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ease the dissymmetry in the
interaction of chiral light and chiral molecules†
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Thomas J. Penfoldd and Matthew J. Fuchter *ac

The dissymmetric interaction between circularly polarised (CP) light and chiral molecules is central to

a range of areas, from spectroscopy and imaging to next-generation photonic devices. However, the

selectivity in absorption or emission of left-handed versus right-handed CP light is low for many

molecular systems. In this perspective, we assess the magnitude of the measured chiroptical response

for a variety of chiral systems, ranging from small molecules to large supramolecular assemblies, and

highlight the challenges towards enhancing chiroptical activity. We explain the origins of low CP

dissymmetry and showcase recent examples in which molecular design, and the modification of light

itself, enable larger responses. Our discussion spans spatial extension of the chiral chromophore,

manipulation of transition dipole moments, exploitation of forbidden transitions and creation of

macroscopic chiral structures; all of which can increase the dissymmetry. Whilst the specific strategy

taken to enhance the dissymmetric interaction will depend on the application of interest, these

approaches offer hope for the development and advancement of all research fields that involve

interactions of chiral molecules and light.
Introduction

Considerations of chirality are embedded into the very fabric of
chemistry. The ability to synthesise one enantiomer of a chiral
substance over another continues to provide an excellent
intellectual challenge and provides access to high value prod-
ucts such as pharmaceuticals. Of course, molecules are not the
only objects that can be chiral. Instead, chirality is a property of
symmetry and shape that manifests across multiple length
scales and throughout the natural world. Beyond molecular
chirality, one important example with respect to this perspec-
tive is the chirality of light, best exemplied by circularly
polarised (CP) light. CP light can be described as two plane
polarised waves of equal amplitude, at right angles to one
another, but with a quadrature phase relationship. The resul-
tant summed electric eld vector is of constant magnitude and
rotates at a xed rate, tracing a helix as the wave travels through
space (Fig. 1a). Given that a helix is a chiral object, CP light is
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chiral light, with two “enantiomeric” le-handed (LH) and
right-handed (RH) mirror image forms. The interaction of CP
light with chiral molecules (and vice versa) underpins a range of
spectroscopies already routinely used to interrogate chiral
substrates – (electronic/vibrational) circular dichroism (ECD,
VCD), optical rotation/rotatory dispersion (ORD), Raman
optical activity (ROA) – and continues to be of interest in cutting
edge developments in the measurement sciences.1–4

This perspective considers the nature of the relationship
between chiral molecules and CP light, but from a more
Fig. 1 (a) Schematic representation of electromagnetic (EM) waves
yielding CP light, (b) examples of various sized systems arranged in
order of increasing size and their relation to the wavelength of light in
the UV-vis region of the EM spectrum.
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preparative standpoint: the selectivity of CP light absorption by
chiral molecules, or the use of chiral molecules to selectively
produce CP light of a preferred handedness.

The aim to use CP light in asymmetric synthesis is a histor-
ically important example. As early as the 19th century, it was
suggested that CP light could be used for the selective produc-
tion of an enantioenriched substance, and CP light-dependent
photochemical reactions remain a candidate for the origin of
the homochirality of life.5,6 But, despite several elegant studies,
including varying the photon energy and dual wavelength
approaches,7,8 CP photochemistry has not become a main-
stream technique in asymmetric synthesis. The reason for this
is very simple: the enantioselectivity in such reactions is
predominately governed by the absorption selectivity of CP light
by the enantiomeric starting materials (i.e. the ECD of
a substance).9 Such selectivity is quantied by the so-called
dissymmetry or g-factor (described in more detail later). While
jgj ¼ 2 expresses total selectivity for CP light, the g-factor tends
to be very low (<10�2) for electronic transitions important for
organic photochemistry. It follows that low differential selec-
tivity in the absorption of CP light between enantiomeric
substances equals low stereoselectivity in the resultant
photochemistry.

If CP light is generally not very effective at producing chiral
molecules with high enantioselectivity, how good are enantio-
pure emissive molecules at generating CP light of a preferred
handedness? The emission of CP light is central to the opera-
tion of several next-generation photonic devices, including
enantioselective biosensors, efficient displays and security
inks.10,11 However, if one considers emissive small organic
molecules as a representative example, real-world applications
are (similar to asymmetric synthesis) limited by the low
dissymmetry linked to the electronic transition. A comparative
study has previously shown that the emission dissymmetry of
CP light from a chiral emissive small molecule is oen linearly
proportional to, and smaller than, the absorption dissym-
metry.12 Thus, if the selectivity in the absorption of CP light is
low, the emission will be comparably so. This outcome has
resulted in a broadly accepted “molecular” dissymmetry factor
for the emission from enantiopure small molecules, where the
light generated usually displays a dissymmetry of <10�2.13

While we describe key fundamental aspects in much more
detail below, one ‘rule of thumb’ that has been used to explain
the disappointing selectivity in these outcomes is molecular
size.14 Many small organic molecules are shorter than 1 nm at
their widest point and are therefore considerably smaller than
the hundreds of nm wavelengths of CP light at relevant energies
(Fig. 1b). Therefore, small chiral molecules do not ‘feel’
a signicant degree of the twist of the light (and vice versa). But
is this size mismatch universal for chiral light–matter interac-
tions and is it possible to further boost absorption or emission
dissymmetry beyond the “molecular” limit?

In this perspective, we present some of the fundamental
mechanisms at play in the absorption and emission of CP light
by chiral systems and explore how changes in the molecular
structure can be leveraged to increase the dissymmetry of CP
light–matter interactions. With such a vast array of potential
8590 | Chem. Sci., 2021, 12, 8589–8602
molecules, materials and mechanisms, we do not aim to be
exhaustive in our analysis. In particular, the mechanisms that
underpin the interaction of light with chiral metamaterials,
perovskites and Thermally Activated Delayed Fluorescence
(TADF) molecules are complex and beyond the scope of this
perspective. Nonetheless, we hope that the representative
examples we have selected not only explain the current state-of-
the-art, but signpost opportunities for future research
directions.
Intrinsic chiroptical activity: the case of
the chiral chromophore

The differential absorption or emission of CP light can be
quantied by the so-called dissymmetry or g-factor (eqn (1)).

g ¼ ILH � IRH

1=2ðILH þ IRHÞ (1)

Here, ILH and IRH refer to the le-handed and right-handed
absorption/emission intensities, respectively.

For small molecules and systems that lack long-range chiral
order, CP emission and absorption depends on the chirality of
the ground and excited electronic states, i.e. on the chirality of
the chromophore. Here we use the phrase ‘intrinsic chiroptical
activity’ because the absorption or emission of CP light is
intrinsic to the (isolated) chromophore itself. Other nomen-
clature can be found in the literature, including ‘natural optical
activity’;15 although the use of this term has been criticised.16

In such instances, the dissymmetry of absorption of an
electronic transition between the i and j states can be dened by
the following expressions:12

R ¼ Immij$mij

D ¼ jmijj2 + jmijj2

g ¼ 4� R

D
(2)

Within the limit of jmijj[ jmijj, which is usually the case of the
molecular scales, the dissymmetry can be expressed as:

gz 4

�
�mij

�
�

�
�mij

�
�
cos q (3)

Here, R refers to the rotational strength, D refers to the dipole
strength, m refers to the magnetic dipole moment and m the
electric transition dipole moment. q is the angle between the
transition dipole moments.

Eqn (3) can also be used to calculate the dissymmetry of
emission (glum). Whilst gabs quanties the dissymmetry of the
thermally equilibrated electronic ground state, glum reects the
dissymmetric structure of the emissive excited state.

As can be seen from eqn (3), the dissymmetry is sensitive to
both the magnitude and relative orientations of the magnetic
and electric transition dipoles within the chromophore. In most
small molecules, at least when considering dipole-allowed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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electronic transitions, the magnetic transition dipole moment
(m) is overwhelmed by the electric transition dipole moment
(m), and their non-optimised alignment (q) results in very small
g-factors: the ‘molecular’ g-factor. This seemingly unescapable
physical limit is obvious from the chiral small molecule litera-
ture, where the vast majority of molecules exhibit g-factors
<10�2.12,13 The validity of this trend is born out of the electric
dipole approximation, which assumes the wavelength of light is
much larger than the typical size of a molecule.17 Consequently,
it is apparent that molecular size is critical when considering
the intrinsic chiroptical activity of a structure. Indeed, this size
mismatch effect is not limited to the absorption or emission of
electromagnetic radiation in the UV and visible (UV-Vis) range.
The detection of CD signals for vibrational transitions (vibra-
tional circular dichroism, VCD) is a powerful technique that can
oen allow the determination of the absolute conguration of
a chiral molecule in solution. As the wavelengths associated
with vibrational transitions are about ten times longer than for
the electronic transitions of CD in the UV/vis range (electronic
CD, ECD), typical VCD g-factors are smaller than those observed
in ECD and remain on the order of 10�4.18

Signicantly enhancing chiroptical activity requires a break-
down of the electric dipole approximation, which indicates that
g-factors that exceed the ‘molecular’ limit can be achieved either
by decreasing the wavelength of light19 or by exploiting larger
molecules and structures. But is there evidence for this? Well,
there are certainly cases where an increase in the size can
improve the g-factor of molecular systems.

Let us rst consider molecules consisting of a simple
aromatic chromophore with an adjacent chiral centre. In such
a scenario, the chirality of the molecule is not heavily coupled to
the chromophore. This leads to a weak chiroptical response, i.e.
the chromophore exhibits a low degree of asymmetry. For
example, phenylethylammonium perchlorate, 1, exhibits a very
low dissymmetry value of jgabsj ¼ 8 � 10�5 at 205 nm (Fig. 2).
Despite the low intrinsic chiroptical activity of 1, the g-factor can
be increased by extending the size of the chromophore to
a naphthyl ring, 2, which more than doubles the dissymmetry,
jgabsj ¼ 2 � 10�4 at 222 nm.20

Extending the size of a chromophore is not limited to
conventional covalent chemistry; supramolecular and dynamic-
covalent assembly have proved to be particularly important
strategies: using point chirality as a means to bias the
Fig. 2 Example showing how increasing the molecular size, in this
case a phenyl ring to a naphthyl ring, can increase the dissymmetry of
a small molecule.20

© 2021 The Author(s). Published by the Royal Society of Chemistry
assembled system into a helical structure of one dominant
handedness.21,22 In such situations, the assembly adopts
a helical conguration, resulting in a chiral environment at the
chromophores, which dominates the chiroptical response.

For example, Nitschke and co-workers have demonstrated
how the length of self-assembled helical metallopolymers
impacts their g-factors (Fig. 3a).23,24 In the disassembled state,
the free enantiopure monomers are CD silent due to the
remoteness of the chiral centre from the quinoline-based
chromophore.23 Upon self-assembly, the quinoline motifs
coordinate to CuI ions, forming a double helix comprised of
conjugated strands, and exhibits bands in the CD spectrum.
The jgabsj of both the p–p* and metal-to-ligand charge-transfer
absorption bands were shown to increase as a function of
metallopolymer length from approx. 0.4 � 10�3 to 1.9 � 10�3

(Fig. 3b). This length dependence, paired with a red-shi in the
UV-vis and CD absorption bands, can be attributed to an
increase in exciton delocalisation along the helically wrapped
backbone. The plateau aer approximately 15 repeat units
(Fig. 3b) can be attributed to increased disorder within the
structure.23,24,26 While this example broadly supports the
concept that increasing molecular size increases chiroptical
activity, it is evident that the degree of helical asymmetry,
coupling between nearby chromophores and long range struc-
tural order are also important.

Improving the coupling between the element(s) of chirality
and the chromophore is an important handle to improving
Fig. 3 (a) Chiral monomer 3 assembles into double helical metal-
lopolymer 5, in the presence of Cu+ ions. (b) The jgabsj of 5 increased
as a function of metallopolymer length (controlled by varying stoi-
chiometry of 3 and 4), plateauing at ca. 15 repeat units. This figure has
been generated from the data in the ref. 23.

Chem. Sci., 2021, 12, 8589–8602 | 8591



Fig. 4 Examples of helicenes displaying different dissymmetry factors
normalised to the number of benzene rings in the structure.30

Chemical Science Perspective
the dissymmetry beyond the examples shown thus far. While
there are now numerous designs for improved small molecule
chiral chromophores, perhaps the most famous examples are
the helical aromatics known as the helicenes, 6 (Fig. 4).13 In
dilute solution, small helicenes demonstrate jgabsj values
<10�2.12 As the chromophores of helicenes are embedded into
a helical framework, they provide an interesting platform to
evaluate the impact of molecular size on their intrinsic chi-
roptical response.

An obvious way to increase the size of a helicene is to extend
the molecule along its helical axis through the addition of
fused aromatic rings.§ The outcome of this procedure has been
systematically studied by Mori, Inoue and co-workers,
comparing predicted chiroptical responses to experimental
data.27 They found that when considering the transition that
runs perpendicular to the helicene C2 axis, jgabsj linearly
increases with the number of aromatic rings. Interestingly, the
linear trend was found to be discontinuous aer 6 rings
(hexahelicene, 6, Fig. 4), which correlates to the length at
which the molecule achieves one full helical turn. Extrapola-
tion of this trend to a potentially innite helicene, while
considering a maximal effective conjugation length of [n]hel-
icene at n z 50, led to a predicted maximal jgabsj of �0.09 for
[50]helicene.

Further experimental study of longer helicenes is hampered
by the synthetic challenge of making such molecules. None-
theless, exciting examples of long helicenes are starting to
emerge, and some of these show very large chiroptical
responses.28 A pure assessment of size versus chiroptical
response is neither trivial nor appropriate in many of these
cases, as other mechanisms such as chromophore coupling
(discussed in more detail below) clearly play a role.29

Building on the rich history of helicenes as molecules with
high chiroptical activity, Mori and co-workers computationally
investigated how two carbohelicene scaffolds in close proximity
§ Although there is currently signicant interest to laterally extend helicenes into
so-called twisted nanographenes.117
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can inuence the g-factor.30 When arranging hexahelicene 6 as
dimers, the average jglumj increased compared to the isolated
monomer, 6; the jglumj value of the dimer varied depending on
the relative orientation of the two monomers. Based on these
theoretical studies, the team synthesised and measured double
hexahelicene structures with an X- and S-orientation, aiming to
mimic dimeric assemblies in a conjugated covalent framework
(Fig. 4). To deconvolute the impact of orientation and increased
size, the authors normalised the dissymmetry factor to the
number of benzene units in the structure. Based on this
measure, the X-shaped double helicene, 7, showed jglumj and
jgabsj values 1.7 and 1.3 fold higher (per benzene ring) than 6. S-
shaped helicene 8 displayed 1.4 (jglumj & jgabsj) higher values per
ring.

Of course, if one wanted to further inspect the impact of size
effects in even larger molecules, it would make sense to
consider polymeric systems. Such systems can give rise to very
large dissymmetry (jgabsj >1), in part due to the increased
delocalisation of their chromophore.31 It should be emphasised
that the large chiroptical responses of polymeric systems tend
to occur in the condensed phases, i.e., in the absence of
aggregation or chromophore coupling the dissymmetry is very
small; polymeric systems are revisited later in this perspective.

In summary, it is evident that the relationship between the
dimensions of light and the dimensions of molecular systems
inuences the magnitude of the chiroptical response. It is
apparent that increases in the size of the chiral chromophore
can lead to increases in the dissymmetry. However, within
a given molecular framework, the impact of increasing chro-
mophore size on the dissymmetry may be modest, and it is
difficult to cross-compare very different structures. This is, in
part, because the identity of the chirality element(s), the
asymmetry of the chromophore, and supramolecular order all
play a role in determining the chiroptical response. Therefore,
while it appears that molecular size is important, other aspects
of the system in question should also be considered.

Perhaps the most important observation thus far is that the
majority of chiral chromophores struggle to break through the
‘molecular’ limit of g < 10�2. From a technological standpoint
this is clearly problematic, where large chiroptical responses
(i.e. the strong absorption/emission of CP light) are essential.10

The remainder of this perspective presents alternative
approaches to enhance the chiroptical response, from rational
molecular design, exploitation of forbidden transitions, to
considerations of the properties and structure of both the chiral
molecules and light itself.
Enhancing intrinsic chiroptical activity
beyond the ‘molecular’ limit through
design

Given the understanding that underpins eqn (3), it is logical
that adjusting the relative strengths and orientations of the
magnetic and electric transition dipole moments provides
a strategy to enhance the magnitude of the dissymmetry.12 This
section explores two key examples of this strategy.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Exploiting forbidden transitions

The strength of an electronic transition is determined by the
magnitude of the electric transition dipole moment (m), which
can be assessed using a set of selection rules. For an electronic
transition to be allowed, it must conserve spin (spin selection
rule) and involve a change in parity of the wavefunctions. In
contrast, for an allowed magnetic dipole transition (i.e. non-
zero jmj), the parity of the initial and nal state of the transi-
tion must be conserved. From a different perspective, the elec-
tric transition dipole moment involves the translation of charge
density, while the magnetic transition dipole requires a rotation
of charge density. This combination (translations and rotation)
is responsible for creating the helical interaction of the light.
The difference in the selection rules means magnetically
allowed transitions are usually weakly emissive. In such
forbidden transitions, the increased jmj/jmj can amplify the
dissymmetry (eqn (3)) but oen to the detriment of the overall
emission intensity.32,33

Chiral cyclic ketones such as 9 and 10 (Fig. 5a), are an
important class of chiroptically active molecules; studies into
the emission of CPL by small organic molecules were limited to
this substrate class for approximately three decades.12 These
molecules show strong jgabsj values of up to 0.2 due to their m-
forbidden but m-allowed n/p* transitions, which dominate
the chiroptical response (eqn (3)).34 Such high jgabsj allowed for
seminal work in the asymmetric synthesis of chiral molecules
using CPL photochemistry.35 Unfortunately, most ketones are
not suitable for CPL emissive applications due to their low
luminescence quantum yields (m-forbidden) and the limited
tuneability of their emission wavelengths. Furthermore, their
jglumj values are oen considerably lower than jgabsj (0.03 for the
ketones in Fig. 5a).12 This discrepancy in the g-factor of
absorption and emission is a consequence of geometric
changes of the C]O bond in the excited state.12,36

The strongest jglumj values for small molecular entities in
dilute solution have been recorded for lanthanide complexes.
As the f/f transitions of lanthanides are Laporte-forbidden,
direct absorption by a lanthanide ion is impractically weak.
Yet high overall quantum yields can be achieved for lanthanide
complexes by employing ligands as antennas: these ligands
absorb light of shorter wavelengths and transfer the energy to
Fig. 5 (a) Cyclic ketones, 9 and 10, with strong jgabsj of 0.2 for the n/
p* transition.34 (b) The structure of the Cs[Eu(hfbc)4] complex which
possesses the highest solution jglumj for a small molecular entity (1.4).37

© 2021 The Author(s). Published by the Royal Society of Chemistry
the lanthanide, which can then radiatively relax.38 A record
solution jglumj of 1.4 was achieved for the 5D0/

7F1 transition
with Cs[Eu((+)-hc)4], 11, (Fig. 5b), with a still respectable jglumj
of 0.2 for the 5D0/

7F2 transition.37,39 However, the quantum
yield of complex 11 is only 3%, illustrating the need to balance
both brightness and the emission dissymmetry.32,33 Such highly
dissymmetric emissions were used to produce phosphorescent
OLEDs that emit CP light40,41 and could be of interest for
imaging in a biological context,42 for high information density
molecular barcodes or use in security tags.11,43

Compared to lanthanide f/f transitions, transition metal
d/d transitions typically show a lower dissymmetry. This is
due to the apparent breakdown of the Laporte selection rule by
vibronic coupling of the electronic excitation, thus leading to
larger values of m. Yet Cr(III) complexes44–46 offer hope towards
using earth-abundant metal systems to achieve high dissym-
metry values combined with high luminescence quantum
yields. Notably, photoresolution of racemic chiral octahedral
Cr(III) complexes is another historically important example of
asymmetric synthesis using CPL.35,47 In such complexes, two
achiral, tridentate ligands helically wrap around a chromium
ion to form a twisted, pseudo-octahedral complex. In solution,
the maximum jglumj factors are 0.2 with 5.2% total lumines-
cence quantum yield for 12 (R ¼ H, Fig. 6a)44 and jglumj ¼ 0.093
for 13 (Fig. 6b)45 with up to 30% luminescence quantum yield
for a deuterated derivative. In 2021, one of the research teams
further demonstrated that through judicious modication of
the ligand a high brightness of CPL emission (BCPL)32,33 can be
achieved, reaching 170 M�1 cm�1 for jglumj of 0.2 (R ¼ C^CH)
and a quantum yield of 17% at ca. 750 nm (R ¼ OMe).46 The
highly dissymmetric emissions are achieved for the phospho-
rescent 2E/4A2 and

2T1/
4A2 transitions in the NIR region that

are analogous to the R1- and R2-ruby laser lines.
Engineering the transition dipole moments

While exploiting forbidden transitions allows for high g-factors
due to an increased contribution of m, this strategy most oen
Fig. 6 The crystal structure of two Cr(III) complexes displaying jglumj
values of (a) 0.2 (R ¼ H, ref. 44; R s H, ref. 46) and (b) 0.093 (ref. 45).

Chem. Sci., 2021, 12, 8589–8602 | 8593
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comes at a cost of lowering the absorption strength and/or
luminescence quantum yield. An alternative approach is to
engineer the structure of the molecule to better balance the
contributions of jmj and jmj and to optimise the angle between
them (eqn (3)).

One elegant means to achieve this for p/p* transitions was
demonstrated by Sato, Isobe and co-workers using a cylindrical
molecule, 14 (Fig. 7). In this example, the chromophore extends
over the entire cylindrical molecule, such that the sum of the m’s
of individual electrons cancel out in the xy-plane (mx¼ my¼ 0, mz

s 0). In general, the m originates from the change in angular
momentum due to the movement of an individual electron
during an electronic transition and is proportional to the vector
product of the displacement vector r and m, (r � m). Since mx ¼
my ¼ 0, and r radiates towards the outside of the cylinder, the
overall m is orientated antiparallel to the z-direction. The
resulting m is parallel to the cylinder axis and at q ¼ 180 to m
(Fig. 7b). As cos q is �1 at 180�, the dissymmetry is impressively
large (eqn (3)), with a solution jglumj of 0.15 at 443 nm and
a quantum yield of 80%.48

In 2021, Matsuda and co-workers demonstrated an alterna-
tive approach to engineer the transition dipoles for helicenes,49

where they introduced electron donating and withdrawing
substituents into a [7]helicene framework in order to tune the
frontier molecular orbitals. Judicious choice of the identity and
placement of substituent groups allowed for an increase in jmj,
while also rendering the transition partially symmetry-allowed.
Notably, the S1 state of unsubstituted [7]helicene displayed
a low jmj, whilst a [7]helicene substituted with a combination of
electron donating and withdrawing groups afforded a 52-fold
greater value of jmj. This resulted in amplied g-factors and
quantum yields. The authors noted that jmj tends to be larger
when there is a change in the bonding and antibonding char-
acter of highly overlapped HOMO and LUMO molecular
Fig. 7 (a) The two enantiomers of (12,8)-[4]CC. (b) The orientation of
the m and m transition dipole moments of (P)-(12,8)-[4]CC.48

8594 | Chem. Sci., 2021, 12, 8589–8602
orbitals, suggesting that further design rules to rationally
engineer larger values of jmj are starting to emerge.

In summary, the use of forbidden transitions and careful
design of the molecular structure can maximise jmj, jmj and
cos q, which allows one to access g-factors larger than would
ordinarily be expected for small molecules. This strategy is not
without its challenges and limitations however, including: low
absorption/emission strengths, synthetically challenging
molecules and the need to balance transition dipole engi-
neering with application-specic structural motifs—for
example, chromophores to achieve a particular absorption/
emission colour. Nonetheless, tailored design, supported by
computation is clearly a strategy that can be adopted for
boosting dissymmetry.

Enhancing chiroptical activity through
aggregation, assembly and orientation

While the chiroptical activity of isolated molecular systems in
dilute solution is oen very weak, interactions between inde-
pendent structures can enhance the g-factor. Here we present
two examples with different origins: chromophore coupling and
structural chirality.

Intrinsic chiroptical activity: chromophore coupling

When two or more chromophores are close to one another,
interactions between their transition dipoles can result in
coupling of the chromophores, giving rise to intense chiroptical
phenomena.50 The relative orientation of the coupled chromo-
phores and their transition dipoles may also introduce addi-
tional asymmetry to the system.51–54 Whilst various
combinations of transition dipole interactions can occur, the
most signicant case arises when two nearby electric dipole
allowed transitions couple to each other (so-called exciton
coupling). The coupling of two oscillating dipoles causes the
excited state to split into two non-degenerate levels (Fig. 8, with
Fig. 8 (a) The split excited states of two degenerate exciton-coupled
chromophores. (b) The excitonic components (green, red) to the
absorption (top) and CD (bottom) spectra and their overall observable
spectra (purple). The CD spectra reveals the bisignate couplet (often
referred to as a Cotton effect) typical of such coupling.55 (c) Schematic
diagram of two chromophores highlighting the key quantities that
determine the rotational strength R. The terms m1, m2 and r12 describe
the two electric transition dipoles and their mutual distance.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 Structure of a chiral naphthalene diimide displaying point
chirality that assembles into chiral aggregates in solution.63

Fig. 10 Panes (a and b) display examples of chemical structures that
give rise to foldamers. The judiciously placed hydrogen bonds
dictating the folding of the molecule are highlighted in red in pane (b).
(c) Single crystal X-ray structure of an analogue of the foldamer shown
in pane (b). (d) The jgabsj (ca. 388 nm) and jglumj (ca. 430 nm) of the
foldamers shown in pane (a and b). The lengths were calculated based

66

Perspective Chemical Science
the energy difference being commonly referred to as the Davy-
dov splitting) of high and low energy, depending on whether the
dipoles couple in- or out-of-phase.55 If the coupled transition
dipole moments are not co-planar, the m at the end of one
oscillating dipole will be non-orthogonal to the other. This will
result in a characteristic bisignate couplet appearing in the CD
spectra, with rotational strengths given by R:55,56

R f �r1,2$m1 � m2 (4)

Here, m1, m2 and r1,2 describe the two electric transition dipoles
and their mutual distance.

The intensity of the chiroptical response, which can be
evaluated by considering both R and the Coulomb potential of
the interactions of m1 and m2, is directly proportional to the
fourth power of the dipole strength (jm1,2j), and inversely
proportional to the square of the distance (r1,2) between the
coupled chromophores.55,56 It is important to note that eqn (4)
assumes that the intrinsic magnetic dipole moments of the
coupled chromophores (m1 and m2) are negligible, such that m–
m coupling dominates the chiroptical response. If that is not the
case, eqn (4) can be adapted to include terms relating to the
coupling of m and m;57

R f �r1,2$m1 � m2 + Im{(m1 H m2)$(m1 H m2)} (5)

Excitonic coupling can manifest over a variety of structure
types, including, (i) discrete small molecules; (ii) longer
helically-folded macromolecules; (iii) assemblies of discrete
molecules held together by supramolecular interactions or in
the condensed state.

The extent to which exciton coupling between small discrete
chiral molecules can enhance the chiroptical response has been
investigated by a number of groups.58–60 Aromatic diimide and
phenylenevinylene motifs are commonly employed in these
studies due to their tendency to aggregate into well-dened
structures in solution.59,61,62 For example, Nakashima, Kawai
and co-workers investigated the chiroptical properties of two
perylene bisimide (PBI) units tethered to a chiral binapthyl
core.60 The CD spectra exhibited a clear bisignate CD band (l ¼
540 nm), that is indicative of (intramolecular) excitonic
coupling between the PBI units, achieving a jglumj of 3 � 10�3.
This dissymmetry was enhanced when the individual mono-
meric units were further assembled into spherical aggregates
(26 nm in size), which combine both intra and intermolecular
exciton coupling, achieving a jglumj of 1.5 � 10�2 at
630 nm.29,51,60

Supramolecular chiral assemblies can enhance excitonic
coupling, increasing the size of the active chiral component and
the associated dissymmetry. For example, Meijer, Di Bari and
co-workers studied the aggregation of a chiral naphthalene
diimide (NDI, 15) into supramolecular structures (Fig. 9).63

Whilst the monomers themselves exhibit point chirality, the
stereogenic centre is sufficiently removed from the chromo-
phore such that only the large-scale helically aggregated state
affords any chiroptical response. The close positioning of the
helically stacked NDI chromophores facilitates excitonic
© 2021 The Author(s). Published by the Royal Society of Chemistry
coupling, evidenced by the bisignate line shapes in CD spectra,
which resulted in a jglumj of 2 � 10�2 at 470 nm.63

Covalent extension of the molecular framework can also give
rise to large chiroptical activity through exciton coupling. A
relevant example can be found in the helically folded oligomers
called foldamers.64 Aromatic oligoamide foldamers make use of
amide-coupled polyaromatic ring systems to achieve a robust
helical structure, reaching lengths in excess of 7 nm.65 However,
only recently have their chiroptical properties been studied
quantitatively.66,67 Of these recent investigations, Jiang and co-
workers designed a series of foldamers, 16 and 17, that ach-
ieved jgabsj and jglumj values as high as 4 � 10�2 (Fig. 10). The g-
factors depend on the foldamer length and the structural
rigidity of the helix, with longer foldamers achieving a more
rigid structure and a higher g-factor.66

Non-covalent interactions, such as metal–ligand coordina-
tion, can also be employed to precisely orient chromophores for
efficient exciton coupling. For example, Hasobe and co-workers
have reported relatively large dissymmetry factors, jglumj of 2 �
10�2, for a Zn(II) helicate (18, Fig. 11a).68 The magnitude of the
dissymmetry was attributed to the dimeric arrangement of the
ligands around the metal ion, serving to promote exciton
coupling between the ligands, as well as improve the alignment
of jmj and jmj (Fig. 11b).
on the size of a 4-repeat unit of CQ4.
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Fig. 11 (a) Achiral ligands assemble around a Zn(II) centre affording
homoleptic helicate 18 that displays a C2 rotational axis. (b) The
arrangement of the ligand facilitates exciton coupling.68

Chemical Science Perspective
Partly driven by their high utility as organic electronic
materials, the chiroptical activity of conjugated polymers has
proved a rich area of study. In 1997, Meijer and co-workers
published the rst account of CP electroluminescence (EL)
from chiral sidechain poly(p-phenylene vinylene) (PPV)-based
devices (19, Fig. 12a, jgELj 2 � 10�3 at 600 nm).69 PPV typically
forms glassy phases in thin lms, with little long-range order or
any signicant chiroptical response.70 The authors revealed that
the jgabsj and jglumj could be improved by a factor of 2 through
the optimisation of interchain order (i.e. formation of chiral
aggregates in solution via slow cooling or annealing of thin
lms) which enhances exciton coupling.70
Fig. 12 (a) Structure of a poly(p-phenylene vinylene) (PPV) polymer
used to achieve CP electroluminescence (EL).69 (b) Structure of achiral
and chiral polyfluorene (PF) polymers. (c) A representation of the
proposed double twist cylinder blue phase.31
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While this seminal study showed the potential for chirop-
tical responses in condensed polymer phases, much larger
chiroptical activity has been shown for thin lms of poly-
uorene (PF), 20, and its co-polymer derivatives (Fig. 12b).71–75

Two of the most common approaches to induce chiral phases in
thin lms of such polymers are the introduction of chiral
sidechains,70,76,77 and blending achiral polymers with chiral
small molecule additives.78–80 The impact of the morphology,81

molecular weight70 and sidechain length82 on the chiroptical
properties of thin lms of PF derivatives have been extensively
studied and g-factors >0.2 are routinely achievable. We recently
undertook a mechanistic study to elucidate the origin of such
large chiroptical activity, induced through either chiral side-
chains or chiral additives.31 In the absence of liquid crystalline
(LC) alignment layers (see below), we found that these systems
exhibit very large intrinsic chiroptical activity (jgabsj �1). In
contrast to previous assumptions, our structural data of thin
lms supports the assembly of twisted polymer brils into
a weakly ordered double twist cylinder blue phase (Fig. 12c). The
precise origins of such large intrinsic effects within such
a structure remain to be fully dened, but the extension of the
excited state over multiple chromophores (delocalisation), and
exciton coupling between nearby polymer chains are key to
describing the effects observed.

Whilst the discussion thus far has focused on the coupling of
electric dipole allowed transitions (m–m), the interplay between
the m–m and m–m coupling of a donor–acceptor system is also of
relevance in energy transfer mechanisms involving chiral
species.52,83 For example, we recently demonstrated a 500-fold
amplication of the jglumj of a p-extended superhelicene, 21,
when embedded in an achiral conjugated polymer matrix.84 We
proposed that the amplication arises through electrodynamic
coupling between the electric and magnetic transition dipoles
of the polymer donor and superhelicene acceptor, resulting in
CP uorescence resonance energy transfer (Fig. 13). It remains
to be seen whether this approach can be more broadly adopted
to enhance the g-factors of small organic molecules.84
Fig. 13 The normalised absorption and photoluminescence (lex: 385
nm) spectra of thin films of the donor (20, thickness, t ¼ 140 nm) and
acceptor (21, t ¼ 90 nm) systems used to achieve FRET. The overlap
between the donor emission and acceptor absorption is shaded. This
figure has been generated from the data present in the ref. 84.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Non-intrinsic chiroptical activity: structural chirality

Molecular ordering and higher-order assembly does not solely
impact the intrinsic chiroptical response. When the helical pitch
of chiral supramolecular assemblies' manifest over length scales
corresponding to the wavelengths of their emission/absorption
maxima, intense chiroptical phenomena can occur. Perhaps the
most representative example is the so-called ‘cholesteric’ chiral
nematic phase of LC materials.85 The cholesteric phase exhibits
a helical supramolecular structure, whereby layers of rod-like
molecules are twisted with respect to the layers below. Typically,
the axis of helical organisation is perpendicular to the plane of the
substrate, and the ordering is achieved using LC alignment layers
and chiral twisting agents. Different to the intrinsic absorption or
emission of CP light, these examples exhibit circular selective
reection/transmission (Bragg reection). Cholesteric stacks
reect (and transmit) CP light with a wavelength (l) that correlates
to the pitch length (P) (eqn (6)): the distance along the helical axis
that results in the rod-like molecules rotating 360� (Fig. 14).86

l ¼ nP (6)

Here n is the average refractive index, calculated from the
ordinary and extraordinary indices of refraction which are
measured parallel and perpendicular to the uniaxial rod-like
molecules.87

As light propagates through the helical supramolecular
structure it becomes CP due to circular selective scattering and
reectance.75 As a result, the g-factor of light travelling through
such materials is clearly dependent on the thickness of the
chiral medium (and the number of pitch lengths).88–90 This
mechanism of chiroptical activity is oen referred to as struc-
tural chirality.15

Cholesteric LC materials have been covered extensively in the
literature and have been utilised for a variety of technological
applications, including reective displays, augmented reality
headsets, microcavity lasers and broad-band polarisers. There are
many ways their structural chirality can be harnessed in CP light-
dependent technologies and approaches.91,92 For example, it has
been shown that the emitted light of achiral lumiphores
embedded within chiral nematic (cholesteric) hosts can be
signicantly circularly polarised (jglumj ¼ �1.75 at 410 nm) aer
Fig. 14 Schematic representation of a thin film containing polymers
(black rods) arranged in cholesteric stacks (red columns) on an align-
ment layer. Blue spheres indicate the direction of the alignment of the
polymeric chains. The helical pitch, P, corresponds to the length
required to achieve a full helical turn.

© 2021 The Author(s). Published by the Royal Society of Chemistry
propagation through the chiral LC medium (thickness: 35 mm).93

This effect hasmore recently been harnessed in the amplication
of CP emission from a large range of molecular emitters.94

Cholesteric LCs (thickness: 25 mm) have also been used in
combination with electroluminescent polymer active layers to
achieve CP output from an OLED by acting as a CP selective
reection/transmission lter (jglumj ¼ 1.57 at 560 nm).95

Alongside exciton coupling, structural chirality can be used
to amplify the chiroptical activity of conjugated polymers. As
highlighted above, PF and its co-polymers are well known to
give rise to large chiroptical effects in thin lms, oen attrib-
uted to the formation of a (multi-domain) cholesteric
phase.77,82,96 The molecular packing of such polymers is inu-
enced by the presence of an LC alignment layer, such as
unidirectionally rubbed polyimide. In the presence of an LC
alignment layer, thermally annealed chiral thin lms of
polyuorene-based polymers can form a cholesteric stack-like
structure, where CP selective reection/transmission domi-
nates the chiroptical response. As discussed above, in the
absence of the alignment layer, the coupling of electric and
magnetic dipoles dominates the chiroptical response.31

The combination of liquid crystalline emissive materials and
precisely controlled alignment layers can entirely circumvent
the need for chiral materials entirely in CP devices. For example,
Kim, Yu and co-workers have shown that structural chirality can
be induced in achiral copolymer (F8BT) CP OLEDs through the
use of carefully oriented LC alignment both sides of the active
layer.97 Aer thermal annealing, the LC alignment layer serves
to both template backbone orientation and as a hole trans-
porter. Such lms exhibit small CD (jgabsj �10�3), but can
achieve jglumj >0.5.

In summary, the chiroptical activity of molecules can be
dramatically enhanced through aggregation, assembly and in the
condensed phase. Indeed, such approaches are known to give
some of the largest reported g-factors (>0.2) outside of the
lanthanide molecular emitters. These high dissymmetry factors
tend to occur in large (i.e. polymeric) molecular systems. The
precise origin of such large dissymmetry factors can be very
different, broadly grouped into intrinsic chiroptical activity versus
structural chirality. It is therefore important to consider which
mechanism(s) is better suited for a given approach/application.
For example, structural chirality is a useful way to engineer a CP
output from an emitter, which can even be achiral, and potentially
allows the optimisation of the emitter (wavelength, quantum
yield, etc.) to be decoupled from the optimisation of dissymmetry.
On the other hand, for applications that require thin (�100 nm)
lms, such as organic electronic devices (see below), structural
chirality generally requires lms that are too thick (>300 nm) to
achieve efficient devices. Therefore, large intrinsic chiroptical
activity is more favourable in such scenarios.31
Enhancing chiroptical activity through
modulation of the light

Up to this point we have focused exclusively on the matter part
of the light–matter interaction; exploiting changes in molecular
Chem. Sci., 2021, 12, 8589–8602 | 8597
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structure and controlling higher-order assembly to improve the
chiroptical response. An alternative approach would be to
modulate the light to engineer a better chiroptical response.
One such strategy towards this end is to exploit so-called
superchiral light (SCL), although the use of this term is hotly
debated.98 Tang and Cohen describe SCL as the combination of
two counter-propagating CPL plane waves of opposite handed-
ness, with equal frequencies but different intensities, gener-
ating an optical standing wave eld (Fig. 15a).14 Within this
standing wave the electric eld vectors rotate nearly 180� in
a distance much shorter than half the free-space wavelength,
ideally over molecular dimensions (Fig. 15a, bottom). From this
description, it was proposed that the dissymmetric interaction
of light with chiral molecules can be enhanced by placing the
molecules in the vicinity of one of the SCL nodes of the standing
wave (such that gSCL > gCPL). On the other hand, Coles and
Andrews have proposed that these amplied dissymmetric
interactions are not in fact due to nodal enhancements, but
simply the result of beam superposition.98,99

As described in the introduction, CP light has long been
studied in enantioselective synthesis, but the asymmetric
induction is usually very low (<1% ee) due to low jgabsj. By using
SCL, it should be possible to obtain enhanced enantioselectivity
through improved dissymmetry for small molecules.14 There are
currently limited examples of this approach, particularly due to
the complicated and non-scalable setups required. Nonetheless,
Fig. 15 (a) Figure showing differences between CPL and SCL as
proposed by Tang and Cohen.14 Electric field of left-handed CP light
along with projections of the field onto the xy, xz, and yz planes. The
arrows indicates direction of propagation of the field. (b) The left- and
right-handed Lissajous curve reported by Ayuso and co-workers.101
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Tang and Cohen have shown an 11-fold enhancement over CPL
in discrimination of the enantiomers of a PBI derivative by SCL
and Zhang, Zou and co-workers have used SCL to impart
a greater chiral bias in the asymmetric photo-polymerisation of
diacetylene (achieving a 4-fold enhancement over CPL).14,100

Andrews and Forbes have shown that it is possible to enhance
chiroptical responses through manipulation of the orbital
angular momentum (OAM) delivered by structured beams of
light.102–104 For example, the generation of surface plasmon
optical vortices on chiral metasurfaces can elicit a stronger
dissymmetric response from any molecules adsorbed on to such
structure than one would typically expect. Recently, Ayuso and
co-workers proposed a new form of synthetic chiral light,101 in
which the electric eld traces out a three-dimensional Lissajous
curve in time at every xed point in space (Fig. 15b). Compared
to conventional CPL, Ayuso's synthetic chiral light does not rely
on the helical propagation of the electric eld. Instead, it is
locally chiral, and, unlike CPL, remains so in the dipole
approximation. As the interaction of chiral light with chiral
matter is enantioselective in the dipole approximation (i.e. on
a length scale of small molecules), synthetic chiral light should
enable giant dissymmetric responses.

Beyond SCL, OAM and other structured forms of light, an
alternative means to amplify weak chiroptical signals is to make
use of non-linear phenomena. Nonlinear optical phenomena
can be observed when the optical eld strength of the excitation
beam is comparable to the elds which bind valence electrons
in a molecule. In these effects m and m can be closer in
magnitude than they are in linear optical measurements, which
can give rise to much higher g-factors (eqn (3)). In 2019, Valev
and co-workers used silver nanohelices in the rst report of
optical activity in non-linear Hyper–Rayleigh scattering (HRS),
a technique where two photons interact with a non-
centrosymmetric molecule to create a single photon with
twice the incoming frequency.1 Verreault, Olivier, Rodriguez
and co-workers rst demonstrated the same effect in a molec-
ular system in 2020.105 Application of HRS to a highly polar-
isable hexamer of 8-amino-2-quinolinecarboxylic acid led to
a non-linear optical response of �0.39 when reported in an
equivalent way as the g-factor (cf. eqn (1)).

The manipulation of light and optical processes can be
exploited in such a way to enhance the dissymmetry observed
for molecules which exhibit low g-factors for CP light. Such
behaviour holds signicant promise in the development of new
spectroscopic methods to interrogate chiral substances that
exhibit a low dissymmetry.1–4 Whether such approaches have
broader impact in applications exploiting light–matter interac-
tions remains to be seen.

Outlook

In this perspective we explore the different factors that can be
employed to increase the dissymmetry of the absorption/
emission of CP light by chiral substances. As supported by the
discussion above, it is clear that the mismatch between the
‘size’ of light and the size of the molecular system plays
a fundamentally important role in the chiroptical response/
© 2021 The Author(s). Published by the Royal Society of Chemistry



{ These problems can be exacerbated when moving from solution to the solid
state. The chiral materials community have proposed several experimental
precautions that must be taken when characterising chiral systems. This
includes protocols to ensure that there are no linear artefacts in chiroptical
spectra, ways to mitigate for CP-selective scattering, means to disentangle
intrinsic from aggregated CPL features, and methods to account for reection
losses at interfaces.7,8,10,118
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dissymmetry factor of molecules. As is oen the case however,
the devil is in the detail. There are exceptions to the ‘molecular’
g-factor limit of small molecules (i.e. �10�2), best exemplied
by chiral lanthanide complexes. There are also examples of
relatively large supramolecular arrays where the g-factor is no
better than small chiral molecules. A clear dependence on size
is seen for systems that demonstrate structural chirality since
CP-selective reection or transmission is directly linked to the
size (thickness) of the structure itself. However, for systems with
intrinsic chiroptical activity, g-factor improvements through
larger chromophores generally suffers from diminishing
returns, particularly when the size of the chromophore
approaches the effective conjugation length. Ultimately, it is
difficult to draw (at least quantitative) comparisons between
structurally distinct classes of molecules, given the contribution
of molecular design, the optical transitions of interest, and
assembly/alignment. Nonetheless, in this perspective we have
attempted to present some of the key underlying principles that
govern the magnitude of the chiroptical response beyond
simple size considerations.

Of course, the strategy taken to control the level of dissym-
metry in the chiral light–matter interaction very much depends
on the area of study/application of interest. To conclude, we
present three examples to give further context to such
considerations:

(1). Chiroptical organic electronic devices

These devices seek to utilise chirality in the organic material to
detect or generate CP light for photonic applications. Such
devices include organic light-emitting diodes (OLEDs), organic
photodiodes (OPDs) and organic (photo) eld-effect transistors
(OFETs). The precise workings of the devices, state of the art
materials and potential applications are beyond the scope of
this perspective, but readers are directed to excellent reviews on
the topic.106,107 In all cases, a high dissymmetry factor (>0.1),
paired with excellent electrooptical performance, is required
from these devices to be technologically relevant to ‘real-world’
applications. Taking OLEDs as a representative example, there
are now excellent approaches to design high efficiency small
molecule emitters for OLEDs. These include phosphorescent
metal complexes and all-organic molecules that exhibit ther-
mally activated delayed uorescence (TADF).108,109 While efforts
have been taken to make chiral versions of such small mole-
cules, in almost all cases jglumj is impractically low (<10�2).110 In
contrast, polymeric thin lm systems can allow for the genera-
tion of CP-OLEDs with jglumj >1. Furthermore, by focusing on
polymeric systems that exhibit high intrinsic chiroptical
activity, rather than structural chirality, it is possible to main-
tain the optimum thin lm thickness (�100 nm) required for
high performance devices.31 Therefore, in our opinion, poly-
meric systems appear to hold the most promise for applications
that rely on large dissymmetry factors from thin lm materials.

(2). Chiral molecules for use in imaging applications

Using an emissive chiral molecule as a ‘tag’ for imaging appli-
cations—for example as a readout for a biological assay—allows
© 2021 The Author(s). Published by the Royal Society of Chemistry
one to use chiroptical spectroscopy as the detection strategy. In
principle, high dissymmetry should not be required for such an
approach, especially when using chromophores which emit at
a wavelength beyond the main absorption/emission properties
of biomolecules: as long as the chiroptical response is
measurable it should give a suitable signal. At this point
however, it is important to highlight practical challenges asso-
ciated with very low g-factors.{ While there are now improved
spectrometers to reliably measure low jgabsj, the measurement
of low glum values remains nontrivial, particularly when uo-
rescence occurs close to the absorption onset. For advanced
imaging applications, for example using CPL microscopy, such
instrumentation is still under development and not routinely
available.111 Given these challenges, emissive molecules with
enhanced dissymmetry factors still provide a practical advan-
tage for biological imaging reagents. Chiral lanthanide
complexes hold much promise in this regard. Not only do such
materials have large jglumj, enabling more robust measurement
of CPL, but they exhibit luminescence with a longer lifetime.
This allows for time-gating, where the measurement of CPL can
be delayed relative to the excitation pulse, further reducing any
noise from the system.112–114
(3). Chiral light for asymmetric synthesis

As any chemist who works on synthetic methodology knows,
a broad substrate scope for a new method is key to its wider
adoption: a new chiral catalyst, for example, will only be broadly
adopted by the community if it is useful across diverse
substrates of relevance to a range of sectors (natural products,
pharmaceuticals, agrochemicals, etc.). Given this, many of the
strategies reported in this perspective will not be of relevance to
those who want to use chiral light to drive asymmetric reac-
tions, due to the need to precisely control the molecular struc-
ture of the chromophore. In other words, it may be possible to
design a very precise substrate to undergo asymmetric photo-
chemistry using CPL with high(er) ee, but the substrate scope
will likely be severely limited. Given this, it seems that adjusting
the type of light employed has more promise for a broadly
adoptable approach to asymmetric photochemical synthesis.
Indeed, structured light provides a means to increase the chi-
roptical response of a molecular system without requiring
precise tailoring of the structure.14 Therefore, this approach will
likely be of higher utility in enantioselective synthesis using CP
light,100 at least once the optical setups have been adapted for
preparative chemistry and are more available to synthetic
chemistry laboratories. Alternatively, chiral surfaces, containers
and cages may provide another options to achieve higher
selectivity in asymmetric synthesis.115 For example, chiral
surfaces that may combine plasmonic effects with chiral
Chem. Sci., 2021, 12, 8589–8602 | 8599
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recognition have recently been employed in enantioselective
photosynthesis, affording ee's of up to 5%—comparable or
better than those achieved with using CP light.116 This prom-
ising approach opens possibilities of using chirally patterned
surfaces in heterogenous catalysis.

In summary, understanding and controlling chiral light–
matter interactions remains of high academic importance for
investigating and exploiting chiral materials. As design rules for
the generation of molecular systems capable of achieving large
g-factors continue to emerge, synthetic chemists will be able
implement a more focused design of systems exhibiting
a strong chiroptical response. This will undoubtedly lead to
breakthroughs that pave the way for new CP-dependent appli-
cations across many sectors, including next-generation
displays, encrypted optical communications, quantum compu-
tation and biosensing. Moreover, with access to materials dis-
playing large g-factors, we anticipate the breadth of realised
applications that benet from chiral materials will continue to
grow.
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X. Shi, F. Salerno, S. T. J. Ryan, S. Schöche, O. Arteaga,
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B. Kauffmann, Y. Ferrand, C. Olivier and V. Rodriguez, J.
Am. Chem. Soc., 2020, 142, 257–263.

106 D.-W. Zhang, M. Li and C.-F. Chen, Chem. Soc. Rev., 2020,
49, 1331–1343.

107 G. Long, R. Sabatini, M. I. Saidaminov, G. Lakhwani,
A. Rasmita, X. Liu, E. H. Sargent and W. Gao, Nat. Rev.
Mater., 2020, 5, 423–439.

108 A. Aliprandi, D. Genovese, M. Mauro and L. De Cola, Chem.
Lett., 2015, 44, 1152–1169.

109 X. Yin, Y. He, X. Wang, Z. Wu, E. Pang, J. Xu and J. Wang,
Front. Chem., 2020, 8, 725.

110 L. Frédéric, A. Desmarchelier, L. Favereau and G. Pieters,
Adv. Funct. Mater., 2021, 31, 2010281.
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