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The design and development of functional materials with real-life applications are highly demanding.
Understanding and controlling inter- and intra-molecular interactions provide opportunities to design
new materials. A judicious manipulation of the molecular structure significantly alters such interactions
and can boost selected properties and functions of the material. There is burgeoning evidence of the
beneficial effects of non-covalent interactions (NCls), showing that manipulating NCls may generate
functional materials with a wide variety of physical properties leading to applications in catalysis, drug
delivery, crystal engineering, etc. This prompted us to review the implications of NCls on the molecular
Received 2nd April 2022 packing, optical properties, and applications of functional m-conjugated materials. To this end, this
tutorial review will cover different types of interactions (electrostatic, n-interactions, metallophilic, etc.)
and their impact on m-conjugated materials. Attempts have also been made to delineate the effects of
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Key learning points
(1) Key features and properties of NCIs in m-conjugated materials.

weak interactions on opto-electronic (O-E) applications.

(2) Effect of NCIs on the structural and photo-physical properties of n-conjugated materials.

(3) Recent examples from the literature to highlight the design strategies.

(4) Opto-electronic (O-E) applications of NCI modulated materials: from organic solar cells (OSCs) through organic light emitting diodes (OLEDs) to organic

field-effect transistors (OFETSs) and rechargeable batteries.
(5) Prospects and challenges of exploiting NCIs.

1. Introduction

Despite the advances made in modern science and technology,
several challenges need to be addressed to realize materials
suitable for real-life applications. For instance, replacing inor-
ganic components with organic counterparts in opto-electronic
(O-E) devices while maintaining flexibility and performance is
one of the contemporary challenges. To tackle this, a plethora
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of research activities have been devoted to developing
n-conjugated organic and organometallic compounds. This
class of materials is attractive due to their exceptional and
tuneable structural features, their variety of optical properties,
and the diverse applications in which they can be used. During
the design and development of these materials, several exciting
discoveries related to inter- and intra-molecular processes have
also been made." For instance, the charge transport (CT)
phenomena are dependent upon conjugation length, molecular
stacking, chain entanglement and multiple weak interactions
in solid-state materials. Based on such knowledge, strategies
have been developed to tune the properties and applications.
Classically, researchers modify the chain length and the molecular
spacers and introduce heavy metal ions in the main or side chains
to modulate the properties of the oligomeric and polymeric
materials. These strategies work well in modulating the structural,
photo-physical, thermal, and mechanical properties in several
cases, but not always. One modern approach is to modify the
properties of m-conjugated molecular systems is by introducing

This journal is © The Royal Society of Chemistry 2023
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non-covalent interactions (NCIs).” Basically, NCIs are a group of
weaker and kinetically labile forces that control the overall proper-
ties of a given system. Knowledge of the inherent presence of NCIs
in molecular systems is centuries old, but their manipulation to
realize new materials is a relatively new area of research. Today,
the substantial importance of inter- and intra-molecular NCIs in
both the natural (cellular signalling, transportation of small
molecules, enzymatic reactions, etc.) and synthetic worlds (design
and synthesis of self-assembled nanostructures and supramole-
cular architectures) is well established.? It has been shown that
the overall performance of a m-conjugated material can be easily
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fine-tuned via variation/introduction of NCIs, which alter their
backbone co-planarity, molecular packing, CT properties, and
excited state dynamics. The usefulness of NCIs in materials
science and other research areas, such as organic and inorganic
polymers, catalysis, and photo-voltaic applications, has been well
reviewed by peers in the past.*™® It is worth mentioning that the
NCIs also serve as primary driving forces in supramolecular
assemblies such as metal-organic frameworks (MOFs) or porous
coordination polymers (PCPs),’ covalent organic frameworks
(COFs) or porous organic polymers (POPs),® hydrogen-bonded
organic frameworks (HOFs),’ and nanomaterials.'"® As the
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structural and electronic properties of these materials are a
function of one or more NCIs, extensive research has been carried
out recently on the understanding and applications of NCIs.
A search on the Web of Science database using the keyword
“non-covalent interactions” indicated 9253 publications in various
fields during the period 2000-2022 (Table S1 in ESIt). Besides,
citations on this topic also keep increasing.

Despite the vast number of papers published, we present
this tutorial review for two main reasons: (a) the rapid progress
made in recent years and (b) our long-standing interest in the
design and development of n-conjugated functional materials.
This Tutorial Review focuses on state-of-the-art m-conjugated
functional materials that can be manipulated through NCIs.
This review starts with an introductory discussion on NCIs
prevalent in m-conjugated organic and organometallic frame-
works. This is followed by a discussion on the effect of NCIs on
the structural and photo-physical properties. In this section, we
describe structural features that promote NCIs. Following this,
we describe NCI-modulated organic semiconductors and their
applications in different research areas.

2. Non-covalent interactions (NClIs) in
n-conjugated systems

Studies on NCIs have been an intriguing topic of interest
recently due to their impact on wide-ranging applications.
Since the concept of NCIs was introduced, an understanding
of their role has been increasingly explored.’* NCIs are rela-
tively weak and do not have the directionality of covalent bonds
but can be smartly tailored to endow new properties. Various
inter- and intra-molecular NCIs with different features can be
found in the literature. While some are prevalent in organic
systems (Fig. 1 and Table 1),>*'? others (e.g., interaction with
metal centres) are found in organometallic and inorganic
complexes. It is worth noting that, in a complex structure
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Fig.1 Key NCls found in m-conjugated functional materials that are
responsible for the structural features and the properties that the materials
exhibit.

(e.g., oligomer or polymer), combinations of NCIs work together
and define the overall properties. Herein, we briefly highlight
the features and properties of NCIs in m-conjugated systems.

Among a large pool of functional materials, the hydrogen
bond (HB) is by far the most exploited NCI because of its
directionality and simplicity. It has an electrostatic (dipole-
dipole) origin, possesses a partly covalent character, and can be
found between various molecular fragments."* Hydrogen bonding
can be divided into traditional (X-H---X, X = F, O, N) and non-
traditional (O---H- Csp, N---H- CSP , C-H---n, C-F---H-O and
C-F---H-N) hydrogen bonding, depending on the interacting
partners. They have been exploited to engineer crystals, planarize
conjugated backbones, restrict conformational changes, enhance
conjugation length, lower the bandgap (Eg”) and assemble
large supramolecular architectures. The role of inter- and intra-
molecular hydrogen bonding in crystal engineering and materials
science is well established.'* For instance, intermolecular hydro-
gen bonding between an organic phosphor and a solid matrix
(e poly(vinyl alcohol)) aids in achieving room temperature
phosphorescence by restricting the vibrational/diffusional motion
of the phosphors.*®

When a halogen atom (X = Cl, Br, or I) is covalently linked to
a group (R), it creates an electrophilic site over the X, known
as o-hole.'® This region interacts with the electron-rich site in
the same or different molecule (Y, Fig. 1). The strength of the
c-hole depends on the nature of the substituent (i.e., R) and the
type of halogen atom. In principle, a deeper c-hole and a
stronger XB is observed when the substituent (R) is electron-
withdrawing and the halogen is larger. Well-known for their
versatile interaction directionality, XBs have proven useful in
altering the molecular packing, electron transport and self-
assembly of the materials."” XB is rare in fluoro-substituted
aromatic compound'® due to the strong electronegativity,
low polarizability and the absence of c-hole. XBs are of
similar strength and often exist in combination with hydrogen
bonding. However, unlike hydrogen bonding, XB interactions
are hydrophobic and do not involve polar groups or trap
charges and disturb charge transfer, which is beneficial for OE
applications.'® XBs can suppress molecular motions, enhance

This journal is © The Royal Society of Chemistry 2023
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Table 1 Some prominent NCls, their features, and utilities in m-conjugated semiconductor research

NCIs*  Key features Utilities in organic semiconductor research

HB Directional, interaction strength ranges from weak to strong,  Crystal engineering, backbone co-planarization, conformation restric-
H-- X distance (d = 1.6-2.0 A), preferred X-H- - -X angle = tion, conjugation length increment, control of diffusional motion of the
145-180°. matrix, and assist supra-molecular assembly formation.

XB More directional, interaction strength ranges from weak Crystal engineering, enhance phosphorescence via suppressing mole-
to strong, halogen-dependent interaction, hydrophobic in cular motion, promoting spin-orbit coupling (SOC) and, restricting
nature, and R-X: - Y angle close to 180°. vibrational motion of the phosphors, assist in supra-molecular assem-

bly formation.

ChB Directional, interaction strength ranges from weak to fairly Crystal engineering, improves electronic delocalization, facilitate CT,
strong, chalcogen-dependent interaction, hydrophobic in enhance backbone co-planarity and intermolecular coupling.
nature, R-Ch- - -L bond angle close to 180°.

-7 Directional, interaction strength ranges from weak to fairly Crystal engineering, prevent intermolecular aggregation, modulate
strong, hydrophobic molecular packing, and electron mobility.

MP Directional and relatively weak to moderate strength, Bestow metal-metal-to-ligand charge transfer (MMLCT) emissive state

d =3.0-2.5 A in Pt(u)- - -Pt(u), 2.7-3.3 A in Au(1)- - -Au(1).

and assist the aggregate formation.

HB: H-bonding; CB: halogen bonding; ChB: chalcogen bonding; MP: metallophilic. R = alkyl, Ch = chalcogen, L = acceptor.

spin orbit coupling (SOC), and thereby bestow phosphores-
cence features."”

In contrast to XB, when the ¢ holes are present over a
chalcogen atom (Ch), an electrostatic interaction takes place
between the chalcogen (Ch = S, Se, Te) acting as an acceptor
and a Lewis base (L) as the donor.”>?" These interactions have
recently been used as an alternative to hydrogen bonding.® The
integration of ChB to a conjugated organic material increases
backbone co-planarity and intermolecular coupling.

n-Interactions involve interactions between entities contain-
ing m orbitals. Various types of n-interactions such as H-m, n-n,
n'-m, ©'-n', ion-n, = -w, and © -~ interactions with energy
ranging from 1.5-40 kcal have been reported** with the ability
to enhance the conformational stability.>®> Among these, n-n
interactions (parallel stacked, parallel displaced, edge to face,
T-shaped configuration) (Fig. 1) are one of the most exploited
NCIs in supramolecular chemistry and are often used in combi-
nation with other NCIs. Furthermore, they are instrumental in
materials science due to their facile, non-destructive, and rever-
sible nature.** In addition to these main NCIs, other interactions
that provide driving forces in many supramolecular systems and
are used to tailor the electronic structure and optical properties
of conjugated systems include metallophilic (MP), hydrophobic,
dipole-dipole anion-r interactions (vide infra).

3. Visualizing NCls: a formidable task

Monitoring molecular structures and characterizing the nature
of NCIs have always been challenging. Among the classical
experimental techniques, NCIs in solids and solutions are
characterized primarily through infrared (IR), nuclear magnetic
resonance (NMR), Raman spectroscopic and crystallographic
techniques.>”® For instance, IR spectroscopy is beneficial in
providing information on the presence or absence of the
electrostatic interactions such as hydrogen bonding. Further
information (e.g., intra-, or intermolecular nature) can be
obtained by 1D and 2D NMR techniques such as variable
temperature (VT) NMR and deuterium exchange experiments.
X-ray diffraction (powder and single XRD) analysis is a direct
method for visualising the extent of NCIs.>**° Moreover, the

This journal is © The Royal Society of Chemistry 2023

valuable contribution of computational calculations cannot be
ignored.****

While studying NCIs in supramolecular assemblies, one
main challenge is to map and prove the presence of a particular
NCI as they are dynamic, flexible, reversible, and sensitive to
minor stimuli. To overcome this, the use of state-of-the-art
surface science techniques such as atomic force microscopy
(AFM)**?* scanning tunnelling microscopy (STM)** and their
32:3536 a5 well as electron microscopy’” have emerged as
very useful methods because they allow a good understanding of
NCIs at the molecular level with high resolution. Not only are
they able to resolve the chemical structure of a single molecule,
but they also assist in identifying different on-surface synthe-
sized products,®® and discriminate between spin states.>> In
order to explore how small molecules interact with a porous
material, Wei and co-workers®” employed the integrated differ-
ential phase contrast scanning transmission electron micro-
scopy (iDPC-STEM) technique to understand the behaviour of
heterocyclic compounds such as pyridine within zeolite ZSM-5.
They successfully imaged both the empty ZSM-5 and pyridine-
saturated channels. Besides, the adsorption/desorption beha-
viour of the pyridine was also studied.

To gain an in-depth understanding of the role of XB,
researchers investigated the feature of XB in various organic
assemblies. For instance, molecular assemblies with C-F- - -F-C
interaction are relatively rare due to the lack of c-hole over
fluorine atom.'® However, theoretical calculations on a highly
substituted fluorinated oligo(arylene ethynylene) revealed that
the attractive interaction might prevail over the repulsive
forces.'® To test this, a STM image of (bis(2,3,5,6-tetrafluoro-
4-(2,3,4,5,6-pentafluorophenylethynyl) phenyl) ethyne (1, Fig. 2)
on Ag(111) surface was collected (Fig. 2a). It was noted that the
oligomers self-assemble to form highly directional C-F- - -F bonds
(Fig. 2b and c) with “windmill” structure (Fig. 2d). However, in the
case of small molecules such as tetrakis(4-fluorophenyl) methane,
Kelvin probe force microscopy (KPFM) revealed that there is an
isotropic negative charge on the F atom,*® in contrast to its
brominated analogue, which bears c-hole.

The presence of diverse XB in 2,7,13,18-tetrabromo dibenzo
[a,c]dibenzo[5,6:7,8]quinoxalino[2,3-{Jphenazine (2, Fig. 2) molecular

variants

Chem. Soc. Rev,, 2023, 52, 454-472 | 457
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Fig. 2 (a) STM topography of the self-assembled fluorinated phenyle-
neethynylene 1 on Ag(111) surface, (b and c) Frequency shift (Af) map of the
self-assembly with a unit cell in black and magnified Af map in white
rectangle, (d) magnified area with superimposed stick-and-ball drawing of
the molecules. (e and f) STM and AFM images of 2 trimer stabilized by
multiple halogen bonds. For additional details, please see original refer-
ences. Reproduced with permission from ref. 16 (Copyright (2015) Amer-
ican Chemical Society) and ref. 40 (Copyright (2022) Wiley-VCH GmbH).

clusters has also been identified using combined AFM/STM
techniques.*® It was demonstrated that the compound formed
three types (Br- - -H, Br- - -Br and Br- - -N) of XBs depending on its
molecular environment (Fig. 2e and f). Furthermore, a similar
technique was employed to study the self-assembly process of
3D molecular clusters driven by XB, HB, and lone pair-- -«
interactions.** Overall, interaction study using surface science
techniques has made a tremendous advance and offers real-
space monitoring of intricate interactions and molecular
assemblies at the atomic scale.

3]
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4. Impact of NCls on the structural
and photo-physical properties of
n-conjugated organic materials

In m-conjugated semiconductors, the strength and orientation
of the charge transfer (CT) is a function of the molecular
packing conformation and can be regulated by various NCIs.
Therefore, the overall O-E properties and application of a
n-conjugated material can be fine-tuned by controlling NCI.
In the upcoming sub-sections, we discuss the recent literature
on the effect of HB, ChB, XB, dipole-dipole, metallophilic and
n-interactions on the structure, photo-physical and photo-
electrical properties of n-conjugated materials.

4.1. H-bonding

Compounds 3 and 4 (Chart 1) are among recent examples that
have been reported with HB-regulated molecular and electronic
properties in the solid state.>® The presence of a 6-membered
intramolecular H-bonded ring (as confirmed by NMR and
absorption spectroscopic data) in 3 and 4 induced co-
planarity in the backbone. Red-shifted absorption/emission
spectra, lower EgP and increased thermal stability further con-
firm the beneficial effect of hydrogen bonding. In a similar
study, it was found that intramolecular Ar-H---O bonding
between fluorescent dyad 5 (Chart 1) containing perylene
bisimide (PBI) as the donor and naphthyl as the acceptor
moieties show interesting temperature-dependent emission
behaviour. The methoxy group on the naphthalene unit assists
the formation of hydrogen bond with hydrogen atom of the PBI
unit, leading to co-planarization, delocalization of m-electrons,
and intramolecular charge transfer (ICT) induced fluorescence
quenching (Fig. 3a).**> Owing to the weak nature of hydrogen
bond, a rare temperature-dependent increase in emission
intensity and lifetime was noted. Such a positive temperature
effect is rare and attributed to the distortion in co-planarity and
a decreased degree of ICT upon increasing temperature.
Although various types of non-traditional hydrogen bonding

"
o]
Ar= - 0/—>_\_>-

o
TIPS = Triisopropylsilyl\_<_\§<
R
o

CizHzs

R= C1oHa1

Chart 1 Chemical structure of hydrogen bonded n-conjugated materials discussed in this review. Dotted lines depict interacting fragments.

458 | Chem. Soc. Rev., 2023, 52, 454-472

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00262k

Open Access Article. Published on 03 January 2023. Downloaded on 7/19/2025 6:38:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

pre-equilibrium
|CT?

Ar-H-+O Hydrogen b'oﬁds

equilibrium
——

Coplanar Form

Twisted Form
(a)
Fig. 3

View Article Online

Chem Soc Rev

2.982A

3.025 A

(b)

(a) The presence of coplanar and twisted structures driven by weak intramolecular hydrogen bonding in 5, (b) DFT optimized structure of 6. Reproduced

with permission from ref. 27 (Copyright (2021) American Chemical Society) and ref. 42 (Copyright (2020) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

(e.g., C-F---H-O and C-F---H-N) are known in the literature,
the formation of C-F---H-C hydrogen bond remains elusive.
Theoretical calculations on tetrafluorophenylene embedded
ethynylene-conjugated porphyrin rings 6 (Chart 1) revealed
possible C-F---H-C interactions (dg..;; = ~3 A) between the B-
protons of the porphyrin ring and the adjacent fluorophenyl ethynyl
group (Fig. 3b).*” Interestingly, "H NMR spectroscopic results
unambiguously confirmed the presence of C-F---H-C interaction
in the solution. A marginal effect on the absorption and emission
was also seen. Besides, complex 6 exhibits a co-planar structure
owing to the torsional restriction through C-F---H-C interactions.

Organic semiconductors such as vinylene-bridged bis(benzo-
thiadiazole) (BBTV) are well-known electron acceptors. When
linked to a suitable donor, it shows excellent electron transport
properties. However, DFT calculations suggest the presence of
detrimental ¢rans—cis isomerization with inter-ring torsion angles
of ~1.2° to 2.8°. Michinobu and co-workers"® found that intro-
ducing intramolecular HB in fluorinated BBTV-based polymers
can effectively restrict the rotation, induce co-planarity, enhance
electron mobility, aid thin-film crystallinity, and influence mole-
cular packing orientation. An ultraviolet (UV)-vis-near-infrared
(NIR) spectroscopic study revealed that the polymer 7 (Chart 1)
share absorption profile similar to the one without NCI in
solution (Afm = 510 nm and EP = 1.70 eV), while slightly red
shifted peak in thin film (2fam = 510 nm with a shoulder at
624 nm, E” = 1.62 eV), indicating better hydrogen bonding
mediated solid-state packing. On the other hand, 8 and 9
(Chart 1) displayed a significantly red-shifted absorption profile
(;,fi{g; =676 nm, 917 nm and EgP = 1.50 eV, 1.08 eV, respectively),
attributed to a more rigid backbone, extended n-conjugation,
and O---H bonding. Nevertheless, the presence of additional
O- - -H hydrogen bond in 9 was also responsible for the reduction
in dihedral angle (40° — 20°), thereby shortening the n-n stacking
distance (dn-r = 3.40 A). In fact, this value is one of the shortest
among high-performance semiconducting polymers.

4.2. Halogen bond (XB)

Materials that phosphoresce at room temperature are in high
demand due to their wide-ranging applications in the area of

This journal is © The Royal Society of Chemistry 2023

sensing, imaging, anti-counterfeiting, etc. Although numerous
organometallic room temperature phosphorescent (RTP) mate-
rials with ultralong lifetimes are available, realizing metal-free
RTPs with a high quantum efficiency (®,) remains elusive.
Fortunately, heavy halogen atoms in the organic core have
been found to facilitate the intersystem crossing (ISC) process
and boost the triplet exciton population via XB and the heavy
atom effect. XB has also been associated with suppressed non-
radiative pathways and prolonged lifetimes in 10-13 (Chart 2
and Fig. 4a). Furthermore, by simply changing the position of
the halogen atom, the strength of intramolecular XB can be
varied, leading to ultralong emissions that are detectable to the
naked eye.' For example, the photophysical processes were
mainly governed by the heavy atom effect in 10 (@, = 6.0%)
and 11 (@, = 3.4%), it is mainly XB mediated in 12 (¢, = 52.1%)
and 13 (@, = 27.3%) (Fig. 4b)." Zhou et al.** reported XB
enabled RTP feature in compounds 14a-d (Chart 2). In
contrast to the other naphthalene-based cores, these compounds
were found non-emissive in solution. However, compounds
having bromine substituents were found to phosphoresce
(500-700 nm region) in the solid state (¢, = 1.4%, 1, = 1.53 ms
for 14b, @, = 19.6%, 1, = 1.94 ms for 14c and &, = 9.3%, 1}, =
1.11 ms for 14d). The low performance of 14b and 14d clearly
indicates the requirement for the optimum number of halogen
atoms for structural and electronic balance.

4.3. Chalcogen-bonding (ChB)

Generally, a conjugated material bearing one or more heteroa-
tomic spacers exhibits appealing photo-physical properties.
Especially, materials containing chalcogenides (S, Se, Te)-
based spacer are fascinating. This is indeed due to their ability
to endow ChB interactions to the molecule and control the
conformation and architecture. Materials incorporating hetero-
cyclic spacers such as thiophenes, thienothiophenes, thiazole,
3,4-ethylenedioxythiophene (EDOT), diketopyrrolo pyrrole
(DPP), etc. are often utilized in organic semiconductor research
because of their ability to make five or six-membered ring
involving ChB. Using a suitable side chain (e.g., OR), the sub-
stituent (e.g., F) or neighbouring aromatic ring (e.g., pyridine,

Chem. Soc. Rev., 2023, 52, 454-472 | 459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00262k

Open Access Article. Published on 03 January 2023. Downloaded on 7/19/2025 6:38:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Boro- G, 2o Qs
Troto- T-oid ot -0

(10) 1) (12) (13)

0 RR_o ) ) )
R R A 2 Aa 2 A =Q A
+ T (a:R=OEtRy=R;=R3=R;=H NS, N ATAN s N ATAR T N AT
9@ =T =T Y
Ry R, (b): R=OEt Ry =Br;Ry=R3=Rs=H Ne S N s No s
o ° o o 0"
RR

(c):R=OEt; R =R3=Br;R, =Ry =H

(14) (d):R=0Et;Ry=R;=R3=R,=Br (15a) (15b) (15¢)
Ar = 4-hexyl phenyl, 5-hexylthienyl

FF 16) FF [ “7) [<R]
(a): X =N-R, and R = 2-Ethylhexyl (@:X=Y=8
(b):X=S,Y=Se
(b): X =S and R = 2-Butyloctyl (c:X=Y=S8e
(c): X = Se and R = 2-Butyloctyl R = 2-Butyloctyl
0.0
1 CLO
Te CaHo N
S\
| F
X~ "Te F
(18) (20) R
X= (a:N @1
(b): CH R = H, Me, OMe,
Q F, Cl, Br
Ny S
‘\J/\rs
M
N
(19) Ar=pCHyCeHy R= 3 g, (22)

Chart 2 Chemical structures of n-conjugated materials with XB and n—=
dependent properties.

(a) Heavy atom facilitator Halogen bond facilitator
S, S,
- ... ISC - ~Enhanced ISC
) T, — ] 3 T 4
Stabiizaton " T,* Stabiization " T,*
—-
— -
'
S, S,
— Triplet exciton ~ Fluorescence vorP == Non-radiation

(c)

Fig. 4

View Article Online

Tutorial Review

pyrazine), planarization of a conjugated system can be realized.
A theoretical study found that out of the six interactions (S- - N,
S---0, S:-F, O--N, O---F, and N- - ‘F), the S- - -N interaction not
only reduces E, but also improves the transport properties.*’
Besides, the EDOT core shows a lower E, than DTT due to the
presence of greater co-planarity and attractive S---O ChB inter-
actions in the former. A competitive hydrogen bonding and ChB
interaction may also exist, especially when a fluorene atom is
present over the ring.*® In a recent study, using theoretical and
experimental tools, it has been demonstrated that among several
ChBs, the S - -O interaction is far more common than others.*’
Conjugated materials containing bithiazole N-oxide and N,N’-
dioxide moieties in 15(a-c) (Chart 2) exhibit S---O ChB
interactions with a profound effect on the electronic and
physical properties of both the oligomers and polymers. For
example, increasing the content of the N-oxide led to a bath-
ochromic shift in absorption (Amax. = 387-416 nm and EgP = 2.7-
2.8 eV), a decrease in the Stokes shift, a decrease in solubility and
an increase in thermal stability which can be further attributed
to the strong S---O ChB interaction.””

With the advancement in synthetic chemistry and the under-
standing of molecular features, semiconductor research has
seen tremendous growth recently. Whether we consider metal-
free RTPs or non-fullerene acceptors (NFAs), significant pro-
gress has been made. One example is the discovery of Y-series
acceptors used in photo-voltaic (PV) research. It has been
shown that the efficiency of these NFAs can be boosted via
ChB too. Y6-type NFAs 16a-c (Chart 2), bearing a vinylene
n-bridge-modified backbone exhibit heteroatom-dependent

3.322A
-

Q,ﬁ’ : /&s 2
SO O 0
D, = 3.42% @p = 27.35%
Heavy atom . Halogen bonding e

(a) Proposed mechanisms for heavy atom and halogen bonding facilitated ISC in ultralong organic phosphors, and (b) phosphorescence

enhancement via XB in 10—13 (UOP = ultralong organic phosphorescence). (c) X-ray stick representation of the supramolecular nanoribbon developed
by 20a. Local charge density is zoomed. Reproduced with permission from ref. 1 (Copyright (2020) Wiley-VCH GmbH) and ref. 53 (Copyright (2022) The
Authors. Angewandte Chemie published by Wiley-VCH GmbH).

460 | Chem. Soc. Rev., 2023, 52, 454-472 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00262k

Open Access Article. Published on 03 January 2023. Downloaded on 7/19/2025 6:38:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

molecular flatness, novel photo-physical properties (Afim = 853
876 nm and Eg° = 1.24-1.26 eV), and modulated energy level in
the solid state.*® Remarkable differences in the photo-physical
properties in solution and in the film was a clear proof of the
intermolecular interaction and electronic coupling in the solid
state. Among the studied NFAs, 16¢ exhibits the highest co-
planarity leading to an absorption edge near 1000 nm. In case
of NFAs 17a-c (Chart 2), it was found that as the number of
Se-atoms in a conjugated system increases, the intermolecular
interaction in the solid state increases with a positive effect
(red-shifted and more intense absorption) on the photo-
physical properties.*® Results of theoretical calculation implied
that the positive potential resides on the central part of the
molecule (thus the electron acceptor part) and decreases with an
increase in the number of Se units, indicating that selenation
reduces the acceptor strength. An absorption study reveals a
bathochromic shift and an enhanced molar absorption coefficient
upon increasing the selenium content, ie. 17a (A,f;‘;“,( = 835 nm,
1.56 x 10° em™ %), 17b (AW = 840 nm, 1.63 x 10° em ) and 17¢
(Afm = 853 nm, 1.94 x 10° cm '). This behaviour could be
attributed to the NCI generated through Se-core, which was also
supported by X-ray analysis. It revealed that the dihedral angle
between donor-acceptor-donor units decreases along the series
(8.4° - 7.1° — 2.3°), and the extent of NCI increases upon
increasing the Se-content. Besides, a reduction in n-n distance
and enhanced aggregation were also noted. Another study finds
that S- - -N interaction between benzo[2,1,3]thiadiazole moieties in
Y6 and its selenium analogue 18 (Chart 2, Jflm _ 844 nm and EP =
1.30 eV) is important to facilitate face-to-face m-core interactions,
molecular self-assembly and hence the enhanced CT features.>
Dominant n-n stacking of polymeric backbones upon the inser-
tion of Se and halogenation leading to different crystallinity,
molecular packing, electron mobility, morphology and physical
properties, has also been reported by others.”® Not only the
selenation and halogenation but changing the alkyl side chains
by an alkoxy chain is another strategy to improve the performance
of NFAs. It was demonstrated that the introduction of an alkoxy
group into polymer 19 (Chart 2, Zm = 676 nm and E° = 1.64 eV)
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alters the frontier orbital energy level and introduces S --O type
NCI, leading to an increase in the co-planarity, and rigidity of the
backbone with ultimate improvement in the PV performance.**
Very recently, the first example of ChB interaction-enabled nanor-
ibbon formation by 20 (Chart 2) has been reported.®® In thin
films, the ribbon would n-stack in a multi-layered architecture.
X-ray analysis revealed the formation of hexagonal dimers via ChB
interactions (Fig. 4c). While 20a undergoes ribbon-like organiza-
tion through the formation of two double ChBs, 20b forms only
herringbone-type architectures. Both exhibit similar absorption
and emission profiles with phosphorescence emission (z, =~
700 ps) indicative of the beneficial role of Te atoms. Theoretical
investigations showed the presence of local charge density over Te
and N atoms in 20a while it was absent in 20b (Fig. 4c, inset).
When used as a transistor, they lacked electron transport
characteristics, while 20a exhibited the hole transport behaviour.
Such a semiconducting feature has never been reported for any
architecture supported by ChB interactions. Moreover, when 20a
was assessed as hole-transport layers to build light-emitting
electrochemical cells (LECs), it enhanced the stability and perfor-
mance of Cu(i)-based LEC.

4.4. mn-Interactions

n-Interactions, a type of weak NCI compared to those discussed
previously, play a significant role in various disciplines of science.”
A variety of m-interactions is possible in a n-conjugated material,
including n-n, XH-7, cation—n, anion-n and lone-pair-n etc. They
can modulate the charge transfer, photoconductivity, chiro-optical,
electrochemical, and other properties of a system. In organic
systems, m-m interactions are mostly related to its property or
application. For example, enhanced ISC rate and phosphores-
cence (even RTP) in organic systems have been attributed
mainly to the n-n stacking with other NCIs.>***® Upon decoration
with substituents having different electronic properties, 10-
phenyl-10H-phenothiazine 5,5-dioxide derivatives 21 (Chart 2)
produces persistent RTP as well as photo-induced phosphores-
cent compounds.’® A subtle change in the functional group
brings a drastic shift in the lifetime (88-410 ms) of the

Fig. 5
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(a) The RTP behaviour and corresponding phosphorescence lifetimes at room temperature in 21, (b) fluorescence emission spectra

demonstrating the effect of ArF—ArH interactions in 23, and (c) multi-fluorochromism behaviour of 24. Reproduced with permission from ref. 56
(Under a Creative Commons Attribution 4.0 International License), ref. 62 (Copyright (2019) The Royal Society of Chemistry) and ref. 63 (Copyright (2022)

The Royal Society of Chemistry).
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phosphors (Fig. 5a). This was ascribed to the altered n-r stacking
with the change in the substituents. For example, when the
halogen atom (-I effect) was attached, it minimized the repul-
sion between two aromatic cores leading to enhanced m—n
stacking. The examples above demonstrate the excellent ability
of n—n interactions in tuning the luminescence properties in small
organic semiconductors. However, sometimes intermolecular n-n
interactions are detrimental in the solid state as excimers are
formed leading to fluorescence quenching. To overcome this
issue, both physical (the host-guest approach) and chemical
(use of bulky substituents) modifications have been suggested.
As an exception to this observation, Yang and co-workers®” found
that 22 (Chart 2) forms a discrete dimer with PLQY ~ 44%, which
was nearly a 26-fold increase relative to that of the monomer.
Crystallographic analysis revealed discrete n-n stacking with short
interplanar distances and large overlaps. The interaction was
strong enough to resist external mechanical or thermal stimuli,
as there was no major change in the emission/absorption profile.

In m-conjugated organic and organometallic materials, espe-
cially polymers, long alkyl (R) or alkoxy (OR) groups are often
used to enhance solubility and decrease crystallinity. Other
than this traditional usage, a suitable side chain can also
reduce the n-n interchain length, induce a bathochromic shift
in the optical absorption, and enhance hole mobility and
photovoltaic performance.’® Recent studies demonstrated that
these flexible groups could influence electron density and
photo-physical properties.”® Moreover, they can also be used
to confine the torsional rotation (co-planarity of aryl rings along
the main chain) in oligomers or polymers, thereby altering CT.
For example, p-arylene ethynylene (PAEs) adopts several con-
formations at room temperature because of the low rotational
barrier. In such systems, one can modulate the electronic proper-
ties by capturing the co-planarity in a suitable conformation.®
Recently, the conformation control of PAEs utilizing co-facial
electron deficient fluoroarenes (ArF) and electron-rich arenes
(ArH) stacking interactions between the main chain and pendant
groups in conjugated materials emerged as a powerful tool.®" It
was noted that the incorporation of perfluorinated benzyl ester
side chains into conjugated PAEs backbones 23 (Chart 3) inhibits
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S s O N= N= Ns 2N
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Chart 3 Some PAEs with ArF—ArH interaction feature.
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the aggregation caused quenching (ACQs), leading to 5-7 times
more intense emission (Fig. 5b) in solution.®® This was essentially
due to the presence of intramolecular ArF-ArH stacking in the
fluorinated analogues. Besides, such interactions led to the twist-
ing of PEs backbone. It is noted that the presence or absence of
ArF-ArH stacking as well as position of the absorption/emission
band depends on the type of central ring selected. For example,
oligomer containing bithiophene exhibit no ArF-ArH interaction
but most bathochromically shifted optical features in the solid as
well as in solutions. By extending this study, the same group
investigated the structural and photophysical properties of a
series of OPEs bearing electron rich or electron deficient hetero-
cyclic spacers in the main chain 24 (Chart 3).%* While electron rich
spacers were able to form ArF-ArH stacking, and exhibit positive
solvatochromism effect, electron deficient did not. However, both
series of compounds bearing fluorinated pendants exhibited
multi-fluorochromism (Fig. 5¢) which was absent in hydrogenated
analogues, dictating the importance of NCIs. Overall, these stu-
dies strongly support the fact that the solid-state properties can
also be modulated via smartly tuning NCIs.

4.5. Intermolecular dipole-dipole interactions

Dipole moment () is another weak yet decisive electrostatic NCI
that has the potential to modulate the overall photo-physical and
opto-electrical properties of a m-conjugated system.** Despite the
fact that they are directional and possess relatively high binding
strength (in push-pull type merocyanine dyes), the effect of inter-
molecular dipolar interactions has not been investigated extensively
for its role in dictating self-assembly behaviour. Merocyanine dyes
are well known for their high dipole moments, and in the presence
of a combination of dipolar interactions with other NCISs, they form
long-range ordered assemblies. The assembly of a merocyanine dye
was found to be dependent on the molecular packing condition.
For example, 25 (Chart 4) was found to self-assemble in a polar
solvent (10:90 dioxane :water) governed mainly by dipole-dipole
interactions and solvophobic forces (Fig. 6a).>® However, in the
absence of such conditions (such as in the solid state), the same
dye showed hydrogen bond mediated stacking formation.”® Con-
trary to this finding, it was noted that naphthalene monoimide
(NMI) luminogens 26-28 (Chart 4) form stimuli-responsive lumi-
nescent assemblies in solid state, which is mainly mediated by
dipole-dipole interactions (Fig. 6b).>®

For electronic and other reasons, a n-conjugated system with
D-n-A configuration is highly useful for OE applications. A
non-centrosymmetric molecule with such a configuration and a
large p value is known to form centrosymmetric aggregates and
complex supramolecular architectures via intermolecular dipole-
dipole interactions. It is quite unusual that the dipolar property,
thus functionalised, could be modulated via varying donor and
acceptor groups. For instance, Heeger and co-workers®® noted that
compounds 29 (Chart 4) with different acceptor units exhibit a
large difference in photo-physical profile, charge transport ability
and PV performance. A better performance of 29 (X = N) as
compared to 29 (X = C) was attributed to the poor thin-film s
elf-assembly of the latter. This was ascribed to a large variation
in the magnitude and direction of the molecular dipole in

This journal is © The Royal Society of Chemistry 2023
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Chart 4 Some examples of organic and organometallic T-conjugated materials sensitive to dipole—dipole and other NCls.

2,1,3-benzothiadiazole-containing compound as compared to
[1,2,5]thiadiazolo[3,4-c]pyridine acceptor unit. Similarly, dipole-
induced formation of charge carrier transport channels was
reported in small molecules 30 and 31 (Chart 4).°*®” The
intermolecular dipole-dipole interactions can be derived from
either the conjugated moieties or the side chains. Such interac-
tion directs the cooperativity for the self-assembly of planar
n-conjugated systems. In the past, such cooperating interactions
have been reported for fluorenone®® and carbazole® derivatives.

5. Impact of NCls on the structural and
photo-physical properties of
organometallic materials

The beneficial role of NCIs on transition metal-based organo-
metallics, as well as coordination complexes containing con-
jugated coordinated ligands, is well recognized. Through
careful ligand design and selection of the metal centre, it is
possible to fine-tune their structural, photo-physical and photo-
chemical properties.”® A literature survey suggests that the
most commonly adopted strategy for designing new organome-
tallic complexes includes variation in the donor (main as well
as auxiliary) ligands. To this end, structurally rigid mono-, bi- or
polydentate main ligands are used, which facilitate achieving
high QY and lifetime values via multiple NCIs (metallophilic,
n-m, etc.). Those containing late transition metals with d®™°
configurations are prone to metallophilic interactions (viz.
platinophilic, aurophilic, mercurophilic, etc.) along with the
other ligand-based NCIs. Among them, organoplatinum com-
plexes are particularly interesting. This is indeed because a
square planar Pt(u) complex bears open, axial coordination
sites which assist in stacking via Pt(u) - -Pt(u) interactions
leading to interesting supramolecular architectures. In fact,
Pt- - -Pt interactions are the driving force for realizing supra-
molecular assemblies with unique spectroscopic behaviour
and sensitivity towards multiple stimuli (e.g., pH, grinding,

This journal is © The Royal Society of Chemistry 2023

temperature, etc.). Recently, Yam and co-workers’" showed that
the self-assembly of Pt(i1) complex is the result of metallophilic
interaction between two Pt(u) centres. Such assemblies often
exhibit red-shifted absorption (along with new metal-metal-to-
ligand charge transfer MMLCT transition) and emission, as well
as enhanced quantum yield and longer lifetime. Metallophilic
interactions in mono-, di- or tridentate organic ligand bound c-
acetylide complexes are very common and known for controlling
the morphology of molecular assembly and PL properties. It has
been demonstrated that the ligand attached to the metal centre
dictates the extent and nature of the metallophilic interaction.”
For example, complex 32 (R = H, Chart 4) has been found to
show stronger metallophilic interaction than 32 (R = ‘Bu) due
to the bulkiness of ‘Bu group. This difference led to a large
variation in the emission spectra of the complexes. Moreno
and coworkers’® reported that cyclometalated Pt(i) complex
supported by isocyanide ligands forms a long-range aggregate
mediated by Pt---Pt and/or =---m stacking interactions. An
increased MMLCT character in the solid-state aggregates was
also attributed to the presence of NCIs. The resulting 1D
columnar stackings exhibit external multi-stimulus responsive-
ness (MSR) and phosphorescent colour switching behaviour. The
modulation of metallophilic and n-r interactions in cyclometa-
lated Pt(n) complexes via XB as well as the stabilization of excited
states via metal- - -halogen NCI have been studied recently.”*””
The above-mentioned results unambiguously prove that the
luminescence (MMLCT) behaviour of a complex is highly sensi-
tive to the type of ligand selected. However, Fernandez and
coworkers”® reported that the luminescence and size of a supra-
molecular system can also be controlled through metal-metal
interactions. Complex 33 (Chart 4) was found to self-assemble
into a non-emissive aggregate via HB interaction. On the other
hand, ligand coplanarization in the same complex led to a
thermodynamically stable product with long-range metallophilic
interaction and luminescence.

It is to be noted that metallophiphilic interaction in the
supramolecular structure is not always advantageous. Sometimes
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(a) Crystal packing of 25 in solid and solution, (b) proposed model for the molecular arrangement in 26—28 and their co-assemblies through

dipole—dipole interactions and XB. Reproduced with permission from ref. 25 (Copyright (2021) The Royal Society of Chemistry) and ref. 28

(Copyright (2022) Wiley-VCH GmbH).

the solid-state PL property is largely hindered by aggregation and
metallophilic interaction-induced quenching. To circumvent this,
strategies such as the use of rigid, sterically hindered groups
and enforcing co-planarity through NCI have been suggested.
Motivated by the results of NCI-controlled luminescence properties
in oligo-ynes, Thomas and co-workers”” demonstrated that
programmed aromatic stacking interactions of pendant groups
in 34 (Chart 4) could prevent intermolecular aggregation and
therefore enhance phosphorescence in neat solid film, which is
quite rare for platina-ynes. Complexes 34a-c, which contain a
series of different ester alkoxy side chains, showed similar
absorption (i?ll’;x = 375 nm) and emission (A"%ax = 390 nm,
540 nm, P, < 0.01) profiles in solution and in solid matrices.
However, a large variation in emission profile was noted in thin
films. Complexes 34b and 34c showed fluorescence (., =
420 nm) only, complex 34a displayed a dual behaviour (fluores-
cence and phosphorescence) in the neat films.

Because of the stronger metallophilic interactions in Au(i)
complexes, complexes 35a-c (Chart 4) bearing two Au(i) units
attached to different positions of anthracene have been
reported with unique properties. For example, the one with
9,10-positions as the point of attachment exhibit rare inter-
molecular Au- - -H-C NCI, high fluorescence and high quantum
yield compared to 2,6- and 1,8- isomers. In fact, 35a is the first
example which forms 2D-network involving intermolecular
Au---H-C interaction.”® On the other hand, its counterparts
35b and 35c¢ form 1D-polymeric chains via C-H-- -t and & - -1
interactions and intramolecular Au---H-C interactions,
respectively.”” A remarkable effect of metal insertion on the
structural and PL properties has been reported for anthracene-
based compounds 35d. In these complexes, the presence
of two metals showed a more pronounced effect compared to
those with one, Pt(u) being more effective than Au(i). Besides,
the Au(i) complex formed an interesting honeycomb-like
structure.

464 | Chem. Soc. Rev,, 2023, 52, 454-472

6. Applications

6.1. Organic solar cells (OSCs)

One of the most promising applications of NCIs is around PV
research. They are exploited to realize new NFAs and solid
additives for organic solar cells (OSCs), HTMs for perovskite
SCs, dye mediators in BH]J, etc. In this section, we highlight
some recent applications of functional organic and organome-
tallic NCI-mediated m-conjugated functional materials. The PV
performance of conjugated systems with O---S, N---S, X.--S
(where X = Cl, Br, F), and H- - -S through-space interactions that
form non-covalent conformational locks are often improved.®®
Therefore, by exploiting these NCIs, high-performance donors
and acceptors have been developed recently. To achieve this
goal, numerous chemical modifications have been explored for
establishing structure-property-performance relationships for
NFAs such as Y-series, 2,2'-((2Z, 2'Z)-((4,4,9,9-tetrahexyl 4,9-
dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-diyl)bis (metha-
nylylidene))  bis(3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))di-
malono nitrile (IDIC) etc. For instance, varying molecular packing
of the active materials in the solid state could be one of the
reasons for variation in device performance. It was found that
fluorinated analogue 36¢ (Chart 5) displayed lower PCE (9.14%)
and V. (0.78 V) but higher J,. (15.01 mA cm?) and FF (76.1) than
36a (Voo = 0.98 V, Jo = 13.93 mA cm?, FF = 73.5%, and PCE =
10.31%).%° On the other hand, 36b, because of its asymmetric
structure, exhibited the best performance owing to balanced V.
and Ji. (Voo = 0.98 V, Joe = 13.93 mA cm®, FF = 73.5%, and PCE =
10.31%). The hole (u) and electron mobilities (1) of the
fluorinated analogue were higher than for the non-fluorinated
one (Table 2), explaining the higher FF value in the former. OSCs
based on Y-type acceptors exhibited high PCEs when blended with
suitable donors. Since the introduction of a chalcogenide (Se)
significantly reduces the Urbach energy of organic PV materials,*”
the efficiency of the resulting material is also enhanced via ChB

This journal is © The Royal Society of Chemistry 2023
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Chart 5 Some recent examples of PV materials.

interactions. It has been demonstrated that a delicate balance
between a dissymmetric acceptor and the number of seleno-
phenes could yield PCE as high as 17.51%.*° Increasing the
number of Se atoms led to enhanced NCI, a bathochromic shift
in the absorption, increased electron mobility and crystallinity. It
was noted that, owing to the red-shifted and more intense
absorption and favoured blend morphology, the dissymmetric
17b (Chart 2) based device fabricated using polymeric donor PM6
exhibited better performance (V. = 0.85 V, Ji. = 26.58 mA cm?, FF =
77.5%, and PCE = 17.51%) than 17¢ (Ve = 0.82 V, Jo. =
26.35 mA cm?, FF = 73.41%, and PCE = 16.01%) and 17a (V.
0.86 V, Js = 25.85 mA cm?, FF = 75.28%, and PCE = 16.73%) based
devices.” It is to be noted that the increase in Se-atom downshifted the
LUMO energy levels causing a decrease in V,,. The dissymmetric stru-
cture of 17b was one of the reasons for higher charge carrier
mobilities and balanced ue/u, ratio. Binary all-PSCs fabricated
using the 17c-type spacer (with one chlorine and additional
thiophene) based polymer and a PM6 donor has also been
reported with impressively high performance (Vo. = 0.88 V, Js. =
24.5 mA cm?, FF = 74.3%, and PCE = 16.1%).”" Recently, Song
et al."® reported electron-deficient fused-ring cores 16 (Chart 2) and
found that devices based on the Se analogue exhibit better
performance (PCE = 14.2%) than the N (PCE = 11.97%) or S
(PCE = 12.56%) counterparts. An increase in J;. and EQE, while a
decrease in V,. was noted upon replacement of N by S and Se.
Notably, authors used polymer electron donor (poly[(2,6-(4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b|dithiophene)-co-(1,3-
bis(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c]-
dithiophene-4,8 dione) (PBDB-T), which is economically cheaper
and easy to realize, signifying the importance of this work. Wang
and co-workers®' carried out the very first study on NFAs 37a-¢
(Chart 5) bearing different hetero-dihalogenated terminal groups. It
was found that NFAs with fluorine substituents display slightly
downshifted HOMO and LUMO energies, altered intermolecular
packing and helical molecular geometry.* PCE of the device

This journal is © The Royal Society of Chemistry 2023
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Table 2 PV performance of some selected materials

Performance parameters

Carrier mobilities

Jse FF PCEmax  (un/gte) X 10°*
Comp. Vo (V) (mAcm™?) (%) (%) (em*v s Ref.
16a“ 0.75 24.87 64.35 11.97 4.28/1.36 48
16b” 0.71 26.50 66.65 12.56 2.35/1.77 48
16¢” 0.71 28.66 69.70 14.20 4.33/3.52 48
17a“ 0.86 25.85 75.28 16.73 6.63/5.01 49
17b* 0.85 26.58 77.5 17.51 8.77/7.33 49
17¢* 0.82 26.35 73.41 16.01 4.46/2.78 49
36a’ 0.98 13.93 73.5 10.31 4.36/5.56 80
36b” 0.88 17.02 75.8 11.67 10.8/7.76 80
36¢° 0.78 15.01 76.1 9.14 6.53/10.4 80
37a% 0.85 26.45 77.92 17.52 8.51/4.46 81
37b* 0.85 25.83 75.02 16.47 6.00/2.83 81
37¢* 0.86 22.09 71.62 13.61 3.39/1.05 81
38¢ 0.92 25.79 73.96 17.57 1.52/4.39 82
39a° 0.83 21.91 60.10 11.00 2.32/1.40 83
39b° 0.81 25.25 70.78 14.53 2.38/3.09 83
39¢¢ 0.79 25.76 64.91 13.24 2.26/3.47 83
40a“ 0.87 16.54 66.08 9.49 9.41/3.81 84
40b? 0.73 21.95 69.36 11.16 12.2/6.41 84
40b* 0.87 24.02 59.79 12.55 93.1/24.0 84
41a“ 0.89 18.95 63.56 10.72 1.52/1.68 85
41b° 0.87 18.43 61.90 9.92 1.29/1.59 85
41c” 0.93 9.56 48.58 4.32 0.77/1.10 85

“ ITO/PEDOT:PSS/active layer/PDIN/Ag. * TTO/PEDOT:PSS/active layer/ZnO/
Al ° ITO/PEDOT:PSS/active layer/PDINO/AL ¢ ITO/ZnOJactive layer/MoO;/Ag.

fabricated using PM6 as a donor and 37a as an acceptor yielded
a PCE of 17.52%, which is one of the highest among binary devices.
The other two varied in the order: 37b (16.47%) > 37c (13.61%).
This significant difference was attributed to the differences
in charge recombination and mobilities. Overall, halogen
substitution (especially F and Cl) leads to different n-n inter-
molecular packing and is a useful strategy to achieve large
electron mobility and thus broader photocurrent response,
Jse and FF values.
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One of the foremost factors that limits the efficiencies of
many OSCs is energy loss, such as non-radiative recombination
energy loss (AE,,). Compound 18 (Chart 2) is one of the most
red-shifted NFAs based on m-extended thiadiazole reported
recently.’® In contrast to previous studies on binary OSCs, a
ternary device (ITO/PEDOT:PSS/(PM6:Y6/18:PC,,BM)/PNDIT-
F3N/Ag) yielded PCE = 17.08% with higher J. (27.48 mA cm?)
but lower V. (0.822 V) than the device without 18 (V. = 0.841V,
Jse = 25.80 mA cm®, FF = 75.70%, and PCE = 16.41%).>® This
study also reinforced the fact that incorporation of Se leads to
higher and more balanced mobilities (4. = 1.7 x 10 *em®>V s,
Mn = 1.8 x 107* em® V™' s7Y). It was found that the Ej, was less
(0.48 Vvs. 0.55 V) when 18 was used. An acceptor 38 (Chart 5) with
an asymmetric and extended m-conjugated central core exhibits
upshifted HOMO (—5.62 eV), and LUMO (—3.87 eV) energy levels
and a higher PL quantum yield (PLQY) compared to Y6 (—5.64/
—3.91 eV). The OSC based on PM6:38 demonstrates a low AE,,
value (0.177 eV), leading to higher V,. (0.921) and PCE (17.57%)
values. In contrast, the control device PM6:Y6 gives a PCE
of 16.45%, V,. = 0.921, with a AE,, value of 0.231 eV.*> In fact,
38-based devices exhibit the lowest AE,, for binary OSCs with PCE
> 17%. Binary OSCs fabricated using noncovalently fused-ring
electron acceptors (39a-c, Chart 5) with S---O intramolecular
interaction display Vi, = 0.79-0.83 V, Js. = 21.91-25.76 mA cm?,
FF = 60-10-70.78%, and PCE = 11.0-14.53%. In these acceptors,
there was a notable effect of m-extended end-groups on the electro-
nic properties, CT, film morphology, and energy loss.®* It was noted
that the multi-fluorination into a m-extended core causes an
absorption shift to the red, increases crystallinity, and enhances
the electron mobility, J;. and PCE values. The AE,, of 39a-c¢ were
found to be 0.28, 0.28, and 0.31 eV, respectively.

In the quest for high-performance PV materials, non-fused
ring NFAs have also been investigated. Like the previous
example, a large dependency of the performance on the struc-
ture was noted. For example, 40a and 40b (Chart 5), which
differ in the n-bridge and end-groups, showed different PV
performance and CT features. For example, the device fabri-
cated using 40b (PCE = 11.16%) as an acceptor and PBDB-T as a
donor showed better performance than 40a (PCE = 9.49%),
owing to the enhanced crystallinity and higher CT mobility of
the blend with the former. An improvement in performance
was noted when donor PBDB-T was replaced by poly[(2,6-(4,8
bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b'] di-
thiophene))-alt-5,5'-(5,8-bis(4-(2-butyloctyl)thiophen-2-yl) di thieno-
[3/,2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole)] (D18) (PCE =
12.55%).%* The AE,,, value was 0.27 and 0.29 eV for 40a and 40b,
respectively. The CT property can also be modulated via an
isomerization strategy. In a study involving adjustment of the
topology of the central naphthalene core has been found to
alter the molecular conformation as well as n-n stacking
features. It was noted that the topology also influences the
morphology and charge mobility of the active layer. Acceptors
41a-c (Chart 5) composed of naphthalene isomer-based central
core flanked by thiophene and dithieno[3,2-5:2",3'-d]pyrrole are
narrow EgP (ca. 1.62-2.04 eV) materials with Agngee beyond
the visible range. As-cast PBDB-T donor based OSCs yielded a
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PCE in the range of 4.32-10.72%, with 41a being the most
efficient.®

In addition to the design and development of these state-of-
the-art NFAs for OSC, attempts have also been made to improve
the performance by modulating the morphology of the full-
erene based OSCs, which is usually a function of the additive
used. 1,8-Diiodooctane (DIO) and 1-chloronaphthalene (1-CN)
are the mostly used additives but they impart a negative effect
on the device lifetime. To circumvent this challenge, the use of
solid additives has been suggested. However, maintaining
trade-off between the volatility and intermolecular interactions
of the additive remains a real challenge. Hou and co-workers®®
found that a solid additive 2,2’-(perfluoro-1,4-phenylene)di-
thiophene (DTBF) exhibits very high volatility with a strong
quadrupole moment. Interestingly, BHJ based on a conjugated
polymer donor yielded a PCE = 17.1% (Vo = 0.0.846 V, Jg. =
26.2 mA cm?, FF = 0.770) in the presence of 40% DTBF while
additive-free device yielded a PCE = 14.8% (Vo = 0.855 V, Jgc =
24.5 mA cm?, FF = 0.706). Besides, the addition of this fluori-
nated additive also enhanced the stability of the device. Indeed,
this is due to the regular and condensed molecular packing of
the active layer as well as strong charge quadrupole interaction
between the acceptor and additive. Another additive fluorinated bi
(perfluorophenyl)pimelate (BF7), has also been found to effec-
tively improve the performance of the fullerene-free OSCs.*® It was
noted that the use of 0.5 wt% BF7 in solution improves the
performance of PM6:Y6 (PCE = 15.16% vs. 17.01%) as well as
PM6:IT-4F (PCE = 12.34% vs. 13.32%) OSCs (IT-4F: 3,9 bis(2-
methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-ind  anone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3'-d'}-s-indaceno-
[1,2-b:5,6-b']dithiophene). This improvement was ascribed to the
improved fractal-like network structures and F-m interaction.
Prior to this work, a “c-hole”’-containing volatile solid additive
1,4-diiodotetrafluoro benzene was reported, which assists in
achieving a PCE value of 16.5% in the YM6/PM6 based OSC.”°
Enhanced performance was attributed to the synergistic XB
interactions, more condensed and ordered molecular arrangement,
augmented CT process with suppressed charge recombination. The
similar encouraging results have been reported for the additives
1,3-diiodobenzene (1,3-DIB)°* and 1,4-diiodobenzene (1,4-DIB)’*
based OSCs and PSCs. One additional benefit of the use of 1,4-
DIB is its solubility in alcohol (an important factor when consider-
ing post-processing). Benefitting from S - -O NCI ability, additive 42
(Chart 5) was found to enhance the PV performance via inserting
between the donor molecules leading to improved packing,
morphology and charge mobility.**

NCIs have also been exploited to improve the performance
of metal halide perovskite solar cells, which are at the forefront
of PV research. In perovskite solar cells, among others, HTM
plays a crucial role in achieving high efficiency. An HTM with
suitable hole transport ability and self-assembly features
are highly promising to realize high-performance solar cells.
Yang et al® reported a small molecular HTM featuring
intramolecular NCIs (S---O). The introduction of S---O ChB
interaction led to self-planarized backbones, tuned energy
levels, enhanced thermal properties, and afforded high film

This journal is © The Royal Society of Chemistry 2023
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(a) The effect of HB on the possible arrangement of 45a and 45b on the perovskite surface, (b) drawing of possible charge flux styles speculated

from single-crystal packing modes of 46, (c) effect of inter- and intramolecular HB in 51a and 51b on OFET devices, and (d) effect on hole—electron
mobility in 52-55. Reproduced with permission from ref. 96, 97, 102 and 103. (Under a Creative Commons Attribution 4.0 International License,
Copyright (2021) Elsevier B.V., Copyright (2021) American Chemical Society and Copyright (2022) American Chemical Society)

crystallinity and hole mobilities. Compared to 43a (without
NCI, Chart 5), compounds 43b (Chart 5) and 43c (Chart 5)
exhibited higher PCE values (18.4% vs. 20.27-21.1%). By looking
closely at the molecular structure, it is quite clear that the
incorporation of the alkoxy group improved the backbone co-
planarity of 43b and 43c via S---O interactions. Similarly,
phenoxazine-based HTM 44 (Chart 5) was found to undergo
NCI-mediated self-assembly process and possessed enhanced
hole mobility, surface properties, and perovskite growth.”®> A
stable inverted perovskite using this HTM yielded PCE = 21.85%.
Hydrogen-bonded (N-H---O—C) self-assembly in HTM 45a
(Chart 5) has also been reported (Fig. 7a).°® It was noted that
45a exhibited three folds more hole mobility compared to the
control 45b (without HB ability). This led to an enhanced PCE
(15.1%). Moreover, the HB network has also been linked with the
higher stability of the device.

6.2. Organic light emitting devices (OLEDs) and organic field-
effect transistors (OFETS)

Thermally activated delayed fluorescent (TADF) materials are
considered an excellent host for the next generation of organic
light-emitting devices (OLEDs). To further improve the perfor-
mance and rigidify the backbone of these materials, researchers
are now exploiting the power of NCI. For example, 1,3-bis(N-
carbazolyl)benzene is a phosphorescent host material which
is often used in OLED research. It was noted that when the
inner phenyl core of this host is replaced by a triazine derivative,
it yields a new host material 46 with blue and white electro-
luminescence.”” It was suggested that such replacement
bestowed intramolecular NCI feature (C-H---N of carbazole

This journal is © The Royal Society of Chemistry 2023

and triazine units) to the host leading to improved molecular
and electrical attributes. Besides, it also generated multi-
dimensional channels for efficient intermolecular carrier flux
(Fig. 7b). Device fabricated using 46 (Chart 6) yielded white TADF
OLEDs with maximum luminance (L) = 12770 cd m™?, external
quantum efficiency (EQE) = 23.2%, current efficiency (CE) = 66.9
cd A" and power efficiencies (PE) = 70.0 Im W™". Besides, sky-
blue (EQE = 21.0%) and blue PhOLED (EQE = 14.2%) devices
were also realized. It is noted that the efficiencies of white TADF
OLEDs are one of the best values among white TADF OLEDs with
low turn-on voltage. Zuo-Quan and co-workers®® reported a
n-stacked TADF material 47 (Chart 6) with MSR properties. The
reported compound exhibited L = 5997 cd m™ %, EQE = 28.4%,
CE = 60.0 cd A" and PE = 35.5 Im W', making it one of the
most efficient TADF OLEDs.

In the field of organic field-effect transistor (OFET) research,
the development of organic semiconductors has seen an excellent
progress. Both unipolar and ambipolar OFETs utilizing NCIs have
been reported recently. Especially n-type semiconductors are in
high demand due to their diverse utility. However, the synthesis of
high-performing air-stable n-type OFETs could be challenging.
n-Type OFET with lowered LUMO level to reduce electron injection
barrier and effectively improve electron injection is indeed in high
demand. Hu and co-workers® developed m-conjugated backbones
48a and 48b (Chart 6) with low LUMO energy levels (HOMO/LUMO =
—4.37/—5.93 vs. —4.45/—6.15 eV). OFET devices with a bottom-
gate-top-contact (BGTC) configuration under atmospheric con-
ditions show that both molecules exhibited unipolar n-channel
OFET performance (Table 3). As expected, 48a exhibited higher
electron mobility than 48b owing to the difference in structure

Chem. Soc. Rev,, 2023, 52, 454-472 | 467
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Chart 6 Some recent examples of OLED and OFET active materials.

(S---O interlock and = stacking in 48a). Liu and co-workers'®
noted that the backbone co-planarity, electronic properties,
film organization and the CT properties of semiconducting
polymers could be largely modulated by fluorination strategy,
which led to weak F---S non-covalent conformation lock.
An ambipolar device based on 49a (Chart 6) (un/te = 0.332/
1.602 cm? V' s7') showed better performance than the non-
fluorinated counterpart 49b (u,/p. = 0.0135/0.0191 cm®> V' s77)
attributed to enhanced backbone co-planarity and fluorine
substitutes. It was noted that the device exhibited the best per-
formance upon thermal annealing at 160 and 200 °C, respectively.
Fluorination-mediated enhanced backbone co-planarity and
ambipolar charge carrier transport behaviour have also been
reported for isoindigo (IID)-based copolymers 50a (Chart 6)
(un/te = 0.053/0.013 cm® V' s7') and 50b (up/ue = 0.29/
0.1 cm®> V' s7') in the BGTC device structures, putting the
latter among the best-performing materials.'**

Liu et al.'®® evaluated the effect of the NCIs configurations
(intra vs. intermolecular hydrogen bonding) on OFET applica-
tions. To this end, they realized polymers 51a and 51b (Fig. 7c).
It was noted that devices fabricated using 51a exhibited
higher performance as intramolecular HB interaction led to
backbone coplanarization, and crystallinity enhanced effective
conjugation. Whereas 51a showed a field-effect mobility of
22 x 107* em® V' 57!, its counterpart with intermolecular
hydrogen bonding showed a much lower (one-third) value. These
results are very important as they highlight the pros and cons of a
particular NCI in device fabrication. OFET device fabricated using
pyrazine-based polymer 52 showed almost similar hole and elec-
tron mobilities. However, it was also noted that via suitable
functionalization (imidation and fluorination, 53-55), its ambipolar
characteristics could be significantly improved (Fig. 7d). Indeed,
the enhanced performance could be attributed to the greater extent
of inter and intramolecular NCIs and regular backbone.'*

6.3. Energy storage materials and others

For the fabrication of “green batteries” suitable for future usage,
organic polymers as cathode materials have gained tremendous
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interest. The fact that n-conjugated materials exhibit multiple
weak interactions effectively promotes the electron transfer in
the material and lowers the energy barrier of the ions.'**
Despite this, one current challenge with the use of organic
cathode materials is their inferior reversible capacity and rate
performance. To improve the cycling stability and charge
transport ability, Esser and co-workers'®® suggested using a
redox-active polymer as the cathode material. A Li-ion battery with
cathode-active material based on poly(3-vinyl-N-methylpheno-
thiazine) exhibited 93% and 52% of the initial capacity retained
even after 10000 cycles at a C rate of 10 C and 100 C, respectively.
The higher performance of the battery was attributed to the
reduction in stacking distance upon oxidation leading to enhanced
n-7 stacking interactions. Besides, redox- active polymers based on
dianhydride-derived polyimides (PIs) have been found suitable for
storing Mg”" ions.'% Jin and co-workers'®” found that n-r stacking
interactions between PI cores can help improve the Mg®* storage
performances.

In addition to the aforementioned potential applications of
NClIs in OE research, they have also been utilized in areas such
as nanophotonic, bioimaging, sensing, catalysis, and fuel storage
research’*®'? The potential of NCI in single-molecule electronics
has also been tested.’™* In molecular electronics, dimer formed by
n-stacking is detrimental and lowers the electrical conductance.
However, a recent paper showed that m-stacking significantly
increases conductance."* Hein et al''®> showed that the ChB
potency of the conjugated system could be significantly reversible
when modulated electrochemically.

7. Prospects and challenges

The quest for nanoarchitectonics has led to the discovery of
several new classes of functional materials. Considering the
diverse applications in organic semiconductors, exhaustive
research has been carried out using m-conjugated materials.
Since NCIs have a direct effect on the physical and chemical
properties, numerous potential n-conjugated systems (small
through medium to large) with modulated features have been

This journal is © The Royal Society of Chemistry 2023
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Table 3 Carrier mobilities of some selected compounds
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Hole transport

Electron transport

S. no. un (em? vV ts™) Ion/Tog Ven (V) te (cm? V1™ IoolTos Ve (V) Ref.
48a° — — — 0.17 1.0 x 10* 11.6 99

48b* — — — 0.085 5.6 x 10° 10.1 99

492’ 1.35 x 10> 2.0 x 10° —34 1.91 x 1072 5.0 x 10> 72 100
49b° 0.332 8.0 x 10° —-36 1.602 2.0 x 10° 65 100
50a” 0.053 10%-10° —25to —30 0.013 10'-10% 41-55 101
50b¢ 0.29 10%-10* —35to —53 0.1 10%-10* 36-46 101
51a° 0.163 10° —19.50 — — — 102
51b° 0.00023 10° —15.56 — — — 102
524 0.0010 — —-35 0.0016 — 45 103
534 0.84 — —-35 0.19 — 43 103
549 0.075 — —49 0.11 — 29 103
554 0.14 — —52 0.71 — 28 103

@ Annealing temperature = 150 °C. ? Annealing temperature = 160 °C. © Annealing temperature = 220 °C. ¢ Annealing temperature = 200 °C.

¢ Annealing temperature = 170 °C.

reported. As we highlighted, these secondary interactions are
most effective in combination and realized through the con-
jugated organic core, non-conjugated side arm/pendant group,
metal centre, etc. Several recent studies have demonstrated
that, with the aid of HB, XB and vdW (van der Waals) interactions,
n-conjugated organics could show attractive luminescence proper-
ties, including RTPs. Interactions such as hydrogen bonding and
metallophilicity control the patterning of aromatic cores in the
solid state.

Although outstanding progress has already been made, there
are still some issues that need to be addressed. For instance,
designing a new material controlled by a specific NCI would be
challenging as the materials property is a subject of whole range
of manipulations, involving covalent and non-covalent bonding.
When more than one potential NCI is present in the molecule, a
competitive interaction may also exist thereby reducing the effect
of one or the other. Similarly, many of the materials have only
been examined at small laboratory scale. Demonstration of
applicability at large scale, stability, reliability, and reproduci-
bility under normal condition and in an economical way is
essential. It is also important to note that NCI-based organome-
tallic materials design may lead to materials that could surpass/
compete with their current organic counterparts.

8. Conclusions

In this tutorial review, we underlined the importance and
merits of introducing NCIs in m-conjugated semiconducting
materials. Using pertinent examples, we highlighted the prop-
erties, features and applications of various electrostatic and
hydrophobic NCIs operating at the atomic and molecular
levels. Advances made in the NCI characterization has been
discussed. A critical evaluation of structure-property relation-
ship with respect to NCIs in m-conjugated semiconducting
materials has been made. Using several recent references, we
have shown that NCI modulation is an intriguing strategy to
realize high-performance materials in an economical and easy
way. Although weak and often work in combination, NCIs have
the ability to tune photo-physical and opto-electrical properties,

This journal is © The Royal Society of Chemistry 2023

which is remarkable. It has been demonstrated how swiftly
interplay of the NCIs can solve problems inherent with the
n-conjugated materials, especially polymers such as aggregation-
induced emission quenching.

Overall, research in the area of NCIs is a vibrant and active
field, with new developments emerging at an impressive pace.
It can be anticipated that a more sophisticated understanding
of the unique features of NCIs could help us further in devel-
oping new materials. We expect that this review will stimulate
further interest in the development of NCI-modulated materials
and their applications in the near future. It will be useful to
synthetic as well as theoretical chemists interested in designing
and study the role of non-bonding interactions on the proper-
ties and conformation of a material.
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