HT as an electron donating material, the all-PSC
device exhibited a PCE of 1.09% with a high V. of 0.84 V and
a relatively low energy loss (Ejoss) of 0.59 V. This suggests that
BXT unit can be used to construct D-A polymer as an electron-
accepting material and further work should be done to tailor the
BXT unit and copolymerize it with different electron donors for
all-PSCs.
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