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Abstract

In recent years, there has been a shift towards using nonfullerene electron acceptors in organic solar cells (OSCs) as a replacement

for fullerene derivatives. This change requires polymer donors that possess compatible physical properties, such as absorption

range, HOMO energy level, miscibility, and crystallinity. Moreover, the high cost and poor batch-to-batch reproducibility of

polymer donors also hinder future large-scale manufacturing. These emphasize the need to explore alternative types of polymer

donors. The imide-functionalized building units possess several key attributes that make their polymers highly promising

for non-fullerene OSCs. These attributes include ease of synthesis, strong electron-withdrawing ability, rigid and co-planar

structure, and the ability to easily tune solubility through imide side chains. In this review, we summarized the synthetic

routes of imide building units, and the struc-tural evolution of imide-functionalized polymer donors by focusing on the effects

of polymer structure on their physical, optoelec-tronic, and photovoltaic properties. We hope that this mini-review will serve

as a catalyst for future research on imide-functionalized polymers toward high-performance, cost-effective, and durable organic

solar cells (OSCs).
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1. Introduction

In the past few years, the field of organic solar cells (OSCs) has experienced a significant increase in power con-
version efficiency (PCE), surpassing 19 %, primarily due to the development of high-performance nonfullerene
electron acceptors (NFAs).[1-3] Zhanet al. , Zou et al. and Sun et al. made significant contributions by de-
veloping benchmark NFAs ITIC,[4] Y6,[5] and L8-BO.[6] Compared with fullerene derivatives, these NFAs
have different molecular geometry, strong absorption in the near-infrared (NIR) range, moderate HOMO en-
ergy levels, and high crystallinity.[6-13] Because the photophysical properties and morphology compatibility
between NFAs and polymer donors significantly affect photovoltaic performance of OSCs, these new NFAs
demand matchable physical properties of polymer donors.[12,14-19] Currently, the most widely used polymer
donors are donor-acceptor (D-A) copolymers which were synthesized by coupling between electron-rich (D)
and electron-deficient (A) units. Although several D-A polymer donors, such as PM6, D18, have shown a
power conversion efficiency (PCE) over 19 %,[1,2,20,21] their high cost and poor batch-to-batch reproducibility
highlight the importance to develop alternative types of polymer donors.[22-24]

Among various of D-A copolymers, the imide-functionalized polymers have drawn considerable research
attention and their use in organic field-effect transistor (OFET) and fullerene-based OSCs have been exten-
sively explored.[25-28] The imide building units have the following distinctive characteristics: 1) the strong
electron-withdrawing ability of imide group could downshift the HOMO energy levels which benefit high
V OCvalues;[29-31] 2) good π-conjugation of the planar core and interactions between O and other atoms
are beneficial for intramolecular interaction and charge transport;[22,32,33] 3) the N-alkyl side chain can ad-
just solubility and aggregation tendency of the polymer. Additionally, the N-alkyl chains, distant from
the aromatic core, could minimize polymer chain π-π stacking and exert little influence on charge carrier
mobility.[34-37] 4) Last but not least, synthetic routes of most imide building units are straightforward from
facile accessible materials.[38,39] These advantages make imide-functionalized polymer donors really fascinat-
ing in nonfullerene OSCs.

Because the imide-functionalized polymers used in OFET and fullerene-based OSCs have been well summa-
rized in previous comprehensive reviews,[25,26,40] here, we focus especially on the recent advances of imide-
functionalized polymer donors for non-fullerene OSCs. This review article first summarizes the latest struc-
tural evolution and common synthesis routes of classical imide-containing electron-deficient building blocks,
then investigate the effects of polymer structure on their physical and optoelectronic properties, and intro-
duce the application and photovoltaic performances of imide functionalized polymers in nonfullerene OSCs.
In this review, the polymers were classified according to the types of imide-containing electron-deficient units,
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and the emphasis on the relationships between the polymer structures, physical and photovoltaic properties
will provide the guidelines on how to rationally design imide-functionalized polymer donors. It is hoped
that this article provides ideas for future innovation on imide-functionalized polymers, especially towards
high-performance, low-cost, and stable OSCs.

2. Imide-functionalized building units

The chemical structure, number of imide groups, and component of electron-deficient imide-functionalized
building units significantly affect the photophysical and film-forming properties of their polymers, such as
frontier energy levels, bandgap, absorption coefficient, crystallinity and charge transport.[41-43]Historically
speaking, the creation of new imide-functionalized unit played a crucial role in the evolution of imide-
functionalized polymers. Till now, many imide building units have been created or developed, including
naphthalene diimide (NDI),[44] perylene diimide (PDI),[26,45]thieno[3,4-c]pyrrole-4,6-dione (TPD),[39,46,47]

phthalimide (PHI),[48,49] pyrrolo [3,4-f ] benzotriazole-5,7(6H )-dione (TzBI),[50,51]dithienophthalimide
(DPI),[35,52]naphthalenothiophene imide (NTI),[22] bithiophene imide (BTI) units,[53,54] naphthodithiophene
imide (NDTI),[55] thieno[3,4-f]isoindole-5,7-dione unit (TID),[25,56]5,9-di(thiophen-2-yl)-6H -pyrrolo[3,4-
g ]quinoxaline-6,8(7H )-dione (PQD),[57,58]N-alkyl-4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic
imide (DI),[59,60] pyromellitic diimide (PMDI),[61] tetraazabenzodifluoranthene diimide (BFI).[62] The chemi-
cal structure of various imide-functionalized building units are illustrated in Figure 1. Due to strong electron-
withdrawing ability, diimides building units are commonly employed in the construction of n-type semicon-
ducting polymers for OFETs, as well as electron acceptors for OSCs, which have been well documented in
other review articles.[26,34] In this article, we aim to present the latest advancements in imide-functionalized
polymer donors, categorizing them based on the specific types of imide units. The chemical structures of
acceptor materials used below are shown in Figure 15.

Figure 1 The chemical structure of various imide-functionalized building units.

3.Imide-functionalized polymer donors

3.1.Naphthalenothiophene Imide-Based Polymers

Scheme 1 Synthetic route of NTI and schematic reactions to form two Csp2 -Csp2 bonds by simple one-step
reaction.

Six-membered imide has strong electron-withdrawing ability, and monomers with two six-membered imides,
such as NDI and PDI, are widely used to construct n-type semiconducting materials for OFETs or electron
acceptors for OSCs.[63-65] However, the electron absorption ability of these diimides is too strong to be
used as building units for polymer donors. Compounds with one six-membered will have weaker electron
withdrawing ability and may be used as strong electron deficient monomers to construct polymer donors. Wu
et al.reported the synthesis of naphthalenothiophene imide (NTI), which bears six-membered imide and a five-
membered aromatic ring.[22] The NTI compound was synthesized by Suzuki coupling between 6,7-dibromo-2-
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(2-hexyldecyl)-1H-benzo[de]-isoquinoline-1,3(2-H)-dione and 3,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)thiophene in a very high yield of 82 %. Notably, this is a new and efficient approach to construct
five-membered aromatic ring, forming double Csp2-Csp2 bonds in a simple one-step reaction. The NDTI
was also synthesized in a similar method from dibromo and ditin compounds. Because there are various
dibromo and ditin/diBpin compounds, numerous fused-ring units for polymers could be created by using this
method to form double Csp2-Csp2 bonds in a simple one-step reaction. The chemical structures of NTI-based
conjugated polymers are illustrated in Figure 2 and the photovoltaic properties are summarized in Table 1.

Compared with other widely used electron-deficient units, such as BDD, TzBI, BTZ, the NTI has stronger
electron-withdrawing ability and could significantly lower the HOMO energy levels of the polymers.[15] Thus,
the NTI-based polymer PNTB1 has a low-lying HOMO energy level (-5.42 eV) without introducing any F
or Cl groups into the polymer backbone. The non-fullerene OSCs fabricated from PNTB1:Y6 exhibited
the highest PCE of 15.18 %. They studied the impact of the thiophene π-bridge on photovoltaic perfor-
mance through designing two NTI-based polymer donors PNTB and PNTB-2T.[22] PNTB-2T has two more
thiophene units in the polymer chain than PNTB, and exhibited better long-range coplanarity of poly-
mer conjugated chains, resulting in closer π-π stacking, more ordered polymer chain packing, and higher
hole transport of PNTB-2T. The PNTB-2T:Y6-based OSCs exhibited PCE of 16.72 %, while the PCE for
PNTB:Y6 was only 3.81 %. The photovoltaic performance of PNTB-2T-based solar cells could be enhanced
to 17.35 % by using PC71BM as second acceptor. Importantly, NTI-based polymer donors exhibit excellent
batch-to-batch reproducibility because the twisted polymer conjugated backbone make the polymer packed
through weak short interactions rather than π-π stacking, which minimizes the impact of molecular weight
on phase separation and blend film morphology.

Wu et al. also synthesized two NTI-based polymers PNTB6-Cl and PNTB-Cl by exploring the effect of
employing linear or branched alkyl chains in NTI unit on photovoltaic performance.[66] PNTB-Cl exhibited
good solubility in chloroform, however, due to stronger intermolecular interactions and shorter π-π stacking
distance, the polymer PNTB6-Cl with linear alkyl chains is insoluble in chloroform (Figure 3a, b). They
fabricated layer-by-layer polymer solar cells (LBL-PSCs) with PNTB6-Cl as donor and N3 as acceptor
by sequential spin-coating method (Figure 3c, d). Thus, PNTB6- Cl:N3 based LBL devices exhibited a
remarkable PCE of 17.59 %, which is much higher than 15.24 % for PNTB-Cl:N3 based devices.

Figure 2 The chemical structures of NTI-based conjugated polymers.

Table 1 Summary of the photovoltaic properties of the polymer donors shown in Figure 2.

Donor LUMO/HOMO [eV] Acceptor VOC [V] J SC [mA cm-2] FF [%] PCE [%] Ref.

PNTB1 -3.51/-5.42 Y6 0.83 24.64 0.72 15.18 [15]
PNTB -3.53/-5.60 Y6 0.90 8.68 49.0 3.81 [22]
PNTB-2T -3.43/-5.52 Y6 0.87 26.31 73.0 16.72 [22]

4



P
os

te
d

on
4

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

22
34

28
.8

75
25

69
3/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Donor LUMO/HOMO [eV] Acceptor VOC [V] J SC [mA cm-2] FF [%] PCE [%] Ref.

PNTB-2T — Y6:PC71BM 0.88 26.45 75.0 17.35 [22]
PNTB-Cl -3.50/-5.49 N3 0.86 24.46 72.5 15.24 [66]
PNTB6-Cl -3.49/-5.47 N3 0.86 26.58 77.3 17.59 [66]
PNTB6-Cl — Y6 0.88 26.63 74.83 17.53 [67]
PNTB6-Cl (BHJ) — BTP-4F-12 0.88 26.45 74.90 17.33 [68]
PNTB6-Cl (LBL) — BTP-4F-12 0.87 26.89 75.79 17.81 [68]
PNTB-HD -3.53/-5.52 N3 0.85 26.88 79.0 18.15 [33]
PNTB-OH -3.57/-5.33 N3 0.84 16.21 49.87 6.79 [69]
PNTB-OAc -3.58/-5.41 N3 0.86 25.31 73.71 16.53 [69]
PNTB-HD — BTIC-OH-δ/N3 0.86 26.35 76.37 17.3 [70]

Importantly, three batches of PNTB6-Cl with varying molecular weights (Mn: 45.27-91.53 KDa) exhibited
PCE deviation smaller than 4 %. It was further revealed that the chloroform processing dissolved the PNTB-
Cl in both amorphous and crystalline regions, however, it only partially washed away amorphous PNTB6-Cl
which bring forth the advantage of reducing the traps in LBL films that benefits the FF value, facilitating
electron acceptor penetration. This study suggests the importance of controlling solubility properties of
polymer donors toward high-performance LBL-OSCs. The use of different additives to control the donor
and acceptor layers separately is a promising approach to achieve high efficiency of LbL-OSCs. Zhang et
al. [67]prepared PNTB6-Cl:Y6-based LbL-OSCs by adding DPE and DFB solvent additives into PNTB6-
Cl chlorobenzene solution and Y6 chloroform solution separately. It improves the photogenerated exciton
distribution, charge transport and collection, resulting in PCE of 17.53 % that is much higher than 16.38 %
for controlled devices. Using the same processing approach, they fabricated PNTB6-Cl: BTP-4F-12-based
LbL-OSCs and achieved a PCE of 17.81 % by using DPE and DIO to optimize donor and acceptor layers
separately.[68] Shaoet al. [71] reported a self-powered organic photodetector (OPD) based on PNTB6-Cl:Y6
blend active film. The PNTB6-Cl:Y6 blend film exhibited a remarkable intrinsic stretchability up to 100 %
strain. The OPD not only exhibited impressive weak-light detection ability, but also had a high anisotropic
response rate of 1.42 under parallel and transversely polarized light irradiation.

Figure 3 (a) Solubility of PNTB-Cl and PNTB6-Cl in chloroform after stirring for 24 h; (b) The absorption
spectra of polymer pure films under different conditions (c) Schematics of LBL deposition; (d) Illustration
of film morphology washed by chloroform and N3 penetration between polymer domains. Reproduced with
permission.[16] Copyright 2021, The Royal Society of Chemistry.
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Wu et al. [33] further developed a NTI-based polymer PNTB-HD by employing a linear chain in NTI. The
PNTB-HD exhibited a stronger aggregation tendency in chloroform solution, which leads to higher hole
mobility, better phase separation and favorable morphology of blend films. Therefore, the PNTB-HD:N3-
based OSCs exhibited an optimized PCE of 18.15 %, which is much higher

than 16.77 % and 16.28 % for PNTB-2T:N3 and PM6:N3. Importantly, the PNTB-HD: N3 device also ex-
hibited much better thermal stability with 82.9 % of initial efficiency maintained under continuous heating
at 65 °C (Figure 4). The single crystal of NTIs with butyl and ethylhexyl substitutions provide some infor-
mation to understand how the alkyl chains in NTI impact on physical properties of polymers. In NTI-EH,
the distances of 2.72 and 2.67 Å between C=O and H-C were observed. However, interactions between C=O
with H-C in NTI-Bu are much stronger and their distances of 2.49 and 2.55 Å are much shorter. He groups
synthesized two polymers (PNTB-OAc and PNTB-OH) by introducing hydroxy (OH) or acetoxy (OAc)
groups into the NTI unit.[69] Compared to the hydroxy group, the acetoxy group makes NTI-OAc have more
regular hydrogen bonds and the polymer PNTB-OAc show ordered packing and stronger crystallinity. The
PNTB-OAc:N3-based Q-PHJ OSCs achieved a much higher PCE of 16.53 %, while PCE for PNTB-OH is
only 6.79 %. Additionally, the PNTB-OAc:N3-based Q-PHJ OSCs also deliver superior photostability and
storage stability. He groups introduced a hydroxylated BTIC-OH-δ as a bifunctional layer in Q-PHJ film.[70]

The inserted BTIC-OH-δ layer effectively protected the donor layer from the erosion of the chloroform solu-
tion, complemented the light absorption and formed cascade energy levels between the initial donor and an
acceptor in a Q-PHJ device. The PNTB-HD: N3-based Q-PHJ OSCs treated with a BTIC-OH-δ molecular
layer achieved a high PCE of 17.33 %, the corresponding semi-transparent device also achieved a PCE of
13.44 % with AVT of 23.62 %.

Figure 4 (a) Chemical structure; (b) Single-crystal data of NTI-EH and NTI-Bu; (c) Device thermal stability
of polymers; (d) Aging of hot PNTB-HD:N3, PNTB-2T:N3 and PM6:N3 chloroform solution (identical with
condition for device fabrication) for 2 h at room temperature. Reproduced with permission.[33] Copyright,
2022 Elsevier Ltd.

3.2. Thieno-[3,4-c]-pyrrole-4,6-dione (TPD) based polymers.

TPD unit was first synthesized by Sicé in 1954 by treating thiophene-3,4-dicarbocylic acid with
ammonia.[72]Tour and co-workers first reported TPD-based conjugated copolymers in 1997.[73] TPD unit
has the advantages of easy synthesis, high coplanarity, and strong electron-withdrawing ability.[46] In ad-
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dition, Various side groups can be introduced into the N-site of TPD to tune solubility of the resulting
polymer and morphology of blend films.[39,46] To date, four synthetic routes have been reported for the
preparation of TPD (Scheme 2) . Bjørnholm et al. [74] reported the synthesis of TPD from starting ma-
terials of 3, 4-dibromothiophene, which was converted to 3, 4-dicyanothiophene by Rosenmund-von Braun
reaction with cuprous cyanide (Synthetic route 1). The alkaline hydrolysis of 3, 4-dicyanothiophene result in
thiophenedicarboxylic acid, and then reflux in acetic anhydride to produce cyclic anhydride. The TPD was
synthesized by treating 4-amino-thiophene-3-carboxylic acid with thionyl chloride. The synthesis of TPD
dimer was based on the bromination of the TPD with 1 equiv of NBS, however, it makes the conditions hard
to control to obtain the desired product with a good yield. In 2011, an efficient synthetic route was reported
for the preparation of the 1-iodo-5-alkyl-4H-thieno[3,4-c] pyrrole-4,6(5H)-dione (TPD-I) by Leclerc et al.
.[75] They synthesized3-ethyl 4-methyl 2-aminothiophene-3,4-dicarboxylate by the Gewald reaction between
methyl 2-oxopropanoate and ethyl cyanoacetate. Then, the Sandmeyer-type reaction makes the amine of
3-ethyl 4-methyl 2-iodothiophene-3,4-dicarboxylate substituted by an iodide. Followed by acidic hydrolysis
to obtain 3-ethyl 4-methyl 2-iodothiophene-3,4-dicarboxylate. Finally, 1-iodo-5-alkyl-4H-thieno[3,4-c]pyrrole-
4,6(5H)-dione (TPD-I) was obtained via pyrroledione ring formation (Synthetic route 2). In 2015, Shinichiro
Fuse et al. reported the synthesis of TPD through a Pd-catalyzed carbonylative amidation reaction from
commercially available 3,4-dibromothiophene in a yield of 63 % (Synthetic route 3).[76] It should be noted it
is the most straightforward synthetic route to synthesize TPD by one-step reaction. In 2023, Min et al. re-
ported a synthetic route of DT-TPD through a two-step reaction in a yield of 31 %.[77] The key ring forming
reaction was conducted by heating the mixture of 4-alkylthiophene-2-carbaldehyde, S8, 1-methylpyrrolidine-
2,5-dione, 2-aminobenzimidazole, NH4I, K2CO3, N-methyl-2-pyrrolidone and H2O in 140 °C for 48 hours,
yielding DT-TPD (Synthetic route 4).

Scheme 2 Synthetic route of TPD.

Leclerc et al. synthesized the a TPD-based polymer, and afforded a PCE of 5.5 % when blended with PC71BM
in 2010.[78] After that, Thieno[3,4-c]pyrrole-4,6-dione (TPD) unit as an electron-deficient unit has been widely
used to construct conjugated polymers for application in fullerene and non-fullerene based OSCs.[39,46],[79,80]

Figure 5 summarizes the structures of typical TPD-based polymers and relevant properties are listed in Table
2. Wang et al. [81]synthesized PBDT-TPD and PBDTS-TPD based on the BDT and TPD, and PCEs of 6.8
% and 7.7 % were achieved by blending with PNDI-T. Gao et al. [82] synthesized polymers PBDTT-TPD and
PBDT-TPD. Compared with the alkoxy-modified polymer PBDT-TPD, the alkyl-thienyl modified polymer
PBDTT-TPD possesses deeper HOMO energy level, higher extinction coefficient and better hole transport
property, leading to a higher PCE of 7.15 % for PBDTT-TPD:IDIC based OSCs.
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Figure 5 The chemical structures of TPD-based conjugated polymers.

Table 2 Summary of the photovoltaic properties of the polymer donors shown in Fig. 5.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PBDT-TPD -3.77/-6.09 PNDI-T 1.10 10.8 57.0 6.8 [81]
PBDTS-TPD -3.84/-6.12 PNDI-T 1.10 11.5 61.0 7.7 [81]
PBDT-TPD -3.06/-5.36 ITIC 0.88 10.13 48.7 4.36 [82]
PBDTT-TPD -3.09/-5.51 IDIC 0.90 14.31 55.5 7.15 [82]
TPD-3 -3.59/-5.49 IT-4F 0.80 20.1 75.3 12.1 [88]
TPD-3F -3.73/-5.62 IT-4F 0.91 20.5 73.8 13.8 [88]
TPD-3 — Y6 0.83 26.70 68.5 15.2 [89]
TPD-3F — Y6 0.87 21.07 62.2 11.4 [89]
PTTB-H -3.46/-5.33 L8-BO 0.83 24.5 65.9 13.3 [77]
PTTB-F -3.70/-5.6 L8-BO 0.88 26.6 77.1 18.1 [77]
PBDTT-6ttTPD -3.51/-5.36 IDIC 0.82 15.9 65.5 8.6 [47]
PMOT16 -3.66/-5.52 IDIC 0.93 16.1 67.3 10.0 [47]
PBDT-H -3.48/-5.35 Y6 0.74 24.9 63.0 11.6 [90]
PBDT-F -3.64/-5.51 Y6 0.83 25.4 68.0 14.4 [90]
PBDT-Cl -3.64/-5.53 Y6 0.85 25.7 71.0 15.4 [90]
PBDTT-8ttTPD-L -3.37/-5.23 ITIC 0.92 10.9 53.0 5.3 [91]
PBDTT-8ttTPD-M — ITIC 0.91 14.9 58.0 7.9 [91]
PBDTT-8ttTPD-H — ITIC 0.93 17.1 68.0 10.8 [91]
PMTT56 -3.40/-5.39 IT-2F 0.95 18.7 71.4 12.6 [92]
PMOT39 -3.38/-5.34 IT-2F 0.90 17.8 65.8 10.5 [92]
PEHTT -3.39/-5.35 IT-2F 0.89 18.9 64.4 10.8 [92]
PM6-TPD-5 % -3.74/-5.54 Y6 0.86 25.12 75.3 16.3 [93]
PM6-TPD-10 % -3.73/-5.57 Y6 0.85 23.68 73.0 14.8 [93]
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Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PM6:PM6-TPD-5 % — Y6 0.86 26.07 76.2 17.1 [93]
PTAZ-TPD10-C10 -3.24/-5.27 N2200 0.87 11.2 70.0 6.8 [94]
PTAZ-TPD10-C10 — ITIC 0.91 14.7 66.0 8.8 [94]
PTAZ-TPD10-C8 -3.23/-5.27 N2200 0.88 9.4 60.0 5.0 [94]
PTAZ-TPD10-C8 — ITIC 0.89 12.6 60.0 6.7 [94]
PTAZ-TPD10-C6 -3.23/-5.26 N2200 0.86 4.4 60.0 2.3 [94]
PTAZ-TPD10-C6 — ITIC 0.86 10.6 60.0 5.5 [94]
P1 -3.52/-5.38 ITIC 0.86 18.5 50.1 7.9 [95]
P2 -3.69/-5.43 ITIC 0.83 6.31 37.4 2.0 [95]

The thiophene, thieno[3,2-b]thiophene, selenophene, and furan moieties have been widely used as π-bridges to
tune TPD-based polymers’ photophysical and photovoltaic properties.[83-87]Facchetti et al . reported a series
of polymers TPD-1-3, and explored the effects of alkyl side chain length and fluorine atom substitutions on
physical properties of TPD-based polymers.[88] The TPD-1-3 exhibited good solubilities, high hole transport,
and matched frontier energy levels with IT-F4. The efficiency of the devices decreases as the chain length
increase, and the efficiency of 11.7 %, 11.8 % and 12.1 % were obtained for TPD-1, TPD-2 and TPD-3-
based PSCs by using o-xylene solvent. The presence of the F atom on the BDT deepens the HOMO energy
level, resulting in TPD-3F: IT-4F based OSC with a PCE of 13.8 % and a high V OC 0.91eV. However,
by matching with non-fullerene acceptor Y6, the TPD-3 exhibited an PCE of 15.2 %, while that for TPD-
3F is 11.4 % probably due to the mismatch of HOMO energy level.[89] Recently, Min et al . designed a
TPD-based polymer donor PTTB-F, which showed an decent PCE of 18.06 % in binary OSCs by blending
with L8-BO.[77] By employing thieno[3,2-b]thiophene as the π-bridge, Liang et al. synthesized TPD-based
polymers PBDTT-6ttTPD and PMOT16.[47] By blending with IDIC, the PMOT16-based OSCs exhibited a
PCE of 10.04 %. Later, they synthesized polymers PMTT56, PMOT39 and PEHTT by introducing different
side chains in BDT unit.[92] By matching with IT-2F, PMTT56, PMOT39 and PEHTT based OSCs achieved
the highest PCEs of 12.6 %, 10.5 % and 10.8 %, respectively. It should be noted that the high PCEs were
obtained by using non-halogenated solvent toluene. By adding PC71BM as the second acceptor, the PCE of
PMTT56-based ternary devices was further enhanced to 13.2 %. Later, Kim et al. developed three polymers
PBDT-H, PBDT-F and PBDT-Cl based on thienothiophene π-bridgedN -octylthieno[3,4-c]pyrrole-4,6-dione
(8ttTPD) and benzo[1,2-b :4,5-b’ ] dithiophene (BDT) units.[90] They found that the incorporation of highly
planar structured 8ttTPD unit could improve crystallinity and hole mobilities of the BDT-based polymers.
Besides, the introduction of the halogen atoms on BDT unit could tune the crystallinity and energy levels.
Synergistic effects of incorporated 8ttTPD unit and halogen atoms could significantly facilitate the charge
transporting properties and charge recombination process, which is stemmed from the enhanced crystallinity
and hole mobility of the polymers. Therefore, the PBDT-Cl:Y6-based OSCs achieved the highest PCE of
15.63 %, which out-performs the 11.84 % for PBDT-H:Y6 and 14.86 % for PBDT-F:Y6. To investigate the
effect of molecular weight on the photovoltaic performances, Hwang et al. [91] synthesized three batches of
PBDTT-8ttTPD with different molecular weights. The higher molecular weight could improve the ordering
of polymer packing, π–π stacking distance, absorption coefficient, and nanomorphology of the blend films.
The batch with highest molecular weight demonstrates the highest PCE of 11.05 %, which is much higher
than 8.27 % and 5.34 % for the batches with the medium and lowest molecular weight.

By introducing the third unit (D2 or A2) into the D-A copolymer, the random terpolymer strategy have been
proved to be an efficient method to fine-tune the frontier energy levels, optical properties, and film-forming
properties of the polymer.[83,96,97]The TPD unit was also broadly used to in terpolymers. Chen and coworkers
designed and synthesized a D–A1–D–A2-type terpolymer (PM6-TPD-5 %) via random copolymerization.[93]

The addition of TPD results in polymers with lower HOMO, wider light absorption, optimal molecular
packing, and more ideal morphology of blend film. PM6-TPD-5 %: Y6-based binary organic solar cells
showed an encouraging PCE of 16.3 %, which out-performs the 14.8 % for PM6-TPD-10 %: Y6 and 15.6
% for PM6: Y6. Besides, a PCE of 17.1 % was obtained in PM6: PM6-TPD-5 %: Y6 based ternary

9
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OSCs. Cao et al. synthesized a set of random terpolymers PTAZ-TPD10-Cn , which are composed of
an electron-rich unit BDT, and two electron-deficient units of TAZ and TPD.[94] The PCE of the N2200
and ITIC-based devices decreases monotonically when shortening the side chain of PTAZ-TPD10-Cn from
decyl to hexyl. However, the PCEs of PTAZ-TPD10-Cn :PC61BM-based OSCs increase monotonically.
Toppare and coworkers synthesized two random copolymers P1 and P2 by using benzodithiophene (BDT)
and thiophenes as donor moiety, TPD as acceptor, and selenophene as π-bridging unit.[95] Compared with
polymer P2, P1 containing alkyl thiophene have a larger molecular weight and better solubility, resulting in
a higher PCE of 7.94 % for P1: ITIC which is much higher than 1.96 % for P2: ITIC.

Figure 6 (a) Photoelectron spectroscopy in air (PESA) curves for PTPD, PBiTPD, and Y6. PESA-inferred
IPs are reported on the plots, and the traces are offset for clarity. (b) Energy level alignments (IP and EA)
of electron acceptor Y6 and electron donors PTPD and PBiTPD. Reproduced with permission.[98] Copyright
2020, American Chemical Society.

As a derivative of TPD, Bi-thieno[3,4-c]pyrrole-4,6-dione (bi-TDP) has a larger planar backbone and
much stronger electron-withdrawing ability, which make it a promising electron-deficient units for poly-
mer semiconductors.[28,39,46,99,100] Its application in polymer donors was also investigated. The chemical
structures of biTPD-based polymer donors are illustrated in Figure 7 and the photovoltaic properties are
summarized in Table 3. Huang and coworkers synthesized two polymer donors PBiTPD and PTPD.[98] The
biTPD-based polymer PBiTPD has a larger ionization potential (IP) value (ca. 5.20 eV) than PTPD (ca.
5.05 eV), which leads to a higher V OC values of the donor polymer PBiTPD in BHJ solar cells (Figure 6a).
The first-level electron affinity (EA) values were 3.19 eV for PTPD, 3.45 eV for PBiTPD, and 4.30 eV for Y6
(Figure 6b), respectively. In addition, the GIWAXS results indicate that PBiTPD and PBiTPD: Y6 BHJ
blend films exhibited more favorable face-on backbone orientation and stronger crystallinity. Therefore, the
PBiTPD:Y6-based OSCs exhibited a PCE of 14.2 % that is much higher than 5.9 % for PTPD:Y6-based
devices.

10
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Figure 7 The chemical structures of bi-TPD-based conjugated polymers.

Table 3 Summary of the photovoltaic properties of the polymer donors shown in Figure 7.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PTPD -3.19/-5.05 Y6 0.66 19.5 46.0 5.9 [98]
PBiTPD -3.45/-5.80 Y6 0.83 25.6 66.7 14.2 [98]
PBDT-BiTPD(C48) — Y6 0.82 25.9 66.5 14.0 [101]
PBDT-BiTPD(C52) — Y6 0.81 23.7 58.3 11.0 [101]
PBDT-BiTPD(C56) — Y6 0.80 20.9 47.3 7.6 [101]
2HD/C8 -2.85/-5.08 Y6 0.83 25.6 66.8 14.0 [102]
C8/2BO/C6 -2.78/-5.00 Y6 0.79 9.6 31.1 2.2 [102]
2BO/C6/C6 -2.85/-5.05 Y6 0.86 21.1 48.0 8.5 [102]
PBDT-biTPD(BO) -3.52/-5.33 PC71BM 0.89 13.2 71.4 8.5 [31]
PBDT-biTPD(BO) — IT-4F 0.82 17.1 66.3 9.3 [31]
PBDT-biTPD(HD) -3.54/-5.38 PC71BM 0.91 13.4 73.5 9.0 [31]
PBDT-biTPD(HD) — IT-4F 0.85 16.6 67.0 9.5 [31]

Later, the effect of alkyl chains on optical and photovoltaic properties was further studied.[101]The GIWAXS
test results indicate that as the alkyl side chain length decreases from C56 to C48, the crystal surface
orientation and molecular order increases significantly. As a result, PBDT-BiTPD-C48 with the shortest
alkyl side chains achieved the best photovoltaic performance with the PCE of14.1 %, while that for other
two polymers (C52 and C56) are 11.1 % and 7.8 %, respectively. Cai et al. [102] synthesized three polymers
2HD/C8, C8/2BO/C6, and 2BO/C6/C6 by introducing side alkyl chains into different positions. Introducing
alkyl side chains to the thiophene (T) motifs in C8/2BO/C6 or to the BDT motifs in 2BO/C6/C6 decrease the
crystallinity and face-on crystallite orientation, resulting in serious charge recombination loss and decreased
FF andJ SC in BHJ devices. Hwang et al. [31] synthesized two biTPD-based polymers PBDT-biTPD(BO)
and PBDT-biTPD(HD)with different lengths of the alkyl side chain. Due to the strong electron-withdrawing
strength of biTPD, both polymers show deeper HOMO and LUMO energy levels than those for TPD-based
polymers. By blending with IT-4F, PBDT-biTPD(BO) and PBDT-biTPD(HD)-based OSCs showed the
PCE of 9.49 % and 9.32 %, respectively.
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3.3. TzBI-Based Polymers.

Scheme 3 Synthetic Route to TzBI

The imide-functionalized benzotriazole (TzBI) unit was firstly reported by Huang et al [51]. The Diels-Alder
reaction of 1, 3-di-2-thienothiophene [3,4-c][1,2,5] thiadiazole-2-S (IV) (1) with dimethyl acetylenedicarboxy-
late yield 4,7-Di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-Dicarboxylate (2). Followed by alkaline hydrolysis,
anhydride and imide formation, N-alkyl-4,7-di(thien-2-yl)-2,1,3- benzothiadiazole-5,6-dicarboxylic imide (5)
was prepared accordingly. The reduction reaction of compound 5 by iron powder, the cyclization reaction
with excess NaNO2 and condensation reaction with amine give the compound 4,8-di(thien-2-yl)-6-octyl-2-
octyl-5H- pyrrolo[3,4-f ]benzotriazole-5,7(6H )-dione (TzBI) successfully (Scheme 3). Presented in Figure 8
are the chemical structures of some TzBI-based polymers and their corresponding photophysical properties
and photovoltaic performance are summarized in Table 4. They synthesized TzBI-based WBG polymer
PTZBIBDT by coupling with BDT unit.[51] The PTZBIBDT:PC71BM OSCs exhibited a PCE of 8.63 %.
By blending with a high molecular weight polymer acceptor N2200, the PTzBI:N2200-based all-PSC devices
exhibited a high PCE of 9.16 %. It should be noted that this efficiency was obtained from the OSCs that
was prepared from the environmentally friendly solvent MeTHF.[103] They also synthesized a wide-bandgap
polymer PTzBI-DT by coupling with DTBDT unit.[104]Devices based on PTzBI:ITIC and PTzBI-DT:ITIC
achieved PCEs of 10.24 % and 9.43 %, respectively.

Incorporating appropriate side chains into the TzBI groups can affect the optoelectronic properties of poly-
mers. Huang et al. [105] synthesized a polymer PTzBI-O, by replacing the alkyl side chain in TzBI with
a polar substituent. The addition of oxygen atom enhanced the electron-withdrawing ability of theTzBI,
resulting in a red-shifted absorption and strong preaggregation of PTzBI-O. A PCE of 7.9 % was achieved
for PTzBI-O:N2200 based all-PSC devices. They further synthesized a copolymers PTzBI-Si that has a
siloxane-terminated side-chain in TzBI.[106]Because the siloxane-functionalized side chains endow PTzBI-Si
with excellent solubility in the green-solvent MeTHF, the photovoltaic performance of PTzBI-Si:N2200-
based OSCs processed from green-solvent MeTHF was improved to 10.24 %. The increased the molecular
weight of PTzBI-Si could optimize the morphology of the active layer,[107] leading to a PCE of 11.5 % in
PTzBI-Si:N2200-based devices.
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Figure 8 The chemical structures of TzBI-based conjugated polymers.

Table 4 Summary of the photovoltaic properties of the polymer donors shown in Figure 8.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PTZBIBDT -3.46/-5.34 N2200 0.87 13.50 73.95 8.63 [51]
PTzBI — N2200HW 0.86 14.84 62.20 8.06 [103]
PTzBI — N2200MW 0.85 11.48 57.17 5.67 [103]
PTzBI — N2200LW 0.85 10.39 51.98 4.86 [103]
PTzBI-DT -3.51/-5.39 ITIC 0.91 16.84 61.53 9.43 [104]
PTzBI -3.46/-5.34 ITIC 0.87 18.29 64.34 10.24 [104]
PTzBI-O -3.44/-5.44 N2200 0.86 14.70 63.98 7.91 [105]
PTzBI-Si -3.10/-5.31 N2200 0.87 15.74 73.98 10.1 [106]
PTzBI-SiL — N2200 0.86 14.1 72.7 8.6 [107]
PTzBI-SiH — N2200 0.86 17.5 78.6 11.5 [107]
P2F-EHp -3.06/-5.38 IT-2F 0.85 24.8 72.1 15.2 [108]
P2F-EHp -3.13/-5.46 BTPT-4F 0.78 3.20 43.78 1.09 [109]
P2F-EHp — BTPTT-4F 0.81 26.68 74.11 16.02 [109]
PTzBI-S -3.54/-5.38 ITIC 0.92 16.62 60.01 9.12 [110]
PTzBI-Ph -3.58/-5.43 ITIC 0.82 16.39 67.72 10.19 [110]
PBDTS-TzBI -3.52/-5.39 ITIC 0.94 17.01 56.79 9.04 [50]
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Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PBDTS-TzBI — ITIC-Th 0.92 17.66 62.36 9.67 [50]
PBDTTSi-TzBI -3.08/-5.46 ITIC 0.98 12.70 55.0 6.85 [111]
PBDTTS-TzBI -3.32/-5.38 ITIC 0.85 16.36 69.0 9.60 [111]
PClT-EHp — Y6 0.80 27.3 72.6 15.8 [112]
PClT-EHp — Y6DT 0.84 25.8 75.8 16.4 [112]
PTzBI-pF -3.83/-5.55 Y6 0.80 4.88 36.5 1.4 [113]
PTzBI-dF -3.58/-5.67 Y6 0.85 26.33 75.5 16.8 [113]
PTzBI-dF — L8BO 0.88 24.51 76.49 16.74 [114]
PTzBI-dF — L8BO:Y6 0.86 26.95 78.78 18.26 [114]

Figure 9 (a) Chemical structures of the donor polymers (b) Normalized ultraviolet–visible absorption of
the donor polymers in dilute chloroform solution and as neat films. (c) Energy level diagram of thin films
obtained from cyclic voltammetry measurements. Reproduced with permission.[108] Copyright 2018, Springer
Nature Limited.

By fine-tuning the number of carbon atoms connected to the branched alkyl group in TzBI unit, they
synthesized a series of polymer, termed P2F-EH, P2F-EHp and P2F-EO, respectively.[108] As branching
point was moved away conjugated core, the HOMO energy level of the polymers is consistently lowered
(P2F-EH, -5.36 eV; P2F-EHp, -5.38 eV; P2F-EO, -5.41 eV). The energy levels of the materials are illustrated
in Figure 9. The P2F-EHp has the best photovoltaic performance (7.28 %), which is higher than 6.13 % for

14



P
os

te
d

on
4

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

22
34

28
.8

75
25

69
3/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

P2F-EH: ITIC and 6.73 % for P2F-EO: ITIC. By blending with IT-2F, the P2F-EHp:IT-2F device exhibited
an optimized PCE of 12.11 %. By paring with BTPTT-4F and finely optimizing the morphology of the
blend film, P2F-EHp: BTPTT-4F displayed a PEC over 16 %.[109]

The polymer PTzBI-S and PTzBI-Ph with an alkylthiothienyl or alkylphenyl chain on the BDT unit were also
synthesized.[110]The PTzBI-S:ITIC and PTzBI-Ph:ITIC showed PCEs of 9.12 % and 10.19 %, respectively.
Zhang et al. [50] synthesized polymer PBDTS-TzBI that have a PCE of 9.04 % with a highV OC of 0.94 V
without using any processing additive when blending with ITIC. Negash et al. [111] synthesized PBDTTSi-
TzBI and PBDTTS-TzBI by replacing the alkyl side chain with the alkyl silyl or alkylthio side chains in
BDT. A PCE of 9.6 % was obtained for PBDTTS-TzBI:ITIC based devices.

Li et al. [112] synthesized three TzBI-based polymers, namely, PHT-EHp, PFT-EHp and PClT-EHp. Owing
to the strong electron-withdrawing ability of both imide group and halogen atoms, the polymers substitu-
tions exhibited slight blue-shift absorption and deepened HOMO levels (-5.60 eV, -5.64 eV, and -5.71 eV,
respectively). By blending with ITIC, the PCl-EHp showed a high PCE of 15.8 % that is higher than 7.7 %
for PHT-EHp and 15.4 % for PFT-EHp. Additonally, the PClT-EHp:Y6DT-based binary devices demon-
strated an efficiency 16.4 %. To explore the impact of the fluorine substitution points on thiophene π-bridge
on photovoltaic performance, Huang et al. [113] synthesized PTzBI-p F and PTzBI-d F. The PTzBI-d F
has a more planar molecular conformation, narrower bandgap, and higher hole mobility. The PTzBI-d F:
Y6-based device has an optimized PCE of 16.8 %, which is much higher than 1.4 % for PTzBI-p F: Y6.
Using L8-BO as the second acceptor,[114] the PTzBI-d F:L8-BO:Y6 ternary devices exhibited a promising
PCE of 18.26 % and excellent long-term thermal stability under 85 °C.

Figure 10 The chemical structures of BTI-based conjugated polymers.

Table 5 Summary of the photovoltaic properties of the polymer donors shown in Figure 10.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

PBTIBDTT -3.60/-5.47 PC71BM 0.91 14.53 71.29 9.42 [117]
PBTIBDTT-S -2.85/-5.53 PC71BM 0.96 11.98 69.76 8.02 [117]
PBTIBDTT — ITIC-F 0.92 16.40 74.1 11.19 [118]
PDOT -3.58/-5.50 PC71BM:ITIC 0.96 17.49 66.8 11.21 [119]
PDTBDT -3.28/-5.67 Y6 0.90 17.18 53.50 8.22 [115]
PDTBDT-T -3.21/-5.40 Y6 0.78 24.21 65.81 12.71 [115]
PDTBDT-T-Cl -3.26/-5.58 Y6 0.86 24.49 71.65 15.63 [115]
Q4 -3.63/-5.52 MeIC 0.99 13.57 76.90 10.34 [120]
Q5 -3.79/-5.74 MeIC 1.08 13.59 74.90 11.06 [120]
Q6 -3.81/-5.70 MeIC 1.11 7.50 63.00 5.26 [120]
Q7 -3.82/-5.78 MeIC 1.09 1.15 38.50 0.48 [120]
Q4 — PYIT 0.94 21.59 73.90 15.06 [120]
G3 — L15 0.97 7.08 55.89 3.82 [121]
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Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

G15 — L15 0.93 22.87 70.98 15.17 [121]

3.4. Bithiopheneimide (BTI)-Based Polymers

Scheme 4 Synthetic Route to Bithiopheneimide (BTI)

Bithiophene imide (BTI) unit with seven-membered imide ring was first designed and synthesized by Marks
and coworkers in 2008.[36] The reduction reaction of 3,3’,5,5’-tetrabromo-2,2’-bithiophene with zinc powder
yields 3,3’-dibromo-2,2’-bithiophene. 2,2’-bithiophene-3,3’-dicarboxylic acid was prepared by adding n-BuLi
and then treating with carbon dioxide gas. Through condensation cyclization in acetic anhydride and
substitution reaction with amine, BTI was successfully synthesized (Scheme 4). The BTI unit shows a
strong electron withdrawing ability to reduce the highest occupied molecular orbital (HOMO) level and a
good planarity to reduce the steric hindrance effectively.[53,115]The first BTI-based polymer P2 for OPV
application exhibited a PCE of 5.5 % when blend with PC71BM.[116] After that, the development of BTI-
polymers for OSCs had gained much attention. The chemical structures of BTI-based polymer donors are
illustrated in Figure 10 and the photovoltaic properties are summarized in Table 5.

Yang et al. [117] synthesized polymers PBTIBDTT and PBTIBDTT-S and realized high PCEs of 8.6 % and
9.42 % by blending with PC71BM.

The PCEs could remain above 8.6 % as the active layer thickness further increased to 280 nm. By matching
with the ITIC-F, PBTIBDTT-based PSCs showed an outstanding PCE of 11.2 %.[118]Notably, A PCE over
9 % can be maintained when the active layer thickness reached 350 nm, suggesting that PBTIBDTT-based
devices are insensitive to the active layer thickness. They also reported a ternary OSC using PDOT as the
donor polymer and PC71BM and ITIC as co-acceptors.[119] By finely controlling the morphology via the
ratio control of ternary blends, a PCE of 11.21 % was achieved in ternary OSC. Wei et al. reported three
BTI-based polymers (PDTBDT, PDTBDT-T, and PDTBDT-T-Cl) by introduced thiophene π-bridges and
chlorine atoms to optimized light absorption and the energy level of the polymers.[115] The HOMO and
LUMO energy levels were -5.67 and -3.28 eV for PDTBDT, -5.40 and -3.21 eV for PDTBDT-T, and -5.58
and -3.26 eV for PDTBDT-T-Cl, respectively. The optimized PDTBDT-T-Cl:Y6 OSCs achieved a PCE of
15.63 %, which is much higher than 12.71 % for PDTBDT-T:Y6 and 8.22 % for PDTBDT:Y6.

Yan et al. reported four BTI-based polymers, Q4, Q5, Q6, and Q7.[120] Blending with MeIC, the devices based
on Q4, Q5, Q6, and Q7 showed PCEs of 10.34, 11.06, 5.26, and 0.48 %, respectively. Due to suitable energy
levels and complementary optical absorption with PYIT, Q4: PYIT based all-PSCs achieved the highest
PCE of 15.06 %, while the other three polymers (Q5-Q7) exhibited much lower PCEs in the range of 0.12-
6.71 %. Recently, Guo et al.synthesized two BTI-based polymers that have the same backbone but isomeric
alkyl side-chains on thiophene π-bridge.[121] The isomerization of alkyl chains significantly affected their
crystallinity and molecular orientation behaviors. G15 with linear octyl side-chains on thiophene π-bridges
features more planar backbone, stronger pre-aggregation character in solution and distinctive temperature-
dependent aggregation (TDA) property. As a result, G15-based all-polymer OSCs yielded a high PCE of
15.17 %, which is much higher than 3.82 % for G3:L15-based devices.

3.5. Phthalimide (PhI) based polymers

Scheme 5 Synthetic Route to Phthalimide (PhI).

Watson et al. reported the synthesis of PhI-2Br from starting materials phthalic anhydride, which converted
to 4, 7-dibromoisobenofuran-1,3-dione in presence of Br2 in fuming sulfuric acid solution, followed by treating
with amines in glacial acetic acid.[122] The synthetic route to Phthalimide (PhI) is depicted in Scheme 5. The
PhI unit was firstly introduced into polymers for optoelectronic devices by Guo and co-workers in 2009.[48]

The first PhI-based polymerpoly(N-(dodecyl)-3,6-bis(4-dodecyloxy-thiophen-2-yl))phthalimide (PhIBT12)
exhibited a relatively low PCE of 1.92 % by blending with PC61BM.[123] The PhI-based polymers have very
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wide bandgap and the highest PCEs were only 6.3 % by matching with fullerene acceptors.[124,125]However,
PhI-based polymers demonstrated much better photovoltaic performance by matching with narrow bandgap
NFAs. The chemical structures of PhI-based polymer donors are illustrated in Figure 11 and the photovoltaic
properties are summarized in Table 6.

Figure 11 The chemical structures of PhI -based conjugated polymers.

Table 6 Summary of the photovoltaic properties of the polymer donors shown in Figure 11.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

P3b -3.43/-5.20 N2200 0.78 9.77 60.64 4.67 [43]
DOTFP-PhI -3.44/-5.44 IT-4F 0.86 17.75 70.1 10.65 [126]
DOTFP-TPD -3.68/-5.51 IT-4F 0.81 18.34 67.4 10.04 [126]
TPhI-BDT -3.25/-5.25 IDIC 0.90 14.07 66.0 8.31 [49]
TffPhI-BDT -3.36/-5.39 IDIC 0.93 15.92 63.9 9.48 [49]
PhI-ffBT -3.80/-5.55 IT-4F 0.91 19.41 74.2 11.8 [127]
ffPhI-ffBT -3.86/-5.63 IT-4F 0.94 19.01 71.0 12.74 [127]
PE80 -3.43/-5.50 Y6 0.88 10.24 46.0 4.11 [124]
PE81 -3.46/-5.51 Y6 0.90 19.54 58.0 10.21 [124]
PhI-Th -2.74/-5.45 Y6 0.80 23.5 55.5 10.5 [128]
PhI-Se -2.87/-5.61 Y6 0.84 20.7 59.8 10.4 [128]
PhI-Th:PM6 — Y6 0.84 25.9 71.8 15.6 [128]
PhI-Se:PM6 — Y6 0.85 25.7 75.5 16.4 [128]
PhI-Th:PM6 — Y6:PC71BM 0.85 26.3 76.8 17.2 [128]
PhI-Se:PM6 — Y6:PC71BM 0.85 24.8 72.1 15.2 [128]
PM6 -3.65/-5.54 Y6 0.84 26.1 74.8 16.4 [129]
PhI-Cl:PM6 — Y6 0.84 26.8 75.2 17.0 [129]
PhI-Cl:PM6 — Y6:PC71BM 0.85 27.7 77.1 18.1 [129]
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Guo and coworkers synthesized a series of PhI-based polymers by varying the side chains.[43] Incorporating
a single alkoxy substituent and optimizing the S···O interactions afforded polymers P3a-P3c with opti-
mized HOMOs and appropriate aggregation properties. The polymer P3b with the longer-but-less-bulky
3,7-dimethyloctyl side-chain showed the highest PCE of 4.7 % by blending with N2200. They synthesized
a D-A1-D-A2 type polymer.[126] The nonhalogenated processed DOTFP-PhI:IT-4F-based OSCs exhibited a
PCE of 10.65 %. Introducing fluorine atoms into the PhI unit was also an effective method to improve the
performance of non-fullerene OSCs. Guoet al. [49] synthesized two PhI-based D-π-A polymers. Owing to
the stronger electron-withdrawing ability of imide group and fluorine atoms, ffPhI-BDT exhibited a deeper
HOMO/LUMO levels of -5.39/ -3.36 eV than that (-5.25 eV/-3.25 eV) of TPhI-BDT. Blending with IDIC,
the TffPhI-BDT showed a higher PCE of 9.48 % with a largerV OC of 0.93 V, a J SC of 15.92 mA cm-2, and
an FF of 63.9 %, which significantly out-performed the PCE of 8.31 % for TPhI-BDT. Furthermore, they
synthesized two D-A1-D-A2 type polymers ffPhI-ffBT and PhI-ffBT.[127] Pairing with IT-4F, the polymers
ffPhI-ffBT and PhI-ffBT realized high PCEs of 12.74 and 13.31 %, respectively. Zhou et al. [124] synthe-
sized two D-π-A copolymers PE80 and PE81, where thiophene and thiophene [3,2-b] -thiophene (TT) were
adopted as the π-bridges. The polymer PE81 with TT as a π bridge exhibited much higher PCE of 10.21 %
than 4.11 % for PE80.

The ternary and quaternary strategies are effective methods to improve device performance of OSCs.[131-133]

Using PhI-Se and PhI-Th as polymer donor guest, Zhan and co-workers[128] fabricated more efficient parallel-
like ternary and quaternary devices. The PhI-Se could form individual phase and selectively tune the packing
ordering of Y6 phase, resulting in enhanced photocurrent and increased electron mobility. As a result, the
PhI-Se:PM6:Y6-based ternary devices exhibited a PCE of 16.4 %, and the PhI-Se:PM6:Y6:PC71BM-based
quaternary OSCs obtained the highest PCE of 17.2 %. Through the chlorination, they also synthesized
ultra-wide bandgap (2.10 eV) polymer PhI-Cl with a deep HOMO (-5.58 eV) energy level.[129] The PhI-Cl
additive enable PM6: Y6 and PM6: Y6: PC71BM based OSCs to exhibit PCEs over 17 % and 18 %,
respectively. These works suggest that PhI is promising building block to construct polymer donors.

3.6. Other Imide-Based Polymers

In addition to NTI, TPD, PhI, BTI, TzBI, many other imide-functionalized building blocks were devised for
constructing high-performance polymers.

Compared with DPI unit, the naphthodithiophene imide (NDTI) unit has a larger π-conjugated backbone
that could enhance intermolecular π-orbital interactions between polymer chains.[37] It was firstly synthesized
in 2012 by Chi and co-workers.[134] From starting material 4,5-dibromophthalic acid, 4,5-dibromophthalic
imide was prepared by treating with SOCl2 and refluxing with amine in acetic acid. The 4,5-di(thiophen-3-
yl) phthalic imide was synthesized by Stille coupling reaction between 4,5-dibromophthalic imide and the tin
reagent of thiophene. NDTI was finally obtained by oxidative cyclization reaction of 4,5-di(thiophen-3-yl)
phthalic imide with the iron(III) chloride (Scheme 6, Synthetic route 1). He et al. optimized the synthetic
route of NDTI by using cyclization method under UV irradiation (Scheme 6, Synthetic route 2).[37] Wu
group presented another approach to synthesize NDTI by direct Stille coupling between 4,5-dibromophthalic
imide and (3,3’-bis(trimethylstannyl)-5,5’-diyl)bis(trimethyl-silane)-2,2’-bithiophene to form two Csp2-Csp2

bonds in simple one step reaction (Scheme 6, Synthetic route 3).[55]

Scheme 6 Synthetic Route to NDTI.

Isomerism has become an effective method to enhance photovoltaic performance of OSCs by fine tuning
the molecular structure. He and co-workers synthesized two polymers based on the NDTI unit, PAB-αand
PAB-γ (Figure 12).[37] The orientation isomerism of thiophene rings could greatly affect the planarity of the
two polymers. Due to smaller torsion angle, the polymer PAB-αhave superior molecular planarity, resulting
in the stronger intermolecular interactions, more red-shifted absorption, better miscibility and nanophase
separation morphology. Thus the PAB-α :Y6-based devices achieved a PCE of 15.05 %, while the PAB-γ
-based devices exhibited an efficiency of 0.04 %. Wuet al. [55] developed new NDTI-based polymers PNDT1
and PNDT2 by incorporating different side chains at the N-site of the imide. Compared with the polymer
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PAB-α with branched alkyl chains, PNDT1 and PNDT2 showed higher crystallinity and hole mobility. By
pairing with eC9, the PNDT1, and PNDT2-based PSCs showed overall power conversion efficiency of 17.27 %
and 18.13 %, respectively. Importantly, the NDTIs have short π-π stacking and abundant short interactions,
and their polymers exhibited superior morphological stability (Figure 13). Therefore, the PNDT2-based
OSCs exhibited much better device stability than that of PNDT1, PAB-α , and benchmark polymers PM6
and D18.

Figure 12 Polymer containing imide-functionalized arenes as electron-acceptor units

Table 7 Summary of the photovoltaic properties of the polymer donors shown in Figure12.

Donor LUMO/HOMO [eV] Acceptor VOC [V] J SC [mA cm-2] FF [%] PCE [%] Ref.

PAB-α -3.52/-5.55 Y6 0.90 23.23 72.29 15.05 [37]
PAB-γ -3.55/-5.43 Y6 0.18 0.74 26.33 0.04 [37]
PNDT1 -3.59/-5.40 eC9 0.87 25.85 0.77 17.27 [55]
PNDT2 -3.58/-5.41 eC9 0.86 26.33 0.80 18.13 [55]
PDNB -3.91/-5.49 Y6 0.80 16.97 65.47 8.83 [130]
PDNB-2F -3.95/-5.60 Y6 0.87 22.45 62.37 12.18 [130]
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Figure 13 (a) Thermal stability of PNDT12:eC9, PAB-α:eC9, PM6:eC9 and D18:eC9 based OSCs; (b) The
shelf stability of PNDT2:eC9 and PM6:eC9 based device in N2-filled glovebox under room light; (c) The
stability of PNDT2:eC9 and PM6:eC9 based device under one simulated solar illumination; (d) Illustration
of blend film that compose both polymer and NFA;(e) The single crystal data of NDTI-C2 and NDTI-C4, in-
cluding the π-π stacking and short interactions between adjacent molecules. Reproduced with permission.[55]

Copyright 2023, American Chemical Society.

Chen et al. [130] used naphthalene imide units as electron withdrawing substituents to develop two difluoro-
quinoxaline-based polymer donors, namely PDNB and PDNB-2F (Figure 12). The difluoro-quinoxaline with
a naphthalimide substituent not only could downshift copolymer HOMO level, but also the rigid and good
planarity backbone could promote intra-molecular charge transfer. Besides, the N-alkyl side chain could
guarantee good solubility of copolymers. When blended with an NFA of Y6, the PDNB-2F showed an higher
PCE of 12.18 % with a larger V OC of 0.87 V, aJ SC of 22.45mA cm-2, and FF of 62.4 %, whereas the device
based on PDNB:Y6 showed a comparatively lower PCE of 8.83 % with a V OC of 0.80 V.

Scheme 7 Synthetic Route to DPI/DTID.

Zhan et al. firstly reported the synthesis of dithienophthalimide (DPI) from starting material of maleic
anhydride in 2011.[35] Treating maleic anhydride with amine, followed by Suzuki coupling reaction and
oxidative cyclization reaction with the iron(III) chloride, DPI could be synthesized efficient (Scheme 7, Syn-
thetic route 1). The dithieno[2,3-e:3’,2’-g]isoindole-7,9(8H)-dione (DTID),[135] an isomer of DPI, could also
be synthesized using this approach. Zhao et al. reported another synthetic route of DPI from starting ma-
terial of (3,3’-dibromo-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylsilane). A Cr-mediated cyclization reaction

20
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of (3,3’-dibromo-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylsilane) with dimethyl acetylenedicarboxylate yield
benzo[2,1-b:3,4-b’]dithiophene-4,5-dicarboxylate. Further alkaline hydrolysis, anhydride and imide forma-
tion, DPI was synthesized accordingly (Scheme 7, Synthetic route 2). As a fused-ring building block, the
high coplanarity and rigidity, existence of two vacant outer α-positions, and suitable π-electron-deficient
ability of DPI make it an ideal electron-deficient building unit for polymer donors. Zhan et al. [35] reported
the first DPI-based polymer donor P1, which exhibited a PCE of 0.3 % by matching with PC61BM. The
chemical structures of some DPI-based conjugated polymers are illustrated in Figure 14 and the photovoltaic
properties are summarized in Table 8.

Figure 14 The chemical structures of DPI/ DTID-based conjugated polymers.

Table 8 Summary of the photovoltaic properties of the polymer donors shown in Figure 14.

Donor LUMO/HOMO [eV] Acceptor VOC [V] JSC [mA cm-2] FF [%] PCE [%] Ref.

P1 -2.78/-5.54 N3 0.90 24.52 65.8 14.52 [136]
P1 — IT-4F 0.95 20.31 64.6 12.46 [136]
pBDTT-DPI-Me -3.60/-5.52 Y6 0.84 26.35 71.15 15.82 [137]
pBDTT-DPI-iPr -3.59/-5.64 Y6 0.87 21.37 59.79 11.08 [137]
pBDTT-DPI-Me — Y6 0.83 27.42 72.56 16.55 [137]
PBTD -3.54/-5.53 Y6 0.87 26.1 69.6 15.8 [52]
P113 -3.64/-5.36 ITIC-m 1.02 12.68 54.0 6.98 [135]
P114 -3.77/-5.54 ITIC-m 0.97 16.43 65.4 10.42 [135]
PDTID-DTS -3.51/-5.37 BThIND-Cl 0.92 23.25 0.69 14.76 [138]
PDTID-DTB -3.39/-5.67 BThIND-Cl 1.02 13.36 0.53 7.22 [138]
PDTP-BDT -3.53/-5.46 BThIND-Cl 0.97 21.48 0.63 13.13 [138]
P133 -3.54/-5.58 Y6 0.89 18.56 0.62 10.24 [42]
P135 -3.32/-5.52 Y6 0.87 24.46 0.71 15.11 [42]
P106 -3.52/-5.56 Y18-DMO 0.87 22.78 0.71 14.07 [139]
P106 — Y18-DMO: DBTB-IC 0.91 24.82 0.73 16.49 [139]

Ding et al. [136] synthesized DPI-based polymer P1 for nonfullerene OSCs. Compared with the thiadiazole
in DTBT, the imide is more electron-deficient unit which endows polymer P1 with a deeper HOMO and high
V OC (> 0.9 V) value. Moreover, the extended π-conjugation of DPI facilitates polymer packing and charge
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transport. The best P1:N3 cells gave a PCE of 14.52 %. Zhao et al. [137] synthesized two nonhalogenated
DPI-based polymers (pBDTT-DPI-Me and pBDTT-DPI-i Pr) by incorporating different side chains at the
N-site of the imide to regulate the polymer’ solubility and aggregation tendency. The pBDTT-DPI-Me
showed stronger aggregation than pBDTT-DPI-i Pr in solution. The optimized pBDTT-DPI-Me:Y6-based
device showed a PCE of 15.82 %, which is much higher than 11.08 % for pBDTT-DPI-i Pr:Y6. Moreover, the
efficiency of the pBDTT-DPI-Me:Y6-based Q–PHJ was further improved to 16.55 % owning to the higher
charge carrier mobility, more efficient exciton dissociation, and less charge recombination. Zhanget al. [52]

synthesized polymer PBTID which shows a strong and broad absorption, proper aggregation degree, high
hole mobility and a deep-lying HOMO level of -5.53 eV. The PBTID:Y6 devices afforded a PCE of 15.8 %.

Sharma and co-workers reported DTID-based polymers P113 and P114.[135] The absorption coefficient, hole
transport mobility, and relative dielectric constant of the polymer P114 with fluorine substitutions are higher
than that for P113. A PCE of 10.42 % was obtained for P114:ITIC-m based devices, which is higher than
that 8.44 % for P113. They also synthesized three polymers to investigated the effect of different donor
unit on the optical and electro- chemical properties.[138] Owing to the different electron-donating abilities
of donor units, the HOMO energy levels of PDTID-DTS, PDTID-DTB and PDTP-BDT were estimated as
-5.37 eV, -5.67 eV, -5.46 eV, respectively. By blending with BThIND-Cl, the PDTID-DTS, PDTID-DTB
and PDTP-BDT-based OSCs showed PCE of 14.76 %, 7.22 % and 13.13 %, respectively. They further
compared the photovoltaic performance of polymers P135 and P133 which were developed from DPI and
DTNI.[42] The P135 showed higher dielectric constant and dipole moment than P133 owing to the stronger
electron-withdrawing of DPI. The PSCs based on P135: Y6 exhibited PCE about 15.11 % which is higher
than 10.24 % of P133. The DPI-based polymer P106 with 3TB as the donor unit achieved a PCE of 16.49
% in P106:DBTBT-IC:Y18-DMO based ternary OSCs.[139]

Furthermore, there are some other imide-functionalized electron-deficient building blocks that has not been
widely used to construct conjugated polymers for application in non-fullerene based OSCs, such as 2,2’-
biazulene-1,1’,3,3’-tetracarboxylic diimides (BAzDIs),[140]1,2,5,6-Naphthalenediimide,[141,142] and dithienyl-
benzodiimide (TBDI),[143] which were synthesized for OFETs and all-PSCs.
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Figure 15 Chemical structures of acceptor materials mentioned.

4. Conclusions and Perspectives

The unique features of imide-functionalized building blocks, including their electron-withdrawing ability,
rigid and co-planar structure and easy attachment of various chains on imide functionalities endow them
substantial advantages for constructing high-performance organic conjugated polymers. Some of imide-
functionalized polymers based OSCs have been realized a PCE as high as 18 %,[33,77,114] which suggest the
great promise of imide-functionalized polymer. Despite the numerous imide-functionalized polymers and
their enhancing device performances in OSCs, there are still issues that need to be settled down for the
future commercialization of imide-functionalized conjugated polymers.

(1) The imide functionalized polymers continue to face the challenge of high cost. There is an urgent need
for new synthesis methods and new imide units to simplify the synthesis of high-performance polymers and
promote their large-scale production.
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(2) How to design new imide functionalized polymers by further reducing energy loss and suppressing charge
recombination to further boost efficiency over 20 %.

(3) Further development of high-performance, active layer thickness insensitive and green solvent processing
conjugated polymers for organic solar cells.
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The imide-functionalized polymers are very promising donor materials for non-fullerene OSCs. Aiming to promote future innovation in imide-functionalized polymers, this review summarized the synthetic routes of imide building units, and the structural evolution of imide-functionalized polymer donors by focusing on the effects of polymer structure on their physical, optoelectronic, and photovoltaic properties.
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