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for photovoltaic cells with the aid of
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Organic semiconductors including conjugated polymers and small molecules can be applied in many
fields due to their unique advantages, such as light weight, solution processability, easy functionalization
etc. During the past ten years, we mainly focused on the design and synthesis of conjugated polymer
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donor materials and small molecular acceptor materials for organic solar cells and hole transport
materials for perovskite solar cells. To obtain planar conjugated polymers, low cost small molecular
acceptors, and dopant-free hole transport polymers, we adopted intramolecular noncovalent
interactions (INCls) as the design strategy. In this brief review, we will demonstrate that the INCI strategy
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1. Introduction
1.1 Background of 3rd generation solar cells

The development of the 3rd generation solar cells for effectively
using clean, inexpensive and renewable solar energy has made
significant progress in the past decade. The 3rd generation
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is very efficient in the design of high performance photovoltaic materials.

solar cells, mainly including organic solar cells'™* (OSCs) and
perovskite solar cells,”™® have attracted more and more atten-
tion due to their numerous advantages, such as relatively high
efficiency, easy fabrication, low cost, and light weight in
comparison with their inorganic counterparts. Organic solar
cells are of a sandwich structure with the active layer clamped
by the transparent electrode and the back electrode. The active
layer of OSCs is composed of p-type and n-type materials, which
form a bulk heterojunction structure.” " The p-type materials,
also known as donors, could be conjugated polymers or small
molecular materials that transport holes,'®'* while the n-type
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materials, so-called acceptors, could be fullerene derivatives,
small molecular electron acceptors or conjugated polymers that
transport electrons.'*'* Before 2015, considerable efforts had
been devoted to the exploration of novel p-type conjugated
polymers and the use of them as donor materials to fabricate
0SCs with fullerene derivatives as the acceptor materials.">">™*°
In the last five years, the main research interest of the organic
photovoltaic field has moved to the nonfullerene acceptors.?®**
Significant improvements in the power conversion efficiency
(PCE) of OSCs have been recently achieved and a PCE up to 17%
has been reported.***"** The development of novel n-conjugated
structures and device engineering technologies has played a
pivotal role in the device performance improvement.¢2#

As an important component of the active layer in organic
solar cells, various conjugated polymers have been designed
and synthesized.>'*?°?° High performance organic solar cells
require that the conjugated polymers should have intensive
absorption and appropriate energy levels. Besides the above
prerequisite, high performance organic solar cells also require
that the conjugated polymer should have good processability
and the polymer chains should be able to form closely packed
structures to facilitate hole transport.'>'®' As for high perfor-
mance small molecular acceptors, they usually possess multi-
fused ring structures.*”* The synthesis of such fused ring
acceptors is usually tedious and highly expensive. Besides,
perovskite solar cells based on the commonly used hole trans-
port materials such as spiro-OMeTED usually exhibit poor
stability and durability.***” To solve the above mentioned
problems, we utilized intramolecular noncovalent interactions
(INCIs) as a design strategy in the synthesis of conjugated
polymers and small molecular acceptors.*®*? As expected, all
of these newly designed materials exhibited excellent device
performance (vide infra).

1.2 Noncovalent interactions

Interaction between permanent multipoles, between a perma-
nent multipole and an induced multipole, and between an
instantaneous time variable multipole and an induced
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multipole can be considered as noncovalent interactions.*®*"
The noncovalent interaction is an interesting research topic in
the field of chemistry (supramolecular chemistry, theoretical
chemistry, etc.) and a powerful tool for material science.** The
concept of noncovalent interaction can be traced back to the
19th century. van der Waals first put forward this concept
during the modification of state equation.*’ Further investiga-
tion demonstrates that the noncovalent interaction contains
abundant content, such as hydrogen bonds, ionic bonds, halo-
gen bonds, chalcogen bonds, agostic bonds, etc.***> Yang et al.
developed a visualized approach to map or analyze noncovalent
interaction according to electron density and its reduced
gradient."®"” There are many classification methods or names
of noncovalent interactions. For example, they are collectively
named secondary bonding or secondary valence forces by some
researchers. This definition was initially used to describe the
intermolecular interactions with length less than the sum of
van der Waals radii.*®**° Besides, some researchers divide
noncovalent interaction into o- and m-hole bonds according
to surface electrostatic potential holes.”**

Generally speaking, the noncovalent interactions can be
roughly divided into intermolecular and intramolecular non-
covalent interactions.”” Accordingly, supramolecular chemistry
mainly focuses on the intermolecular interaction, which covers
the structures and functions of the entities formed by two or
more chemical species.”® Moreover, intermolecular interac-
tions such as hydrogen bonds, van der Waals forces, etc., which
widely exist in chemical and biological systems, can be used to
construct functional materials, drug molecules, and biological
materials. Unlike intermolecular interactions, the INCIs can
only be found in specific materials. Sometimes, the inter- and
intra-molecular noncovalent interactions can coexist. Herein,
we mainly focus on the INCIs. Currently, there are usually two
methods to verify the existence of INCIs. Single crystal structure
characterization provides direct proof and density functional
theory (DFT) calculation offers reliable predictions. If INCIs are
formed, the distance of the corresponding two atoms will be
larger than the covalent radii, but significantly smaller than the
sum of van der Waals radii.

1.3 Materials based on intramolecular noncovalent
interactions

Noncovalent interactions are widely used in many fields including
catalysis, biological medicine, organic semiconduction, etc.>*>*
For example, supramolecular polymers, which originated from
the integration of polymer science and supramolecular chemistry,
could comprise many kinds of intermolecular interactions
(H-bonding, metal-coordination bonds, host-guest interactions
etc.).”® In comparison to the conventional covalent bonded poly-
mers, such noncovalent interactions would render the materials
with lower binding energy, reversible formation and dissocia-
tion,>® dynamic reorganization, good processability, self-
healing®” and stimuli responsiveness.’® Besides intermolecular
noncovalent interactions, INCIs also possess the same essence,
which could regulate the molecular configuration. So, what would
happen if we brought it into the material construction, especially
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(a) H H + BT based building blocks in OSCs:
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Fig. 1 (a) Evolution of the BT units, and (b) dihedral angles of TB, MeTB,
TMeTB and TMeOB according to DFT calculations.”

TMeOB

the conjugated materials? Previously, Mugesh and coworkers
prepared various ebselen analogues and correlated their catalytic
activities with the Se---O intramolecular interactions.”>*® Gold-
stein and Burling showed that the conformations of thiazole and
selenazole nucleosides can be stabilized by the intramolecular
electrostatic interaction of S---O and Se---0.°" To verify the
impact of INCIs on the properties of conjugated polymers, we
employed alkyloxy substituted dibenzothiophene as the donor
unit and benzothiadiazole as the acceptor unit to construct D-A
alternating copolymers and demonstrated that the intramolecular
S---O interaction can generate planar polymer backbones with
stronger intramolecular charge transfer (ICT) effect and red-
shifted absorption.”” Almost at the same time, Huang et al.
utilized the intramolecular S---O interactions, namely, “confor-
mational locks” to fabricate high-mobility polymer semiconduc-
tors with a planar backbone.®

During the last ten years, we have been devoted to exploring
novel conjugated materials including alternating copolymers and
small molecules, where we put forward an idea to construct planar
molecular skeletons via the assistance of INCIs. The concept has
been first applied to the design and synthesis of D-A alternating
conjugated polymers with 3,4-bis(alkyloxy)benzothiadiazole as the
electron deficient unit. As shown in Fig. 1a, the intramolecular
S---O and N---H interactions could generate a planar con-
formation for the thiophene-3,4-bis(alkyloxy)benzothiadiazole-
thiophene (Th-BABT-Th) unit.** With this concept, a variety of
conjugated polymer donors with planar molecular backbones were
developed.®>®>%° Later, further enhancing the performance of OSCs
based on fullerene derivatives has encountered a bottleneck, and
then research interest in this field has switched to the nonfullerene
acceptors.®”*® We first applied the concept of INCIs in the design
and synthesis of nonfullerene acceptors.”* Unexpectedly, the
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noncovalentir assistance

Fig. 2 Typical chemical structures of the fused ring core and nonfused
ring core.

photovoltaic devices based on such acceptor molecules could
achieve high PCEs and low energy losses.”® Most importantly, such
noncovalent auxiliary strategy can partially or completely replace
the covalent bonds, and thus reduce the synthetic expense as
shown in Fig. 2. Additionally, we also use such an INCI strategy
in the design and synthesis of ladder-like conjugated polymers,
which could be used as dopant-free hole transport materials for
perovskite solar cells.*® In this review, we briefly summarized the
material evolution by virtue of such an INCI strategy.

2. Noncovalent interaction assisted
conjugated polymers for organic solar
cells

2.1 Planar conjugated polymers with intramolecular
noncovalent interaction

High performance organic solar cells require that the active
layer possesses a bulk heterojunction structure, namely, the
donor polymer and the acceptor molecule form a nanoscale
phase separation with a bicontinuous network.”>”* Addition-
ally, the blend film should have high and balanced charge
mobilities. To achieve this goal, conjugated polymer chains
should be able to form closely packed structures in the film on
the one hand.'® On the other hand, the conjugated polymers
should also have good solubility in the processing solvent.'”
However, good solubility and close packing are usually contra-
dictive. To solve this dilemma, we first designed and synthe-
sized conjugated polymers with a planar backbone with the aid
of INCIs.

The polymers (HXS-1) are composed of a linear alkyl chain
substituted 2,7-linked carbazole donor unit, thiophene n-bridge
unit, and 5,6-bis(alkyloxy) substituted benzothiadiazole (BABT)
acceptor unit.** The INCIs of S- - -O and N- - -H would ensure the
Th-BABT-Th block with a coplanar configuration as shown in
Fig. 1. In the meantime, the two alkyloxy side chains in the BT
unit would further improve the solubility of the target polymers
since the intramolecular noncovalent interaction existed in the
film state may dynamically be broken in the solution state. As
expected, HXS-1 exhibits a relatively planar polymer backbone,
good solubility in 1,2-dichlorobenzene, and close packing in
the solid state. The HXS-1:PC,;BM blend film exhibits high
and balanced electron/hole mobilities. Devices based on
HXS-1:PC,,BM demonstrate a PCE of ~5.4%, which is also
one of the best results at that time. Subsequently, the Th-BABT-
Th unit has also been utilized for the construction of some
other polymers.”* For example, the Th-BABT-Th unit was also

This journal is © The Royal Society of Chemistry 2021
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used to combine with the 9,9-dialkyl-9H-dibenzosilole donor unit
to construct conjugated polymers (PSiF-1a and PSiF-1b).”> The
dioctyl substituted PSiF-1b exhibits good solubility in the com-
monly used organic solvent, and thus high molecular weight
polymers (M,: 102 kg mol™ ") can be achieved. Consequently, a
PCE of 6.05% was achieved for devices based on PSiF-1b:PC,,BM.

Except for the BABT, some other BT derivatives (FBT, DFBT,
AFBT etc.) and the evolutive building blocks (DBrBT, DTBT etc.)
are used in OSCs as shown in Fig. 1a, which could form planar
conjugated polymer skeletons via INCIs (F- - -S, O- - -S or F- - -H).
For example, the introduction of the planar Th-DFBT-Th unit
could also lower the HOMO energy level and generate a high V.
for the devices. Meanwhile, the strong noncovalent interaction
that originated from the F atom would greatly reduce the
solubility and processability of the final polymers as observed
for PSiF-DTDFBT, leading to poor photovoltaic performance.”®
To well balance these issues, a combination of fluorine and
alkyloxy is designed in AFBT. Based on this unit, a similar
polymer PSiF-2 could achieve a significantly improved PCE of
6.41% when blended with PC,;BM.”” Through copolymeriza-
tion with the dibenzopyran unit, the photovoltaic performance
of PDBPTBT-4 based devices could be further enhanced to
7.06%.”"
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9,9-Dialkylfluorene, which has a sp*hybridized carbon at
the 9-position, is one of the popular electron donating blocks
used for the synthesis of light-emitting and photovoltaic
materials.”*"®* However, the two alkyl chains at the 9-position
of the fluorene unit will prevent the polymer chains from
forming close n-m stacking in the solid state. To further
increase the planarity of the polymer backbone, we used
9-alkylidene-9H-fluorene instead of 9,9-dialkylfluorene as the
donor unit, BABT as the acceptor unit, and thiophene as the
n bridge to construct planar conjugated polymers PIF-1 as
shown in Fig. 3.%* Finally, PIF-1:PC,;BM based PSCs exhibit a
PCE of 6.2%, which is almost two times higher than that of
devices based on PFTBTT as shown in Fig. 3. Later, the planar
conjugated polymer PIF-2, which contains the diphenyl sub-
stituted 9-alkylidene-9H-fluorene unit and BABT unit, was
synthesized. A further increased PCE of 6.52% was achieved
for the PIF-2 based devices.®®

BABT was also used to construct conjugated polymers
(PBDTAF-1, PBDTAF-2 and PBDTAF-3) by alternating with the
benzodithiophene (BDT) unit.®* These polymers possess planar
backbones, display great impact on the morphology of blend
films and present reasonable photovoltaic performance with a
PCE of 6.88% when using PC,;BM as the acceptor. After the side
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Fig. 3 Chemical structures of polymer donors with BT derivatives as the acceptor units.
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chains are replaced by alkylphenyl ones, an even higher PCE of 7.7%
is achieved for the PBDTSAF:PC,,BM based devices, which also
displayed a good tolerance to the variation of film thickness.*® Such
thickness insensitive characteristics are closely related to its signifi-
cantly improved SCLC hole mobility (u = 6.0 x 107> cm®> V' §7)
that should be ascribed to its planar conjugated backbones and
close molecular packing. Polymer PTFBDT-BZS with 4-alkyl-3,5-
difluorophenyl as the side chain at the BDT unit displays a
closed n-n stacking distance of 3.69 A. As anticipated, this
polymer displays a low HOMO energy level and a high PCE of
8.24% for the as-cast devices when blended with PC,,BM.®® This
polymer also presents a good compatibility with nonfullerene
acceptors (e.g. IDIC), and a high PCE of 11.03% is achieved.®®
The charge generation and recombination dynamic studies
suggest the existence of extremely efficient charge generation
channels in the blend system, which is associated with the more
ordered face-on molecular orientation, appropriate domain size
and rather pure domain. In all, the above examples demonstrate
that intramolecular noncovalent interaction is very useful for the
construction of high efficiency planar donor polymers.

2.2 Multiple noncovalent interaction assisted strategy for
planar conjugated polymers

Generally, conjugated polymers possess a single-stranded polymer
main chain; the donor, spacer and acceptor units can usually freely
rotate around the C-C single bond; and thus the planarity of the
polymer chain will be interfered with. Conjugated polymers com-
prising multiple noncovalent S---O, O---H, F---S or F---H interac-
tions between donor and acceptor units can produce a planar
ladder-like polymer structure as shown in Fig. 3. As expected,
ladder-like PDOSIFDTDFBT displays a high field effect transistor
(FET) hole mobility up to 3.3 x 1072 em® V- ' §~*, which is much
higher than the counterpart without intramolecular noncovalent
interactions. A similar phenomenon is also observed for the diben-
zothiophene based polymers.

PCz-1 comprising F---S and F- - -H interactions between the
donor and acceptor units exhibits a poor solubility in com-
monly used organic solvents, thus only low molecular weight
(M, = 9.1 kg mol ") materials could be prepared.?” Replacing
the octyl chain at the 9-position of the 3,6-difluorocarbazole
unit with a branched 2-hexyldecyl chain could increase the
solubility of the resulting polymers without interfering with the
main chain conformation. With an improved processability,
PCz-2 gives an elevated PCE of 7.39%, which shows 37%
improvement in comparison to HXS-1.5

In the meantime, organic-inorganic halide perovskite solar
cells have received wide-spread attention due to their outstanding
performances.?® The hole transport layer plays a very important
role in fabricating high performance devices, in which spiro-
OMETED is a widely used hole transport layer material. High
power conversion efficiency up over 22% has already been
achieved for devices with spiro-OMeTED as the hole transport
layer,”® however, stability is still a big issue encountered for such
types of devices.”'** Devices with Li-TFSI doped spiro-OMeTED as
the hole transport layer usually exhibit very poor long-term stability.
To enhance the long-term stability of perovskite solar cells, varied
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Fig. 4 Chemical structures of P1, P2 and P3.

hole transport materials including conjugated polymers and small
molecules have been used. Recently, we have designed and synthe-
sized a series of ladder-like conjugated polymers and used them as
hole transport layers for perovskite solar cells.*® The intramolecular
noncovalent S---O interaction can endow such ladder-like conju-
gated polymers with a planar polymer backbone, which favors the
polymer to pile closely and achieve high hole mobility for the
polymer films. Through modulating the two monomers, conju-
gated polymers P1, P2 and P3, shown in Fig. 4, can be precisely
designed with controllable energy levels, high hole transport
mobilities, etc. Among them, ladder-like conjugated polymer P1
demonstrates the highest hole mobility and matched energy levels
with perovskite active layers. Hence, an excellent PCE of 18.30% is
achieved with P1 as the HTM. Subsequently, the modified ladder-
like conjugated polymer P-Si, shown in Fig. 5, can also be used as
a hole transport medium between the perovskite and spiro-
OMeTAD layer and the resulting devices exhibit better long-term
stability in an ambient environment.

3. Noncovalent interaction assisted
FREAs for organic solar cells

Because of the limitations such as weak absorption, fixed energy
level, difficulty of purification etc. for the fullerene based acceptors,
nonfullerene acceptors have been rapidly developed during the past
several years. In 2015, Zhan et al. first reported a novel FREA ITIC,**
which can give a comparative photovoltaic performance with full-
erene acceptors. Subsequently, numerous FREAs have been
designed and synthesized. Some typical FREAs are shown in
Fig. 5.%%°*® The typical A-D-A type FREAs are normally composed
of three parts: ladder-type fused core, bulky side chains and electron-
withdrawing terminal groups. The ladder-type fused ring structure
can endow the molecular backbone with a planar conformation,
and thus better delocalization of the m-electrons can be achieved.
The bulky side chains can improve the solubility of the acceptor
molecules and prevent them from forming large aggregates. The
charge transfer effect from the donor core to the terminal acceptor

Pd(PPh3),
Br ——
Toluene/DMF
O/
Coflip Si—
—5i-0
o

Si—
A

Fig. 5 Synthetic route to P-Si, reagents and conditions.
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Fig. 6 Typical chemical structures of FREAs.

unit can bring about a broad absorption for the acceptor
molecules.®® The close n-7 stacking of terminal groups can ensure
that the acceptor molecules can form a transport path for electrons.
With the evolution of A-D-A type acceptors, the derived A-n-D-n-A
and A-DA'D-A type molecules also attract a lot of attention. Cur-
rently, the PCEs of OSCs based on FREAs have approached 18%,
demonstrating great application potential****%

However, the synthesis of FREAs will inevitably increase
the synthetic expense due to the multi-step synthesis of fused
ring cores as shown in Fig. 6, where complicated ring closure
reactions are necessary.'® For simplifying the synthesis, we

O-IDTBR
EH-IDTBR

have suggested the use of noncovalently fused ring
acceptors instead of FREAs. We adopted the intramolecular
noncovalent interactions to replace the chemical bonds to
construct the planar ladder-like core. Noncovalently fused
ring electron acceptors (NC-FREAs), which are actually non-
fused ring structures, can be synthesized by using a modular
strategy. Therefore, the synthesis cost for such acceptors
could be much cheaper than the corresponding FREAs
(Fig. 7). Herein, we will mainly divide NC-FREAs into two
categories according to the central donor units and the
details are as follows.
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Fig. 7 The synthetic routes of FREAs and ladder-like NFAs.

This journal is © The Royal Society of Chemistry 2021

Chem. Commun., 2021, 57, 302-314 | 307


https://doi.org/10.1039/d0cc07086f

Published on 09 2020. Downloaded on 1/8/2026 8:09:29 PM.

ChemComm

3.1 Nonfused NFAs with IDT as the core unit

In 2017, we first reported two NC-FREAs (IDT-BOC6 and IDT-
BC6), in which dihexylbenzene and bis(hexyloxy)benzene are
used as the bridge units.®® As shown in Fig. 8, the simplified
IDT-BOC6 can form S---O and H---O INCIs to force the mole-
cular backbone to adopt a flat conformation, which is similar to
the nine membered fused ring core. In comparison, IDT-BC6
without INCIs tends to form a twisted molecular skeleton. In
addition, IDT-BOC6 exhibits broader absorption, higher elec-
tron mobility, and higher photoluminescence quantum yield.
The intuitive image of the blend films based on IDT-BOC6 and
IDT-BC6 is also shown in Fig. 9. The polymer donor PBDB-T can
preferentially separate out to form nanofibril networks, and
then the small molecular acceptors precipitate within the
polymer fibril networks, and finally the blend films form
nanoscale bicontinuous networks. As for IDT-BOC6 based
blend films, the acceptors display favorable planarity due to
the existence of S---O and H- - -O INCIs and can form close n-n
stacking, whereas IDT-BC6 acceptors tend to form disordered
molecular accumulation due to the twisted molecular geome-
tries. PSCs based on IDT-BOC6 furnished a power conversion
efficiency (PCE) of 9.6%. In contrast, PSCs based on similar
acceptor IDT-BC6 without INCIs only gave a PCE of 2.3%. Most

top view &
YM > .L*./
i ;

Fig. 8 Simulated molecular geometries obtained by DFT calculations for
simplified molecules of IDT-BC6 (left) and IDT-BOC6 (right). Copyright
2017, American Chemical Society.

Active Layer =\ Polymer Donors (PBDB-T)

Acceptors (IDT-BC6)

v s Y SN
k% N5 Ve
AL > ¢

Fig. 9 Intuitive film morphology of PBDB-T:IDT-BOC6 and PBDB-T:IDT-
BC6 blend films.
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importantly, the synthesis of NC-NFEAs could significantly
reduce the synthetic expense and reach the same goal as FREAs.

Subsequently, the mn-bridge was replaced by 3,4-bis
(alkyloxy)thiophene and three novel NC-FREAs (ITOIC, ITOIC-
F and ITOIC-2F) with different fluorinated electron-
withdrawing groups are designed and synthesized.'”' Such
molecular design would not only provide a planar molecular
backbone, but also produce a hierarchical supramolecular self-
assembly through the terminal group stacking. More specifi-
cally, the INCIs (S---O and O---H) could induce and stabilize
the planar conformation of the molecular backbone and the
intermolecular electrostatic interaction by terminal groups
could reinforce the n-m stacking (as shown in Fig. 10). In
addition, the introduction of fluorine atoms would also help
to enhance the interaction of terminal groups. Finally, based on
this precise molecular design strategy, ITOIC, ITOIC-F and
ITOIC-2F based devices achieve PCEs of 8.87%, 10.65% and
12.17%, respectively. Besides, the chlorinated one ITOIC-2Cl
could give a PCE of 9.37% after blending with PBDB-T, and the
blend film formed a bicontinuous interconnected network and
displayed a high charge transport mobility.

As is well-known, the position of the alkyloxy side chains
would directly influence the molecular conformation as well as
the electronic characteristics of the acceptor molecules. In
2018, Liu et al. and our group simultaneously reported a novel
acceptor IDTOT2F, which bears two alkoxyl chains on the
central indacenodithiophene (IDT) unit to lock the planar
conformation of the backbone with S---O INCIs, and the
control molecule without alkyloxy side chains is denoted as
IDTT2F.***'% Such molecular design would bring two merits:
first, the introduction of two alkyloxy side chains onto the
central IDT unit could guarantee good solubility and processa-
bility; second, the S---O INCIs would stabilize the planar
conformation of the molecular skeleton and result in an
ordered packing as confirmed by the GIWAXS results shown
in Fig. 11. These special characteristics of IDTOT2F are bene-
ficial to improving the miscibility with the polymer donor and
forming the preferred interpenetrating binary networks with
favored molecular orientation in the blend films. Hence, an
excellent PCE of 12.79% is achieved with IDTOT2F-based
devices, which is much higher than that of the IDTT2F-based
control devices (8.85%).

LI |
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Fig. 10 Stacking modes of two neighboring molecules of ITOIC-2F
determined via DFT calculation. Copyright 2018, American Chemical
Society.
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Fig. 11 (a) GIWAXS 2D patterns of IDTT2F, IDTOT2F, PBDB-T:IDTT2F, and
PBDB-T:IDTOT2F films. (b) Corresponding scattering profiles in the IP
(black) and OOP (red) directions. Copyright 2018, American Chemical
Society.

Lately, a series of A-n-D-n-A type nonfullerene acceptors
(NFAs) IDTCN-C, IDTCN-O and IDTCN-S have been designed
and synthesized, which bear alkyl, alkyloxy and alkylthio side
chains at the outer position of the  bridge unit, respectively.'**
The introduction of a side chain at the outer position of the «
bridge unit can endow the terminal moiety with a confined
planar conformation due to the steric hindrance effect. These
acceptors tend to form close n-n stacking with the favorable
face-on orientation. Due to the slightly up-shifted LUMO level
and more balanced charge transport, a PCE of 13.28% is
obtained for the IDTCN-O based as-cast devices. These research
studies demonstrate that the local planarity of the terminal
group is as important as the planarity of the whole molecule
and the side chain engineering is an effective way to tune the
molecular conformation (Table 1).

Table 1 Photovoltaic parameters of A—t—D—-n—A type NFAs with IDT as
the core unit

HOMO LUMO E, Voo Js(mA PCE

NFAs (eV) (eV) (ev) (V) cm?) FF (%)  Ref.
IDT- -551  —3.78 1.63 1.01 17.52 0.54 9.60 69
BOC6

IDT-BC6 —5.55  —3.82 1.75 0.92 5.63 0.44 2.30 69
ITOIC  —5.48  —3.75 1.55 1.02 15.73 0.55 8.87 101
ITOIC-F —5.52  —3.82 1.50 0.95 18.60 0.61 10.65 101
ITOIC-2F —5.57  —3.87  1.45 0.90 21.04 0.65 12.17 101
IEICO  —5.32 -3.95 1.34 0.82 17.70 0.58 8.40 109
IEICO-4F —5.44  —4.19 124 0.74 22.80 0.59 10.00 110
IEICO- —5.56  —4.23 1.23 0.73 22.80 0.62 10.30 111
4Cl

IDTOT2F —5.54  —3.94 1.44 0.85 20.87 0.72 12.79 102
IDTO-T- —5.49  —3.88  1.45 0.86 20.12 0.73 12.62 103
4F

IDT-Tz  —5.62  —4.09 1.53 0.88 13.67 0.71 8.52 108
IDT- -5.43  —3.80 1.63 0.86 21.34 0.62 11.32 105
EDOT

IDT- -539  —3.77 1.62 0.85 5.26 0.49 2.18 105
PDOT

IDTO-Se- —5.48  —3.90 1.40 0.83 18.55 0.69 10.67 103
4F

IDTO-TT- —5.39  —3.89  1.38 0.86 17.21 0.69 10.21 103
4F

IDT-3MT —5.68  —4.16  1.52 0.95 14.43 0.61 8.40 112
ORCN  —5.37 —3.56 1.64 0.87 11.50 0.62 6.40 113

This journal is © The Royal Society of Chemistry 2021
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Besides, the electron rich 3,4-ethylenedioxythiophene and
3,4-propylenedioxythiophene are selected as the © bridge units
to construct IDT-EDOT and IDT-PDOT, respectively.'® Interestingly,
these two acceptors display significantly different PCEs. A much
higher PCE of 11.32% is achieved with IDT-EDOT as the acceptor,
whereas the photovoltaic devices based on IDT-PDOT only give a
PCE of 2.18%. Further investigations demonstrate that the lower
molar absorption coefficient, larger n-n stacking distance and
inferior charge transport mobility can well explain the poor photo-
voltaic performance of IDT-PDOT based devices. Subsequently,
IDT-PDOT-C6 with 3,4-propylenedioxythiophene bearing two hexyl
side chains as the m bridge unit is synthesized. IDT-PDOT-C6 is
introduced to the PBDB-T:IDTT-OB binary system as the third
component to fabricate ternary OSCs, where IDTT-OB is an asym-
metric acceptor developed by our group. The ternary devices display
an elevated PCE of 13.04%, which is much higher than the two
corresponding binary devices. The V., Js. and FF are simultaneously
enhanced and a low Ej is achieved for the ternary devices.'®®
When PC,,BM is introduced to the PBDB-T:IDT-EDOT system as the
third component, the ternary devices realize photovoltaic perfor-
mance enhancement, and the device performance is not sensitive to
the ratios of the two acceptors. Interestingly, the ternary devices
display enhanced phase purity and increased EQEg.""”

In short, the © bridge in A-n-D-n-A type acceptors, which
acts as the crucial linker between the donor core and the
electron deficient terminal group, can tune the molecular
conformation, extend the effective conjugation length, adjust
the energy levels, and regulate the morphology of the blend
films.***"** Until now, varied © bridge units and central IDT
derivatives are used to construct the A-n-D-n-A type nonfullerene
acceptors with the aid of noncovalent interactions as shown in
Fig. 12.

3.2 Nonfused NFAs based on the cyclopentadithiophene
(CPDT) unit

A fused ring donor unit plus two flanked n-bridges could be a
simple strategy to extend the conjugation length of NFAs.
Alternatively, the connection of two fused ring donor units by
a central n-bridge unit can also be used to accomplish such
function. CPDT is a commonly used electron donor unit, which
can be adopted to construct low bandgap and high mobility
conjugated materials. In 2018, Chen et al. reported a nonfused
NFA called DF-PCIC with two CPDT units. For DF-PCIC, the
F---H INCIs can help to generate nearly planar molecular
geometry. After device optimization, a high PCE of 10.14% is
achieved with a high FF of 0.72."'* Besides, devices based on
these acceptors display a good thermal stability as 70% of the
original PCE could be still preserved after thermal treatment at
180 °C for 12 h. Subsequently, different fluorinated benzene
cores such as 2,3,5,6-tetrafluorobenzene and 2,5-difuoro-3,6-
dimethoxybenzene were used to synthesize nonfused NFAs,
which could tune the molecular packing, the domain size and
charge transport mobility etc. (Fig. 13).

In the meantime, we construct a series of low-cost NFAs
(DOC6-IC, DOCS-IC, DOC2C6-IC, and DOC2C6-2F) with a
ladder-like core with the aid of S- - -O INCISs to avoid the tedious
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Fig. 12 Chemical structures of A-n—D-n—A type NFAs with IDT as the core unit.

synthesis for the fused-ring electron acceptors.””''> The as-
synthesized acceptors display broad absorption ranging from 550
to 850 nm. Compared with the counterpart DC6-IC without INCISs,
all acceptors present much higher fluorescence quantum yields
(ng1)- Besides, the solubility of these NFAs can be adjusted by the
lateral alkyl chains, and thus the film morphology can be well
optimized. Encouragingly, as shown in Fig. 14, the photovoltaic
devices realize relatively high EQEg;, and a very low non-radiative
recombination energy loss of approximately 0.2 eV. Due to the
distinct advantages of DOC2C6-2F, its devices with PBDB-T as the
donor afford a high PCE of 13.24%. A slightly enlarged central core
such as naphthalene is also tried as well and two isomers NOC6F-1
and NOC6F-2 with two alkyloxy chains located at the different

a) b)

o’ o,

. .
GIo PIEP IS B S0 PUSY

Fig. 13 (a) Chemical structure of ITIC. (b) Chemical structure and geo-
metry of DF-PCIC. Copyright 2018, John Wiley & Sons.
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positions (2,6- and 1,5-) of the naphthalene unit are designed and
synthesized."'® As shown in Fig. 15, these two NFAs exhibit quite
different molecular geometries and a large distortion occurs in
simplified NOC6F-2 according to DFT calculations, which is dis-
advantageous for electron delocalization and n-r stacking. Hence,
the twisted NFA NOC6F-2 only gives a PCE of 6.74%, whereas a
much higher PCE of 10.62% is achieved for NOC6F-1, ascribed to its

c 10°
non-rad loss: gAl, = 0.20 eV gAV, =0.21eV
104 — gAV, =022 eV
gAV, = 027 eV
il anS
w 107 4
o
w gAV._ =030 eV
% n - DOC6-IC
" ——DOCB8-IC
- DOC2C6-IC
7 ——DC64C
1077 —— DOC2C6-2F
—
0.0 5.0 10.0 15.0 20.0 25.0

Injected Current Density (mA cm'z)

Fig. 14 EQEg_ of the solar cells based on different acceptors. Copyright
2019, Macmillan Publishers.
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Fig. 15 Simulated molecular geometries obtained by DFT calculations for
NOC6F-1 and NOC6F-2 in a simplified mode. Copyright 2018, Royal
Society of Chemistry.

enhanced planarity and improved intermolecular n—r interactions
(Fig. 15).

Similar to the INCI assisted CPs mentioned above, multiple
noncovalent interactions could be introduced to the NFA
molecular design via different combinations. Recently, 2-
alkyloxy-5-fluorobenzene was also utilized as the central unit
and a series of CPDT based acceptors (FOC6-IC, FOC6-FIC and
FOC2C6-2FIC) were designed and synthesized.''” As shown in
Fig. 17 and 18, the single crystal results of FOC6-FIC and
FOC2C6-2FIC confirm the existence of multiple INCIs, which
play a critical role in forming the planar molecular backbones.
Though all molecules possess very similar planar molecular
configurations, the terminal constitutions would greatly

R = 2-ethylhexyl
X=H Ry=CgHys
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Fig. 16 Chemical structures of NFAs with the CPDT unit.
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Table 2 Photovoltaic parameters of NFAs with the CPDT unit

HOMO  LUMO By Vo Jsc (MA/ PCE

NFAs (V)  (eV)  (eV) (V) ‘em FF (%)  Ref.
DF-PCIC —5.49 —3.77 1.59 0.91 15.66 0.72 10.14 114
DCe6-IC —5.53 —3.79 1.69 0.99 11.19 0.62 6.87 70
DOC6-IC —5.33 —3.72 1.43 0.91 19.21 0.60 10.52 70
DOCS8-IC —5.36 —3.71 1.39 0.92 17.74 0.57 9.41 70
DOC2C6- —5.38 —3.73 1.44 0.93 18.85 0.63 11.10 70
IC

DOC2C6- —5.49 —3.83 1.42 0.85 21.35 0.73 13.24 70
2F

NOC6F-1 —5.55 —3.77 1.58 0.95 17.08 0.66 10.62 116
NOC6F-2 —5.50 —3.72 1.68 0.96 13.21 0.53 6.74 116
FOC6-IC —5.42 —3.77 1.51 0.93 17.64 0.66 10.80 117
FOC6-FIC —5.47 —3.81 1.47 0.89 19.18 0.71 12.08 117
FOC2C6- —5.51 —3.84 1.43 0.87 19.66 0.72 12.36 117
FIC

BT-IC4F —5.89 —4.27 1.37 0.69 21.40 0.66 9.83 118
BT2F- —5.98 —4.31 1.38 0.67 19.43 0.65 8.45 118
IC4F

BTOR- —5.92 —4.23 1.37 0.80 20.57 0.70 11.48 118
IC4AF

BDTS-4Cl —5.45 —3.82 1.46 0.83 9.80 0.46 3.73 123
BDTC-4Cl —5.35 —3.75 1.42 0.86 18.56 0.60 9.54 123
OF-PCIC —5.66 —3.86 1.59 0.91 13.76 0.73 9.09 124
HFO- —5.50 —3.81 1.48 0.93 12.62 0.71 8.36 124
PCIC

DF-PCNC —5.42 —3.81 1.54 0.86 18.16 0.73 11.63 125

influence the molecular stacking, orientation and crystallinity
in the single crystals. Consequently, a high PCE of 12.36% is
achieved for FOC2C6-2FIC-based devices, which is higher than
that of FOC6-FIC (12.08%) and FOC6-IC (10.80%).

Except for the electron neutral and rich central unit, the
electron deficient BT unit is adopted as the A, unit for the NFAs
design and a series of A;-D-A,-D-A; type small molecular
acceptors (BT-IC4F, BT2F-IC4F and BTOR-IC4AF) have been

X=Si BDTS-4CI
X=C BDTC-4CI

R = 2-ethylhexyl

DF-PCNC
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Fig. 17 Single crystal structures of (a) FOC6-IC and (b) FO2C6-2FIC.
Copyright 2020, American Chemical Society.
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Fig. 18 Crystal stacking diagrams of (a) FOC6-IC dimer and (b and c)
FOC2C6-2FIC dimer in the top view. Copyright 2020, American Chemical
Society.

reported recently by several groups.’'®"*° Due to the intra-
molecular S---N, F---S and O---S interactions, these acceptor
molecules possess flat conformations for the molecular back-
bones. The introduction of two alkyloxy side chains at the BT
unit could improve the solubility of small molecules and form
appropriate blend film morphologies. Finally, devices based on
BTOR-IC4F achieve a high PCE of 11.48%. Most importantly,
PSCs based on BTOR-IC4F also exhibit the lowest non-radiative
and radiative energy losses of 0.28 and 0.27 eV, respectively.
Subsequently, acceptors with varied central units such as 3,4-
difluorothiophene, benzodithiophene, etc.'>** have been
developed, as shown in Fig. 16. The photovoltaic parameters
of NFAs with CPDT units are also summarized in Table 2.

4. Conclusion and outlook

In conclusion, this review briefly introduces the design and
construction of high performance photovoltaic materials includ-
ing conjugated polymer donors, small molecular acceptors and
hole transport polymers with the aid of INCIs. The introduction
of INCIs can endow the polymer backbones with better planarity
without significantly reducing their solubility. Thus, a good
balance between processability and close packing for polymers
can be achieved. The introduction of INCIs in the design and
synthesis of nonfullerene acceptors can achieve a planar mole-
cular backbone and bypass the complicated and low yield ring
closure reactions, making it possible to acquire low-cost and
high performance acceptor materials. The introduction of INCIs
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to conjugated polymers can endow the polymers with a ladder-
like structure, allow the polymer chains to form closely packed
structures, and make it possible for them to be used as hole
transport materials for perovskite solar cells. Due to the solubi-
lity and dopant-free character, ladder-like conjugated polymers
as hole transport materials for perovskite solar cells can greatly
improve the device stability and durability. In all, we have
demonstrated that INCIs are extremely useful in the design
and synthesis of high performance optoelectronic materials.

For the outlook, the following aspects need to be explored:

(1) As for conjugated polymer donors, INCIs could elevate
the planarity of the polymer backbones, which may bring
solubility issues. Thus, balancing the molecular planarity and
solubility is essential to guarantee the processability of materi-
als. So, how to precisely and appropriately control the dynamic
confinements of these polymers would be an effective way to
achieve high performance materials.

(2) As for nonfullerene acceptors, the introduction of intra-
molecular noncovalent interactions could reduce the number
of fused rings, thus simplifying the synthesis. Besides, low
nonradiative energy loss is achieved in most photovoltaic
devices based on these acceptors. However, the photovoltaic
performance of nonfused acceptors is slightly lower than that
of FREAs. It is highly important to further develop NFAs with
the aid of INCIs. To obtain high performance acceptors, we
should not only develop the noncovalent interaction type, but
also consider the influence of intramolecular noncovalent
interaction on the absorption, energy levels, solubility, etc.

(3) As for hole transport materials, the utilization of intra-
molecular noncovalent interaction in the design of conjugated
polymers or small molecules is still rarely reported. Hence, the
recognition to this field needs a few more examples. More
importantly, our previous work already demonstrates its
potential application in stable dopant-free perovskite solar cells.

In short, the introduction of INCIs can largely affect the
molecular planarity, energy levels, absorption, etc. With the aid
of INCIs, varied organic conjugated semiconductors are suc-
cessfully developed and used in organic and perovskite solar
cells. Empirical molecular design rules can greatly assist the
reservation of the planar conformations, but morphology and
device physics characterization should be involved in the future
study so as to provide better understanding of the physical
processes governing device performances. In addition, these
INCI-based conjugated materials might also be utilized in other
areas such as biological materials, photoelectric detectors,
thermoelectric materials, etc.
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