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High power conversion efficiency (PCE) and long-term stability are essential prerequisites for the
commercialization of polymer solar cells (PSCs). Small-molecule acceptors (SMAs) are core materials that
have led to recent, rapid increases in the PCEs of the PSCs. However, a critical limitation of the resulting
PSCs is their poor long-term stability. Blend morphology degradation from rapid diffusion of SMAs with low
glass transition temperatures (Tgs) is considered the main cause of the poor long-term stability of the PSCs.
The recent emergence of oligomerized SMAs (OSMAs), composed of two or more repeating SMA units (i.e.,
dimerized and trimerized SMAs), has shown great promise in overcoming these challenges. This innovation
in material design has enabled OSMA-based PSCs to reach impressive PCEs near 19% and exceptional long-
term stability. In this review, we summarize the evolution of OSMAs, including their research background
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1. Introduction

Polymer solar cells (PSCs) employing m-conjugated organic
semiconductors as active layer materials offer distinct benefits
when compared to inorganic photovoltaics (e.g., silicon or
perovskite solar cells) such as their light weight, transparency,
and flexibility."® These advantages make PSCs promising for
future electronics including wearable and portable devices. To
ensure the commercial viability of PSCs, two important criteria
should be satisfied: a high power conversion efficiency (PCE) of
over 20% and a long-term device stability with a lifetime
beyond 5 years.”™* The PCE of PSCs has experienced significant
improvements, reaching 18-19% due to advances in various
polymer donors (Pps) and small molecule acceptors
(SMAs).">'*"25 However, poor long-term stability of PSCs is still
a significant barrier to their practical application.?®~3°

PSCs are typically divided into two categories based on the
acceptor materials used in their photoactive layers: (1) SMA-
based PSCs and (2) polymer acceptor (P,)-based PSCs, also
known as all-polymer solar cells (all-PSCs). In early PSC
research, fullerene-based SMAs were actively investigated due
to their fast and isotropic charge transport capabilities, show-
ing a steady increase in PCEs approaching 12%.>'* However,
these PCEs have been saturated due to the scant light absorp-
tion ability of fullerenes in the visible wavelength region.
Furthermore, fullerene-based PSCs have suffered from poor
long-term stability; fullerenes typically undergo dimerization
and diffuse rapidly to cause phase separation in the blend film
upon exposure to light and heat.>>*® To overcome these limita-
tions, non-fullerene SMAs have been developed.>**'*” Non-
fullerene SMA-based PSCs have demonstrated improved
PCEs, attributed to their excellent light absorption for broad
wavelengths, ranging from ultraviolet (UV) to near-infrared
(NIR), and high electron mobility comparable to fullerene
acceptors.”®*' Additionally, the side chains, backbones, and
functional groups of non-fullerene acceptors are easily tuned
compared to fullerene acceptors.’” Initially, perylene diimide
(PDI)-based non-fullerene acceptors were developed, achieving
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commendable PCEs of over 10%.>*™*' This was followed by the
development of various SMA backbones incorporating strong
dye units, pushing PCEs to exceed 18-19%, marking a signifi-
cant advancement in the field of photovoltaics.'***7>* None-
theless, their long-term stability has still fallen short of
commercialization standards. For example, many efficient
non-fullerene SMA-based PSCs have g4, lifetimes (the time
required for the PCE of PSCs to reach 80% of its initial value)
shorter than 100 h under 1 sun illumination.>”***>*? Similar to
fullerenes, degradation of the optimal blend morphology is the
prime factor for poor stability due to the fast diffusion of non-
fullerene SMAs under external stress including light and heat.
Due to the small molecular size, SMAs tend to exhibit high
diffusion coefficient (D) and a low temperature onset for
molecular thermal movement (i.e., glass transition temperature
(Tg) and cold crystallization temperature (T.)), accelerating
SMA diffusion and phase separation.>”**

The challenges related to the long-term stability of fullerene
and non-fullerene SMA-based PSCs have led to a growing
interest in Py-based PSCs.**™*® The relatively larger molecular
sizes of P,s typically exhibit lower Ds and higher T,s than SMAs,
suppressing molecular diffusion and morphological deforma-
tion in photoactive layers. A number of P,s were developed
utilizing naphthalene diimide (NDI) and PDI units, and their
resultant all-PSCs demonstrated significantly improved light,
thermal, and mechanical stabilities compared to SMA-based
counterparts.***>*°>* However, NDI- and PDI-based P,s pos-
sess inferior light absorption coefficients and electron
mobilities compared to non-fullerene SMAs, resulting in rela-
tively lower PCEs of below 12%. To address the performance
limitations of NDI- and PDI-based all-PSCs, polymerized small-
molecule acceptors (PSMAs) that incorporate high-performance
SMA monomer units have been proposed.>>*® The excellent
light absorption capability and high electron mobility of SMA
constituent units (e.g., Y derivatives) yield PSMA-based all-PSCs
with significantly improved PCEs exceeding 17-18%.'%°7°%61°63
Furthermore, the extended chain lengths of PSMAs enable superior
device stabilities upon thermal and light exposure relative to
SMAs.°%*® Nevertheless, the PCE of PSMA-based PSCs has lagged
behind SMA-based PSCs due to the lower electron mobility of
PSMAs from their irregular molecular packing and lower crystal-
linity of disperse PSMA materials.

Recently, discrete oligomerized SMAs (OSMAs), consisting of
typically 2 to 5 SMA monomer units, have emerged as promis-
ing candidates to harness the benefits of both PSMAs and SMAs
(Fig. 1). OSMAs with discrete chain lengths can be highly
crystalline, yielding good electrical properties and PSCs with
high PCEs. Additionally, the extended chain lengths of OSMAs
exhibit significantly reduced diffusion kinetics and higher T,s
than SMAs, leading to higher device stabilities under thermal-
and photo-stresses.*>®’"%° For example, the He group first
demonstrated the superiority of OSMA-based PSCs in terms
of PCE and stability compared to their SMA- and PSMA-based
counterparts.”® They synthesized monomer, dimer, and poly-
mer acceptors named BTIC-EH, dBTICy-EH, and pBTICy-OD
respectively, using the same Y SMA-based repeating backbones.
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Fig. 1 Comparison in molecular configuration, electrical properties, and diffusion characteristics of SMAs, OSMAs, and PSMAs.

The PSCs based on dBTICy-BO showed a high PCE of 16.06%,
outperforming PSCs based on BTIC-EH (PCE = 10.27%) and
pBTICy-OD (PCE = 12.57%). In addition, the dBTICy-BO-based
PSCs exhibited superior photostability under 1 sun illumina-
tion with a prolonged ¢z, lifetime of 1020 h compared to BTIC-
EH- (#g00, lifetime = 260 h) and pBTICy-OD-based PSCs (tgo
lifetime = 600 h). Subsequently, a new dimerized SMA (DSMA;
2BTP-2F-T) consisting of Y-series SMAs linked with a thiophene
unit was developed by the Wei group.”* They successfully
demonstrated highly efficient PSCs with significantly enhanced
PCE of 18.19%. Further advancements in OSMAs by the Huang,
Li, Jen, Chen, Wang, and Kim groups have raised the PCE
of OSMA-based PSCs to nearly 19%.**%”7>77% Moreover,
these OSMA-based PSCs have shown exceptional long-term
stability, with g0, lifetimes surpassing 5000 h under 1 sun
illumination.®””>7?

This young research field associated with OSMA-based PSCs
shows huge potential to increase PCE and long-term stability
for high performance PSCs. In this article, we review the recent
exciting results of OSMA-based PSCs and provide key under-
lying principles that have contributed to the high PCE and
enhanced stabilities of OSMA-based PSCs. This review is orga-
nized in the following order - Section 2: discussion on the
historical paths to the development of OSMAs, Section 3:
discussion on the design rules of recently developed OSMAs,
and Section 4: discussion on the remaining challenges and
outlook for the future development of OSMAs. In Section 2, we
touch on conventional acceptors such as non-fullerene SMAs,
P,s, and imide unit-based dimers to elucidate key design
factors of oligomer-type acceptors. In Section 3, we categorize
OSMAs based on core, linker, and architecture designs and
summarize their relationship between structure, property, and
device performance. Lastly, in Section 4, we discuss the tech-
nical limitations of OSMAs to date, directions and prospects for
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future development. We hope this comprehensive review will
accelerate development of efficient and stable OSMAs that will
eventually meet commercial standards.

2. Research background of OSMA

2.1 Development history of acceptor materials

The development of a variety of active layer materials has been
key for the advancement of efficient and stable PSCs. During
the last decade, important breakthroughs in the performances
and stabilities of PSCs have been achieved in the transition of
acceptor materials to non-fullerene SMAs and P,s, as depicted
in Fig. 2. Initially, fullerene derivatives such as phenyl-Cg;-
butyric acid methyl ester (PCs;BM) and phenyl-C,;-butyric acid
methyl ester (PC,1BM) were extensively used due to their high
te (~107* em® V7' 57!, measured by the space-charge limited
current (SCLC) method), associated with their isotropic mole-
cular structure and strong intermolecular interactions.*'**”*
Conventional fullerene-based PSCs achieved a maximum PCE
of around 12%. However, despite chemical modifications of
fullerenes, successful cases have been observed for limited
systems including PC¢;BM, PC;;BM, and bis-adduct type full-
erene (ie., indene-Cg, bisadduct (ICBA) and o-xylenyl Cgo
bisadduct (OXCBA)).****7¢ Importantly, the maximum PCE of
fullerene-based PSCs has been saturated due to their limited
light absorption capability and restricted tunability of their
bandgap and energy levels. Several characteristics of fullerenes
such as excessively fast diffusion coefficients, strong aggrega-
tion properties, and a tendency to dimerize by sunlight posed
significant hurdles for achieving robust fullerene-based
PSCS.26’35’36

To address the performance limitations of fullerene-
based PSCs, non-fullerene SMA and P, have been subsequently

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characteristics of each PSC type depending on the acceptor material.

developed.’” First, P,-based all-PSCs achieved remarkable
device stabilities due to their mechanical robustness and
morphological stability derived from long chain lengths and
smaller diffusion coefficients in the films.*®°%323477780 p
particular, rylene diimide (ie.,, NDI and PDI) building
blocks were mainly used due to their strong electron affinity
and highly planar molecular structure.”’”%*'"% Indeed, the
renowned P, (poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis
(dicarboximide)-2,6-diyl]-alt-5,5"-(2,2’-bithiophene)} (P(NDI2OD-
T2)), also known as N2200), designed by Facchetti and coworkers
in 2007,"” led the renaissance of all-PSC research. In combi-
nation with suitable Pps, the PCE of all-PSCs increased to 11-
12%, comparable to that of fullerene-based PSCs.****>° Impor-
tantly, all-PSCs demonstrated superior long-term stability com-
pared to fullerene-based PSCs.?*3%**4>49 Eor instance, the Kim
group conducted a comparative analysis between an all-PSC
model (PBDTTTPD:P(NDI2HD-T)) and a fullerene-based PSC
system (PBDTTTPD:PC¢;BM) employing the same Pp.>>*°
Their investigations revealed that all-PSCs possessed remark-
ably enhanced stability against thermal, light, and mechanical

This journal is © The Royal Society of Chemistry 2024

stresses in contrast to fullerene-PSCs, while similar PCEs for
both PSCs were achieved (6.64% for all-PSCs and 6.12%
for fullerene-based PSCs). After thermal annealing for 50 h at
150 °C, the all-PSCs retained about 80% of their initial
PCEs, whereas the PCE of fullerene-based PSCs dropped to
0.05% after only 5 h.>* In addition, the all-polymer blend films
had a 60 times greater stretchability of 7.16%, compared to
0.12% of the Pp:fullerene films. The superior thermal and
mechanical stability of the all-PSCs is primarily attributed
to the reduced diffusion kinetics and higher entanglement
density of P,s with extended chain lengths compared to
fullerenes.

Despite the high long-term stability of all-PSCs containing
NDI or PDI-based P,s, PCEs beyond 11-12% in all-PSCs have
been difficult to achieve. This is primarily due to the insuffi-
cient light absorption coefficient of NDI-based P,s, limiting the
short-circuit current density (Js) of NDI-based all-PSCs. To
address these issues, non-fullerene ladder-type SMAs exhibiting
superior absorption and crystalline characteristics have
been designed.>'?”**"%” In 2015, the Zhan group developed

Chem. Soc. Rev., 2024, 53, 4674-4706 | 4677
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an A-D-A type non-fullerene SMA named 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexyl-
phenyl)-dithieno[2,3-d:2’,3’-d']-s-indaceno[1,2-b:5,6-b'|dithiophene
(ITIC), consisting of indacenodithieno[3,2-b]thiophene (IDT) core
and two 2-(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile (IC)
end groups.®® In comparison to P,s, an ITIC SMA features
excellent light absorption coefficients throughout a broad
wavelength range extending to the NIR region and a higher
electron mobility in the range of 10°-10"* ecm® V' s
Building on this work, a variety of ITIC derivatives with chemi-
cally modified IDT cores, IC end-functional groups and side
chains have been developed, leading to PCEs up to ~15%. In
2019, Zou et al. developed an enhanced SMA, specifically an A-
DA'D-A-structured Y acceptor.”® This new acceptor and its
derivatives exhibit enhanced light absorption, improved crystal-
line characteristics, and a higher electron mobility than those
of ITIC derivatives. These advantageous properties were attrib-
uted to the integration of electron-deficient aromatic rings at
the central core and the substitution of cyclopentadienyls with
pyrrole rings, allowing for additional electron push-pull effects
along the DA’D-structured core unit that facilitate intra-
molecular charge transfer.®® Moreover, the ability of Y SMAs
to form 3D networks significantly improved charge mobility
and Ji. in the resulting PSCs by providing effective charge
transport channels for both electrons (via end-group stacking)
and holes (via core stacking).’®®" Therefore, the PCE of Y SMA-
based PSCs has undergone a remarkable improvement, reach-
ing a high value of over 19%.”>>*

Despite significant advancements in the PCE of SMA-based
PSCs, they still fall behind those of silicon and perovskite-based
cells. The dominant factor is the relatively lower open-circuit
voltage (Vo < 0.9 V) of SMA-based PSCs compared to that of
perovskite solar cells that often show V,s higher than 1.0 v.?>°°
Furthermore, SMA-based PSCs have poor device stabilities,
mainly attributed to blend morphology degradation by the
rapid diffusion of the SMA molecules.’®*®®” To attain
robust high-performance PSCs, polymerized small-molecule
acceptors (PSMAs) have been actively developed by various
research groups during the past few years. PSMAs consisting
of multiple SMA units connected by electron-donating linkers
such as thiophene, selenophene, or benzodithiophene exhibit
upshifted lowest unoccupied molecular orbital (LUMO) energy
levels compared to SMAs, allowing all-PSCs to have a higher V.
(>0.9 V).'61703:97.98 11y addition, the larger molecular sizes of
PSMA-based all-PSCs yield much greater long-term stability
against thermal and light exposures as well as mechanical
StresSeS.57‘62’64_66‘97’99_101

The first PSMA named PZ1 was developed by the Li group.’®
They polymerized IDIC-C16 SMAs using electron-donating thio-
phene linkers. Subsequently, several IDIC- or Y-based PSMAs
have been developed by modifying their core structures, side
chains, and terminal groups.’®°’7°%®%1%% For instance, the
Wang group developed a series of IDIC-based PSMAs (ie.,
PF2-DTC, PF2-DTSi, and PF2-DTGe) by altering the bridging
atoms in the linkers (C, Si, and Ge, respectively).”> They
demonstrated that PF2-DTSi based all-PSCs had a higher PCE

4678 | Chem. Soc. Rev., 2024, 53, 4674-4706

View Article Online

Review Article

(10.77%) and superior stretchability (crack-onset strain (COS) =
8.6%) than SMA derived PSCs with the same core unit (IDIC16,
PCE = 4.93% and COS = 1.4%). Additionally, the Kim group
synthesized a series of Y-based PSMAs known as P(BDT2BOY5-
X) (X = H, F, and Cl), modifying the halogen atoms on the
benzodithiophene linkers.** They demonstrated superior PCE
(10.67%), stretchability (COS = 15.9%), and thermal stability,
outperforming their SMA-based counterparts (Y5-2BO, PCE =
6.91% and COS = 2.3%). By virtue of the contributions from
different research groups, the PCEs of all-PSCs have now
increased to over 18% by engineering their backbone, side chains,
linker structures, and regioregularity in PSMAs,'*0101103-108

Nevertheless, the PCE of PSMA-based all-PSCs still falls
short of the state-of-the-art SMA-based PSCs (PCE ~ 19-20%).
The relatively lower PCEs of all-PSCs are associated with
insufficient electron mobility of PSMAs and suboptimal blend
morphologies of the all-polymer blend films. The longer and
polydisperse chains of the PSMAs compared to SMAs result in
disordered intermolecular assemblies and lower crystallinity,
thereby decreasing electron mobility of PSMAs. Furthermore,
batch-to-batch variations in disperse PSMAs present a chal-
lenge in the scalable and reproducible fabrication of all-PSCs.
Importantly, most high-performance PSMA-based all-PSCs have
employed PSMAs with number-average molecular weights less
than 10-15 kg mol ', limiting their thermal stability and
mechanical robustness, which is strongly dependent on mole-
cular weight (MW).

Discrete OSMAs, which contain a precise number of SMA
monomers ranging from 2 to 5, have recently gained great
interest. These oligomer acceptors retain high stability in PSCs
due to their sufficient chain length, imparting higher T,s and
lower Ds than their SMA counterparts.**®®7277* Moreover, the
integration of electron donating linkers in OSMAs can increase
the LUMO energy level compared to that of the SMAs, thereby
achieving a higher V. in the PSCs.*>”>”® Simultaneously, the
discrete molecular structure of OSMAs enables them to form
strong intermolecular assemblies and crystalline structures,
affording excellent electron mobility in films.®”””® Therefore,
discrete OSMAs represent an effective molecular structure that
successfully leverages the benefits of SMAs and PSMAs.
These advantages have led to recent successful examples of
the Y-based DSMAs and OSMAs.*>7%73:109

Fig. 3 summarizes the progress in photovoltaic performance
of PSCs using different types of dimer and multimer acceptors
during the past years. The concept was first explored in the PDI-
based cores to develop PDI dimer and multimers in the early
2010s.*V11%111 Although the molecular structures of PDI-based
dimers and multimers are different from recent Y-molecule
based OSMAs in various aspects including molecular struc-
tures, properties, and photovoltaic performances, many lessons
from the PDI-based acceptors offer valuable insights into the
design of current high-performance (PCE > 18%) OSMAs. In
the next section, we first delve into the molecular design
principles of PDI-based dimer and multimer acceptors and
discuss the relationship between the molecular structure,
molecular property, and PSC performance. Then, we will move

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Progress in photovoltaic performances of PSCs based on PDI- and Y-based oligomer acceptors during the past years.

to a discussion on the development process of OSMAs in the
section thereafter.

2.2 General design rules for PDI dimers and multimers

Dimer acceptors were first designed for PDI-based acceptors
(Fig. 4). PDI units were considered to be promising n-type
building blocks due to their outstanding electron-accepting
ability, high electron mobility through planar m-conjugation,
and facile energy-level tunability by chemical functionalization.
A crucial concern related to monomer-type PDI acceptors was
their severe aggregation from their highly planar backbone and
strong n-m intermolecular interactions, resulting in very low
solubility in common processing solvents. Aggregated PDI
molecules and their resulting phase-separated blend morphol-
ogies with Pps limit charge generation and collection, produ-
cing low PCEs in the PDI-based PSCs. Thus, alleviating the
planarity of PDI acceptors through molecular engineering is a
rational approach to prevent large PDI aggregates in the active
layer. For example, two PDI building blocks can be combined
by a linker capable of distorting the dihedral angles between
the different PDI units and reducing the overall molecular
planarity. Indeed, it was observed that PDI dimers with tuned
molecular planarity exhibited enhanced processability and
improved blend morphologies with Pps with increased inter-
mixed domains.*"#®° sybsequently, this concept has been
successfully extended to produce PDI-based trimers and
tetramers.'"™'"® Despite these efforts, there were still limita-
tions to optimize the photovoltaic performances of the PDI-
based acceptors. For example, the outstanding electron-
transport capability of the acceptors was frequently compro-
mised due to the decreased crystallinity upon distorting PDI
backbones. Thus, one of the primary objectives of PDI dimer or
multimer design was to balance the trade-off between their
solubilities and crystallinities. To accomplish this, the careful
consideration of linkers connecting two and more PDI units in

This journal is © The Royal Society of Chemistry 2024

PDI dimers and multimers is necessary to effectively regulate
the molecular planarity and the resulting properties of PDI
acceptors.

2.3 PDI-based dimer acceptors

The primary distinction between PDI dimers and their mono-
mer counterparts is the presence of linkers that connect the PDI
units (Fig. 5). The PDI dimers are classified into bay-, imide-, ortho-,
and fused-linked types according to their linker positions. The
location of linkers plays a pivotal role in determining the
backbone conformation, intermolecular interactions, and over-
all crystallinity of PDI dimers. In this section, we provide
examples of PDI dimers from the past and discuss the relation-
ship between the chemical structures, molecular properties,
and photovoltaic performance of the resulting PSCs. We also
focus on describing important design principles for the PDI-
based dimer acceptors. Thus, for comprehensive advances in
the PDI-based dimers, we refer readers to Tables reported in
other excellent reviews.' '

Narayan group first demonstrated the potential of a dimer-
ization approach by developing a PDI dimer coupled by a single
bond at the imide position (Per1)."*° A PCE of 2.78% was
achieved in the PSCs based on Perl, in stark contrast to a
PCE of 0.13% in those with the monomeric PDI analog. The
improvement was mainly attributed to decreased aggregation
of Perl and the resulting uniform blend morphology due to
steric hindrance between PDI units with a twisted backbone
conformation. Similarly, Yao group developed a PDI dimer
connected by a thiophene linker (Bis-PDI-T-EG), which exhib-
ited a large torsion between the PDI units with a dihedral angle
greater than 50°.'° The PCE of PSCs based on the Bis-PDI-T-EG
was 4.03%, surpassing that (0.13%) of the analogous monomer-
based PSCs. Therefore, the early studies on PDI dimers primar-
ily aimed to enhance torsion between PDI units to ensure
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Fig. 4 General design rules for achieving PDI dimers and multimers with balanced solubilities and aggregation properties through tuning molecular planarity.

solution processability of the dimer acceptors by preventing
excessive aggregation.

Nevertheless, limitations to optimizing the molecular prop-
erties and photovoltaic performances persisted: excessive dis-
tortion in the PDI dimer backbone resulted in substantial
deterioration of their optical and electrical properties and
lowered the PCE of the PSCs. Thus, researchers investigated
the optimal molecular conformation and planarity of PDI
dimers to achieve both sufficient solution processability and
high photovoltaic performance. For example, Zhan group
developed a range of PDI dimers, PnTP (n = 0-3), bridged by
oligothiophenes comprising different numbers of thiophene
units (Fig. 5a)."*' As the number of thiophene units increased
from 0 to 3, PDI dimer backbone became progressively more
planar, as evidenced by the dihedral angle between the PDI
units reduced from 62.7° to 50.7°. Interestingly, the single
thiophene linker (P1TP), exhibited the best PCE of 3.61%
among the PSC series. The high PCE of P1TP-based PSCs was
attributed to its balanced processability and aggregation prop-
erties from the appropriate linker flexibility. In addition, Xiao
group developed three distinct PDI dimers with different
aggregation and crystalline properties by adjusting the linker
position (bay-to-bay: bb-2PDI; ortho-to-ortho: 00-2PDI; and bay-
to-ortho: bo-2PDI) (Fig. 5b)."*> While all three dimers had
adequate solution processability, the 00-2PDI backbone was

4680 | Chem. Soc. Rev,, 2024, 53, 4674-4706

the most planar among the series. Thus, its electron mobility
was significantly higher (5.7 x 107> em® V' s') than those
of bb-2PDI (2.2 x 107> em® V' s7") and bo-2PDI (1.5 x
107> em® V' s7!). As a consequence, the PCE of 00-2PDI-
based PSCs (8.30%) was greater than that of hb-2PDI- (PCE =
6.41%) and bo-2PDI-based PSCs (PCE = 2.01%).

Subsequent efforts focused on fine-tuning the molecular
structures of PDI dimers to enhance their electron mobility,
optimize blend morphology, and improve energetics relative to
Pp. For example, Jen group developed three fully-fused PDI
dimers with high electron mobilities."** Each PDI dimer was
tethered with different linkers such as furan (FPDI-O), thio-
phene (FPDI-T), and selenophene (FPDI-Se), respectively
(Fig. 5c). It was reported that FPDI-T, which exhibited the
highest crystallinity and electron mobility, produced the best
PCE of 6.72% among series. Notably, the performance of FPDI-
T-based PSCs surpassed that of the non-fused thiophene-linked
PDI dimer (PDI-T, PCE = 3.68%), owing to orders of magnitude
higher electron mobility of FPDI-T (1.6 x 10 * cm®> V' s77)
compared to that of PDI-T (1.4 x 10~° em® V™" s7"). In addition,
Yan group developed a PDI dimer (SF-PDI,) with a high-lying
LUMO energy level using an electron-donating spirobifluorene
(SF) linker (Fig. 5d)."** The goal of this design was to improve
the V,. of the PSCs. The resultant PSCs not only exhibited an
impressive PCE of 9.5% but also a remarkable V,. of 1.11 V.

This journal is © The Royal Society of Chemistry 2024
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Later, the PCE of PDI dimers-based PSCs surpassed the PCE
threshold of 10% because of various molecular engineering of
PDI dimers.

2.4 PDI-based multimers (trimer, tetramer, and others)

Beyond the dimerization of PDI units, the sequential connec-
tion of multiple PDI repeating units has been achieved to
construct PDI multimers. The extension of m-conjugation and

This journal is © The Royal Society of Chemistry 2024

formation of 3D or quasi-3D molecular structures with PDI
multimers can further enhance the PCE of the resulting PSCs.
PDI multimers can be classified into linear and star-shaped
types depending on their molecular conformation (Fig. 6 and
Table 1). As an example of linear PDI multimers, Nuckolls
group developed helical PDI trimers (hPDI3) and tetramers
(hPDI4) by the ring fusion of PDI blocks at the bay
position.'*® Despite their relatively large molecular sizes, their
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