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Abstract Benzothiadiazole (BT) is an electron-deficient unit with fused aromatic core, which can be used to construct conjugated polymers for
application in organic solar cells (OSCs). In the past twenty years, huge numbers of conjugated polymers based on BT unit have been developed,
focusing on the backbone engineering (such as by using different copolymerized building blocks), side chain engineering (such as by using linear
or branch side units), using heteroatoms (such as F, O and S atoms, and CN group), etc. These modifications enable BT-polymers to exhibit distinct
absorption spectra (with onset varied from 600 nm to 1000 nm), different frontier energy levels and crystallinities. As a consequence, BT-polymers
have gained much attention in recent years, and can be simultaneously used as electron donor and electron acceptor in OSCs, providing the
power conversion efficiencies (PCEs) over 18% and 14% in non-fullerene and all-polymer OSCs. In this article, we provide an overview of BT-
polymers for OSCs, from donor to acceptor, via selecting some typical BT-polymers in different periods. We hope that the summary in this article
can invoke the interest to study the BT-polymers toward high performance OSCs, especially with thick active layers that can be potentially used in

large-area devices.
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INTRODUCTION

Solar cells, which are capable of converting solar energy into
electrical energy, are considered as one of the most promising
and efficient technologies to alleviate the global energy crisis.!"
In recent years, organic solar cells (OSCs) have attracted exten-
sive attention in the photovoltaic field due to their advantages,
such as flexibility, light weight, facile fabrication technique and
low cost compared to the conventional inorganic solar cells.?!
The photoactive layers, which consist of donor and accept-
or materials, play important roles in OSCs.[6-13! Fullerene de-
rivatives were usually used as electron acceptor due to their
high electron mobility and three-dimensional electron trans-
port properties. Although the power conversion efficiencies
(PCEs) of fullerene-based OSCs have been enhanced to over
11%, the inherent disadvantages of fullerene derivatives, such
as the limited chemical structures and the difficulty to tune
the energy levels, hamper the further improvement of photo-
voltaic properties. For comparison, non-fullerene acceptors
have been demonstrated to out-perform fullerenes in
0OSCs,[14-191 in which the PCEs have reached up to 18%.[201
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Additionally, the donor materials also play important roles
in OSCs, since they are responsible for matching with the
electron acceptor to convert photons into free charges.21-26l
Nowadays, the donor polymers are usually constructed via
donor-acceptor (D-A) motif, in which the electron-donating
and electron-deficient units are incorporated into one poly-
mer. Therefore, the intramolecular charge transfer between
donor and acceptor segments can be generated, resulting in
the lower optical band gap. Simultaneously, the other proper-
ties of the polymers, such as energy levels, crystallinity and
charge transport properties, can also be effectively adjusted.
Therefore, D-A conjugated polymers have dominated the de-
velopment of OSCs. Among them, benzothiadiazole (BT) as
electron-deficient unit has been widely used to design con-
jugated polymers for high performance OSCs.[27-29]

BT-based monomers can be simply prepared and modified
with F atom or different side chains to tune the optoelectron-
ic properties and solubility (Scheme 1).39-34 By choosing co-
polymerized units with different properties, BT-based copoly-
mers can be simply synthesized via Suzuki or Stille coupling
polymerization. BT-based polymers usually own high crys-
tallinity, good charge transport characteristics, low band gaps
and excellent optoelectronic properties. Based on those ex-
cellent properties, researchers can construct BT-polymers
with tunable physical and optoelectrical properties toward ef-
ficient OSCs.

Since Dhanabalan et al. reported the first BT-based conjug-
ated polymer for application in OSCs in 2001,135 BT-based
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Scheme 1 The synthetic routes to BT cores.

conjugated materials have been widely developed both as
electron donor and acceptor in OSCs. As summarized in Fig. 1,
when BT-based polymers were used as donor materials, the
highest PCE of fullerene-based OSCs reached up to 11.7% and
that of non-fullerene OSCs reached up to 18.22%.[2036] When
BT-based polymers act as electron acceptor, the PCEs of OSCs
can achieve 14.4%.5371 In this review, we highlight the recent
developments of BT-based conjugated polymers and their
application in OSCs, including: (i) BT-based polymer donors in
fullerene solar cells, (ii) BT-based polymer donors in non-
fullerene solar cells and (iii) BT-based polymer acceptors in all-
PSCs. It is worth mentioning that there are so many publica-
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Fig. 1 (a) The chemical structures of BT-based polymers as donor or
acceptor that exhibited the highest PCEs in this review. (b) Summary
of the PCEs for BT-based OSCs in recent years.

tions about BT-polymers, and herein, we intentionally select
some typical BT-polymers in order to show their physical
properties, so that hopefully the importance of BT-polymers
in OSCs can be revealed.

BT-BASED DONOR POLYMERS IN OSCS

BT-based Donor Polymers in Fullerene-based OSCs
BT-based donor polymers play important roles in fullerene-
based 0SCs.B8#4 In the year of 2001, the first D-A polymer P1
(Fig. 2) was constructed from BT unit with the thiophene-
pyrrole-thiophene as the copolymerized unit, but the PCE was
only 0.34%, possibly due to the poor solubility and low charge
carrier mobility.*) The solubility was then improved by
introducing a fluorene unit with two pendent soluble alkyl side
units into the BT-polymer P2, providing a PCE of 2.4% in
0SCs.!*! The PCE of BT-polymer (P3) solar cells was further
enhanced to 3.6% when using 2,7-carbazole as comonomer,
which was due to the enhanced planarity of conjugated
backbones via 2,7-substition.””? The planarity of this polymer
could be further improved by using two alkyloxy side units
attached to BT backbone (P4), providing a high PCE of 5.4% in
0SCs.B% All these pioneer works constructed the cornerstone of
BT-polymers, prompting their developments for application in
OSCs. In this section, we will briefly discuss BT-polymers for
fullerene-based OSCs (Fig. 2).

Poly(3-hexylthiophene) with thiophene backbones exhib-
ited strong crystallinity and high charge transport, which also
represent the star conjugated polymers for OSCs. Therefore,
researchers tried to introduce oligothiophene segments into
BT-polymers. In 2005, Krebs et al. developed the BT-polymer
P5 with bithiophene units, in which hexyl side units were
used to improve the solubility of the polymer (Fig. 2).148! Un-
fortunately, the PCEs of OSCs by using P5 as donor were very
low (~0.024%). The low PCEs might originate from the steric
hinderance between hexyl side units and BT core, which
could result in large twist backbones and hence poor charge
transport. The contradiction between solubility and crystal-
linity via alkyl side units could be perfectly solved by using
cyclopentadithiophene as comonomer, in which two alkyl
units located at the center of bithiophene units. This struc-
ture also enabled the polymer P6 to show the optical band
gap of 1.4 eV, and the OSC based on P6 as donor exhibited a
PCE of 3.5%.149

Then, the well-known BT-polymer PCDTBT (as P3 in this
work) with 2,7-carbazole as comonomer was reported by
Leclerc et al. (Fig. 2).47! This polymer showed the absorption
spectrum in the range of 300-700 nm and provided a PCE of
3.6% in OSCs. The solar cells were fabricated and character-
ized in air, indicating the high stability of OSCs based on P3.
After that, lots of works focused on P3, from the aspect of
synthetic methods, crystallinity, fabrication process, cost,
etc.59 A typical example is to use [6,6]-Phenyl C;, butyric acid
methyl ester (PC;,BM) to replace of [6,6]-Phenyl Cg; butyric
acid methyl ester (PC4,BM) as electron acceptor in P3-based
OSCs, in which the PCE was enhanced to 6.1% due to the en-
hanced photocurrent. In particular, the internal quantum effi-
ciency of the solar cells approached 100%, indicating the effi-
cient charge separation and transport.’'l Another outstand-
ing work was done by Bo et al., in which they developed a BT
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Fig.2 Chemical structures of BT-based donor polymers in fullerene-based OSCs.

unit with two alkyloxy side chains to improve the solubility of
the polymer. The corresponding polymer HXS-1 (named as
P4) provided a PCE of 5.4% in solar cells.3% This design motif
was then widely used in developing BT-polymers with prom-
inent photovoltaic performance.l52

Benzodithiophene (BDT) is another copolymerized unit
that is widely used in BT-polymers. For example, in 2011, You
et al. firstly introduced fluorine atoms into the BT core to con-
struct the BT-polymer P7 with BDT as comonomer (Fig. 2).32
The introduction of fluorine atoms can effectively lower the
frontier energy levels and improve the crystallinity of the
polymer, resulting in high open-circuit voltage (V,), short-cir-
cuit current density (J,) and fill factor (FF) in solar cells. There-
fore, P7-based OSCs exhibited a PCE of 7.2%, while the corres-
ponding polymer without fluorine atoms only showed a PCE
of 5.0%. The PCEs of BT-BDT based polymers could be further
enhanced to over 9% when enhancing the molecular weight
and using a fullerene derivative as interfacial layer.53!

BT-polymers with oligothiophene are the representative
conjugated polymers.[54-561 Researchers introduced long bran-
ched alkyl side units into the 3-position of thiophene, so that
two alkyl side units in the monomer containing BT and four
thiophenes can ensure the enough solubility for the polymers.
This design can also significantly reduce the steric hinderance
between alkyl side units and conjugated backbones, and
therefore the advantages of polythiophene can be maintained
in BT-polymers. For example, the BT-polymer P8 (Fig. 2) was
found to show near-infrared absorption property (onset close
to 800 nm), high hole mobility (1.92 cm2V-"s~1 in organic
field-effect transistors) and high PCEs (7.64% at 230 nm) at
thick films due to high crystallinity.57) The PCE of this poly-
mer was further enhanced to over 10% after controlling the
aggregation behavior at high temperature.53! These poly-
mers also exhibited promising photovoltaic performance in

non-fullerene OSCs (NFOSCs), which will be discussed in the
following section.

In addition to the wide (<700 nm) and medium (<800 nm)
band gaps, BT units can also be used to design narrow band
gap conjugated polymers with absorption onset over 800 nm.
Yang et al. used the silicon-contained fused bithiophene as
comonomer into the BT-polymer P9 (Fig. 2), providing an ab-
sorption onset at 800 nm. OSCs based on P9:PCBM blends ex-
hibited a PCE of up to 5.1%.558! Later, they inserted a strong
electron-donating oxygen atom into the cyclopentadith-
iophene unit to form the dithienopyran unit. The resulting
polymer P10 based on dithienopyran and fluoro-substituted
BT units exhibited absorption up to 900 nm. Single-junction
OSCs based on P10 as donor and PC,;BM as acceptor pro-
vided a PCE of 7.9% with the spectral response from 300 nm
to 900 nm.5%9 The narrow band gap property enabled P10 to
be applied into tandem solar cells, providing a high PCE of
10.6%. Guo et al. developed a novel electron-donating unit 3-
alkoxy-3"-alkyl-2,2"-bithiophene with the head-to-head linked
alkyl and alkyoxy units for the BT-polymer P11 (Fig. 2). The
new polymer exhibited an absorption spectrum over 900 nm
and showed a high PCE of 9.76% when using PC;,BM as the
acceptor in solar cells.69 These results reveal that, by using
the rational selection of copolymerized units, BT-polymers
can provide distinct absorption properties, which can facilit-
ate their application in non-fullerene solar cells.

BT-based Donor Polymers in Non-fullerene OSCs

Before discussing BT-polymers for application in non-fullerene
0OSCs, we intend to briefly summarize the characteristics of BT-
polymers. Firstly, as mentioned above, the chemical structures
of BT-polymers can be tailored to show distinct absorption
spectra from visible light to near-infrared region, indicating that
they can perfectly match with non-fullerene acceptors with
complementary absorption. Secondly, BT-polymers always have
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high crystallinity, especially for the polymers with oligothio-
phenes as comonomer (such as P8). Therefore, we could obser-
ve highly-ordered diffraction peaks in grazing incidence wide
angle X-ray scattering (GIWAXS) images (Fig. 3a)* and fibrous
structures in blended films from transmission electron micro-
scope (TEM) images (Fig. 3b)." This characteristic is quite simi-
lar to diketopyrrolopyrrole-based conjugated polymers.[?
Thirdly, BT-polymers exhibited high hole mobilities, in which the
mobilities over T cm?V~"-s7" could be obtained in organic field-
effect transistor devices.® High crystallinity and hole mobilities
enable BT-polymers to show good charge transport properties,
exhibiting high performance in thick photoactive layers due to
the reduced charge recombination.>>%¥ In addition, from the
aspect of synthesis and chemical structure, BT units can be
easily prepared and there are also several modification cites. All
these merits demonstrate the great potential application of BT-
polymers in OSCs.

Fig. 3 (a) GIWAXS pattern of a neat P8 film. (Reproduced with
permission from Ref. [55]; Copyright (2014) Spring Nature). (b) TEM
image of P8:PC,,BM film. (Reproduced with permission from Ref. [61];
Copyright (2018) Elsevier).

Although the PCEs of BT-polymer based fullerene OSCs
have been enhanced to 11.7%,136] the drawbacks of fullerene
acceptors, such as weak absorption in the visible region and
difficulty to tuning chemical structures and purification, lim-
ited the further improvement of PCEs. Fortunately, these
drawbacks have been successfully overcome by developing
new non-fullerene acceptors (NFAs) with excellent properties.
With the development of those new NFAs, the PCE of BT-

based OSCs was further improved up to 18.22%.20

BT-based donor polymers in fused-ring electron acceptor
based NFOSCs

Since Zhan et al. reported the first fused-ring electron acceptor
(FREA) ITIC with 2-(3-ox0-2,3-dihydroinden-1-ylidene)malononi-
trile as end groups,™ ITIC and its derivatives have attracted
much attention in recent years.!'%%>% In general, wide band
gap conjugated polymers with absorption onset below 700 nm
are used as electron donor to match with these near-infrared
FREAs in order to realize complementary absorption spectra,’®
in which the electron-deficient unit benzo[1,2-c:4,5-c'dithio-
phene-4,8-dione (BDD) is the most widely reported building
block to construct donor polymers toward high performance
NFOSCs with PCEs over 17%.24 BT-polymers have also been
applied into FREA based OSCs, and it provides a record PCE of
18.22%.20

When ITIC was published in the year of 2015, Yan et al. used
an ITIC derivative ITIC-Th to work with the BT-polymer P8 for
application in NFOSCs, in which the donor and acceptor ex-
hibited complementary absorption spectra (Fig. 4).7" A PCE
of 6.6% with spectra response from 300 nm to 800 nm could
be obtained. Zhu et al. developed a series of non-fullerene ac-
ceptors (ZITI-N-EH) to improve the miscibility with P12 that
has the similar structure to P8.72 As a consequence, the
blend thin films could be fabricated at room temperature,
and also provided the high PCE of 13.07%. It is also worthy to
mention that the PCE could be maintained at 12.35% at a
200 nm thick film. Huang et al. also used a random copoly-
mer design strategy to develop a BT-polymer P13 (Fig. 4). The
blend thin films based on P13 could be fabricated from non-
halogenated solvents, and the solar cells exhibited PCEs over
10% with the thickness of photoactive layers from 100 nm to
300 nm.[73 These merits indicate the potential application of
BT-polymers for large-area OSCs.

In addition to oligothiophene-based BT-polymers, BDT-
based BT-polymers have also been applied into IC-based
NFOSCs. Zhan et al. reported a BT-polymer P14 with alkyloxy
side chains at BT backbones and fluoro-benzene side units at-
tached to BDT (Fig. 4).74 They used the acceptor IDIC to work
with P14, providing a PCE of 11.03% in OSCs. Bo et al. de-
veloped the asymmetric BT monomers with alkyloxyl/alkyl-
thio unit and fluorine atom, in which oxygen and sulfur
atoms significantly influenced the photovoltaic performance
(Fig. 4).751 Oxygen-based BT polymer P15 showed the PCEs of
7.28%, while the PCE was reduced to 1.55% in sulfur-based
polymer P16. This example revealed the importance of finely
tunable chemical structures in designing BT-polymers for
OSCs.

Sun et al. used the narrow band gap polymer P10 as donor
to work with a near-infrared acceptor FOIC (Fig. 4).761 The
blend exhibited strong photo-response in the NIR region, and
meanwhile the blend could be transparent in the visible light
region. Therefore, the corresponding solar cells could be used
as semitransparent solar cells by using the thin metal contact.
They found that a PCE of 4.2% could be obtained with a high
transparency in the visible light region.

Recently, Ding et al. reported a wide band gap BT-based
donor polymer for NFOSC with an amazing result.l20l They
constructed BT-based donor polymer P17 with a fused-ring
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Fig.4 Chemical structures of BT-based donor polymers and fused-ring electron acceptors for NFOSCs.

electron-deficient unit, dithieno[3',2"3,4;2",3":5,6]benzo[1,2-
cl[1,2,5]thiadiazole (DTBT) (Fig. 5). The high planarity of
DTBT backbone gifted P17 a higher hole mobility (1.59x
1073 cm2V-".s71). When P17 was used as donor material to
construct Y6 (Fig. 5)-based NFOSC, it provided an exciting PCE
of 18.22%, which was the highest PCE in the stated-of-the-art
NFOSCs.

BT-based donor polymers with other types of electron
acceptors in NFOSCs

Besides fused-ring electron acceptors, there are also several
kinds of small molecules as electron acceptor in BT-polymer
based NFOSCs.”778! For example, Yan et al. used the rhodamine
end-capped acceptor O-IDTBR combined with the BT-polymer
P18 as electron donor to fabricate NFOSCs (Fig. 6).7> P18 and
O-IDTBR exhibited similar absorption spectra with onset at ~800
nm. NFOSCs based on their blends provided a high PCE of
10.4% with a high V. of 1.08 V and a very low energy loss (Ejss,)
of 0.55 eV. Yan et al. also reported a series of work focusing on
NFOSCs based on the BT-polymers as donor and perylene
bisimide (PBI) derivatives as acceptor. A typical work was that
they developed a BT-polymer P19 containing fluoro-substituted
BT units and alkylthiophene units to simultaneously obtain
small band gap and deep frontier energy levels (Fig. 6).5”
Additionally, a bis-PBI molecule SF-PDI, with spirofluorene as
core was developed as a wide band gap acceptor to match with

P19 to show complementary absorption spectra. A high PCE of
9.5% was obtained with the high V.. of 1.11 V and hence a low
Eioss Of 0.61 eV. They also provided systematical studies about
the origination of low E,,, mainly due to the low non-radiative
recombination. The £, could be further reduced to 0.53 eV
together with a high PCE of 10.58% when using a new fused
and star-shaped PBl-based acceptor FTTB-PDI4.18"

Bo et al. also used a series of 1,8-naphthalimide (NI) based
electron acceptor for BT-based NFOSCs.[82-841 Nl-based ac-
ceptors exhibit wide band gap absorption spectra and high-
lying energy levels, which can enable the high V, in solar
cells. For example, they used the coplanar BT-polymer P20
(Fig. 6) as donor and NI-based molecule NI-AA-NI with ethynyl
units as acceptor to fabricate OSCs, in which a high V. of
1.07 V and a PCE of 3.71% could be obtained.[84

BT-based donor polymers in all-polymer solar cells
All-polymer solar cells (all-PSCs) as one type of OSCs have also
attracted tremendous attention, not only for their tunable
structural, optical and electrochemical properties, but also for
their general merits over small molecules, such as good thermal
stability and robust mechanical property. However, the
performance of all-PSCs still lags behind fullerene-based or
fused-ring electron acceptor-based OSCs (Fig. 7).

In 2015, in order to study the relationship between chemic-
al structures and photovoltaic properties, Kim et al. de-
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Fig.5 Chemical structures of BT-based donor polymer P17 and fused-ring electron acceptor Y6 for NFOSC with the highest PCE.
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Fig.6 Chemical structures of BT-based donor polymers and other types of electron acceptors for NFOSCs.

veloped a series of BT-polymers with different number-aver- proved the miscibility with the polymer acceptor P(NDI20OD-
age molecular weights (P21, M,=12 kg/mol; P21y, M= T2) and hence inhibited the formation of crystalline region.
24 kg/mol; P21y, M,=40 kg/mol) to investigate their photo- Therefore, the hole and electron mobilities of the optimized
voltaic performances (Fig. 7).851 The P21, with high M,, im- all-PSCs based on P21,;:P(NDI20D-T2) are significantly higher
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Fig. 7 Chemical structures of polymers involved in BT-based all-PSCs.

than those of P21 :P(NDI20D-T2), and the PCE is more than
5%, which is one of the highest values reported at that time.
For comparison, P21 :P(NDI20D-T2) cells exhibited a low PCE
of 3.78%. In 2017, Kim et al. further developed a series of BT-
polymers (P22, P23 and P24) with different numbers of fluor-
ine atoms on the backbones (Fig. 7).188 They found that when
enhancing the content of fluorine atoms, the polymers exhib-
ited enhanced dipole moment difference between the
ground and excited states (Apge). The large Apge of P24 was
helpful for exciton dissociation and meanwhile suppressed
charge recombination in solar cells when using P(NDI2HD-T2)
as electron acceptor. As a consequence, P24 based all-PSCs
provided a high PCE of 6.42% with simultaneously enhan-
ced V,, Jc and FF, while P22 only showed a low PCE of
2.65%. Liu et al. also introduced different numbers of fluorine
atoms into BT-polymers to tune the crystallinity so as to
match with the B—N polymer rr-PBN that has been de-
veloped in their group.[”] P25 with four fluorine atoms on
each monomer exhibited a high PCE of 6.45% in all-PSCs
(Fig. 7). Apparently, all-PSCs based on BT-polymers as donor
are far to be explored.

BT-BASED POLYMER ACCEPTORS IN
ALL-POLYMER SOLAR CELLS

The electron-deficient nature of BT indicates that BT-polymers
can be used as electron acceptor for all-PSCs when providing
rational design of chemical structures. Indeed, in recent years,
there are many BT-polymers that have been developed for this
purpose.[8%3! As early as 2007, the BT-polymer named as FSTBT
(P26 here) that had been previously used as electron donor to

work with PCBM in OSCs was also found to exhibit electron
transport property,®¥ so that P26 could also be used as electron
acceptor in solar cells (Fig. 8). All-PSCs based on P3HT:P26
exhibited PCEs up to 1.2% when using a thermal annealed
process.® This P3HT:P26 blend was then used as model system
to study the crystallinity, morphology control and device
physics in all-PSCs.P>~%7

The deficient nature of P26 can also be clearly observed,
that is, it has the high-lying frontier energy levels so that only
P3HT can be used as electron donor in OSCs. In order to lower
the frontier energy levels of BT-polymers, Guo et al. creatively
introduced two cyano units into BT core.?8 Cyano unit as
strong electron-deficient group can effectively lower the fron-
tier energy levels, while the absorption spectra can still be
maintained at the near-infrared region. The corresponding
polymer P27 (Fig. 8) with indacenodithiophene as co-
monomer showed a narrow band gap of 1.43 eV and suitable
energy levels of —3.75 and —5.59 eV as the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels. The optical and electrochemical proper-
ties of P27 are similar to those of the polymer acceptor based
on NDI unit. More importantly, P27 exhibited high extinction
coefficient in the near-infrared region, which perfectly solved
the problem of low extinction coefficient of NDI-polymers.
Therefore, P27 was used as electron acceptor in all-PSCs,
providing a PCE of 8.32% with a broad photo-response from
300 nm to 850 nm. The solar cells also exhibited very high V,,
resulting in a low E,, of 0.53 eV. In a recent work, they intro-
duced a strong electron-donating comonomer into the poly-
mer P28 (Fig. 8) to further broaden the absorption spectra,
and a very low band gap of 1.28 eV could be obtained in this
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Acceptor Eq PCE
CeHis CeHis

222eV  1.20%

1.28eV  10.22%

143eV  832%

141eV  14.40%

Fig.8 Chemical structures of BT-polymers as electron acceptor for application in all-PSCs.

polymer.[91 All-PSCs based on P28 as electron acceptor ex-
hibited a PCE of 10.2% with a high J,. of 22.52 mA-cm=2. These
excellent polymer designs and their consequence un-
doubtedly prove that BT-polymers as electron acceptor have
the great potential application in all-PSCs.

Another interesting type of BT-polymer acceptors is based
on the well-known near-infrared acceptor Y6 developed by
Zou et al'%91 Y6 and its derivatives have been widely used as
electron acceptor for high performance OSCs, in which BT is
usually used as core. Inspired by the pioneer work that used
ITIC as core to construct polymer acceptors by Li et al., several
works focused on using Y6 to construct new polymers (for
example, P29 with one thiophene as copolymerized
unit).37.91.101.1021 These polymers exhibited near-infrared ab-
sorption up to 900 nm, well-aligned frontier energy levels and
good electron transport properties. Therefore, the PCEs based
on these polymers as electron acceptors could realize PCE
over 14% (Fig. 8) when providing rational control of molecu-
lar weight, copolymerized units and so on. It can be envi-
sioned that further development of Y6-based polymer ac-
ceptor can enable the PCEs of all-PSCs to be over 17%.

CONCLUSIONS

In this review, we provided an overview of BT-polymers for
0OSCs, from the aspect of electron donor and electron acceptor.
With the judicious molecular design and device engineering,
the PCEs based on BT-polymers have achieved over 18% and

14% when using as donor and acceptor. These outstanding
achievements reveal the great potential of BT-polymers in OSCs,
and the high PCE (18.22%) was one of the highest PCEs at the-
stated-of-the-art NFOSCs. However, if looking into the studies of
NFOSCs, we will find that BT-polymers are far to be explored, so
that it also leaves many tasks to be explored.

Firstly, it is necessary to explore BT-polymers as donor for
NFOSCs, such as by using the known BT-polymers that have
been used in fullerene-based OSCs and also developing new
BT-polymers. The structural engineering includes BT core and
comonomers, from the aspect of tuning the frontier energy
levels and crystallinity, such as by introducing heteroatoms,
different side units and the molecular weight. It is worth men-
tioning that direct arylation polymerization method as a
green synthetic method is an important topic in the future,
which should be considered in the synthesis of BT-
polymers.[103]

Secondly, BT-polymers usually show strong crystallinity as
diketopyrrolopyrrole-polymers, which is different from BDD-
polymers with strong aggregation.['4 Apparently, fused-ring
electron acceptors tend to work with BDD-polymers possibly
due to the well-organized phase separation, but would be in-
compatible with BT-polymers. To solve this problem, it would
be the possible way to design BT-polymers with low crys-
tallinity or develop suitable fused-ring acceptors. Addition-
ally, it is very important to reveal the impact of crystallinity of
BT-polymers on the morphology and hence the photovoltaic
performance in solar cells.
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Thirdly, it is important to focus on the photovoltaic devices
based on BT-polymers, such as thick films, large-area and flex-
ible devices, semitransparent cells and stability. The high crys-
tallinity of BT-polymers enables to show high carrier mobilit-
ies, so that they still can exhibit high performance in thick
films. This is in particular important for large-area devices. It
seems that BT unit is very stable under thermal stress and
heat, but there are still very few studies focusing on the stabil-
ity of BT-polymers.

In conclusion, BT-polymers exhibit many characteristics in
organic electronics, which can act as the important conjug-
ated materials for OSCs. Further studies, from material design,
morphology control to device engineering, are urgently
needed to endow BT-polymers based OSCs with high stabil-
ity as well as high performance even under thick films, which
will be the promising system for industry application.

BIOGRAPHIES

Feng Liu received his B.S. degree in 2011 from Hebei University,
M.S. degree in 2014 from Hebei University and Ph.D. degree in
2018 from Hebei University. Then, he joined the Postdoctoral
Mobile Station of Hebei University (2018—2020) as a postdoctor.
His research interests focus on design and synthesis of
conjugated materials along with the application in OPVs and
OFETs.

Yong-Gang Wu received his B.S. degree in 2001 from Hebei
University and Ph.D. degree in 2008 from the Institute of
Chemistry, Chinese Academy of Sciences (ICCAS). Then, he has
been working at Hebei University as a Professor. His research
interests focus on design and synthesis of conjugated materials
and their application in organic electronics.

Wei-Wei Li received his B.S. degree in 2005 from the
University of Science and Technology of China (USTC) and
Ph.D. degree in 2010 from the Institute of Chemistry, Chinese
Academy of Sciences (ICCAS). He then joined Prof. lJillian
Buriak's group at the University of Alberta (2010-2011) and
Prof. René A. J. Janssen's group at the Eindhoven University of
Technology (2011-2014) as a postdoctor. Since 2015, he has
been a Professor at ICCAS. His research interests include
design and synthesis of conjugated materials and their
application in organic electronics.

ACKNOWLEDGMENTS

This work was financially supported by the Ministry of Science
and Technology (Nos. 2018YFA0208504 and 2017YFA0204702)
and the National Natural Science Foundation of China (Nos.
51773207, 52073016, and 21905018). This work was further
supported by Fundamental Research Funds for the Central
Universities (No. XK1802-2) and Jiangxi Provincial Department
of Science and Technology (No. 20192ACB20009) and the
Natural Science Foundation of Hebei Province (No.
B2020201032).

REFERENCES

1 Yeh, N.; Yeh, P. Organic solar cells: their developments and

10

11

12

13

14

15

16

17

18

19

potentials. Renew. Sus. Energy Rev. 2013, 21,421-431.

He, P.; Li, Z; Hou, Q.; Wang, Y. Application of benzothiadiazole
in organic solar cells. Chinese J. Org. Chem. 2013, 33, 288—304.
Cui, H. Q,; Peng, R. X,; Song, W.; Zhang, J. F.; Huang, J. M,; Zhu, L.
Q.; Ge, Z. Y. Optimization of ethylene glycol doped PEDOT:PSS
transparent electrodes for flexible organic solar cells by drop-
coating method. Chinese J. Polym. Sci. 2019, 37, 760—-766.

Yan, N,; Zhao, C,; You, S.; Zhang, Y.; Li, W. Recent progress of
thin-film photovoltaics for indoor application. Chin. Chem. Lett.
2020, 37, 643-653.

Li, Y, Xu, Y,; Yang, F.; Jiang, X, Li, C; You, S.; Li, W. Simple non-
fullerene electron acceptors with unfused core for organic solar
cells. Chin. Chem. Lett. 2019, 30, 222—-224.

Nielsen, C. B.; Holliday, S.; Chen, H. Y.; Cryer, S. J.; Mcculloch, I.
Non-fullerene electron acceptors for use in organic solar cells.
Acc. Chem. Res. 2015, 48, 2803—2812.

Dang, D.; Yu, D, Wang, E. Conjugated donor-acceptor
terpolymers toward high-efficiency polymer solar cells. Adv.
Mater. 2019, 31,1807019.

Li, C;; Wu, X;; Sui, X,; Wu, H.; Wang, C,; Feng, G.; Wu, Y.; Liu, F,; Liu,
X,; Tang, Z,; Li, W. Crystalline cooperativity of donor and
acceptor segments in double-cable conjugated polymers
toward efficient single-component organic solar cells. Angew.
Chem. Int. Ed. 2019, 58, 15532—15540.

Zhao, C; Guo, Y., Zhang, Y, Yan, N, You, S; Li, W.
Diketopyrrolopyrrole-based conjugated materials for non-
fullerene organic solar cells. J. Mater. Chem. A 2019, 7,
10174-10199.

Feng, G, Li, J.; He, Y.; Zheng, W.; Wang, J; Li, C; Tang, Z,; Osvet,
A.; Li, N; Brabec, C. J,; Yi, Y.; Yan, H.; Li, W. Thermal-driven phase
separation of double-cable polymers enables efficient single-
component organic solar cells. Joule 2019, 3, 1765-1781.

Liu, F,; Wang, D,; Li, J. Y.; Xiao, C. Y.; Wu, Y. G;; Li, W. W,; Fu, G. S.
Side-chains engineering of conjugated polymers toward
additive-free non-fullerene organic solar cells. Chinese J. Polym.
Sci. 2021, 39, 43-50.

Liu, F,; Li, C; Li, J; Wang, C; Xiao, C; Wu, Y.; Li, W. Ternary
organic solar cells based on polymer donor, polymer acceptor
and PCBM components. Chin. Chem. Lett. 2020, 31, 865—868.
Geng, Y. Crystalline cooperativity in double-cable conjugated
polymers. Acta Phys. Chim. Sin. 2019, 35,1311-1312.

Cui, Y.; Yao, H,; Hong, L.; Zhang, T.; Xu, Y.; Xian, K.; Gao, B.; Qin, J.;
Zhang, J.; Wei, Z; Hou, J. Achieving over 15% efficiency in
organic photovoltaic cells via copolymer design. Adv. Mater.
2019, 317, 1808356.

Lin, Y.; Wang, J; Zhang, Z. G, Bai, H.; Li, Y.; Zhu, D.; Zhan, X. An
electron acceptor challenging fullerenes for efficient polymer
solar cells. Adv. Mater. 2015, 27, 1170-1174.

Zhang, Y.; Xu, Y,; Ford, M. J,; Li, F; Sun, J; Ling, X.; Wang, Y.; Gu,
J.; Yuan, J.; Ma, W. Thermally stable all-polymer solar cells with
high tolerance on blend ratios. Adv. Energy Mater. 2018, 8,
1800029.

Liu, S.; Yuan, J; Deng, W.; Luo, M.; Xie, Y.; Liang, Q.; Zou, Y.; He,
Z.; Wy, H,; Cao, Y. High-efficiency organic solar cells with low
non-radiative recombination loss and low energetic disorder.
Nat. Photonics 2020, 14, 300—305.

Guo, Y.; Liu, Y,; Zhu, Q; Li, C; Jin, Y,; Puttisong, Y.; Chen, W.; Liu,
F.; Zhang, F; Ma, W, Li, W. Effect of side groups on the
photovoltaic performance based on porphyrin-perylene
bisimide electron acceptors. ACS Appl. Mater. Interfaces 2018,
10, 32454-32461.

Feng, S.; Lu, H.; Liu, Z,; Liu, Y.; Li, C; Bo, Z. Designing a high-
performance A-D-A fused-ring electron acceptor via
noncovalently conformational locking and tailoring lits end
groups. Acta Phys. Chim. Sin. 2019, 35, 355-360.

https://doi.org/10.1007/s10118-021-2537-8


http://dx.doi.org/10.1016/j.rser.2012.12.046
http://dx.doi.org/10.6023/cjoc201208009
http://dx.doi.org/10.1007/s10118-019-2257-5
http://dx.doi.org/10.1016/j.cclet.2019.08.022
http://dx.doi.org/10.1016/j.cclet.2018.09.014
http://dx.doi.org/10.1021/acs.accounts.5b00199
http://dx.doi.org/10.1002/adma.201807019
http://dx.doi.org/10.1002/adma.201807019
http://dx.doi.org/10.1002/anie.201910489
http://dx.doi.org/10.1002/anie.201910489
http://dx.doi.org/10.1039/C9TA01976F
http://dx.doi.org/10.1016/j.joule.2019.05.008
http://dx.doi.org/10.1007/s10118-020-2490-y
http://dx.doi.org/10.1007/s10118-020-2490-y
http://dx.doi.org/10.1016/j.cclet.2019.06.051
http://dx.doi.org/10.3866/PKU.WHXB201909019
http://dx.doi.org/10.1002/adma.201808356
http://dx.doi.org/10.1002/adma.201404317
http://dx.doi.org/10.1002/aenm.201800029
http://dx.doi.org/10.1021/acsami.8b10955
http://dx.doi.org/10.3866/PKU.WHXB201805161
http://dx.doi.org/10.1016/j.rser.2012.12.046
http://dx.doi.org/10.6023/cjoc201208009
http://dx.doi.org/10.1007/s10118-019-2257-5
http://dx.doi.org/10.1016/j.cclet.2019.08.022
http://dx.doi.org/10.1016/j.cclet.2018.09.014
http://dx.doi.org/10.1021/acs.accounts.5b00199
http://dx.doi.org/10.1002/adma.201807019
http://dx.doi.org/10.1002/adma.201807019
http://dx.doi.org/10.1002/anie.201910489
http://dx.doi.org/10.1002/anie.201910489
http://dx.doi.org/10.1039/C9TA01976F
http://dx.doi.org/10.1016/j.joule.2019.05.008
http://dx.doi.org/10.1007/s10118-020-2490-y
http://dx.doi.org/10.1007/s10118-020-2490-y
http://dx.doi.org/10.1016/j.cclet.2019.06.051
http://dx.doi.org/10.3866/PKU.WHXB201909019
http://dx.doi.org/10.1002/adma.201808356
http://dx.doi.org/10.1002/adma.201404317
http://dx.doi.org/10.1002/aenm.201800029
http://dx.doi.org/10.1021/acsami.8b10955
http://dx.doi.org/10.3866/PKU.WHXB201805161
https://doi.org/10.1007/s10118-021-2537-8

534

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Wang, C. etal./ Chinese J. Polym. Sci. 2021, 39, 525-536

Liu, Q. Jiang, Y.; Jin, K; Qin, J.; Xu, J; Li, W,; Xiong, J; Liu, J; Xiao,
Z; Sun, K; Yang, S.; Zhang, X.; Ding, L. 18% Efficiency organic
solar cells. Sci. Bull. 2020, 65, 272-275.

Wang, M.; Hu, X, Liu, P, Li, W.; Gong, X.; Huang, F,; Cao, Y.
Donor-acceptor conjugated polymer based on naphthol1,2-
¢:5,6-c]bis[1,2,5]thiadiazole for high-performance polymer solar
cells. J. Am. Chem. Soc. 2011, 133,9638-9641.

Liu, F.; Xiao, C; Feng, G; Li, C;; Wu, Y.; Zhou, E.; Li, W. End group
engineering on the side chains of conjugated polymers toward
efficient non-fullerene organic solar cells. ACS Appl. Mater.
Interfaces 2020, 12,6151-6158.

Ma, J; Feng, G, Liu, F; Yang, F; Guo, Y.; Wu, Y, Li, W. A
conjugated polymer based on alkylthio-substituted benzo[1,2-
c:4,5-c'ldithiophene-4,8-dione acceptor for polymer solar cells.
Dyes Pigments 2019, 165, 335-340.

Zheng, Z.; Yao, H.; Ye, L; Xu, Y.; Zhang, S.; Hou, J. PBDB-T and its
derivatives: a family of polymer donors enables over 17%
efficiency in organic photovoltaics. Mater. Today 2020, 35,
115-130.

Yang, F.; Zhao, W.; Zhu, Q,; Li, C; Ma, W.; Hou, J,; Li, W. Boosting
the performance of non-fullerene organic solar cells via cross-
linked donor polymers design. Macromolecules 2019, 52,
2214-2221.

Zhang, Y.; Wang, Y.; Ma, R, Luo, Z,; Liu, T,; Kang, S. H.; Yan, H,;
Yuan, Z; Yang, C; Chen, Y. Wide band-gap two-dimension
conjugated polymer donors with different amounts of chlorine
substitution on alkoxyphenyl conjugated side chains for non-
fullerene polymer solar cells. Chinese J. Polym. Sci. 2020, 38,
797-805.

Ning, Z.; Tian, H. Triarylamine: a promising core unit for efficient
photovoltaic materials. Cheminform 2009, 41, 5483—-5495.
Pivrikas, A. Neugebauer, H. Sariciftci, N. S. Influence of
processing additives to nano-morphology and efficiency of
bulk-heterojunction solar cells: a comparative review. Sol.
Energy 2011, 85, 1226-1237.

Li, Y. Molecular design of photovoltaic materials for polymer
solar cells: toward suitable electronic energy levels and broad
absorption. Acc. Chem. Res. 2012, 45,723-733.

Qin, R; Li, W, Li, C; Du, C; Veit, C; Schleiermacher, H. F,;
Andersson, M.; Bo, Z,; Liu, Z.; Inganas, O.; Wuerfel, U,; Zhang, F. A
planar copolymer for high efficiency polymer solar cells. J. Am.
Chem. Soc. 2009, 131, 14612—-14613.

Bouffard, J.; Swager, T. M. Fluorescent conjugated polymers
that incorporate substituted 2,1,3-benzooxadiazole and 2,1,3-
benzothiadiazole units. Macromolecules 2008, 41, 5559-5562.
Zhou, H.; Yang, L, Stuart, A. C; Price, S. C,; Liu, S.; You, W.
Development of fluorinated benzothiadiazole as a structural
unit for a polymer solar cell of 7% efficiency. Angew. Chem. Int.
Ed. 2011, 50, 2995-2998.

Neto, B. A. D.; Lapis, A. A. M.; da Silva Junior, E. N.; Dupont, J.
2,1,3-Benzothiadiazole and derivatives: synthesis, properties,
reactions, and applications in light technology of small
molecules. Eur. J. Org. Chem. 2013, 2013, 228-255.

Heiskanen, J. P.; Vivo, P.; Saari, N. M.; Hukka, T. I.; Kastinen, T.;
Kaunisto, K.; Lemmetyinen, H. J,; Hormi, O. E. O. Synthesis of
benzothiadiazole derivatives by applying C-C cross-couplings. J.
Org. Chem. 2016, 81, 1535—1546.

Dhanabalan, A,; van Dongen, J. L. J,; van Duren, J. K. J.; Janssen,
H. M.; van Hal, P. A,; Janssen, R. A. J. Synthesis, characterization,
and electrooptical properties of a new alternating N-
dodecylpyrrole-benzothiadiazole copolymer. Macromolecules
2001, 34, 2495-2501.

Zhao, J.; Li, Y,; Yang, G, Jiang, K, Lin, H.; Ade, H.; Ma, W,; Yan, H.
Efficient organic solar cells processed from hydrocarbon
solvents. Nat. Energy 2016, 1, 15027.

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Jia, T,; Zhang, J,; Zhong, W.; Liang, Y.; Zhang, K.; Dong, S.; Ying,
L; Liu, F, Wang, X,; Huang, F.; Cao, Y. 14.4% Efficiency all-
polymer solar cell with broad absorption and low energy loss
enabled by a novel polymer acceptor. Nano Energy 2020, 72,
104718.

Wang, M,; Li, C; Lv, A; Wang, Z; Bo, Z. Spirobifluorene-based
conjugated polymers for polymer solar cells with high open-
circuit voltage. Macromolecules 2012, 45,3017-3022.

Wang, N, Chen, Z; Wei, W, lJiang, Z. Fluorinated
benzothiadiazole-based conjugated polymers for high-
performance polymer solar cells without any processing
additives or post-treatments. J. Am. Chem. Soc. 2013, 135,
17060-17068.

Chochos, C. L,; Leclerc, N.; Gasparini, N.; Zimmerman, N.; Tatsi, E.;
Katsouras, A.; Moschovas, D.; Serpetzoglou, E.; Konidakis, I.; Fall,
S.; Lévéque, P.; Heiser, T.; Spanos, M.; Gregoriou, V. G.; Stratakis,
E.; Ameri, T; Brabec, C. J.; Avgeropoulos, A. The role of chemical
structure in indacenodithienothiophene-alt-benzothiadiazole
copolymers for high performance organic solar cells with
improved photo-stability through minimization of burn-in loss.
J. Mater. Chem. A 2017, 5, 25064—25076.

Kini, G. P.; Hoang, Q. V.; Song, C. E; Lee, S. K,; Shin, W. S.; So, W.
W, Uddin, M. A; Woo, H. Y, Lee, J. C. Thiophene-
benzothiadiazole based D-A1-D-A2 type alternating
copolymers for polymer solar cells. Polym. Chem. 2017, 8,
3622-3631.

Kim, J. H.; Schaefer, C; Ma, T.; Zhao, J.; Turner, J.; Ghasemi, M
Constantinou, 1; So, F.; Yan, H.; Gadisa, A.; Ade, H. The critical
impact of material and process compatibility on the active layer
morphology and performance of organic ternary solar cells.
Adv. Energy Mater. 2019, 9, 1802293.

Singh, R.; Suranagi, S. R; Lee, J; Lee, H; Kim, M.; Cho, K.
Unraveling the efficiency-limiting morphological issues of the
perylene diimide-based non-fullerene organic solar cells. Sci.
Rep. 2018, 8, 2849.

Peet, J.; Kim, J. Y,; Coates, N. E.; Ma, W. L.; Moses, D.; Heeger, A. J,;
Bazan, G. C. Efficiency enhancement in low-bandgap polymer
solar cells by processing with alkane dithiols. Nat. Mater. 2007,
6,497-500.

Dhanabalan, A.; van Duren, J. K. J.; van Hal, P. A.; van Dongen, J.
L. J; Janssen, R. A. J. Synthesis and characterization of a low
bandgap conjugated polymer for bulk heterojunction
photovoltaic cells. Adv. Funct. Mater. 2001, 11, 255-262.
Svensson, M.; Zhang, F. L,; Veenstra, S. C; Verhees, W. J. H,;
Hummelen, J. C; Kroon, J. M.; Inganas, O.; Andersson, M. R.
High-performance polymer solar cells of an alternating
polyfluorene copolymer and a fullerene derivative. Adv. Mater.
2003, 75,988-991.

Blouin, N.; Michaud, A.; Leclerc, M. A low-bandgap poly(2,7-
carbazole) derivative for use in high-performance solar cells.
Adv. Mater. 2007, 19, 2295-2300.

Bundgaard, E.; Krebs, F. C. A comparison of the photovoltaic
response of head-to-head and head-to-tail coupled
poly{(benzo-2,1,3-thiadiazol-4,7-diyl)-(dihexyl[2,2"]dithiophene-
5,5'-diyl}. Polym. Bull. 2005, 55, 157—164.

Zhu, Z.; Waller, D.; Gaudiana, R.; Morana, M.; Muhlbacher, D.;
Scharber, M.; Brabec, C. Panchromatic conjugated polymers
containing alternating donor/acceptor units for photovoltaic
applications. Macromolecules 2007, 40, 1981—1986.

Beaupré, S.; Leclerc, M. PCDTBT: en route for low cost plastic
solar cells. J. Mater. Chem. A 2013, 1, 11097.

Park, S. H; Roy, A.; Beaupré, S.; Cho, S.; Coates, N.; Moon, J. S
Moses, D.; Leclerc, M,; Lee, K,; Heeger, A. J. Bulk heterojunction
solar cells with internal quantum efficiency approaching 100%.
Nat. Photonics 2009, 3, 297—-302.

https://doi.org/10.1007/s10118-021-2537-8


http://dx.doi.org/10.1016/j.scib.2020.01.001
http://dx.doi.org/10.1021/ja201131h
http://dx.doi.org/10.1021/acsami.9b22275
http://dx.doi.org/10.1021/acsami.9b22275
http://dx.doi.org/10.1016/j.dyepig.2019.02.040
http://dx.doi.org/10.1016/j.mattod.2019.10.023
http://dx.doi.org/10.1021/acs.macromol.8b02526
http://dx.doi.org/10.1007/s10118-020-2435-5
http://dx.doi.org/10.1016/j.solener.2010.10.012
http://dx.doi.org/10.1016/j.solener.2010.10.012
http://dx.doi.org/10.1021/ar2002446
http://dx.doi.org/10.1021/ja9057986
http://dx.doi.org/10.1021/ja9057986
http://dx.doi.org/10.1021/ma8010679
http://dx.doi.org/10.1002/anie.201005451
http://dx.doi.org/10.1002/anie.201005451
http://dx.doi.org/10.1021/acs.joc.5b02689
http://dx.doi.org/10.1021/acs.joc.5b02689
http://dx.doi.org/10.1021/ma001732e
http://dx.doi.org/10.1038/nenergy.2015.27
http://dx.doi.org/10.1016/j.nanoen.2020.104718
http://dx.doi.org/10.1021/ma202752h
http://dx.doi.org/10.1021/ja409881g
http://dx.doi.org/10.1039/C7TA09224E
http://dx.doi.org/10.1039/C7PY00696A
http://dx.doi.org/10.1002/aenm.201802293
http://dx.doi.org/10.1038/s41598-018-21162-x
http://dx.doi.org/10.1038/s41598-018-21162-x
http://dx.doi.org/10.1038/nmat1928
http://dx.doi.org/10.1002/1616-3028(200108)11:4&amp;lt;255::AID-ADFM255&amp;gt;3.0.CO;2-I
http://dx.doi.org/10.1002/adma.200304150
http://dx.doi.org/10.1002/adma.200602496
http://dx.doi.org/10.1007/s00289-005-0423-0
http://dx.doi.org/10.1021/ma062376o
http://dx.doi.org/10.1039/c3ta12420g
http://dx.doi.org/10.1038/nphoton.2009.69
http://dx.doi.org/10.1016/j.scib.2020.01.001
http://dx.doi.org/10.1021/ja201131h
http://dx.doi.org/10.1021/acsami.9b22275
http://dx.doi.org/10.1021/acsami.9b22275
http://dx.doi.org/10.1016/j.dyepig.2019.02.040
http://dx.doi.org/10.1016/j.mattod.2019.10.023
http://dx.doi.org/10.1021/acs.macromol.8b02526
http://dx.doi.org/10.1007/s10118-020-2435-5
http://dx.doi.org/10.1016/j.solener.2010.10.012
http://dx.doi.org/10.1016/j.solener.2010.10.012
http://dx.doi.org/10.1021/ar2002446
http://dx.doi.org/10.1021/ja9057986
http://dx.doi.org/10.1021/ja9057986
http://dx.doi.org/10.1021/ma8010679
http://dx.doi.org/10.1002/anie.201005451
http://dx.doi.org/10.1002/anie.201005451
http://dx.doi.org/10.1021/acs.joc.5b02689
http://dx.doi.org/10.1021/acs.joc.5b02689
http://dx.doi.org/10.1021/ma001732e
http://dx.doi.org/10.1038/nenergy.2015.27
http://dx.doi.org/10.1016/j.nanoen.2020.104718
http://dx.doi.org/10.1021/ma202752h
http://dx.doi.org/10.1021/ja409881g
http://dx.doi.org/10.1039/C7TA09224E
http://dx.doi.org/10.1039/C7PY00696A
http://dx.doi.org/10.1002/aenm.201802293
http://dx.doi.org/10.1038/s41598-018-21162-x
http://dx.doi.org/10.1038/s41598-018-21162-x
http://dx.doi.org/10.1038/nmat1928
http://dx.doi.org/10.1002/1616-3028(200108)11:4&amp;lt;255::AID-ADFM255&amp;gt;3.0.CO;2-I
http://dx.doi.org/10.1002/adma.200304150
http://dx.doi.org/10.1002/adma.200602496
http://dx.doi.org/10.1007/s00289-005-0423-0
http://dx.doi.org/10.1021/ma062376o
http://dx.doi.org/10.1039/c3ta12420g
http://dx.doi.org/10.1038/nphoton.2009.69
https://doi.org/10.1007/s10118-021-2537-8

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Wang, C. etal./ Chinese J. Polym. Sci. 2021, 39, 525-536 535

Song, J.; Bo, Z. Planar copolymers for high-efficiency polymer
solar cells. Sci. China Chem. 2019, 62, 9-13.

Subbiah, J.,; Purushothaman, B.; Chen, M.; Qin, T.; Gao, M,; Vak,
D.; Scholes, F. H.; Chen, X.; Watkins, S. E.; Wilson, G. J.; Holmes, A.
B.; Wong, W. W. H.; Jones, D. J. Organic solar cells using a high-
molecular-weight benzodithiophene-benzothiadiazole
copolymer with an efficiency of 9.4%. Adv. Mater. 2015, 27,
702-705.

Hu, H.; Jiang, K; Yang, G, Liu, J; Li, Z; Lin, H,; Liu, Y,; Zhao, J,;
Zhang, J.; Huang, F; Qu, Y.; Ma, W,; Yan, H. Terthiophene-based
D-A polymer with an asymmetric arrangement of alkyl chains
that enables efficient polymer solar cells. J. Am. Chem. Soc.
2015, 137, 14149-14157.

Liu, Y; Zhao, J.; Li, Z,; Mu, C; Ma, W,; Hu, H.; Jiang, K.; Lin, H.; Ade,
H.; Yan, H. Aggregation and morphology control enables
multiple cases of high-efficiency polymer solar cells. Nat.
Commun. 2014, 5, 5293.

Hu, H,; Chow, P. C. Y,; Zhang, G.; Ma, T, Liy, J,; Yang, G,; Yan, H.
Design of donor polymers with strong temperature-dependent
aggregation property for efficient organic photovoltaics. Acc.
Chem. Res. 2017, 50, 2519-2528.

Chen, Z; Cai, P.; Chen, J,; Liu, X;; Zhang, L,; Lan, L.; Peng, J.; Ma,
Y.; Cao, Y. Low band-gap conjugated polymers with strong
interchain aggregation and very high hole mobility towards
highly efficient thick-film polymer solar cells. Adv. Mater. 2014,
26,2586-2591.

Hou, J; Chen, H. Y, Zhang, S, Li, G; Yang, Y. Synthesis,
characterization, and photovoltaic properties of a low band gap
polymer based on silole-containing polythiophenes and 2,1,3-
benzothiadiazole. J. Am. Chem. Soc. 2008, 130, 16144—16145.
You, J,; Dou, L; Yoshimura, K, Kato, T.; Ohya, K, Moriarty, T.;
Emery, K; Chen, C. C; Gao, J,; Li, G; Yang, Y. A polymer tandem
solar cell with 10.6% power conversion efficiency. Nat.
Commun. 2013, 4, 1446.

Shi, S.; Liao, Q.; Tang, Y.; Guo, H.; Zhou, X,; Wang, Y.; Yang, T.;
Liang, Y,; Cheng, X, Liu, F; Guo, X. Head-to-head linkage
containing bithiophene-based polymeric semiconductors for
highly efficient polymer solar cells. Adv. Mater. 2016, 28,
9969-9977.

Li, W.; Cai, J,; Cai, F,; Yan, Y.; Yi, H; Gurney, R. S,; Liu, D,; Iraqi, A.;
Wang, T. Achieving over 11% power conversion efficiency in
PffBT4T-20D-based ternary polymer solar cells with enhanced
open-circuit-voltage and suppressed charge recombination.
Nano Energy 2018, 44, 155-163.

Li, W.; Hendriks, K. H.; Furlan, A.; Roelofs, W. S. C.; Wienk, M. M,;
Janssen, R. A. J. Universal correlation between fibril width and
quantum efficiency in diketopyrrolopyrrole-based polymer
solar cells. J. Am. Chem. Soc. 2013, 135, 18942—18948.
Nketia-Yawson, B.; Lee, H. S.; Seo, D.; Yoon, Y.; Park, W. T.; Kwak,
K. Son, H. J; Kim, B,; Noh, Y. Y. A highly planar fluorinated
benzothiadiazole-based  conjugated polymer for high-
performance organic thin-film transistors. Adv. Mater. 2015, 27,
3045-3052.

Liu, X;; Nian, L; Gao, K.; Zhang, L.; Qing, L.; Wang, Z,; Ying, L.; Xie,
Z; Ma, Y,; Cao, Y.; Liu, F.; Chen, J. Low band gap conjugated
polymers combining siloxane-terminated side chains and alkyl
side chains: side-chain engineering achieving a large active
layer processing window for PCE > 10% in polymer solar cells. J.
Mater. Chem. A 2017, 5,17619-17631.

Yan, C; Barlow, S.; Wang, Z; Yan, H.; Jen, A. K. Y.; Marder, S. R;
Zhan, X. Non-fullerene acceptors for organic solar cells. Nat. Rev.
Mater. 2018, 3, 18003.

Hou, J,; Inganads, O.; Friend, R. H.,; Gao, F. Organic solar cells
based on non-fullerene acceptors. Nat. Mater. 2018, 17, 119.
Zhang, Z,; Zhang, S.; Liu, Z; Zhang, Z; Li, Y, Li, C; Chen, H. A

68

69

70

7

72

73

74

75

76

7

78

79

80

81

82

simple electron acceptor with unfused backbone for polymer
solar cells. Acta Phys. Chim. Sin. 2019, 35, 394—400.

Lin, H.; Chen, S,; Li, Z; Lai, J. Y. L,; Yang, G.; McAfee, T.; Jiang, K
Li, Y, Liu, Y.; Hu, H; Zhao, J,; Ma, W.; Ade, H.; Yan, H. High-
performance non-fullerene polymer solar cells based on a pair
of donor-acceptor materials with complementary absorption
properties. Adv. Mater. 2015, 27, 7299-7304.

Kini, G. P.; Choi, J. Y.; Jeon, S. J.; Suh, I. S.; Moon, D. K. Effect of
mono  alkoxy-carboxylate-functionalized  benzothiadiazole-
based donor polymers for non-fullerene solar cells. Dyes
Pigments 2019, 164, 62-71.

An, C; Zheng, Z.; Hou, J. Recent progress in wide bandgap
conjugated polymer donors for high-performance nonfullerene
organic photovoltaics. Chem. Commun. 2020, 56, 4750—4760.
Hu, H.; Jiang, K; Chow, P.C. Y.; Ye, L,; Zhang, G.; Li, Z,; Carpenter,
J. H; Ade, H; Yan, H. Influence of donor polymer on the
molecular ordering of small molecular acceptors in
nonfullerene polymer solar cells. Adv. Energy Mater. 2018, 8,
1701674.

Zhang, J.; Liu, W.; Zhang, M.; Xu, S;; Liu, F.; Zhu, X. PCE11-based
polymer solar cells with high efficiency over 13% achieved by
room-temperature processing. J. Mater. Chem. A 2020, 8,
8661-8668.

Chen, Z;; Hu, Z,; Liang, Y.; Zhou, C,; Xiao, J.; Zhang, G.; Huang, F.
Highly efficient, green-solvent processable, and stable non-
fullerene polymer solar cells enabled by a random polymer
donor. Org. Electron. 2020, 85, 105874.

Lin, Y.; Zhao, F.; Wu, Y.; Chen, K; Xia, Y.; Li, G,; Prasad, S. K. K;;
Zhu, J,; Huo, L,; Bin, H,; Zhang, Z. G.; Guo, X,; Zhang, M,; Sun, Y.;
Gao, F.; Wei, Z,; Ma, W.; Wang, C.; Hodgkiss, J.; Bo, Z.; Inganas, O.;
Li, Y.; Zhan, X. Mapping polymer donors toward high-efficiency
fullerene free organic solar cells. Adv. Mater. 2017, 29, 1604155.
Gong, X, Li, G; Feng, S.; Wu, L,; Liu, Y,; Hou, R;; Li, C.; Chen, X.; Bo,
Z. Influence of polymer side chains on the photovoltaic
performance of non-fullerene organic solar cells. J. Mater. Chem.
C2017, 5,937-942.

Xie, Y.; Xia, R; Li, T; Ye, L; Zhan, X;; Yip, H. L; Sun, Y. Highly
transparent organic solar cells with all-near-infrared
photoactive materials. Small Methods 2019, 3, 1900424.

Zhao, J; Li, Y,; Lin, H; Liu, Y.; Jiang, K; Mu, C; Ma, T,; Lai, J. Y. L;
Hu, H,; Yu, D,; Yan, H. High-efficiency non-fullerene organic solar
cells enabled by a difluorobenzothiadiazole-based donor
polymer combined with a properly matched small molecule
acceptor. Energy Environ. Sci. 2015, 8, 520-525.

Chen, S.; Zhang, L.; Ma, C; Meng, D.; Zhang, J.; Zhang, G, Li, Z;
Chow, P. C. Y.; Ma, W.; Wang, Z; Wong, K. S.; Ade, H.; Yan, H.
Alkyl chain regiochemistry of benzotriazole-based donor
polymers influencing morphology and performances of non-
fullerene organic solar cells. Adv. Energy Mater. 2018, 8,
1702427.

Chen, S.; Wang, Y.; Zhang, L.; Zhao, J.; Chen, Y.; Zhu, D.; Yao, H.;
Zhang, G,; Ma, W,; Friend, R. H.; Chow, P. C. Y,; Gao, F.; Yan, H.
Efficient nonfullerene organic solar cells with small driving
forces for both hole and electron transfer. Adv. Mater. 2018, 30,
1804215.

Liu, J; Chen, S,; Qian, D.; Gautam, B.; Yang, G.; Zhao, J,; Bergqvist,
J; Zhang, F.; Ma, W.; Ade, H,; Inganas, O.; Gundogdu, K; Gao, F.;
Yan, H. Fast charge separation in a non-fullerene organic solar
cell with a small driving force. Nat. Energy 2016, 1, 16089.
Zhang, J; Li, Y.; Huang, J,; Hu, H.; Zhang, G.; Ma, T.; Chow, P.C. Y,;
Ade, H.; Pan, D, Yan, H. Ring-fusion of perylene diimide
acceptor enabling efficient nonfullerene organic solar cells with
a small voltage loss. J. Am. Chem. Soc. 2017, 139, 16092—16095.
Zhang, X.; Zhang, J.; Lu, H.; Wu, J;; Li, G;; Li, C; Li, S.; Bo, Z. A 1,8-
naphthalimide based small molecular acceptor for polymer

https://doi.org/10.1007/s10118-021-2537-8


http://dx.doi.org/10.1007/s11426-018-9363-8
http://dx.doi.org/10.1002/adma.201403080
http://dx.doi.org/10.1021/jacs.5b08556
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1021/acs.accounts.7b00293
http://dx.doi.org/10.1021/acs.accounts.7b00293
http://dx.doi.org/10.1002/adma.201305092
http://dx.doi.org/10.1021/ja806687u
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1002/adma.201603112
http://dx.doi.org/10.1016/j.nanoen.2017.12.005
http://dx.doi.org/10.1021/ja4101003
http://dx.doi.org/10.1002/adma.201500233
http://dx.doi.org/10.1039/C7TA05583H
http://dx.doi.org/10.1039/C7TA05583H
http://dx.doi.org/10.1038/natrevmats.2018.3
http://dx.doi.org/10.1038/natrevmats.2018.3
http://dx.doi.org/10.1038/nmat5063
http://dx.doi.org/10.3866/PKU.WHXB201805091
http://dx.doi.org/10.1002/adma.201502775
http://dx.doi.org/10.1016/j.dyepig.2018.12.058
http://dx.doi.org/10.1016/j.dyepig.2018.12.058
http://dx.doi.org/10.1039/D0CC01038C
http://dx.doi.org/10.1002/aenm.201701674
http://dx.doi.org/10.1039/D0TA02271C
http://dx.doi.org/10.1016/j.orgel.2020.105874
http://dx.doi.org/10.1002/adma.201604155
http://dx.doi.org/10.1002/smtd.201900424
http://dx.doi.org/10.1039/C4EE02990A
http://dx.doi.org/10.1002/aenm.201702427
http://dx.doi.org/10.1002/adma.201804215
http://dx.doi.org/10.1038/nenergy.2016.89
http://dx.doi.org/10.1021/jacs.7b09998
http://dx.doi.org/10.1007/s11426-018-9363-8
http://dx.doi.org/10.1002/adma.201403080
http://dx.doi.org/10.1021/jacs.5b08556
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1021/acs.accounts.7b00293
http://dx.doi.org/10.1021/acs.accounts.7b00293
http://dx.doi.org/10.1002/adma.201305092
http://dx.doi.org/10.1021/ja806687u
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1002/adma.201603112
http://dx.doi.org/10.1016/j.nanoen.2017.12.005
http://dx.doi.org/10.1021/ja4101003
http://dx.doi.org/10.1002/adma.201500233
http://dx.doi.org/10.1039/C7TA05583H
http://dx.doi.org/10.1039/C7TA05583H
http://dx.doi.org/10.1038/natrevmats.2018.3
http://dx.doi.org/10.1038/natrevmats.2018.3
http://dx.doi.org/10.1038/nmat5063
http://dx.doi.org/10.3866/PKU.WHXB201805091
http://dx.doi.org/10.1002/adma.201502775
http://dx.doi.org/10.1016/j.dyepig.2018.12.058
http://dx.doi.org/10.1016/j.dyepig.2018.12.058
http://dx.doi.org/10.1039/D0CC01038C
http://dx.doi.org/10.1002/aenm.201701674
http://dx.doi.org/10.1039/D0TA02271C
http://dx.doi.org/10.1016/j.orgel.2020.105874
http://dx.doi.org/10.1002/adma.201604155
http://dx.doi.org/10.1002/smtd.201900424
http://dx.doi.org/10.1039/C4EE02990A
http://dx.doi.org/10.1002/aenm.201702427
http://dx.doi.org/10.1002/adma.201804215
http://dx.doi.org/10.1038/nenergy.2016.89
http://dx.doi.org/10.1021/jacs.7b09998
https://doi.org/10.1007/s10118-021-2537-8

536

83

84

85

86

87

88

89

90

91

92

93

94

Wang, C. etal./ Chinese J. Polym. Sci. 2021, 39, 525-536

solar cells with high open circuit voltage. J. Mater. Chem. C
2015, 3,6979-6985.

Hou, R, Feng, S.; Gong, X, Liu, Y,; Zhang, J.; Li, C; Bo, Z. Side
chain effect of nonfullerene acceptors on the photovoltaic
performance of wide band gap polymer solar cells. Synth. Met.
2016, 220, 578—-584.

Zhang, J.; Zhang, X, Li, G,; Xiao, H,; Li, W.; Xie, S.; Li, C; Bo, Z. A
nonfullerene acceptor for wide band gap polymer based
organic solar cells. Chem. Commun. 2016, 52, 469—472.

Kang, H.; Uddin, M. A; Lee, C;; Kim, K. H.; Nguyen, T. L.; Lee, W,;
Li, Y.; Wang, C; Woo, H. Y.; Kim, B. J. Determining the role of
polymer molecular weight for high-performance all-polymer
solar cells: its effect on polymer aggregation and phase
separation. J. Am. Chem. Soc. 2015, 137, 2359-2365.

Kranthiraja, K.; Kim, S.; Lee, C;; Gunasekar, K; Sree, V. G.; Gautam,
B.; Gundogduy, K.; Jin, S. H.; Kim, B. J. The impact of sequential
fluorination of m-conjugated polymers on charge generation in
all-polymer solar cells. Adv. Funct. Mater. 2017, 27, 1701256.
Wang, N.; Zhang, S.; Zhao, R,; Feng, J.; Ding, Z.; Ma, W.; Hu, J,; Liu,
J. Designed polymer donors to match an amorphous polymer
acceptor in all-polymer solar cells. ACS Appl. Electron. Mater.
2020, 2, 2274-2281.

Ge, C. W,; Mei, C. Y,; Ling, J;; Wang, J. T.; Zhao, F. G; Liang, L,; Li,
H. J; Xie, Y. S, Li, W. S. Acceptor-acceptor conjugated
copolymers based on perylenediimide and benzothiadiazole
for all-polymer solar cells. J. Polym. Sci., Part A: Polym. Chem.
2014, 52,1200-1215.

Liu, F; Li, H; Wu, Y.; Gu, C,; Fu, H. Naphthalene diimide and
benzothiadiazole copolymer acceptor for all-polymer solar cells
with improved open-circuit voltage and morphology. RSC Adv.
2015, 5,92151-92158.

Liu, M; Yang, J.; Yin, Y; Zhang, Y.; Zhou, E.; Guo, F.; Zhao, L.
Novel perylene diimide-based polymers with electron-deficient
segments as the comonomer for efficient all-polymer solar cells.
J. Mater. Chem. A 2018, 6, 414—422.

Tang, A, Li, J.; Zhang, B.; Peng, J.; Zhou, E. Low-bandgap n-type
polymer based on a fused-DAD-type heptacyclic ring for all-
polymer solar cell application with a power conversion
efficiency of 10.7%. ACS Macro Lett. 2020, 9, 706—712.

Zhao, R; Wang, N.; Yu, Y,; Liu, J. Organoboron polymer for 10%
efficiency all-polymer solar cells. Chem. Mater. 2020, 32,
1308-1314.

Wang, N.; Yu, Y,; Zhao, R,; Ding, Z; Liu, J,; Wang, L. Improving
active layer morphology of all-polymer solar cells by solution
temperature. Macromolecules 2020, 53, 3325-3331.

McNeill, C. R.; Abrusci, A.; Zaumseil, J.; Wilson, R.; McKiernan, M.
J.; Burroughes, J. H.; Halls, J. J. M.; Greenham, N. C,; Friend, R. H.
Dual electron donor/electron acceptor character of a

95

96

97

98

99

100

101

102

103

104

conjugated polymer in efficient photovoltaic diodes. Appl. Phys.
Lett. 2007, 90, 193506.

McNeill, C. R; Halls, J. J. M,; Wilson, R.; Whiting, G. L.; Berkebile,
S, Ramsey, M. G Friend, R. H; Greenham, N. C. Efficient
polythiophene/polyfluorene copolymer bulk heterojunction
photovoltaic devices: device physics and annealing effects. Adv.
Funct. Mater. 2008, 18, 2309-2321.

Sepe, A.; Rong, Z; Sommer, M.; Vaynzof, Y.; Sheng, X,; Muller-
Buschbaum, P.; Smilgies, D. M,; Tan, Z. K,; Yang, L.; Friend, R. H.;
Steiner, U.; Huttner, S. Structure formation in P3HT/FS8TBT
blends. Energy Environ. Sci. 2014, 7,1725-1736.

McNeill, C. R,; Abrusci, A,; Hwang, |.; Ruderer, M. A,; Miiller-
Buschbaum, P, Greenham, N. C. Photophysics and
photocurrent  generation in polythiophene/polyfluorene
copolymer blends. Adv. Funct. Mater. 2009, 719,3103-3111.

Shi, S.; Chen, P.; Chen, Y.; Feng, K;; Liu, B.; Chen, J,; Liao, Q.; Tu, B.;
Luo, J,; Su, M,; Guo, H.,; Kim, M. G,; Facchetti, A,; Guo, X. A
narrow-bandgap n-type polymer semiconductor enabling
efficient all-polymer solar cells. Adv. Mater. 2019, 31,1905161.
Feng, K; Huang, J.; Zhang, X.; Wu, Z,; Shi, S,; Thomsen, L.; Tian,
Y., Woo, H. Y.; McNeill, C. R; Guo, X. High-performance all-
polymer solar cells enabled by n-type polymers with an
ultranarrow bandgap down to 1.28 eV. Adv. Mater. 2020, 32,
2001476.

Yuan, J; Zhang, Y.; Zhou, L,; Zhang, G.; Yip, H. L, Lau, T. K;; Lu, X,;
Zhu, C; Peng, H.; Johnson, P. A;; Leclerc, M.; Cao, Y.; Ulanski, J.;
Li, Y.; Zou, Y. Single-junction organic solar cell with over 15%
efficiency using fused-ring acceptor with electron-deficient
core. Joule 2019, 3, 1140-1151.

Wang, W.; Wu, Q.; Sun, R;; Guo, J,; Wu, Y,; Shi, M.; Yang, W.; Li, H.;
Min, J. Controlling molecular mass of low-band-gap polymer
acceptors for high-performance all-polymer solar cells. Joule
2020, 4, 1070-1086.

Du, J; Hu, K; Meng, L; Angunawela, |; Zhang, J,; Qin, S,
Liebman-Pelaez, A.; Zhu, C; Zhang, Z; Ade, H. Li, Y. High-
performance all-polymer solar cells: synthesis of polymer
acceptor by a random ternary copolymerization strategy.
Angew. Chem. Int. Ed. 2020, 59, 15181-15185.

Gobalasingham, N. S.; Carlé, J. E,; Krebs, F. C; Thompson, B. C;
Bundgaard, E.; Helgesen, M. Conjugated polymers via direct
arylation polymerization in continuous flow: minimizing the
cost and batch-to-batch variations for high-throughput energy
conversion. Macromol. Rapid Commun. 2017, 38, 1700526.

Qian, D.; Ye, L; Zhang, M; Liang, Y, Li, L; Huang, Y., Guo, X,;
Zhang, S, Tan, Z. A, Hou, J. Design, application, and
morphology study of a new photovoltaic polymer with strong
aggregation in solution state. Macromolecules 2012, 45,
9611-9617.

https://doi.org/10.1007/510118-021-2537-8


http://dx.doi.org/10.1039/C5TC01148E
http://dx.doi.org/10.1016/j.synthmet.2016.07.015
http://dx.doi.org/10.1039/C5CC08023A
http://dx.doi.org/10.1021/ja5123182
http://dx.doi.org/10.1002/adfm.201701256
http://dx.doi.org/10.1021/acsaelm.0c00451
http://dx.doi.org/10.1002/pola.27108
http://dx.doi.org/10.1039/C5RA14887A
http://dx.doi.org/10.1039/C7TA09930D
http://dx.doi.org/10.1021/acsmacrolett.0c00234
http://dx.doi.org/10.1021/acs.chemmater.9b04997
http://dx.doi.org/10.1021/acs.macromol.0c00633
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1039/C3EE44125C
http://dx.doi.org/10.1002/adfm.200900801
http://dx.doi.org/10.1002/adma.201905161
http://dx.doi.org/10.1002/adma.202001476
http://dx.doi.org/10.1016/j.joule.2019.01.004
http://dx.doi.org/10.1016/j.joule.2020.03.019
http://dx.doi.org/10.1002/anie.202005357
http://dx.doi.org/10.1002/marc.201700526
http://dx.doi.org/10.1021/ma301900h
http://dx.doi.org/10.1039/C5TC01148E
http://dx.doi.org/10.1016/j.synthmet.2016.07.015
http://dx.doi.org/10.1039/C5CC08023A
http://dx.doi.org/10.1021/ja5123182
http://dx.doi.org/10.1002/adfm.201701256
http://dx.doi.org/10.1021/acsaelm.0c00451
http://dx.doi.org/10.1002/pola.27108
http://dx.doi.org/10.1039/C5RA14887A
http://dx.doi.org/10.1039/C7TA09930D
http://dx.doi.org/10.1021/acsmacrolett.0c00234
http://dx.doi.org/10.1021/acs.chemmater.9b04997
http://dx.doi.org/10.1021/acs.macromol.0c00633
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1039/C3EE44125C
http://dx.doi.org/10.1002/adfm.200900801
http://dx.doi.org/10.1002/adma.201905161
http://dx.doi.org/10.1002/adma.202001476
http://dx.doi.org/10.1016/j.joule.2019.01.004
http://dx.doi.org/10.1016/j.joule.2020.03.019
http://dx.doi.org/10.1002/anie.202005357
http://dx.doi.org/10.1002/marc.201700526
http://dx.doi.org/10.1021/ma301900h
http://dx.doi.org/10.1039/C5TC01148E
http://dx.doi.org/10.1016/j.synthmet.2016.07.015
http://dx.doi.org/10.1039/C5CC08023A
http://dx.doi.org/10.1021/ja5123182
http://dx.doi.org/10.1002/adfm.201701256
http://dx.doi.org/10.1021/acsaelm.0c00451
http://dx.doi.org/10.1002/pola.27108
http://dx.doi.org/10.1039/C5RA14887A
http://dx.doi.org/10.1039/C7TA09930D
http://dx.doi.org/10.1021/acsmacrolett.0c00234
http://dx.doi.org/10.1021/acs.chemmater.9b04997
http://dx.doi.org/10.1021/acs.macromol.0c00633
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1063/1.2738197
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1002/adfm.200800182
http://dx.doi.org/10.1039/C3EE44125C
http://dx.doi.org/10.1002/adfm.200900801
http://dx.doi.org/10.1002/adma.201905161
http://dx.doi.org/10.1002/adma.202001476
http://dx.doi.org/10.1016/j.joule.2019.01.004
http://dx.doi.org/10.1016/j.joule.2020.03.019
http://dx.doi.org/10.1002/anie.202005357
http://dx.doi.org/10.1002/marc.201700526
http://dx.doi.org/10.1021/ma301900h
https://doi.org/10.1007/s10118-021-2537-8

