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Chiral nanographenes constitute an unconventional material class that deviates from planar graphene
cutouts. They have gained considerable attention for their ability to exhibit circularly polarized
(CPL), in chiral optoelectronics. Their unique
n-conjugated architectures, coupled with the ability to introduce chirality at the molecular level, have

luminescence which offers new opportunities
made them powerful contenders in developing next-generation optoelectronic devices. This review
thoroughly explores recent advances in the synthesis, structural design, and CPL performance of chiral
nanographenes. We delve inducing chirality, including covalent
functionalization, helically twisted frameworks, and heteroatom doping, each of which unlocks distinct

into diverse strategies for

CPL behaviors. In addition, we discuss the mechanistic principles governing CPL and future directions in
chiral nanographenes to achieve high dissymmetry factors (g,m) and tunable emission properties. We

Received 30th January 2025 also discuss the key challenges in this evolving field, including designing robust chiral frameworks,

DOI: 10.1039/d4cs00745;] optimizing CPL efficiency, and scaling up real-world applications. Through this review, we aim to shed

light on recent developments in the bottom-up synthesis of structurally precise chiral nanographenes
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1. Introduction

Carbon-based materials are fundamental to modern science
and technology due to their exceptional properties.' The carbon
atom can form extended networks held together by covalent
bonds in diverse orbital hybridizations, resulting in a wide
range of materials with unique mechanical, electrical, and
chemical characteristics. The versatility and abundance of
carbon make it ideal for developing next-generation materials
addressing key challenges in energy, sustainability, and high-
performance electronics.>* Two naturally occurring allotropes
of carbon are diamond, solely containing sp>-hybridized carbon
atoms, and graphite, which is only formed by sp>hybridized
carbon atoms, both in their pristine forms. Besides, other
carbon allotropes such as fullerenes, carbon nanotubes, and
graphene were all discovered in quick succession in the late
20th and early 21st centuries.® The story of graphene dates back
to 1947 when Wallace began his theoretical investigation on
single-layer graphene.® However, it was not until 2004 that
Novoselov and Geim isolated and identified it for the first time,
for which they got the 2010 Nobel Prize in Physics.” Each
carbon atom in graphene is bonded to its three nearest
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and evaluate their impact on the growing domain of circularly polarized luminescent materials.

neighbours by hybridization of the 2s, 2p,, and 2p, atomic
orbitals into sp> molecular orbitals, while the 2p, orbitals create
delocalized m and n* bands that are perpendicular to the
graphene plane. This seemingly simple structure results in a
unique combination of physical properties® and countless
possible applications.’ From its high conductivity and resis-
tance to its flexibility and transparency, graphene brings
together a whole range of uses in sensors, nano-electronic
devices, spin devices, catalysis, and energy storage and it has
thus been the subject of extensive experimental and theoretical
research'® over the last twenty years.""

Concerning its optical properties, graphene absorbs a con-
siderable fraction of incident white light (2.3%) despite being
only one-atom thick.”® Photoluminescence in graphene, on the
other hand, requires opening a bandgap in its electronic
structure, which can be reached by the application of strain,
an electric field or by reducing its size to the nanometric scale.
In this sense, bottom-up synthesis comes into play, enabling
the synthesis of small graphene cutouts with structural
precision.”®'* Nanographenes (NGs), a large category of poly-
cyclic conjugated hydrocarbon (PCH) structures, are roughly
described as finite graphenic units made of fused six-
membered rings with sp> hybridized carbon atoms. NGs them-
selves have been the subject of substantial research, hand in
hand with the goal of discovering bottom-up synthetic path-
ways to manufacture defect-free single-layered graphene sheets.

This journal is © The Royal Society of Chemistry 2025
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Following the classification made by Miillen and co-workers,
NGs are considered graphene fragments between 1 and 100 nm
(Fig. 1),">'¢ including graphene molecules (fragments between
1 and 5 nm in diameter), graphene nanoribbons (fragments
between 5 and 10 nm in length), and graphene quantum dots
for fragments below 100 nm. Since the seminal work in the late
1950s by Clar'”"'® and Halleux,'® with the synthesis of the
flagship NG, hexa-peri-hexabenzocoronene (HBC), much work
has been done on the bottom-up synthesis of well-defined NGs,
following in the footsteps of pioneers such as Miillen.>***
More recently, designing non-planar, twisted, or contorted
objects with inherent chirality has received major attention in
the search of their intriguing properties. These chiral, non-
planar NGs have been synthesized using a variety of methodol-
ogies like Scholl cyclodehydrogenation and alkyne-based
approaches.>** In the context of creating twisted structures,
Miao and co-workers recent review of Scholl chemistry high-
lights its extensive use in producing chiral NGs.>® Chirality can
be introduced in NGs through various strategies,”® being one of
the most widely employed the inclusion of twisted or helical
motifs in its structure.>”*® Another approach involves the
incorporation of chiral auxiliaries or substituents into NG
frameworks, leading to asymmetry. In addition, axial or point
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edges or peripheries®® of NGs with chiral groups or ligands.**

In parallel, researchers have also explored the construction of
twisted or saddle-shaped NGs containing non-benzenoid rings
and heteroatoms, which exhibit intrinsic chirality due to the
breaking of their symmetry.>°

Chiral NGs allow the differential interaction of each enan-

chirality can be introduced by chemical modification of the tiomer with circularly polarized light, through which their
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Fig. 2 Structural motifs that furnish chiral nanographenes, schematic
representation of a pair of enantiomeric chiral nanographenes (seco-
HBC) and their opposite CPL spectra.

chiroptical properties can be explored. Among them, circularly
polarized luminescence (CPL) represents a promising property,
with applications in sensing, organic electronics, bioimaging,
encryption, etc.**”

At the electronic level, the coupling between electronic
transitions and chiral geometry can result in large chiroptical
responses, enhancing the degree of circular polarization. This
interplay between structure and CPL performance is a key area
of investigation as researchers seek to design NGs that optimize
luminescence efficiency and CPL intensity.

Picking up on the variety of chiroptical properties it is
necessary to describe the light-matter interplay. At the very
moment polarized light penetrates the sample and interacts
with the chiral NGs, such light can be either right or left
circularly polarized, depending on whether the accompanying
electromagnetic vector is a clockwise or counterclockwise
spiral. To this regard, the enantiopure NGs show differential
absorption of left and right circularly polarized light, which can
usually be used to gain information on the chirality of the
ground state. In the same manner, this can be applied to the
study of aggregates, supramolecular systems and intra-
molecular interactions.*® Mathematically, CD can be defined
by eqn (1.1), being A;, and Ag the absorption of left and right
circularly polarized light, respectively. We refer to either elec-
tronic CD (ECD) when we measure it in the ultraviolet-visible
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region or to vibrational CD (VCD) when it appears in the
infrared region.

CD = Ay, — Ag

(1.1)

Circular dichroism can turn into a value independent of the
sample concentration, when expressed in extinction coefficient
units (¢), analogously to the Lambert-Beer law, (eqn (1.2)) being
¢ the concentration and b the optical pathlength.

AS:SL—SR:C—D

— (1.2)

Nevertheless, in order to be able to compare the CD
response of compounds with different ¢ a dimensionless
magnitude, named the absorption dissymmetry factor gaps, is
employed (eqn (1.3)):

EL — €R AY:
&abs = 1T =
5(8]_ +¢r)

(1.3)

In chiral NGs, different enantiomers emit left-handed and right-
handed circularly polarized light with varying intensities under
incident light, which reflects the chirality of the NGs in the excited
state (Fig. 2). Generally, chirality and fluorescence are two manda-
tory elements for achieving intrinsic CPL. Parallel to absorption, in
emission, the first criterion for evaluating the quality of CPL is the
luminescence dissymmetry factor (gjum) (eqn (1.4)).

IL —Ir

E(IL +Ir)

8lum = (1.4)

This factor depends on the molecular symmetry, the momenta
components of the electronic transitions involved, and the
strength of the coupling between them, being I, and Iy the left
and right circularly polarized fluorescence intensities, respec-
tively. Both guns and gium values should fall between —2 and 2
by definition, while g = 0 indicates null discrimination in terms of
circular polarization of the absorbed/emitted light. In addition,
both g factors can also be predicted theoretically. Whilst for gyps, it
can be calculated for each S, — S, transition, for gj,m, one should
consider that in emission, usually solely the transition from the
first excited state to the ground state of a molecule (S; — S) is
computed. Besides, both g factors can be calculated from the
associated rotatory (R) and dipolar strengths (D) of a certain
transition, or, in other words, from the dipole magnetic (1) and
electric (1) moments for a given transition, along with the angle
between them (6) (eqn (1.5)).

4R 4|m]|u|cosO
DAG (u+imF)

g (1.5)

Thus, careful examination of eqn (1.5) hints at the enormous
influence of the dipole moments on the chiroptical response.
Specially for small organic molecules, x is usually larger than mz;
therefore, increasing m directly impacts both CD and CPL
responses. Dissymmetry factors are, besides, dependent on an
appropriate alignment of the moments, which should orient
with each other with an angle 0 close to either 0° or 180°.

This journal is © The Royal Society of Chemistry 2025
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Nevertheless, large gjum values are not always synonymous
with straightforward applicability of the compound in case the
emitter presents a small fluorescence quantum yield. An
example of that are lanthanide and d-block metal complexes
in which transitions are metal-centered and electric dipole
forbidden.***°

To understand overall CPL efficiency, extra parameters other
than g, are explained in literature. Example of that is the
report of Mori and co-workers in 2020 were circular polariza-
tion luminosity (A¢p) per single chiral molecule (eqn (1.6)) was
proposed to get an intrinsic index for CPL efficiency.**

|g1um|

AcpL = [ Prum - 7

(1.6)

Where f and &, are accounting for the efficiencies of
light absorption (oscillator strength) and emission intensity,
respectively. By definition, values of Acpy, lie between 0 and 1.
Recently, Zinna and co-workers have described the CPL bright-
ness (Bcpr) as another parameter to understand CPL efficiency,
including the extinction coefficient and the fluorescence quan-
tum yield, which can better assess on the practical application
of a CPL emitter.*?

) |g1um|

BepL = ¢ - Pp >

(1.7)

In here, ¢, is the extinction coefficient at the excitation
wavelength, and @ the fluorescence quantum yield.

In chiral NGs, CPL efficiency can be modulated by several
factors, including the extent of n-conjugation, the rigidity of the
molecular framework, and the degree of electronic coupling
between chromophores.”> For example, helical NGs with
extended conjugation tend to exhibit higher gy, values in
comparison with their non-extended helical counterparts (sim-
ple helicenes) due to the strong interaction between the delo-
calized m-electron system and the chiral environment.
Additionally, introducing functional groups that enhance elec-
tronic asymmetry can further improve the CPL performance,
though fostering luminescence (typically by p enhancement).
Thus, what sets chiral NGs apart is their ability to combine the
intrinsic optoelectronic properties of NGs with the chiroptical
activity of chiral molecules, by introducing chirality into the
planar or quasi-planar NG structure. By virtue of OLED display
technologies raising, among others, CPL materials have
become a research hotspot in the field of chiral materials and
luminescent materials. Thus, the non-compiled outstanding
achievements concerning NG-based CPL materials in the past
years, claim for a review article, which is expected to promote
further progress in this unique research area. To the best of our
knowledge, though some general reviews focusing on the
synthesis and applications of CPL emitters have been reported
in the literature,®**™¢ there is no report that primarily focuses
on the chiral NGs as CPL emitters. This review summarizes the
recent advances in the synthesis of chiral NGs-based CPL
emitters, prepared through bottom-up synthesis. Reviews
focusing on graphene quantum dots mostly prepared by top-
down methodologies lacking well defined structures will be

This journal is © The Royal Society of Chemistry 2025
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deliberately set aside, given their deficiency in understanding
the pursued structure-property relationships at molecular
level.*”7*° As NGs, we have chosen the aforementioned 1 x
1 nm size criteria from among the vast array of chiral polycyclic
conjugated hydrocarbons. Furthermore, only chiral NG exam-
ples that have been described and reported their CPL emission
have been included in this review. More importantly, this
review will provide a detailed analysis of the influence of
structural design on chiroptical properties under each section.

To understand the structure—property relationship in NGs as
chiral emitters, we have included a final summary table with the
most relevant optical and chiroptical data. Furthermore, the
opportunities and challenges for achieving high-performance
CPL emitters are also presented and discussed. This review will
contribute to guide researchers in the design of new chiral NG-
based CPL emitters for functional applications.

2. NGs as CPL emitters

2.1. Design and synthetic strategies

The synthesis of chiral NGs requires precise control over their
n-conjugated core and the introduction of chirality.>® Several
synthetic strategies have been developed to achieve this goal,
including the bottom-up synthesis of NG cutouts. In order to
achieve that, there are several well-established synthetic
approaches to prepare chiral NGs, including cyclodehydrogenation
(mostly under Scholl conditions) of polycyclic conjugated hydro-
carbons into larger NG structures. This reaction can be adapted to
form twisted or helically chiral NGs by carefully choosing sterically
hindered precursors and reaction conditions.>>*

Cross-coupling reactions (e.g. Suzuki, Sonogashira, Stille,
Kumada) are commonly used for the introduction of various
functional groups at specific positions on the NG core, allowing
to generate prochirality into the structure. Recent advances in
synthetic chemistry have also enabled the introduction of
heteroatoms (such as nitrogen, sulphur, or boron) into the
NG framework, which can further modulate the chiral and
photophysical properties.>>® Due to the altered electronic
structure, these heteroatom-doped chiral NGs exhibit enhanced
luminescence and unique CPL characteristics. Moreover,
researchers have explored the blend of NGs with inherently
chiral scaffolds, such as chiral polymers and other dopants,
to further enhance their CPL activity. Here we classify all
different non-planar NGs into benzenoid, non-benzenoid and
heteroatom-containing families.

2.1.1. Introducing chirality in planar NGs. The formation
of tightly twisted or helical structures encounters high steric
hindrance due to spatial limitations and repulsions between
adjacent atoms or molecular groups. Strategically placing bulky
substituents at specific positions on the NG periphery forcing
the molecule to twist out of planarity constitutes a major
strategy to induce chirality. For example, substituents like
tert-butyl, silyl, or large aromatic groups can introduce steric
crowding, which causes the NG to adopt a helical twist to
relieve strain. Precise formation of the helical unit can be

Chem. Soc. Rev., 2025, 54, 4922-4947 | 4925
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controlled by strategically placing bulky groups, which results
into steric repulsive effects that prevent complete planarization
during the cyclodehydrogenation reaction. In 2020 Jux et al.
reported an HBC-based twisted NG with [5]helicene.’” In here,
the helicity was introduced with the help of strategically placing
tert-butyl groups sterically demanding that prevent a complete
closure to planar PAHs during the oxidative cyclodehydrogena-
tion step. Fusing rings orthogonally by duplication extra aro-
matic rings can introduce steric repulsion to form a helical
spiral is a well-known strategy to synthesize chiral NGs. So,
placing substituents on opposite edges of the NG core, espe-
cially near the centre or along specific symmetry-breaking
positions, to induce steric hindrance that promotes helicity.
This approach can be tuned to achieve different twist angles
depending on the size and position of the substituents.***®

2.1.2. Introducing non-benzenoid rings in NG core. Intro-
ducing non-benzenoid rings within the benzenoid nanogra-
phene core induces curvature due to the natural bending in
these structures. These rings disrupt the planarity, creating a
twisted structure with high structural distortions, inducing
chirality and significantly altering the material’s properties.
Typically, NGs are comprised of hexagonal benzene rings,
forming flat, planar structures. However, incorporating single
five or seven-membered rings introduces strain and deviation
from planarity. This deviation results in twisted or helical
structures, imparting chirality to the achiral graphene plane.
The ring induces a high degree of structural distortion, deep
saddle curvature, and substantial torsion angles, possibly
resulting in a high isomerization barrier and intriguing chir-
optical properties.>*°

2.1.3. Introducing heteroatoms in NG core. Introducing
heteroatoms into NG core is another strategy to modulate their
electronic properties, stability, and chiroptical activity, making
them more versatile for applications in circularly polarized
luminescence (CPL), optoelectronics, and catalysis.>>>® Repla-
cing specific carbons in the NG backbone with heteroatoms
(such as nitrogen, sulphur, selenium, oxygen, boron, and
phosphorus) their inherent properties can be tuned. Designing
helically chiral NGs with both electron-donating (e.g. nitrogen,
sulphur) and electron-withdrawing (e.g. boron) heteroatoms
helps create a donor-acceptor system. This can enhance CPL
properties by inducing asymmetry in electronic transitions.®'
Incorporating heavy heteroatoms (such as selenium or iodine)
at specific positions in helically chiral NGs increases spin-orbit
coupling due to heavy atom effect which can alter luminescence
properties and CPL response.®> Recently Babu and co-workers
reported sulphur- and selenium-containing helical NGs and
shown the importance of heteroatom doping for altering the
optical, chiroptical, and redox properties of the NGs.*?

To conclude, the design of chiral NGs as CPL emitters
hinges on creating a balance between structural chirality and
electronic properties. Strategies such as introducing helical or
twisted geometries, covalently attaching chiral groups, or using
self-assembly techniques can lead to efficient CPL emission.
Fine control over molecular size, edge structure, heteroatom
doping, and functionalization enables the tuning of CPL

4926 | Chem. Soc. Rev,, 2025, 54, 4922-4947
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Fig. 3 Examples of embedded carbohelicenes into the HBC core (1-3),
their double helicene analogues as extended peropyrenes (4—6), hexa-
benzotriphenylene as a triple helicene analogue of HBC (7), and chiral
teropyrene-based nanographene (8).

properties, making NGs promising candidates for applications
in chiral optoelectronics and sensing.

2.2. NGs bearing benzenoid rings

This category of NGs comprises helically twisted m-extended
NGs containing ortho-fused benzene ring systems, [n]helicenes,
where n represents the number of the rings forming the helix.
Chiral NGs bearing benzenoid rings represent a unique class of
materials that combine the structural rigidity and extended n-
conjugation of fused benzene rings with chirality. These NGs
are not only defined by their polycyclic conjugated hydrocarbon
frameworks but also by the introduction of chirality through
helical structures and how all together assemble. According to
our stablished criteria, seco-HBC, which is an HBC in which a
benzenoid ring is cleaved to form a carbo[5]helicene, can be
regarded as the simplest chiral NG (compound 1, Fig. 3).
Jux and co-workers reported its synthesis,®* although an alter-
native synthesis and its chiroptical properties were recently
investigated by Tanaka and co-workers.> Compound (P)-1 was
prepared via enantioselective synthesis using a combination of
a Ni(cod), catalysed [2+2+2] cycloaddition followed by a Scholl
reaction. Compound (P)-1 exhibits a @ of 0.11 and a gj,m of 1 X
102 (Bep, = 5 M ' em™ ). Structurally related with seco-HBC,
there are examples of larger carbo[n]helicenes embedded into
the structure of HBC with CPL responses. In this sense, Narita
and co-workers reported the synthesis of compounds 2 and
3 (Fig. 3) by regioselective oxidative cyclodehydrogenation.*?
They represent chiral HBC analogues bearing a carbo[7] and

This journal is © The Royal Society of Chemistry 2025
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carbo[9]helicene, respectively. While 2 shows a |gjum| of 0.77 X
102 and a @y of 0.25, 3 shows an improvement of one order of
magnitude in the chiroptical response (|gjum| = 7.4 x 103, &p=0.41,
and Bcpy, = 12.6 M~ ' em ™) because of embedding a longer helicene
in the structure which result in a larger internal area for the case of
3. On the other hand, the higher @ values of 2 and 3 compared with
pristine [7]helicene and [9]helicene, whose @y values account to
0.021 and 0.014, respectively,*® clearly evidences the impact of the
n-extension of the system in their emission performance.

Selected partially m-extended double helicenes 4 to 6 (Fig. 3)
are included for comparison as they could be considered as
double helical analogues of 1. That is the case of tetrabenzo-
peropyrene (4, Fig. 3) as double carbo[5]helicene whose synth-
esis was reported by Clar and co-workers in 1959,"® however, its
CPL response was studied in 2024 by Hu and co-workers.®”
Compound 4 exhibits a high @ of 0.81 (pristine peropyrene,
& = 0.9) and the measured |gjum| value of their isolated enantio-
mers reached a value of 0.53 x 10>, In 2018, Tanaka reported
the synthesis of 5 (Fig. 3), as a partially m-extended double
carbo[6]helicene.®® It was synthesized by Rh(i)/binap-catalysed
enantioselective intramolecular [2+2+2] cycloaddition of
2-phenylnaphthalene-linked triynes followed by posterior aro-
matization by Scholl oxidation. Compound 5 displayed a low
|gium| value of 0.75 x 10™* and a remarkable @; = 0.75, which
could be due to the location of the HOMO and LUMO orbitals
in the central peropyrene core without the influence of the
lateral helicenes. In fact, this g factor is very similar to the one
previously reported for chiral peropyrenes with twisted back-
bones based on the steric congestion of bay regions and the
inclusion of octagonal rings, synthetized by the groups of
Chalifoux and Juritek (|gjum| = 0.7 x 10~ and 0.2 x 107,
respectively), respectively.®®”® In 2017, Narita and co-workers
reported the first X-shaped double carbo[7]helicene (compound
6, Fig. 3) as a novel structural motif obtained by regioselective
cyclodehydrogenation. The molecule showed promising |gaps|
of 1.5 x 1072 and high & = 0.8, though its CPL property was
not studied at that moment.>> However, later on, in 2022 they
reported a |glum| of 0.07 x 1072 and compared it with other
N-doped X-shaped double [7]helicenes with different terminal
heterocycles as compound 60 (Section 2.4.1, Fig. 15).°%""
A comparison of the chiroptical responses of 1 vs. 4 or 2 vs. 6,
bearing one or two carbohelicenes of the same size, shows
again how the inclusion of multiple helicene can result in a
considerable decrease in the dissymmetry emission, in one
order of magnitude (|gium| =1 x 10~ % and 0.53 x 10~ for 1 and
4, respectively; |gium| = 0.77 x 107* and 0.07 x 10~ for 2 and 6,
respectively). These examples reveal again that not always more
helical moieties result in enhanced chiroptical responses and
bring out attention to the fine design required for a better
performance in well-defined NGs.

By combination of three pentahelicene units, Mori and co-
workers synthesized hexabenzotriphenylene (compound 7,
Fig. 3). Compound 7 could resemble as a triple seco-HBC,
where three benzenoid rings are cleaved.”” The D;-symmetry
propeller-like structure was isolated, with the three carbo[5]
helicenes in the same configuration. This compound was found

This journal is © The Royal Society of Chemistry 2025
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stable towards undesirable racemization and degradation rela-
tive to pH change. Its @ in CH,Cl, is 0.018 and shows a gaps
(So — S; transition) and gy, values of —1.8 x 10" % and —1.3 x
1073, respectively, for (P,P,P)-7. It resulted that merging three
pentahelicenes in a single structure gave significantly lower
chiroptical response in comparison with pristine pentahelicene
(=7.6 x 107% and —2.7 x 107, for gaps and gium, respectively)
although with better photostability and lower excited-state
relaxation.”” This example reveals that special attention has
to be paid to increase the chiroptical response by merging more
than one helicene, required for a better performance.”?
Moving from peropyrene to teropyrene-cored NGs, Chaolu-
men and co-workers described the preparation of compound 8
(Fig. 3).”* The enantiopure samples of 8 were isolated, exhibit-
ing the same configuration in all the [6]helicenes. Remarkably,
the frontier molecular orbitals resemble those of pyrene,
although with a lower HOMO-LUMO gap. Compound 8 exhibit
a @p = 0.58 with an emission centred at 612 nm. The |gjum|
value was evaluated as 0.78 x 10> with a Bcpr, = 6.8 M~ * cm ™.
Using a perylene core, Wang and co-workers reported
the synthesis of a chiral NG with luminescent properties by
incorporating two lateral dibenzo[6]helicene fragments (com-
pound 9, Fig. 4).”” In this case, a high @ is expected due to the

Fig. 4 Chiral perylene-cored nanographene 9 and its extended analo-
gues 10 and 11. Crystal packing of compound 10 (bottom).
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distribution of the frontier molecular orbitals in the central
part of the perylene core and together with a certain degree of
orbital delocalization on the helicenes, which justifies the
chiroptical activity. This compound exhibits a remarkably high
&g value of 0.93 among the previously reported chiral NGs and
an excellent Bcpy, of 32 M~ ' em ™. In addition, the two enan-
tiomers showed maximum |gups| of 7.0 x 1072 in the ECD
spectrum and CPL with a |gium| of 0.8 x 107%. As n-extended
analogues of 9, one can find other two examples bearing double
carbo[6]helicenes as chiral NGs. Compounds 10 and 11 (Fig. 4),
reported by Qiu and co-workers in 2022, reach a polyaromatic
framework of 29 conjugated benzenoid rings.”® In this case, an
overcrowded perylene-cored oligophenylene is created by
sequential regioselective Scholl reaction in the peri- and bay
regions, forming the double carbo[6]helicene motif. The larger
n-extension demonstrated a great effect in decreasing HOMO-
LUMO gaps, and quasi-panchromatic absorption, along with
intense, red-shifted emission was observed. Besides, CPL signal
is centred at 625 nm with |gjum| values estimated to be 1.5 X
103, and notably reaching 800 nm. Single crystals of 10 and 11
were grown in pentane/CS, mixtures, packing in the triclinic P1
space group. Crystals of 10 consisted of intercalated layers of
(P,P) and (M,M) enantiomers (Fig. 4). Compound 10 has a
smaller helix pitch and interplanar angles (3.11-3.18 A, 44.3-
50.6°) compared to 11 (3.22-3.31 A, 55.6-64.4°).

The perylene core has been also used as initial scaffold to
construct perylene-HBC hybrids. Wu and co-workers reported
the synthesis of a series of helical NGs (12, 13, 14 and 15,
Fig. 5), where perylene is fused with one to four HBC subunits
via Diels-Alder cycloaddition followed by Scholl reaction. X-Ray
crystallographic analysis confirmed their structures, revealing
helicene moieties integrated into a highly contorted framework
and demonstrating respectable @ values of 0.319, 0.150, 0.137,
and 0.065, respectively, with emission maxima reaching
1010 nm. Besides, they evaluated the |gaps|max at 292 nm
(3.0 x 1073, 492 nm (8.5 x 10%), 454 nm (3.0 x 10%),
and 604 nm (1.2 x 107%) for 12, 13, 14, and 15, respectively.
Furthermore, the CPL spectra of enantiopure 12, 13, and 14 were
also measured in toluene, displaying mirror images consistent
with their emission profiles, and maximum |gj,m| values of 4.5 x
1073 for 12, 1.3 x 10 for 13, and 1.4 x 10> for 14. However,
they did not observe CPL signal in the NIR-II region for 15.””

Belonging to this family of chiral NGs exhibiting multiple
HBC units we can find the link of two (or more) HBCs by chiral
moieties, leading to the family of bi or multilayer NGs (with
simple carbohelicenes as hinge) or fully helical ribbon-shaped
or propeller-shaped NGs (with m-extended helicenes as link)
some of which bearing heteroatoms or non-benzenoid rings
will be mentioned in the following sections.

In the case of all-carbon bilayer NGs, they have shown to
significantly change their electronic properties depending on
the interplanar distance and rotation angle of the NGs. Martin
and co-workers reported, at the beginning of 2018, an all-
carbon fully fused bilayer NGs with a central [10]helicene,”®
and it was later in 2023 when they presented the synthesis and
full chiroptical characterization including CPL of three
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Fig. 5 Examples of chiral perylene-cored nanographenes. Ar! = (4-tert-
butylphenyl; Ar? = (3,5-di-tert-butyl)phenyl.

derivatives constituted by two HBCs linked by a [9], [10] or
[11]helicene (17, 18, and 19, Fig. 6).”° Ma, Feng and co-workers
complemented this family with the [7]helicene analogue (16,
Fig. 6).8° Curiously, in this family, the larger conjugation (from
[9] to [11]helicene) resulted in a hypsochromic shift of the
emission (lem = 575, 543 and 528 nm, respectively) and in a
decrease in both the dissymmetry factor (|gium| = 3.6 x 102,
1.0 x 10" % and 0.9 x 102, respectively) and the intensity (&y =
0.22, 0.10 and 0.11, respectively) of the emission. A careful
structural comparison of this family showed that the size of the
carbohelicene link has great impact on the overlapping of the
bilayer m-system, being maximized in 17, with the shorter
carbo[9]helicene. In a related example, Aratani and co-
workers reported in 2021 a bilayer compound by bridging two
coronenes with a 1,8-naphthalene hinge.®" X-Ray crystallo-
graphic analysis revealed that the anti-form is a chiral twisted
bilayer coronene type, with an internal bilayer distance of
2.914 A. Therefore, it was optically resolved and characterized
by ECD and CPL spectroscopy. The absolute dissymmetry factor
values were moderate reaching 1.5 x 10~ for |g.ps| at 436 nm
and 2.0 x 107 for |gum| at 435 nm.

Ma, Feng and co-workers have presented a modular syn-
thetic strategy to construct a series of multilayered helical NGs

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Examples of bilayer nanographenes connecting two HBC units
through a [7], [9], [10] and [11]helicene.

(16, 20, and 21, Fig. 6 and 7) through a consecutive Diels-Alder
reaction and regioselective cyclodehydrogenation from phenan-
threne-based precursors substituted with ethynyl groups.*® In
this report, they highlighted the change in the photophysical
properties of these helical NGs with respect to the degree of
n-extension, which varies with the number of layers, leading to
obvious redshifted absorption, a fast-rising ¢, and markedly
boosted ®g. Moreover, the embedded [7]helicene subunits in
these NGs result in configurational stability, enabling both
chiral resolution and exploration of their layer-dependent
chiroptical properties. For that, they investigated the CPL
spectra of the isolated enantiomers of 16, 20 and 21. Every pair
of NG enantiomers showed mirror-like CPL spectra, revealing a
gradually declined |gium| of 7.9 x 107 for 16 at 563 nm, 2.7 x
102 for 20 at 575 nm, and 1.5 x 10 for 21 at 595 nm,
respectively, despite the increased number of helicenes and
larger conjugation. These trends closely aligned with the
observed tendency of |gaps|max Which also decreased in the
larger analogues. These results again show that increasing
the structural complexity and number of helicenes does not
always result in improved chiroptical response. Despite the
modest |gium| values found for these layered NGs, the intense ¢
and high &y ensure high Bcpr, whose values were estimated as
168, 112, and 106 M~* cm ™" for multilayer NGs 16, 20 and 21,
respectively. In a subsequent study, Ma, Niu and co-workers
also reported the influence of the geometric arrangement of
three units of HBC linked by double [7]helicenes. To this end,
they compared the chiroptical response of above-mentioned
compound 20 (Fig. 6), where the two [7]helicene units are fused
at the ortho position of the central HBC moiety with two other

This journal is © The Royal Society of Chemistry 2025
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analogues that are linked in the para- (22, Fig. 7) and meta-
position (23, Fig. 7).%* To explain the changes in dissymmetry
factors and establish the relationship between the geometry of
double [7]helicenes and their chiroptical properties, TD-DFT
calculations were performed to check ¢ and m. In the geometric
engineering of two [7]helicene units from ortho-, meta- to para-
positions, in this order, the 0 and || gradually decrease, while
|m| remains at a constant level. This leads to a simultaneous

Fig. 7 Examples of multilayer nanographenes connecting three and four
HBC units.
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increase in cosf and |m|/|u|, consequently resulting in a
significant boost of |g.ps| of 3.9 x 1072 for 20, 10 x 10~ for
22 and 18 x 10 for 23. Continuing, they did TD-DFT calcula-
tions on their excited state to understand the origin of the
increased gj,m values. A comparison with 20 reveals a simulta-
neous increase in cos 0 and |m|/|u| for 22 and 23, resulting in
increased gium values of 2.7 x 10~ for 20, 8.7 x 10~ for 23, and
13.5 x 107 for 22 together with Bcp, values of 112, 143 and
176 M~ ' cm™', respectively. Tan and co-workers reported
another trilayer NG (24, Fig. 7) with a double helicene, together
with its O-doped analogue (see Section 2.4.4).% The two enan-
tiomers of 24 showed a series of mirror-image Cotton effects
extending to 610 nm, indicating a chirality transfer throughout
the molecule and showing a maximum |g,ps| of 4.2 x 107% at
472 nm and a |gjum| value of approximately 1 x 10>, Related to
24, Shen and co-workers reported a flag-hinge-like NG with a
central peropyrene unit and two lateral HBCs.** This NG exhib-
ited a |gjum| = 5.0 x 10~® with an excellent Bcpy, of 305 M~ ' cm™*
thanks to its good @y of 0.52.

As mentioned at the beginning of the section, together with
the synthesis of seco-HBC 1, the group of Tanaka reported
chiral NGs bearing longer n-extended carbohelicenes.®® They
reported the enantioselective synthesis (up to 87:13 enantio-
meric ratio) of partially m-extended carbo[11] (25, Fig. 8) and
carbo[13]helicene (26, Fig. 8) finding them to be good CPL
emitters with |gium| values of 4.0 x 107> and 3.4 x 10~ and a
very high Bcpp of 490 and 287 M~ ' em ™', respectively. These
n-extended helicenes are synthesized via an enantioselective
triple [2+2+2] cycloaddition to construct low-distortion expanded
carbo[13] and carbo[15]helicene skeletons, followed by subse-
quent m-extension by means of the Scholl reaction.

These last examples show structures where the HBC units
are linked through [n]helicenes. However, HBC moieties can be
arranged to create fully extended [n]helicenes. Thus, the sim-
plest example could be the arrangement of two HBCs into an
extended carbo[5]helicene, however, this structure remains
unexplored and only a heptagon-containing analogue has been
reported by our group (Section 2.3.2, Fig. 12, compound 38).
Conversely, its double carbo[5]helicene analogue has been
reported by Wang and co-workers,*> however, its chiroptical

Fig. 8 Examples of seco-HBC arranged around a central helicene
reported by Tanaka and co-workers.
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properties remain unexplored. Other impressive examples with
even larger structures, bearing multiple helical motifs have
been reported by the same group.®®®” Nevertheless, CPL was
not determined for any of these compounds. Regarding this
family (often called superhelicenes), a ribbon-shaped NG con-
stituted by four HBC units arranged around a central fully
n-extended carbo[9]helicene was presented by Gong and co-
workers in 2024 (27, Fig. 9).*® The large conjugated framework
resulted in an emission in the NIR (600-900 nm) and the helical
shaped resulted in a considerable |g,m| value of 4.50 x 1072,
and a Bcpy as large as 304 M™' ecm™ ", both higher than the
values reported for bilayer 17 bearing a central carbo[9]helicene
moiety as well. Those results aim again to the lateral
n-extension and elongation of chiral NG to enhance their
emissive and chiroptical properties. The same group reported
two analogues of 27 containing pore defects at one or the two
edge HBC units.*® Remarkably, these pore-containing analo-
gues exhibited lower |g.ps| and |gum| than 27 in solution.
Additionally, in polymethyl methacrylate (PMMA) and powder
films, both analogues show lower |g.,s| and |gium|. The
presence of these pore defects led to a blue shift in the ECD
and CPL spectra. Later, the same group presented a larger
example constituted by five HBC units arranged in a W-shape
bearing two fully n-extended [7]helicenes (28, Fig. 9) displaying
fluorescence emission (/e = 636 nm) with a @ = 0.10.°° In this
case, despite the larger n-system, it exhibits lower |gj,m| of 4 x
107°, and a Bcpy, of 42 M~ ecm™ " in one order of magnitude
compared with the previous smaller member of the family,
pointing out the importance of the mutual arrangement when
two carbohelicenes are present. Single crystals of 28 revealed that
the racemic mixture crystallizes in the triclinic P1 space group,
with each enantiomer featuring two identical carbo[7]helicene
units. The enantiomers pair into dimers, stabilized by m-n
and CH-r interactions between neighboring HBC units. These
dimers self-assemble into a one-dimensional architecture,
extending to a three-dimensional network via CH-r interactions,
showcasing a remarkable hierarchical organization (Fig. 9).

Another example of a compound bearing double n-extended
helicenes was reported by Hu, Narita and co-workers, which
presented a n-extended double [9]helicene with remarkable NIR
emission. However, they did not report its CPL response,
whereas its side product (29, Fig. 9) shows a |gaps| value of
0.008 at 582 nm. In addition, the CPL of 29 was also measured,
showing a |gium| of 4 x 10737

Recently, Ravat and co-workers reported helically twisted chiral
nanoribbons featuring a central pyrene core, or fused pyrenes,
anchored at the terminal K regions through one or two [7]helicenes
(compounds 30-33 Fig. 10) via stereospecific APEX reactions.”™
The [7]helicene influences on the conformational stabilization
according to the DFT and single crystal structure analyses. The
experimentally obtained |gj,m| of 30 and 31 is 1.27 x 10~ and
0.63 x 103, respectively, evidencing the negative effect of fusing
additional pyrene units. Conversely, the |gi,m| of 32 and 33 were
evaluated as 0.54 x 10> and 1.54 x 10>, respectively, which points
to the additional [7]helicene as a key factor to enhance the CPL
response. This fact was further supported by TD-DFT, which

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Examples of nanographenes as fused HBC units arranged around
[n]helicenes. Crystal packing of 28 (bottom).

predicted a larger |m| and higher cos@ values for the S; — S,
transition in 33 compared to those in 32 and 30.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Chiral nanographenes combining helicene(s) and pyrene units
(30-33), triptycene-fused double HBC-based nanographene (34) and
triindane-fused double seco-HBC nanographene (35) as CPL emitters.

In addition to the inclusion of helicenes as intrinsic chirality
providers in NGs, less common chiral scaffolds bearing asym-
metric carbon atoms are also of great interest. Such is the case
of triptycene, which has been used as efficient solubilizing
group of large PAHs,” three-dimensional scaffold,”>°® and
can also bridge two HBC units to create a chiral NG as shown
by Ikay group (34, Fig. 10).°” In this case, the chirality is
provided by the two asymmetric sp® carbon atoms present in
the triptycene moiety. Its forbidden conformational intercon-
version allowed its resolution by HPLC, as well as the crystal-
lization of one of the enantiomers, after which the evaluation of
the CPL resulted in |gjum| values of 1.0 x 107°. Another
interesting example is the triindane moiety, which has been
used by Martin and co-workers as a chiral linker between two
seco-HBC (35, Fig. 10).°® The synthesis of 35 is performed
through an enantiospecific Scholl reaction, with the triindane
acting as chiral auxiliary unit. Compound 35 possess three
asymmetric carbon atoms and two carbo[5]helicenes, being
possible to conduct its racemic resolution. CPL response of
35 was evaluated with a |gium| = 1.9 x 107° and a Bgp, =
16.7 M~ cm™ . Despite the generalized lack of asymmetric sp’
carbon atoms in extended polycyclic conjugated hydrocarbons
(PCHs) and NGs, it is possible to find new CPL-active carbon-
based structures containing tetragonal stereogenic centres,
which originates novel architectures from interesting scaffolds.
Recently, Du and co-workers reported a cycloparaphenylene-HBC
(CPP-HBC) hybrid as CPL emitter.>® The synthesis was based on
the preparation of a cycloparaphenylene unit functionalized with
two triflate moieties over the same benzene ring. Thus, a further
Suzuki coupling with two equivalents of a boronic ester HBC
derivative yielded the target NG. The corresponding enantiomers
were separated by chiral stationary phase HPLC, where the size
of the HBCs prevented its racemization. This CPP-HBC hybrid

Chem. Soc. Rev,, 2025, 54, 4922-4947 | 4931
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showed @ = 0.35 with a CPL centred at 469 nm with |gjum| =
1.10 x 10>

2.3. NGs bearing non-benzenoid rings

As mentioned in Section 2.2, inducing chirality in NGs is mainly
tackled by attaching inherently chiral motifs within the
n-conjugated scaffold. Helicenes are one of the most commonly
implemented chiral elements since they are complemented by a
delocalized electronic structure. The combination of helicenes
and non-benzenoid rings is a recurrent strategy to alter both the
distortion and chiroptical properties of NGs. Therefore, this
section covers those NGs bearing non-benzenoid rings in their
structure and displaying CPL. Introduction of non-benzenoid
rings with different sizes can generate many types of curvatures,
for example, including pentagonal rings in the n-conjugated core
generates a positive curvature while insertion of heptagonal rings
generates a negative curvature, both having an influence in
the (chir)optical properties of the resulting molecules. Thus,
reported examples of NGs containing five-, seven-, eight- and
nine-membered rings, where the helicene insertion strategy is
used, are reviewed in this section. This section is organized
according to the sizes of the non-benzenoid ring and, specifically
the seven-membered ring section, according to the location of this
non-benzenoid ring (either in the chiral unit, in the helicene, or in
the NG core).

2.3.1. Five-membered rings. Two examples of NGs bearing
five-membered rings as CPL emitters have been reported to
date. In 2021, Jiang and co-workers developed two chiral NGs
based on a corannulene unit. One featuring a [4]helicene and
another one comprising a [7]helicene (36, Fig. 11).'° For the
[4]helicene analogue the racemisation barrier at room tempera-
ture was too low (4.7 kcal mol ") to perform a racemic resolu-
tion, thus, the authors were unable to obtain enantiopure
samples. In contrast, for 36, which exhibited a A, centred at
508 nm and &y = 0.22 in a CHCI; solution, the CPL response
was evaluated, obtaining a |gium| value of 0.43 x 107°. A
n-expanded X-type double [5]helicene comprising two dihydro-
pyracylene moieties was synthesised by Kivala and co-workers
(37, Fig. 11)."°" Compound 37 exhibited a /., centred at
569 nm and &y = 0.43. After the racemic resolution of both

37

Fig. 11 Chiral nanographenes showing exhibiting a corannulene moiety
(36) and two pyracylene moieties (37) as five-membered ring containing
CPL-active nanographenes.
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enantiomers, the CPL was evaluated, showing |gium| values of
about 1 x 1077,

2.3.2. Seven-membered rings. NGs bearing heptagonal
rings have been synthesized by either embedding the seven-
membered ring as part of a helicene subunit or not. Thus, back
in 2018, our group reported the first example of a NG with CPL
emission with the synthesis of a ribbon-shaped helical NG (38,
Fig. 12) bearing two HBC units fused by an extended [5]helicene
and with a heptagonal ring at the edge of the structure.’® The
structure was confirmed by single crystal X-ray crystallography.
In the crystal, 38 appears as a pair of enantiomers, forming
n-stacked dimers with a n-r distance of 3.4-3.5 A. Within each
dimer, the molecules adopt an antiparallel arrangement,

Fig. 12 Saddle-helix hybrid nanographenes with CPL response, prepared
by Campafia and co-workers. Crystal packing of 38 (bottom).

This journal is © The Royal Society of Chemistry 2025
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interacting through the planar regions on the non-defective
side (Fig. 12). The CPL spectra showed an emission maxima
centred at 560 nm and the |gjum| value was evaluated as 0.23 X
10>. The same year, we also presented a chiral helical NG with
an extended [7]helicene, an undecabenzo[7]helicene, and con-
taining two heptagonal rings (39, Fig. 12).>> This was the first
fully helical ribbon with a n-extended central carbohelicene
exhibiting CPL response. Mirror image CPL spectra centred at
610 nm were obtained for both enantiomeric forms of 39, and
the |gium| reached a value of 2 x 10>, which represents a
significant one order of magnitude increase in comparison
with 38. During the following years, our group presented
several members of this saddle-helix hybrid NG family by
embedding seven-membered rings within the conjugated scaf-
fold, such as the triskelion-shaped saddle-helix hybrid NG
reported in 2019 (40, Fig. 12)."°> Compound 40 was synthesized
with an increased number of embedded heptagonal rings
compared to 38 and 39, and also three extended [5]helicenes.
Therefore, it was obtained as a mixture of two diastereomers, a
Cs-symmetric (P,P,P/M,M,M)-40 and a C;-symmetric (P,P,M/
M,M,P)-40. For the former, the CPL spectra show a maximum
centred at 643 nm and an estimated |gjum| value of 0.3 x 1072,
whilst for the enantiomeric forms of the latter, the maximum is
located at 656 nm with a |gium| value of 0.2 x 107°. We also
carried out a study in 2020 in which we could shed light on the
insertion effect of these non-benzenoid rings,'® specifically
heptagonal rings. In 2022, our group presented another highly
contorted superhelicene (41, Fig. 12) as well.'®* Compound 41
was designed to improve the @, to reveal the influence of the
tropone position, and the addition of multiple carbohelicenes in
the structure of 39. Surprisingly, the absorption and emission
spectra were redshifted by nearly 100 nm in 41. Two enantiomers
were isolated, (P,P,M/M,M,P)-41, both showing CPL response and
exhibiting |gium| values of 3 x 10, Additionally, the CPL response
was evaluated in thin films of 41, obtaining opposite CPL spectra
for both enantiomers. Regarding NGs featuring seven-membered
rings embedded into the structure of the helicene, Xiao and co-
workers described the synthesis of a heptagon-embedded helical
arene (42, Fig. 13)."®> Compound 42 exhibited a fluorescence
spectrum centred at 537 nm with @ = 0.02. The enantiomers of
42 were separated and the evaluated g, reached values of
—1.1 x 107° for (P)-42 at 503 nm. These gy, values are similar
to those reported by Ravat and co-workers for a pyrene analogue.®”
In 2024, Kivala and co-workers reported the CPL response of one
of the intermediates obtained during the synthesis of n-expanded
azocines."*® This compound (43, Fig. 13), containing a heptagon-
pentagon pair, showed an emission maximum at 542 nm and a
remarkable @r = 0.47. Enantiopure forms of 43 exhibited |gjum|
values of 0.94 x 1073, lower than its related azocines that will be
discussed in the following section. As a last example, Feng and co-
workers developed a helical bilayer non-benzenoid NG bearing a
[10]helicene with two embedded heptagons, one of them as part
of an azulene moiety (44, Fig. 13)."%” Its emission maximum was
found at 602 nm with a low &g value of 0.0032. The |gjum| reaches
up to 1.3 x 10>, within the range of the previously mentioned
heptagon-embedded helical NGs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Chiral nanographenes exhibiting heptagons as part of the heli-
cene moiety.

2.3.3. Eight- and nine-membered rings. Interesting struc-
tures of octagon-containing NGs can be found in literature."*®
Chiral counterparts, such as the four-fold HBC arranged around a
central cyclooctatetraene unit, have been reported by Martin and
co-workers.'” However, in most cases, their CPL spectra are not
available. The first examples of CPL-active NGs containing eight-
membered rings were reported in 2021 in our research group.''®
Therein, a new family of saddle-helix hybrid NGs with octagonal
rings was synthesized. In this family, 45 and 46 (Fig. 14), the
octagonal ring was embedded into both the HBC and the carbo-
helicene moieties. For 45, the CPL spectra showed a maximum
centred at 470 nm and an estimated |gi,m| value of 0.4 x 103,
whilst |gium| values of 0.7 x 107> at 554 nm for 46 were deter-
mined. In 2021, we also attempted to measure CPL responses of a
nonagon-embedded NG family.""" As a selected example, the
nonagon-containing a [5]helicene (47, Fig. 14), obtained from a
ring expansion of 45, resulted in an extremely twisted helical
moiety. This combination of structural features provided 47 with
enhanced chiroptical properties in the absorption (more than two-
fold compared to 45 and 46). However, emission profiles of this
family were non-trivial as fluorescence measurements revealed

Fig. 14 Saddle-helix hybrid nanographenes exhibiting an octagon (45 and
46) and nonagon (47) ring, prepared by Campafia and co-workers.
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Fig. 15 CPL-active nanographenes containing an azocine moiety (48 and
49) and related amines and lactams (50-53).

changes in the emission profiles under the long-time irradiation
required for CPL measurements.

In view of the above-presented results, introducing non-
benzenoid rings in the NG scaffolds evidences a great influence
in the structure of the resulting NG. It enhances racemization
barriers and improves configurational stability, avoiding the
use of bulky substituents in the fjord region. Therefore, it leads
to a higher distortion when embedded into the structure of a
helicene compared to its fully hexagonal analogue.

2.4. NGs bearing heteroatoms

2.4.1. Nitrogen-doped chiral NGs. NGs exhibiting CPL and
bearing N-doped octagonal rings will be firstly revisited in this
section. Both, our and Kivala’s group have developed azocine-
containing NGs exhibiting CPL. In 2021, an azocine-embedded
HBC analogue was synthesized by An and co-workers.""” Then, it
was in 2023, when our group prepared an azocine-embedded
HBC bearing tert-butyl substituents (48, Fig. 15)."** This N-doped
NG provides additional chemical stability with regards to the
evaluation of its chiroptical properties, in comparison with its
carbon-based analogue,'’® and the possibility to modulate the
ECD and CPL signals with external stimuli, such as redox or pH
changes. The reversibility of this switching was also confirmed.
Chemical and electrochemical oxidation of 48 suggest that the
produced radical and a radical-cation species centred into the N
atom could modulate the chiroptical response, due to the
appearance of new bands in the NIR-region of the ECD spectra.
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On the other hand, we inferred the same conclusion with the
protonated/neutral species, highlighting that CPL emission can
be switched off/on with different acid-base additions. The CPL
spectra of 48 showed a maximum centred at 457 nm with a |gj,m|
value of 0.8 x 10™% and a Bcpy of 1.40 M~ " cm™ . A related family
was presented in 2024 by Kivala group with a series of multiple
N-doped NGs bearing N-containing octagonal rings fused with
pentagonal rings.'°® Amines 50 and 51 (Fig. 15), and lactams 52
and 53 (Fig. 15) showed CPL with similar gi,, values ranging
from 0.91 x 107> to 0.24 x 10>, In the case of imine 49 (Fig. 15),
a further increase of the |gjum| value up to 1.6 x 10> was found.
According with a thorough theoretical analysis, they understood
the influence of the azocine and the indene moieties in the
properties, highlighting the evolution in the aromaticity of the
azocine after reduction/oxidation cycles, suggesting that the
steric hindrance blocks the aromatization of the azocine unit.
To conclude, they report that the indene unit is accountable for
the redox chemistry of the species, whereas changes in azocine
unit are insignificant.

In 2023, Qiu and co-workers reported a curved NG bearing a
[1,4]diazocine and octagon-pentagon fused rings (54, Fig. 16)
reaching a gium value of 0.26 x 107 for (P)-54 at Jey =
450 nm."" The g, values were reported in solution, in
contrast to their aggregates, which resulted to be CPL-silent.
Despite that, in aggregate state these species can form a charge
transfer complex with non-chiral acceptors, such as tetrafluoro-
terephthalonitrile (TFTPM) and 1,2,4,5-tetracyanobenzene
(TCNB), and activate the CPL response. The former showed
yellow emission reaching gi.m values of +0.41 x 10~ for (M)-
54:TFTPM at 587 nm. The latter showed red emission reaching
Zium values of —1.4 x 10> for (P)-54:TCNB at 655 nm. The same
group reported another related analogue based on a carbazole-
built n-extended diaza[7]helicene with double negatively curved
heptagons generated by Pd-catalysed intramolecular C-H aryla-
tions (55, Fig. 16)."'> Compound 55 exhibited intense green
fluorescence with 4.y, = 517 nm and their enantiopure samples
showed a bisignated CPL spectra with g, = 2.0 x 107 at
545 nm.

Recently, Casado, Liu and co-workers presented the devel-
opment of a non-alternant NG containing a N-centred
cyclopenta[effheptalene and an aza[7]helicene units.’'® These
strained moieties represent a heteroatom-doped member of the
saddle-helix hybrid NG family with CPL response. Compounds
56 and 57 (Fig. 16) were synthesised to evaluate the relevance of
the n-extension of the cyclopenta[ef]heptalene in the chiroptical
properties of the helical NGs. Single crystal structure of 57 show
multiple CH-n contacts allowing the formation of 1D columns
with close packing (Fig. 17). They reported |gjum| values of 7.0 x
107 for 57 that are significantly larger than the |gium| values for
the non-extended one (56, |gium| = 2.4 x 107°). These com-
pounds also showed intense fluorescence and phosphorescence
emission, specifically, 57 showed a narrow red emission centred
at 588 nm with a @ = 0.32. Two new carbazole-centred extended
helically NGs, (58 and 59, Fig. 16), were reported by the groups of
Babu and Gong, respectively."'”'"® The structural difference
between compounds 58 and 59 lies in the substituent of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 N-doped chiral nanographenes exhibiting CPL response. Nano-
graphenes. R = hexyl.

carbazole moiety, bearing a hexyl or HBC unit, respectively.
These compounds exhibit an orange/red fluorescence in solution
(Zem = 542 and 595 nm for 58 and 59, respectively) with a high @
of 0.75 and 0.40. The substitution of the carbazole unit by
incorporation of an hexyl or HBC units affords additional
chemical and configurational stability, compared to the unsub-
stituted one, reported by Jux and co-workers.""® In the study of

This journal is © The Royal Society of Chemistry 2025

Fig. 17 Unit cell showing the crystal packing in compound 57.

59, the authors observed that the Bcp;, depends on the solvent,
achieving a lower value in CH,Cl, (gjum = 0.43 x 10 ° for (P)-
enantiomer and Bcpy, = 9.89 M~ ecm ™ !). While solutions in THF
(gium = 1.06 x 107> and Bcpy = 28.57 M~ ' em™ ') and MeCN
(g1um = 1.30 x 107 and Bcpr, = 19.43 M~ ecm™ ') exhibited higher
Zium and Bgpy, values. On the other hand, the |gj,m| for com-
pound 58 in 2-methyl-THF was evaluated as 1.1 x 10, reaching
a Bepy, of 45.77 M~ cm ™! for (M)-58.

Hu and co-workers reported a double hetero[7]helicene
fused with four triazole rings (60, Fig. 16) in 2022."*° The N-
doping proved to have a great impact on the luminescence
intensity, reaching a @ = 0.96 as well as in the gj,m,, which was
significantly enhanced in almost one order of magnitude with
respect to its full-carbon analogue (Section 2.2, Fig. 3, com-
pound 6) reaching a value of 9.1 x 10~ for (P,P)-60. The
terminal triazole units provide the compound with an ambipo-
lar redox behaviour, where stable radical cations were formed
by both chemical and electrochemical methods. This double
terminal triazole helicenes constitute an interesting platform to
modulate emissive, chiroptical and electrochemical properties.
The same group also presented a doble diaza[7]helicene (61,
Fig. 16) as an intermediate in the synthesis of a negatively
curved aza-NG bearing two octagonal rings, with |gjum| values
of 2.2 x 1073."*' Curiously, the final curved saddle-shape NG
showed an electron-rich nature that leads to an interesting
association with fullerenes (K, = 9.5 x 10°> M~ " with Cq and
K, =3.7 x 10* M~ " with Cy,).

Recently, Babu and co-workers reported the synthesis of a
three m-extended helical NG family.'*? These helical NGs are
constituted by a phenazine-embedded bilayer NG (62, Fig. 18)
with |gium| = 0.73 x 10>, and two [1,4]-diazocine-embedded
helicenes (63 and 64, Fig. 18) with |gium| = 0.89 x 107> and
|gum| = 5.5 x 107%, respectively, for the P-enantiomers. Speci-
fically, the insertion of a [1,4]-diazocine-helical moiety in 64
shows an enhancement of the chiroptical properties. The
incorporation of this helical moiety was useful in engineering
0. In addition, this work shows that the aromaticity character of
the diazocine unit takes relevance in the determination of both
types of transition dipole moments. Due to the antiaromatic
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Fig. 18 Phenazine- (62) and [1,4]diazocine-embedded (63 and 64) bilayer
nanographenes reported by Babu and co-workers.

character of the diazocine unit, 63 and 64 show an enhance of
their m values which contribute to get the |gium| values of the
reported m-extended helical NG 64. These compounds can be
also compared to the bilayer NG 16 (Section 2.2, Fig. 6), to
understand the effect of embedding a phenazine or a [1,4]-
diazocine into its structure. Remarkably, the pristine bilayer NG
16 exhibited a |gjum| of 7.9 x 1073, which represents a higher
value compared to 62, 63 and 64.

Finally, within the context of N-doped NGs, it should be
noted that we have considered chiral perylene diimides (PDIs)
or naphthalene diimides (NDIs) reported as CPL emitters as out
of the scope of this review centred in NGs, due to their special
structures and particularities.**™*%”

2.4.2. Nitrogen-boron-doped chiral NGs. Among the
heteroatom-doping strategies, using B-N units has gained consider-
able attention. The polar B-N unit keeps the structural similarity but
alters the molecular polarity respect of the full-carbon analogue.'*®
In this field, Zhang et al. reported a m-extended C,-symmetric double
NBN-heterohelicene (65, Fig. 19) with CPL response.'*® This specie
was synthesised by a highly regioselective Scholl reaction. Com-
pound 65 emitted CPL signal with a |gjum| of 0.75 x 10~ at 546 nm.
Later, the same group reported an analogue without substituents in
the nitrogen (66, Fig. 19)."*° |gjum| values of 1.1 x 10~ were found
at 532 nm for (P,P)-66. Remarkably, compound 66 exhibit strong
binding interactions with fluoride anions. This binding causes a red
shift in the CPL response with a decrease in the |gj,m| value (0.64 x
1073). Structurally related, Yang’s group synthesised a series of
hetero- and heptagon-doped double helicene with two NBN units
(67-69, Fig. 19)."*' Enantiomers of 67 show mirror-image CPL
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65: X =Me; Y =Bu
66:X=H;Y=H

Fig. 19 Chiral B,N-doped nanographenes exhibiting NBN units with
reported CPL.

spectra with |gj,m| around 1.0 x 107>, which varies with the used
organic solvent. The coordination number of boron has shown
significant impact in the optoelectronic properties of B-doped PCHs
and NGs, therefore it was of marked interest measuring CPL
responses of 68 and 69. Emission maxima of 67 (1en, = 522 nm) is
red shifted upon coordination with one fluoride anion (68, Aep, =
567 nm) and blue shifted upon coordination of a second fluoride
anion (69, ey, = 541 nm). This red shift is also observed in the CPL
spectra of 68 and 69 was observed with |gj.,| values of 1.0 x 107,
Remarkably, the @ increases in 68 compared to 67 (0.99 and 0.65,
respectively), with compound 69 also exhibiting an extraordinary
@ = 0.90.

Recently, a family of NGs based on 2,6-bis(3,6-di-tert-butyl-
9H-carbazol-9-yl)boron (D‘BuCzB) was reported by Zhang and
co-workers."**> The authors reported the synthesis of five chiral
NGs (70-74, Fig. 20), which can be divided in two groups: the
ones having a double helical motif (70, 71 and 72) and the ones
embedding seven-membered rings in its structure (73 and 74).
All the family shows thermally activated delayed fluorescence
(TADF) and the authors highlighted that the presence of
heptagonal rings decreased ®. Contrariwise, these heptagonal
rings increased the chiroptical response, producing higher
|gium| values (2.9 x 107> for 73, and 5.0 x 10> for 74) with
respect to those ones with only double helical motifs (2.5 x
107 for 70, 2.7 x 107 for 71, and 2.7 x 10 for 72). A similar
structure, featuring a fused double D‘BuCzB has been studied
by Wang and co-workers in 2021 (75-77, Fig. 20)."** This family
of double hetero[7]helicenes also exhibited TADF, with Aep,
centred at 660, 684 and 696 nm, respectively, and extraordinary
&y of 1.00, 0.99 and 0.90, for 75, 76 and 77, respectively. Mirror-
image CPL spectra with |gim| up to 2 x 107 for 75. The
Bgp, values of 75-77 were determined as 28.5, 37.1, and
40.0 M~ ecm ™!, respectively. In 2023, Ravat and co-workers also
reported the study of two helicene-fused D'BuCzB analogues.'**
However, their m-extended analogues will be discussed in
this review (78-80, Fig. 21)."** The authors reported that the
rigidification of the NG core with azaborine units led to an ultra-

This journal is © The Royal Society of Chemistry 2025
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75:R=H
76: R ='Bu
77: R = 4-(Bu)phenyl

Fig. 20 Chiral nanographenes exhibiting one (70-74) or two (75-77)
units of D'BuCzB.

narrow fluorescence emission, with full width at half maximum
(FWHM) of 17.5, 16 and 17 nm for 78-80, respectively, in
toluene. The CPL spectra also show extraordinary FWHM of
18, 19 and 18 nm for 78-80, respectively, in toluene. Besides, the

‘BuN| 'Bu ’Bul N| 'Bu
5% SO
'Bu’Bu

P e
ar e

Fig. 21 Chiral nanographenes with CPL response exhibiting borazine
units reported by Ravat and co-workers.
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increase of azaborine units resulted in a blue shift in the
absorption and emission bands, with reported |gj,m| values of
2.3 x 102 for 80, 0.75 x 10> for 79, and 1.9 x 10 ° for 78.
2.4.3. Oxygen-doped chiral NGs. Following with O-doped
chiral NGs, a furan based double oxa[7]helicene (81, Fig. 22)
was synthesised by Peng, Hu, and co-workers in 2020."*¢ (P,P)-
81 and (M,M)-81 exhibited CPL activity, offering a moderate
Zlum Of —0.75 x 10~* at 506 nm for (P,P)-81. Compound 81 is
structurally related to 6 (Section 2.1, Fig. 3) and 60 (Section
2.4.1, Fig. 16) and can help to draw a correlation between the
effect of including furan rings and the CPL response. The gjum
value of 81 falls between those of 6 and 60, indicating that

Fig. 22 Furan-containing chiral nanographenes as part of peropyrene
(81), triphenylene (82), and bilayer (83 and 84) or trilayer (85) nanogra-
phenes. Crystal packing of (M)-84 (bottom).
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embedding furan rings into a full-carbon peropyrene-cored
structure can increase the gy, value. In 2021, Yang and co-
workers reported the synthesis of compound 82 (Fig. 22), a
triple oxa[7]helicene.”®” Compared with 81, the triphenylene-
cored 82 exhibited significantly improved gy, values, reaching
a Zlum Of 1.8 x 1072 at 492 nm for (M,M,M)-82. Compound 82 is
structurally related to compound 7 (Section 2.2, Fig. 3), where
both compounds exhibit a triphenylene core. The CPL response
of 82 is stronger than that of 7 (|gium| = 1.3 x 10~?), however,
the helicene size is larger for 82. Thus, it is difficult to correlate
this increase with the inclusion of furan rings or not.

Further, more extended architectures containing furan units
were envisioned and reported, as it is the case of bi and trilayer
structures, where furan units take relevance due to the mod-
ulation of their interlayer overlap and m-conjugation. Such is
the case of a bilayer NG linked by a furan unit reported by Jux
and co-workers in 2018."*% Although in this publication the
racemic resolution and chiroptical properties were not
included, this was later realized in collaboration with Fuchter’s
group,"® being the |gium| value of 83 equal to 0.3 x 10~ * at
540 nm. This dissymmetric emission was amplified by
500 times when embedded into an achiral polydioctylfluorene
(PFO) matrix (|gium| of PFO:83 blends =~ 0.15), due to a Forster
resonance energy transfer (FRET) phenomenon between the
electric and magnetic dipole moments of the PFO (donor) and
83 (acceptor).

Also, by the end of 2024, Martin and co-workers reported a
new example of enantioselective strategy to obtain enantio-
merically pure helical bilayer NGs.""® The prepared BINOL-
based polyarene precursor was used in a monoesterification
with enantiopure 1R-10-camphorsulfonyl chloride to afford
two diastereoisomers easily isolable by flash column chroma-
tography. Once the two enantiomers were obtained, the
authors performed a Scholl oxidation to obtain the corres-
ponding enantiomers of 84 (Fig. 22), as oxa[9]helicene-
embedded bilayer NGs. Both enantiomers crystallize in the
C222; space group (Fig. 22), with the molecules located in
sheets parallel to the (110). Huge spaces could be found
between the layers, containing high disordered solvent mole-
cules. The chiroptical properties of 84 were studied, reaching
|gium| values of 2.6 x 10~ for (M)-84. As previously observed in
their full-carbon analogues (Section 2.2, Fig. 6, compounds 16
and 17), compounds 83 and 84 evidence the effect of
the overlapping of the bilayer n-system and the size of the
helicene. Thus, 84 exhibits an increased CPL response
compared to 83 (2.6 x 107% vs. 0.3 x 10°). In addition,
compared with their full-carbon analogues, compounds 83
and 84 exhibit lower gy, values than compounds 16 and 17.
This fact suggests that the inclusion of furane rings into
bilayer NG structures is detrimental to the CPL response. In
2023, Tan and collaborators reported the CPL studies on a
trilayer NG bearing two oxa[8]helicene units (85, Fig. 22) and
compared them with its full-carbon analogue (Section 2.2,
Fig. 7, compound 24).%* The CPL spectra of 85 showed a |gjum|
value of 0.3 x 10>, which is lower than the 1 x 10> reported
for 24. Remarkably, the interlayer overlap is higher in 24,
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which affects the photoluminescence lifetime, among other
properties.

Besides furan units, O-doped heptagonal rings have been
reported in literature. The synthesis of a BINOL-like atropiso-
meric chiral NG (86, Fig. 23) was described by An et al in
2022."*! The CPL of the pair of atropisomers displayed opposite
signals with a |gjum| Of 0.24 x 107> at 480 nm. Regarding
NGs that combine O-doped and medium-sized rings, Tan and
co-workers, and Miao and co-workers recently reported exam-
ples including (oxa)pentagon-heptagon (87-91, Fig. 23) and
(oxa)pentagon-nonagon pairs, respectively.'*>'** The family
reported by Tan and co-workers was composed by five mem-
bers: (i) an extended HBC with two furan moieties embedded
into two helicenes (87); (ii) its one pentagon-heptagon pair (88);
(iii) an extended HBC with four furan moieties embedded into
three helicenes (89); (iv) its one pentagon-heptagon derivative

Fig. 23 Chiral nanographene embedding a BINOL as part of the n-system
(86), and HBC-based nanographenes combining furans (87 and 89) and
heptagon(s) (88, 90 and 91).

This journal is © The Royal Society of Chemistry 2025
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(90); and (v) its two pentagon-heptagon pairs and an
oxa[9]helicene derivative (91). The reported |gjum| values were
evaluated as 0.6 x 10>, 1.5 x 107>, 0.5 x 10> 1.6 x 10> and
2.1 x 103, respectively. Therefore, the authors conclude that
increasing the pentagon-heptagon pairs in the structure will
enhance the CPL response. In Miao’s examples, the same trend
is observed.

2.4.4. Oxygen-boron-doped chiral NGs. The introduction
of boron and nitrogen atoms was an important strategy to
modulate the electronics of chiral NGs. Introducing boron and
oxygen atoms in CPL-active NGs is being under study, as an
interesting approximation to modulate the chiroptical proper-
ties. In 2024 Babu and co-workers developed the synthesis of a
BO-doped n-extended helical NG (92, Fig. 24).*** Compound
92 exhibits two 5,9-dioxa-13b-boranaphtho[3,2,1-de]anthra-
cene (DOBNA) units, fused to a central HBC moiety. The
synthesis of 92 started from an acetylene-bridged DOBNA
dimer from which the HBC unit was constructed through
Diels-Alder and Scholl oxidation. Compound 92 exhibited
multiresonance-TADF (MR-TADF) due to the presence of
boron and oxygen, with lifetime values of 5 ps, and

Fig. 24 DOBNA-HBC hybrid chiral nanographene (92), S-doped nano-
graphenes embedding a heptagonal ring (93 and 94), and thiophene-
containing nanographenes (96—98).

This journal is © The Royal Society of Chemistry 2025
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phosphorescence behaviour. The CPL spectra showed mirror
image signal with negative signal for (P)-92, and positive
signal for (M)-92. The |gium| reached values of 2.5 x 10~ * for
(M)-92.

2.4.5. Sulphur-doped chiral NGs. Other chalcogen-
containing NGs exhibiting CPL have also been reported.
Thus, we conclude Section 2 gathering the S- and Se-doped
NGs for which the gj,m, values have been evaluated. Two works
were reported by An and co-workers, and by Xiao and co-
workers. The former reported CPL studies of a sulphur- and
sulphoxide-doped heptagon-containing seco-HBC (93 and 94,
Fig. 24).°” The |gium| was determined to be 1.1 x 10> and
0.56 x 107 for 93 and 94, respectively, at 480 nm. Due to the
low @ (lower than 0.01), the CPL of their Se-doped analogues
was too weak to be detected. Meanwhile, due to the high ¢ and
&y, the enantiomers of 93 and 94 exhibited Bgpy, up to 13 and
12 M~ ' em ™, respectively. The latter reported the synthesis of
a S-doped NG bearing a thiophene-containing double [6]heli-
cene unit (95, Fig. 24)."*> The CPL spectra presented a
maximum centred at 521 nm. Moreover, the |g,m| values
were found to be 0.6 x 107 for (P,P)-95. Recently, Hu and co-
workers reported the synthesis of different thia-helicenes-
containing NGs with enhanced luminescence (96-99,
Fig. 24).°7'*° The thia-helicene has been a class of helicene
with important chiroptical features, especially ECD. However,
their weak fluorescence has been an obstacle to develop CPL
emitters. Isomers 96 and 97 were synthesized, exhibiting
strong ®r of 0.83 and 0.91, respectively. In addition, the
CPL responses were measured with a |gym| = 2.2 x 1077
and |gum| = 2.1 x 1077, respectively, performing higher
values than the previously reported in 2022 peropyrene-
cored thia-helicene 98 (& = 0.43 and |gjum| = 1.2 x 107?),
and its sulphone analogue 99 (®r = 0.31 and |gjum| = 1.1 X
107?). The authors attribute this CPL enhancement to the
increased m.

3. Future perspectives

3.1. Enantioselective synthesis

Achieving precise control over the chirality of NGs during
synthesis is challenging and usually relies on the racemic
synthesis followed by a tedious racemic resolution. Chirality
induction often relies on enantioselective synthesis or post-
functionalization, which can be complex, expensive, and low
yielding. On the one hand, producing large quantities of chiral
NGs with consistent optical properties is difficult. On the other
hand, scaling up from laboratory synthesis to industrial pro-
duction while maintaining purity and enantiomeric excess
remains a significant hurdle.

New synthetic strategies involving enantioselective catalysis
or chiral templates could offer better control over chirality
while increasing yields and reducing costs.®>*%!*° Post-
synthetic functionalization strategies could allow for fine-
tuning of optical and electronic properties, enhancing the
performance of chiral NG-based emitters.
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3.2. Boosting chiroptical properties

While NG structures can be tailored for specific chiroptical
properties, the vast diversity of possible structural modifications
creates challenges in systematically understanding the relation-
ships between structure, chirality, and optical behaviour. On the
other hand, chiral NGs often exhibit relatively low @g. This fact
limits their potential in applications such as display technolo-
gies or light-emitting devices,"”” where high brightness and
efficiency are crucial. Non-radiative decay channels in these
molecules reduce the efficiency of light emission. Thus, finding
ways to suppress such losses while maintaining chirality is still
an open challenge.'*®

More critical is the fact that chiral NGs usually exhibit
low g in their CPL emission, limiting the detection of the
circular polarization excess. As commented before (eqn (1.5)),
Zum Vvalue is controlled mainly by a couple of dipole transition
vectors, u and m, which depends on non-obvious quantum
mechanics."**°

In the literature, some examples have been described with
some success. In 2021, Narita and co-workers reported m-
extended [7] and [9]helicenes (2 and 3, Fig. 3), revealing that
the slight variation in helical length from [7] to [9] can cause
an approximately 10-fold increase in the dissymmetry factors.
To explain this, they studied the molecules theoretically and
calculated transition dipole moments using TD-DFT. The
higher |m|, lower |u|, and larger cos 0 of 3 than of 2 all lead
to an increase in the calculated dissymmetry factor by a factor
of 10 with respect to that of 2, consistent with the trend
observed experimentally.*® Later, in 2022, following the strat-
egy reported by Mori and co-workers for carbohelicenes,”® Hu
and co-workers also studied X-shaped double carbo[7]helicene
when they exchanged terminal benzene rings with triazole,
resulting in 12.8 fold increase in gj,, and a significant
increase in @y in comparison to double carbo[7]helicene.®
Since these compounds share comparable |u| and cos#@
values, the boost in gju, can be mainly attributed to the
increased |m| value. Later, in 2023, Martin and co-workers
reported a series of helical bilayer NGs and studied the impact
of the central helicene size on y and m. When going from [11]
to [9]helicene, a simultaneous increase in cos6 and |m|/|u]
consequently resulting in very high dissymmetry factors for
[9]helicene bilayer NG in comparison to [11]helicene bilayer
NG. Also related is the study presented by Feng and co-workers
establishing the relationship between the geometry of HBC
units linked by double [7]helicenes and their chiroptical
properties.®” Again, geometric engineering showed the role
played by the relative position on the 0, 1 and m values, and
therefore on the final gy, values.

Nevertheless, human limitations to infer the frontier mole-
cular orbitals with precision have hampered the deep under-
standing on how the molecular structure influences CD and
CPL performance, a future evolving field. While exploiting
forbidden transitions allows for high dissymmetry factors due
to an increased contribution of |m| and very small |u| this
strategy often comes at the cost of lowering the absorption/
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emission strength, |¢|?, and consequently the photolumines-
cence quantum yield. An alternative approach is to engineer
the molecule structure to balance the contributions of |m| and
|¢| and to optimize the angle between them. In a very naive
view, optimization of CPL performance at small molecule level
then depends on two critical factors: (i) the molecule must be
emissive, that is, dipole strength |x|*> must be reasonably high;
and (ii) the magnetic dipole transition moment |m| must be
also high to maintain a suitable ratio. Roughly, and consider-
ing a parallel alignment, a |u| value of 400 x 107>° esu cm,
requires an |m| value of 100 x 10 *° erg G ' to achieve an
impressive gjum value of 1. For a figure of merit of 0.1 a |m|
value of 25 x 1072 erg G ' is still required. Owing to usual
values for |m| in single organic molecules are around 1 x
107%° erg G, guidelines to design molecules with such large
|m| values are then indispensable. Within this context our
group recently managed to present a rational relationship
between the magnitude of |m| and the chemical structure
with the aid of machine learning approaches.'>""*” In this
way, it was shown that the best |m| values occur for those
transitions whose orbitals are fully delocalized around a
helical movement. Remarkably, the magnitude of m is directly
related with the surrounding area of this electron movement
during the transition which, from the structure point of view,
is directly related to either the number of turns or the size of
the turn in helical conjugated structures.'*">* It is also worth
noting that cylindrical geometries of n-conjugated frameworks
have proved to be effective strategies for increasing |m| values
that should be also considered when designing CPL active
NGs.">*1%% Despite of these powerful structure-property cor-
relations, in terms of chiral emission, it is the lowest-energy
electronic transition S; — S, the one that must be magnetically
allowed without compromising the |u|. Although the introduc-
tion of substituents in selected positions with large orbital
coefficients have proven to be a suitable strategy for changing
orbital energy,'*® thus optimizing the symmetry and magnitude
of their lowest-energy electronic transitions, further develop-
ment of the corresponding general rules are still lacking. How-
ever, considering the large number of both possible substituents
and substitution positions in a particular conjugated core,
machine learning techniques become again the approach of
choice to tackle those problems.' In fact, an optimization of
chiroptical properties of polysubstituted [6]helicenes has
demonstrated that trained neural networks are suitable tools
in this field, and probably they are going to be of special focus in
the near future.

3.3. Combining/hybridizing chiral NGs with other materials

Combining/hybridizing chiral NGs with other materials (e.g.,
metal-organic frameworks, quantum dots, polymers) could
also boost dissymmetry factors and enhance CPL emission.
This is the case of the presence of chiral near fields in the
surroundings of chiral plasmonic nanoparticles. The coupling
of such dense chiral fields promotes an increased chiral light-
matter interaction boosting the chiroptical responses.’”” In a
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similar way, when chiral NGs are embedded in an achiral
conjugated polymer matrix a remarkable phenomenon
appears. In 2020, Fuchter and co-workers demonstrated a
500-fold amplification of the |gj.m| of 82,'® previously reported
by Jux and co-workers."*® They rationalized that the amplifica-
tion arises through electrodynamic coupling between the poly-
mer donor’s electric and magnetic transition dipoles and
superhelicene acceptor, resulting in CPL resonance energy
transfer. Considering the delocalized exciton in the polymer
as a kind of chiral near field, an alternative mechanism may
emerge which could be more broadly adopted to enhance the
dissymmetry factors of NGs.'®>*®" Other interesting approach
is the spin-OLEDs'®>™®* in which the chiral matter polarizes
the electron/hole transport within the material producing a
spin dependent recombination and CPL emission even in
achiral emissive layers. In that case, the chiral NGs would be
the media in which the so-called chiral induced spin selectivity
(C1SS) effect takes place.

3.4. Responsive systems

On the other hand, creating NGs that change their chiroptical
properties in response to external stimuli (such as light, tempera-
ture, or pH) could lead to new classes of smart, dynamic materials
for adaptive optics and sensing.*”''*'%71%” Thig is especially
appealing as probes for the so-called CPL microscopies,"®%'°
taking circular polarization as an additional information channel.

In summary, the meticulous design of the molecular struc-
ture can give optimum ||, |m| and cos 0 values, which result in
high g. However, the increased contribution of |m| may result
in low absorption/emission strengths if |u| is not considered,
which is why smart synthetic designs are required. Hence,
tunable molecular designs supported by artificial intelligence
and efficient computation, can be adopted to boost dissymme-
try factors in chiral NGs. Other than that, the chiroptical activity
of NGs has been enhanced through aggregation and assembly
in polymer matrix, although the limits of this approach have
not been defined to date.

Conclusions

In this review, we have summarised recent advancements in the
bottom-up synthesis of chiral NGs, including various benze-
noid, non-benzenoid rings, and heteroatom-containing sys-
tems. The synthesis and study of chiral NGs have advanced at
an exponential rate. In addition to the natural interest in
chirality as the foundation of the phenomena of life, there is
a growing interest in creating novel exotic carbon structures
with various structural defects, which allows modulation of
their molecular orbital structure and, thus, their photophysics.
Next, Tables 1-3 summarizes the main photophysical proper-
ties reported for CPL-active NGs in this review. Despite sig-
nificant efforts, finding a direct relationship between the
structure of chiral NGs and their CPL emission does not seem
obvious. It became clear that the random inclusion of more
chiral motifs might not necessarily result in better CPL
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performance. Il-extension and elongation of helical motifs
seem to have a more significant effect. It is still difficult to
modulate the luminescence dissymmetry factor and quantum
yield efficiently by adjusting the electric and magnetic transi-
tion dipole moment vectors of the S; — S, transition. The
balance between these two parameters is especially crucial, and
to keep that in mind, designing chiral NGs remains unsolved
and would require a deep rational design based on orbital
engineering. The key thing here is to create delocalized HOMO/
LUMO levels including the helical part of the molecule, thus
ensuring that the electronic circulation takes place in the S; to
So states. This can be done placing suitable donor/acceptor
groups in critical positions or incorporation electron rich
motives as alkynes as part of the helical structure.””*’> On
the other hand, intense chiroptical responses can be attributed
to the nature of the helical system. Higher the enclosed area of
a transition, higher the strength of the corresponding signal.
Combining the above-mentioned advice the designing chiral
NGs would become more rational, and the actual limits could
be surpassed. When looking for enhanced chiroptical response,
the focus must be in a deep rational design based on orbital
engineering instead of usual criteria of preparing magnificent
chemical structures. In fact, very simple rationally designed
structures could lead to impressive responses. Nevertheless, in
any case, the generation of unprecedented complicated con-
jugated structures would always remain as a fascinating chal-
lenge for organic chemists. In this sense, and despite
significant progress in synthesizing NGs, developing enantio-
selective synthetic techniques for synthesizing chiral NGs con-
stitutes a specially challenging topic.

Moving forward, interdisciplinary approaches that combine
molecular design, advanced chiral characterization, artificial
intelligence (AI) methods, and computational modelling are
likely to propel this field toward practical applications.****”?
With continued research, chiral NGs could be the foundation
for next-generation CPL-active materials, opening exciting pos-
sibilities in optoelectronics, bioimaging, and sensing.
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Appendix

Table 1 Summary of the main optical and chiroptical properties of compounds reported in Section 2.2
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abs,max  Emax/10° | abs|/ Bepr, |ul/1072°  m|/107%°
Compound  (nm) M em™)  emymax (nM) g 107° (nm)  |gum|/107° M'em™)  (esuem™!)  (ergGT) 0 ()
1% 420 89.59 467 0.11 1 (423) 1 5 — — —
2% 441 11.2 495 0.250  1.24 (446) 0.77 1.1 469.2° 0.81° 84.1°
3% 452 7.1 528 0.41  10.58 (471)  7.44 12.6 407.0° 2.24% 69.6"
4% 464 — 504 0.81 6.6 0.53 — 650° 0.048” 29.8°
568 491 — 529 0.75  0.93 (490) 0.75 — — — 81.7
6% 375 42 572 0.80  0.48 (514) 0.07 1.2 571° 0.097° 19.94”
77 427 — 483 0.018  1.80 (427) 1.30 — — — 0
8" 592 — 612 0.58  0.69 (592) 0.78 6.8 910 0.132° 5.78%
97 538 85 562 0.930  7.00 (360) 0.80 32 1000 0.54° 0®
107° 477 350 625 0.110  1.57 (550) 1.50 — — — —
117° 479 240 625 0.082  1.88 (450) 1.50 — — — —
12”7 349 — 654 0.32 3.0 (292) 4.5 — 474.39% 1.99° 107.2°
1377 359 — 812 0.15 8.5 (492) 1.3 — 913.48 2.45° 87.4°
14”7 366 — 817 0.14 3.0 (454) 1.4 — 830.88 1.76“ 95.5%
1577 359 — 1010 0.07 1.2 (604) — — 916.85 0.14° 107°
16%° 518 16.8 562 0.45 8.5 (545) 7.9 168 474° 3.7 82. 47
177° 373 136 575 0.22 36 36 81 101.6 0.2627” 3.4
18”° 377 103.9 543 0.10 16 11 21 94.5 0.1401° 17.78"
197° 377 125 528 011 10 8.9 27 83.8 0.1749° 63.51”
20°%° 554 26.7 577 0.74 3.9 (560) 2.7 112 857° 5.5% 87.04°
21%° 570 72 585 091 2.4 (580) 1.5 106 1146° 7.1¢ 88. 23¢
22%2 533 — 562 0.44 18 (540) 13.2 176 748° 5.05” 80”
2352 543 — 564 0.41 10 (546) 8.7 143 735% 5.17” 82?
2453 376 — 616 024 4.2 (472) 1 — - — —
25% 544 80 612 0.31 30 (559) 40 490 230 2.26° 5.19¢
26%° 552 73.6 607 0.23 25 (567) 34 287 218 2.25° 8.74%
27%8 472 135 684 0.1 27.6 (640) 45 304 251 3.32° 38.73°
292° 3.60” 40.54°
28%° 496 210 636 0.1 8.6 (592) 4 42 31.4° 0.153° 2.56”
29! 297 174.3 635 0.063 8 (582) 4 — 383.8 2.83° 78.9°
302 — — — 0.04 2.5 (421) 1.27 0.28 363.86 1.324 83.68"
31% 426 13.39 493 0.19  2.43 0.54 — 331.29 0.08” 50.95”
32 431 7.32 473 0.05  2.64 0.63 — 461.35 0.31” 71.9°
33% 425 12.53 492 015  4.05 1.54 — 395.89 0.80° 19.95”
347 363 — 365 0.04 — 1.00 —
35% 361 202.214 469 — 6.3 (294) 1.9 16.7 — — —
“ From S, — S, transition. ” From S; — S, transition.
Table 2 Summary of the main optical and chiroptical properties of compounds reported in Section 2.3
8max/lo3 /lemy max |gabs|/1073 Bepr, |,u|/10720 |m|/10720
Compound Jabs,max (Mm) (M~ "em™")  (nm) D (nm) |gluml/1072 M Tem™) (esuem™?) (erg G 0 ()
36'%° 398 — 508 022 — 0.43 — — — —
37'% 554 — 569 0.43  3.26 1 — — — —
38" 444 66 560 0.13 2.7 (370) 0.23 — — — —
39> 472 160 610 0.098 2.5 (580) 2 12.3 — — —
(P,P,P/IM,M,M)-40""> 517 297 643 028 8.2 0.3 40 — — —
(PPM/MMP) 0'% 522 412 650 0.28  0.88 0.2 62 — — —
fn* 365 145 697 0.04 3.0 (520-675) 3.0 90.5 — — —
42'% 496 1.21 537 0.02 =~4.7(307)  0.95 — — — —
43'°¢ 509 — 542, 0.47 3.5 0.94 — — — —
447 512 10.4 602 0.03 6.6 (553) 1.3 — — — —
45" 356 71 480 013 1.3 0.4 — — — —
46'"° 342 53 554 0.08 1.5 (294) 0.7 1.30 — — —
47" 355 80 456 0.11 3.9 (281) — — 113“ 0.0360 118.69%

“ From S, — S, transition.
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Table 3 Summary of the main optical and chiroptical properties of compounds reported in Section 2.4
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/labs,max Smax/103 /'Lemymax |gabs|/ |glum|/ Bepr, |ﬂ|/10720 |m|/10720
Compound (nm) M 'em™) (nm) Dy 10~ (nm) 107° M 'em™) (esucm™) (erg G 0 (")
48'"3 351 85 457 0.04  0.65 (352) 0.8 1.40 — — —
49'%° 513 — 552 0.12 1.9 16 — — — —
50'°° 510 — 536 0.48 2 9.1 — — — —
5110¢ 547 — 609 0.56 2.4 6 — — — —
52106 510 — 539 0.52 3 6 — — — —
53100 510 — 543 0.51 2.1 2.4 — - - -
54114 350 — 450 — — ~0.23 — — — —
551 331 109.65 517 — 3.1 (432) 2 — — — —
561 452 11 503 0.33 6.7 2.4 9.1 - - -

7116 580 16 588 0.32 10 7.0 95.2 — — —
58117 382 108.4 542 0.75  3.91 1.12 45.77 245.73b 0.362° 166.56°
5918 360 113 595 0.40  2.98 (469) 1.30 28.57 327° 0.186” 178.87°
60'2° 368 69 553 0.96 1.3 (511) 0.91 30.1 577 0.097° 20?
61! 420 3.52 531 0.45  44.6 2.2 173 548.02° 0.707% 158.83“
62122 — 88.0 646 044 1.2 0.73 14.13 345.49° 0.40° 87.29°
63122 — 81.4 582 0.43 1.4 0.89 15.57 150.42° 0.06” 60.94”
6422 — 67.2 576 079 2.9 5.5 145.9 237.77° 0.82° 52.12°
65'%° 489 19.5 528 0.80 — 0.75 — — — —
66'%° 490 20 526 0.64 1.9 (496) 1.1 — — — —
673! 504 36 522 0.65 2.5 (492) 0.90 14.6 — — —
683" 524 — 567 0.99 8.5 (368) 1 — — — —
69'%" 518 — 541 0.90 6.3 (368) 1 — — — —
70132 545 — 585 0.66 8.6 2.5 45.8 689.3” 0.80° 24.4°
71132 548 — 595 0.68 7.4 2.7 41.5 755.9” 0.30° 136.8”
72132 553 — 598 0.64 3.1 2.7 58.7 682.5” 1.5° 48.7°
73132 622 — 675 0.11 4.7 2.9 2.0 464.6° 1.6° 80.0”
74132 595 — 641 0.01 6.6 5.0 4.0 352.2° 4.3? 79.2b
75'33 627 — 660 1.00 3.3 (502) 2.00 28.5 552° 0.46" 0“
76'3* 650 — 684 0.99 3.1 (518) 2.00 37.1 617° 0.41° 0“
77" 662 — 696 0.90 2.6 (526) 2.00 40.0 736° 0.41¢ 0*
7813% 495 56 498 0.83 2.7 1.9 — 376.1° 1.23% 84.26”
79135 493 57 500 085 1.0 075 — 691.3” 1.45” 83.68”
80'%° 479 24 485 059 4.1 2.3 — 229.4° 1.85” 81.95”
81 375 — 511 0.71 — 0.75  — - - -
827 262 — 492 0.04  ~5095(314) =~1.7 — 0.63” 0.00053” 45°
83'%° 525 — 620 0.85  2.00 (509) 030 — — — —
840 371 146.9 500 0.30 2.7 (452) 2.6 — — — —

85% 364 — 565 0.37 2.7 (378) 0.3 — — — —
864! 360 170 475 0.02 — 024 — — — —
8742 503 — 535 0.49 5.2 0.6 10-8 — — —
88'+2 542 — 622 0.03 3.3 1.5 1.7 — — —
89'+2 575 — 611 0.54 4.6 0.5 13.9 — — —
9042 590 — 639 0.26 4.0 1.6 14.7 — — —
91'4? 594 — 644 0.10 3.6 2.1 7.1 — — —
9p144 400 — 546 050 — ~2.4 ~31 412° 0.34° 175.34°
93°2 351 130 475 0.18 — 1.1 13 — — —

942 353 140 473 0.30 — 0.56 12 — — —
95 387 61 517 0.03 ~14.5(352) ~0.55 — — — —

96°7 392 930 569 0.83 4 (310) 2.2 84.9 499” 0.456° 2.4°
97%7 397 680 583 0.91 5.3 (365) 2.1 65 435° 0.632” 547
9g'4® 387 — 558 0.43 14 (327) 1.2 — 782.69° 0.254” 12.04°
99'4¢ 420 — 614 031 7.2 (323) 1.1 — 824.73° 0.275” 21.87”

% From S, — S; transition. ” From S; — S, transition.
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