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Research on chiral nanomaterials (NMs) has grown radically with a rapid increase in the number of publications over
the past decade. It has attracted a large number of scientists in various fields predominantly because of the emer-
gence of unprecedented electric, optical, and magnetic properties when chirality arises in NMs. For applications, it
is particularly informative and fascinating to investigate how chiral NMs interact with electromagnetic waves and
magnetic fields, depending on their intrinsic composition properties, atomic distortions, and assembled structures.
This review provides an overview of recent advances in chiral NMs, such as semiconducting, metallic, and magnetic
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1 Introduction

Chirality describes the geometrical property of an object
when it is not superimposable with its mirror image like
our left and right hands, which is extendable to nanoscale
objects such as geometrical objects built from nanopar-
ticles [1]. It is ubiquitous in nature and numerous chiral
substances are present in our body exemplified by amino
acids that exist only as left-handed, L-enantiomers, and
sugars exist as right-handed, p-enantiomers [2]. Homo-
chirality of these molecules is essential for biological
structures forming complex living systems [3] and is
considered to be a physiological process showing high
stereo-selectivity, which endows chiral with a biological
system, depending on their handedness [4]. Along with
biochemistry, chirality is also common in physics. For
example, the spin of an electron is makes it chiral [5],
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and electromagnetic waves propagate in a left-handed
or a right-handed form [6], implying that the handed-
ness of chiral substances can be measured using an opti-
cal instrument using a left-handed (LCP) or right-handed
circularly polarized light (RCP) [7].

Motivated by the chirality in organic chemistry, the
wave optics and the interesting properties of NMs, mate-
rials scientists have extensively studied chiral NMs over
the past decade (Fig. 1). They have found that new phys-
icochemical properties have arisen when NMs become
chiral [8-11]. For example, the assembly of several gold
nanoparticles gave rise to the new chiroptical peaks in
the near-infrared part of the optical spectrum and the
magnetic modulation of optical properties has been real-
ized by introducing chiral distortions in the achiral inor-
ganic core by the chiral organic ligands [9]. In addition,
chiral building blocks can be hierarchically self-organized
with high complexity, much higher than those emerg-
ing from their biological counterparts in terms of graph
theory [12]. Therefore, it is intriguing to investigate the
various electromagnetic properties of chiral NMs, their
mutual interactions, and their possible impacts on bio-
logical systems. It is clear that the chirality of NMs can be
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Fig. 1 The number of annual citations and publications from 2011 to 2021. Searches were carried out with Web of Science using the keyword:
chiral nanomaterials

derived from different origins depending on the synthesis
method, which can be categorized into three main types.
(1) The crystal lattice of the inorganic part of NMs can
display chirality due to atomic or interplanar distortion
induced by chiral ligands (e.g., chiral ceramic NMs [13]
and chiral perovskites [14]) or intrinsic symmetry of its
crystal lattice. (2) The inorganic core can be chemically
‘sculpted’ to have chiral shapes via biased crystallization
or self-assembly (e.g., propeller-like gold nanostructures,
self-assembled gold nanorod helices [15].) (3) Light-
matter interactions with photons can result in mirror
transient or permanent asymmetry exemplified by the
chiral electronic state of inorganic part of NMs (e.g., gold
nanorods protected with a chiral thiol monolayer [16]).
The chiral NMs which will be discussed in this review
have been generally synthesized or assembled through
bottom-up strategies.

This review covers a brief introduction of synthesis
methods of emerging chiral NMs and their electronic,
magnetic, and electromagnetic properties (Fig. 2). In
particular, Sect. 2 describes the electronic interactions of
chiral NMs. Section 3 presents chiromagnetic NMs and
their magnetic contributions to the chiroptical activity of
NMs. Finally, in Sect. 4, we introduce optical interactions
of chiral NMs, including light-induced chiral self-assem-
bly of semiconducting and metallic NMs.

2 Electronic properties of chiral NMs

2.1 Chirality induced spin selectivity (CISS) effect

The energy level of electrons with opposite spin states
can be split when the magnetic field is applied. Such
splitting can favor some reactions by providing a reaction
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Fig. 2 Representative chiral NMs with different properties composed
with pictures from [9, 14, 17, 18]

path via a spin-specific lower energy state, which are
attractive directions for catalysis, optoelectronics, and
spintronics. However, engineering of NMs with preferred
spin has challenges emerging primarily from the little
difference in energy between the split levels that greatly
limit practical application and necessity of high magnetic
field. Thus, a new approach to solving these problems is
urgently needed.
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The charge polarization in chiral molecules at inter-
faces creates a magnetic field owing to the broken mirror-
image symmetry. The broken image symmetry induces a
preferred spin state based on chiral handedness because
the induced magnetic field interacts with the spin of
electrons moving in chiral molecules. This unique prop-
erty was first described in 1999 and was named chiral-
induced spin selectivity (CISS), by Ron Naaman in 2006
[19, 20],

- v o
B ) X E chiral

where B refers to a generated magnetic field, ¥ is the
velocity of the electron, c is the speed of light, and E .4,
is the electric field occurred by moving electrons in chiral
molecules [21]. The induced magnetic field breaks spin
degeneracy in the same orbital due to spin—orbit cou-
pling (SOC). Notably, a previous report demonstrated
that both SOC and chirality are essential for induc-
ing spin polarization [22]. For instance, chiral double-
stranded DNA monolayers on gold substrates induced
the CISS effect. Spin polarizations were measured quan-
titatively at room temperature in 2011 (Fig. 3a), implying
that the CISS effect can be used in spintronic devices to
induce preferred spin states [23]. Carbon nanotubes with
large SOC [24, 25] exhibited the CISS effect. The calcu-
lated impact of CISS in carbon nanotubes indicates that
a high SOC value can lead to high spin polarization [26,
27]. Various chiral materials such as oligopeptides, chiral
ligand-capped CdSe quantum dots, and metal organic
frameworks also have been used in spin devices to
achieve the CISS [28-30] and these results demonstrated
that the CISS effect can be a key to achieving high spin
selectivity without magnetic field.

2.2 Chiral hybrid organic-inorganic perovskites

2.2.1 2D chiral perovskites

Recently, hybrid organic—inorganic perovskites (HOIPs)
have been utilized for CISS-based spin devices because
of their large SOC abilities and tunable Rashba splitting
[31, 32]. Chiral HOIPs also provide unique properties
such as solution processability, tunability, and long elec-
tron-spin relaxation times, which benefit optoelectronic
devices [33].

The chiral structure of HOIPs was achieved by intro-
ducing a chiral organic cation to the A site of the per-
ovskite. Especially in 2D layered HOIPs, the chiral
organic cations should have benzene rings to induce
strong lattice distortion. The chirality of the methylben-
zylammonium (MBA) cation is successfully transferred
to the inorganic sublattices, and circular dichroism
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(CD) signals of chiral HOIPs exhibit mirror-symmetric
CD values [34]. The structural change in perovskite is
mainly due to the m—m interaction of the benzene ring
in the MBA cation. The 2D inorganic layers are con-
nected by the MBA cation, and the benzene ring of
the adjacent MBA cation interacts with each other via
n—7 interactions (Fig. 3c—e). Chirality of the MBA cat-
ion also induces broken symmetry of inorganic layers
through the hydrogen bonds. The structural param-
eters confirm the structural distortion of the HOIPs.
The electronic and optical properties of the distorted
inorganic layers are further elucidated by carrying out
experimental measurements and DFT-based calcula-
tions. The chiral MBA cation transfers its chirality to
the excitonic transition states and charge transfer states
of chiral HOIPs (Fig. 3b), which enable the 2D-layered
chiral HOIP film to work as a spin filter with a spin
polarization of up to 94% by the CISS effect, demon-
strating the potential use for the future spin device
applications [14].

Instead of traditional spin-valve devices with two fer-
romagnetic electrodes, chiral HOIP spin-valve devices
consisting of a single chiral HOIP spin filter layer and
a single ferromagnetic electrode were fabricated. The
magnetoresistance responses of the chiral HOIP spin-
tronic devices are contradictory because of the opposite
spin polarization induced by the chirality of perovskite
layers (Fig. 4a, b). These magnetoresistance responses
of (R-MBA),Pbl,-, (S-MBA),Pbl,, and achiral HOIP-
based spin devices demonstrate that the CISS effect of
chiral HOIPs successfully induces spin polarization and
the chiral HOIPs can be used for spintronic devices.

The CISS of chiral HOIPs enabled spin state control
and made spin-polarized light-emitting diodes (spin-
LEDs) workable at room temperature without magnetic
fields nor ferromagnetic layers [35]. The chiral 2D lay-
ered (R/S-MBA),Pbl, films induce spin-polarized hole
current, and the polarized carriers recombine with elec-
trons in the emitting layer where circularly polarized
electroluminescence (CP-EL) is emitted (Fig. 4d). The
spin-LEDs have opposite CP-EL with opposite chirality
of HOIPs and exhibit an external quantum efficiency of
over 10% (Fig. 4e). Finally, the device achieved £ 2.6%
CP-EL at room temperature without an external mag-
netic field, demonstrating that the chiral HOIPs can be
promising candidates for future CP-EL devices.

By introducing chiral HOIPs to monolayer 2D tran-
sition metal dichalcogenide (TMD)-based valleytronic
devices, selective spin injection to the monolayer
TMDs was induced using chiral HOIPs without an
external magnetic field, achieving valley polarization of
over 10% under linearly polarized excitation (Fig. 4f-h)
[36]. This result provides a new approach to controlling
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Fig. 3 a Schematics of the monolayer of dsDNA on a gold substrate as a spin filter. Reproduced with permission from [23]. Copyright 2011 AAAS.
b CD signals of chiral and racemic HOIPs. Crystal structure of chiral HOIPs with ¢ R-MBA, d S-MBA, and e rac-MBA. Room-temperature J-V curves
obtained using the magnetic conductive-probe atomic force microscopy (AFM) technique of chiral 2D hybrid (R-MBA),Snl, f and (S-MBA),Snl, g
thin films. Reproduced with permission from [14]. Copyright American Chemical Society, 2020

valley polarization in TMDs and demonstrates the ver-  2.2.2 1D chiral perovskites
satility of chiral 2D HOIPs for various optoelectronic  As seen in the previous section, 2D perovskites have been
successfully synthesized and analyzed for applications

devices.
to various electronic devices. These results show the
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Fig. 4 Magnetoresistance response of spintronic devices. a (S-MBA),Pbl, b (R-MBA),Pbl,, and ¢ nonchiral HOIPs. Reproduced with permission

from [37]. Copyright 2019 AAAS. d Schematic description of CP-EL emission by spin polarization in the spin-LEDs. e The CP-EL spectra of chiral and
nonchiral HOIPs based spin LEDs. Reproduced with permission from [35]. Copyright 2021 AAAS. f Schematic structure of chiral 2D HOIPs/TMD
heterostructures. g Photoluminescence spectra of chiral 2D HOIPs/TMD heterostructures. h Optical image of chiral 2D HOIPs/TMD heterostructures.
Reproduced with permission from [36]. Copyright American Chemical Society, 2020

versatility of 2D chiral HOIPs. However, insufficient CD
values and low carrier mobility due to the huge size of
chiral cations have limited further applications. As alter-
natives, 1D chiral HOIPs have been suggested as promis-
ing candidates for future spintronic devices for high CD
values and g-factors.

Jiang Tang’s group reported the circularly polarized
light (CPL) detection device with 1D chiral HOIPs films

for the first time [38]. The researchers synthesized (MBA)
Pbl; 1D chiral HOIPs by cooling crystallization method
and HOIPs films exhibited higher CD value and g-factor
than 2D chiral HOIPs. XRD data showed that 1D chiral
HOIP has a crystal structure with the strongest diffrac-
tion peak near 8° where (Pbl,)*~ octahedral chains stack
in parallel (Fig. 5a, b). The 1D (MBA)PbI; photodetecting
film showed strong CD signals along with differences in
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Fig.5 The crystal structure of a (R-MBA)Pbl; and b (S-MBA)PblI;. ¢ Schematic diagram of 1D chiral (MBA)PbI; based CPL detector. d The responsivity
and photoconductor gain of 1D chiral HOIPs with opposite handedness under LCP and RCP. Reproduced with permission from [38]. Copyright

2019 Nature Publishing Group. e The molecular structure of R-NEA and S-NEA. f CD and absorption spectra of 1D chiral (NEA)PbI;. g Time course of
photoresponse of (R-NEA)Pbl; under LCP and RCP. Reproduced with permission from [39]. Copyright 2020 AAAS. h Crystal structure of (MBA)PbBr;. i,
j Spin-dependent charge transport /-V curves after 1T month. Reproduced with permission from [40]. Copyright 2021 Wiley

photoconductor gain and responsivity depending on the
chirality of 1D chiral HOIPs (Fig. 5d).

Although Jiang Tang’s group successfully built a CPL
photodetector based on 1D chiral HOIPs, the polari-
zation discrimination ratio was too low to achieve
accurate CPL detection. Ishii et al. used R-(+) and
S-(—)-1-(1-naphthyl)ethylamine (R- and S-NEA), a
new type of chiral ligand with naphthalene skeleton, to
synthesize 1D chiral HOIPs which show high CD and
g-factor [39]. Due to large m—m interaction between
naphthalene, (Pbl,)*~ octahedral chains strongly
induce large helicity (Fig. 5e). The researchers also con-
trolled the dimensions of chiral perovskite films with
the various molar ratios of NEA to Pb?* in the precur-
sor solution. 1D and 2D structures exhibit different

XRD diftraction peaks and 2D grazing-incidence wide-
angle X-ray scattering measurements demonstrate that
1D chain lies against the substrate differently from 2D
films which are highly aligned in out-of-plane direc-
tion to the substrate. NEA-based 1D chiral HOIPs
showed CD signals over 3000 mdeg with a high g fac-
tor of 0.04, which are the highest results ever reported
in chiral perovskites (Fig. 5f). Finally, by using NEA-
based 1D chiral HOIPs, the CPL detectors performed
an extremely high polarization discrimination ratio
of 25.4, which is the highest value compared to chiral
plasmonic metamaterials and organic materials-based
CPL detectors (Fig. 5g).

The stability of the device is an important factor for
practical applications. Lu et al. reported (MBA)PbBr,
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1D chiral HOIPs with high stability [40]. Unlike iodide
ions, bromide has a lower Fermi level which helps
(MBA)PbBr; to maintain high crystallinity even in
the ambient environment and high temperature. The
researchers synthesized Br-based 1D chiral HOIPs with
a cooling process and then confirmed the high crystal-
linity of the film with XRD diffraction measurement.
The CISS of 1D chiral (MBA)PbBr; is examined by mc-
AFM and the opposite feature of I-V curves confirms
the spin polarization of the films. The air-stability and
thermal stability were analyzed with the one-month-
old sample and the results showed that spin polariza-
tion efficiency and crystallinity were maintained. In
summary, these results suggest that (MBA)PbBr; show
similar spin-polarized charge tunneling behavior and
higher stability which can solve the current limitations
of chiral perovskites (Fig. 5i, j).

3 Magnetic properties of chiral NMs

Unlike chiral inorganic NMs with unique electronic or
optical properties, the family of chiromagnetic NMs
remained largely uncharted [41]. One of the reasons
would be the impact of size on chiral properties and mag-
netic properties that these NMs possess. Like other NMs,
chiral NMs exhibit their unique properties due to their
high surface-to-volume ratio maximizing chiral interac-
tions with the surrounding [42]. The magnetic perfor-
mance of NMs does not increase as NMs size decreases.
Still, NMs magnetic properties reach their maxima when
the size falls within a specific range which differs accord-
ing to the composition and morphology [43, 44]. These
complex relationships in NM size might have veiled the
field of chiromagnetic NMs. Considering that magnetic
properties are governed by the crystal symmetry whilst
introduction of chirality into NMs may break their pris-
tine symmetrical elements, it is convincing that the
area of chiromagnetic NMs still remain challenging yet
intriguing [9, 45, 46].

One of the proposed methods to overcome the limita-
tion of current examples of chiromagnetic NMs is uti-
lizing a metal-metal oxide hybrid structure. Wu et al.
introduced gold-magnetite core-satellite chiromagnetic
nanostructures bridged by double-stranded DNA mol-
ecules [47]. In the study, plasmonic gold NP assembled
by chiral DNA linkers (Fig. 6a) showed distinctive CD
spectra (Fig. 6b), while simple mixtures of each building
block were chiroptically silent. The authors attributed
the result to a combination of charge transfer through
chiral ligands and the typical chiral plasmonic signal of
gold nanoparticles (NPs). Mori et al. reported core—shell
chiromagnetic NPs with iron oxide core and palladium
shell conjugated with chiral 2,2’-bis(diphenylphosphino)-
1,1'-binaphthene (BINAP) molecules (Fig. 6¢) [48]. The
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authors successfully synthesized the chiromagnetic
oxide core-metallic shell NPs with mirrored CD spectra
(Fig. 6d) through simple ligand exchange procedures. It
was proven that the chiromagnetic core—shell NPs could
be applied for chiral catalysts during the synthesis of
binaphthalene with enantioselectivity of around 47%.

Unlike noble metal-based chiral NMs that can be syn-
thesized with various methodologies [2], magnetic metal
oxide-based chiral NMs mainly formed by chiral ligand-
assisted growth of inorganic cores with distinctively
twisted atomic arrangements [49, 50]. Interestingly, the
chirality of atomic arrangements and structures strongly
determines the chiroptical activity and magnetic proper-
ties of the chiral metal oxide magnetic NMs [46].

In pristine achiral cobalt oxide (Co;O,) NPs, an ensem-
ble of normal spinel structures and electronic configu-
rations of cobalt cations in octahedral and tetrahedral
sites contributes to the antiferromagnetic behavior of
the NPs according to the crystal field theory [46, 51].
However, when L- and D-enantiomers of amino acids
(cysteine, Cys) were used during the synthesis as chiral
ligands (Fig. 7a), the chiral cobalt oxide NPs exhibit para-
magnetic behavior instead of typical antiferromagnetic
behavior above and below the Néel temperature (Fig. 7b)
[9]. Because the magnetic properties of cobalt oxide are
governed by its crystal lattice and atomic ordering [51],
the magnetic property modulation of the chiral cobalt
oxide NPs is attributed to crystal lattice distortion and
symmetry breaking, both of which are induced by chiral-
ity infusion. The ab initio molecular dynamics (AIMD)
calculation confirmed that the structural symmetry
breaking was triggered by chiral ligands on the surface.
This study also demonstrated that the control over mag-
netic properties using chirality of the structure is appli-
cable to other transition metal oxides, such as nickel(II)
oxide (NiO) NPs, whose pristine achiral NPs also exhibit
antiferromagnetic behavior owing to their cubic rock-salt
structure [9, 52].

In addition to the different magnetic behaviors exhib-
ited by chirality, it is also worthwhile to demonstrate how
the magnetic moment of the chiral NPs affects its opto-
magnetic interactions with a radiated circularly polar-
ized electromagnetic field. Several studies demonstrated
that optical activity of chiral metal nanostructures is
predominantly governed by localized surface plasmon
resonance [53-55]. In contrast, for chiral nanostruc-
tures composed of transition metal oxides, the electronic
configurations and magnetic moments derived from the
configuration play a pivotal role in their chiro-optical
properties [9, 46, 56]. In the case of the above-mentioned
chiral Co;0, NPs, CD spectra obtained from L-Cys-
coated NPs and D-Cys-coated counterparts exhibited
highly mirrored features containing eight distinctive
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peaks from the ultraviolet (UV) region (200 nm) to the
visible range region (700 nm) (Fig. 7c) [9]. The authors
of this study attempted to unravel and clarify the cau-
sality between chiral structural factors of NPs and their
distinctive CD spectra, including ligand and composi-
tion exchange. For ligand exchange using L- and D-pen-
icillamine (Pen), instead of the original chiral ligands
(L-/D-Cys) after the formation of the NPs, the CD spec-
tra in the UV range changed. In contrast, the spectra for
the visible range were left undisturbed (Fig. 7c). The fact
that the structural chirality of chiral cobalt oxide NPs was
preserved after their surface chiral ligands were removed
infers that the chiral ligand contributed to the UV range
of the CD spectra while the visible range of the spectra
was governed by the structural chirality of the inorganic
Co30, cores [9, 57]. When it comes to the partial com-
position replacement of the inorganic cores using copper
cation (Cu?*) instead of cobalt cation (Co®*), a decrease

in optical activity across the visible range was detected
(Fig. 7d) [9]. Considering the electronic configura-
tion of copper cations located at tetrahedral sites where
only a single unpaired electron per ion exists, magnetic
moments that contribute to the chiro-optical proper-
ties of inorganic cores would decrease compared to the
unchanged chiral Co;0, NPs, which leads to a decrease
in the optical activity of the NPs [58]. This explanation
is supported by the fact that the reduced optical activity
was restricted across the visible range which originated
from the inorganic core.

In addition to using inorganic chiral structures to tailor
the magnetic properties of inorganic NPs, the magnetic
properties and their behaviors can also be manipulated
by the attachment of chiral molecules onto the surface
of achiral inorganic nanostructures including metal
and metal oxide NPs [59, 60]. When an external mag-
netic field is introduced, electrons with a particular spin
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state escape easily, while electrons with other spin states
remain in the inorganic nanostructure. The surplus of
unpaired electrons can contribute to the ferromagnetic
behavior of the nanostructure [60]. Using this concept, a
metallic cobalt-gold bilayer with a polypeptide layer dep-
osition exhibits ferromagnetic hysteresis loops shifted
toward a specific magnetic field direction (Fig. 8a, b) [59].

Koplovitz et al. reported magnetite (Fe;O,) NPs with
a single domain that exhibits ferromagnetic behavior
by placing superparamagnetic magnetite NPs on a chi-
ral polypeptide layer deposited on a silicon wafer chip
(Fig. 8c, d). In contrast, pristine magnetite NPs with
a single domain generally showed superparamagnetic
behavior [60]. This report suggests a new hysteresis loop
engineering pathway for inorganic NMs using chiromag-
netic effects such as the CISS.

Li et al. adapted chiral metal sulfide NPs to study
magnetic effects in nanostructures [2]. Instead of using
traditional iron oxide NMs, exploiting the copper-
cobalt sulfide (CuxCoyS) NPs enabled infusion of chiral-
ity utilizing thiol-containing chiral molecules such as
penicillamine whilst maintaining moderate ferromag-
netism (Fig. 9). Owing to the chiral surface of the NPs,

D-Cu,Co,S NPs exhibited improved cellular uptake
efficiency compared with their L-type counterparts.
Based on these results, the chiromagnetic copper-cobalt
sulfide NPs applied to eliminate senescent cells under
an alternating magnetic field with near-infrared photon
illumination.

Grafting the concept of chirality onto magnetic NMs
would be worthwhile for further studies due to its versa-
tile approaches across various fields of nanotechnology.
In the field of nanomedicine, theragnostic techniques
rely on biocompatible magnetic NMs for magnetic par-
ticle imaging (MPI) and hyperthermia treatment [61-63].
Here, magnetic hysteresis modulation using tunable chi-
rality is applicable for maximizing the theragnostic effi-
ciency. Chiromagnetic modulation may also be useful
for spintronics. As Naaman et al. addressed [5], current
spintronic devices require separate layers of magnetic
materials and inorganic spin filter materials. However, by
integrating these layers onto a single magnetic layer, spin-
tronic devices with both lower energy consumption and
high spin selectivity can be constructed.
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4 Chiroptical properties of inorganic
nanostructures

Chiral NMs exhibit various optical responses depending
on their handedness, compositions, and scale under elec-
tromagnetic wave radiations. The unique optical proper-
ties of the chiral NMs led researchers to perform massive
studies on the synthesis and fabrication methods of chiral
NMs and their applications in various fields [64—68]. This
chapter introduces the recent researches about chiral
plasmonic NMs systems, chiral fluorescent NMs, and the
interactions between circularly polarized light and chi-
roptically silent achiral nanostructures.

4.1 Chiroplasmonic NMs

Chiroptical effects become particularly strong in mirror-
asymmetric geometrical structures made from plasmonic
NPs [1] due to strong interactions of the helical electro-
mangnetic field of photons with the NMs with chirality
in 20-200 nm scale. For this reason the chiral NMs from
plasmonic materials are often referred to as chiroplas-
monic. The representative optical properties of the chiral
plasmonic systems are circular dichroism (CD) and opti-
cal rotatory dispersion (ORD). With the simplified model,

assembly of the chiral molecule and spherical plasmonic
NP, the contributions to the CD can be divided into two
terms, CD=CD,giccule + CDplasmon [69]. The plasmonic
resonance enhances the CD signal of the chiral molecule,
which is located in the close vicinity of the plasmonic NP
surface. Along with the CD signal from the chiral mol-
ecules, new CD peaks appear in the wavelength region
of localized surface plasmon resonance (LSPR) via Cou-
lomb dipole—dipole interaction between the chiral mol-
ecule and plasmonic NP. Especially in intrinsically chiral
morphologies or assemblies on chiral templates, plas-
monic NMs show strong chiroptical responses by the
plasmonic coupling. Thus, various fabrication methods of
chiral plasmonic NMs and their applications have been
extensively studied to date.

Nam’s group successively synthesized 432 helicoids
[70-72] showing intrinsic chiral morphologies which
were induced by amino acids or peptides during seeded
growth. Starting with small seed NPs with low-Miller
index facets surfaces, high-Miller index facets with chi-
ral directions are exposed on the surface as seeds grow
in the growth solution. Due to the preferential binding of
chiral molecules on the chiral surfaces of NPs, symmetry
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breaking occurs by the growth of the unblocked site
toward the site blocked by chiral molecules. The helicoids
have different chiral morphologies depending on the
types of the seeds (cube or octahedron) and chiral mol-
ecules used (cysteine or cysteine-containing peptides).

In particular, one of the types of chiral NPs denoted as
432 helicoid III, has a highly twisted pinwheel-like struc-
ture, which is associated with the strongest CD among
the helicoids, with a g-factor as high as 0.2 (Fig. 10a).
The authors constructed cross-polarized transmission
to demonstrate the conversion from linearly to ellipti-
cally polarized light by 432 helicoid III. The achiral NP
dispersion exhibited no transmission, but bright yellow
cross-polarized transmission was observed from 432
helicoid III (Fig. 10b). In addition, 432 helicoid III hav-
ing maximum g-factor at different wavelengths (A,,,)
were prepared for further investigation (Fig. 10c). Achiral
dispersion showed symmetric and gradual color change
with increasing the rotational angle of the analyzer from

-10° to 10°. However, the color transition of the seven
432 helicoid III dispersed solutions with different values
of A, exhibited asymmetric patterns and various trans-
mitted colors, reflecting the optical rotatory dispersion
response of the chiral plasmonic NPs (Fig. 10d). This
observation indicates that the color modulation cover-
ing a wide wavelength range can be realized by unique
chiroptical properties in the visible region of chiral plas-
monic NMs with high asymmetric factors.

Another chiroplasmonic NM with intrinsic chirality
was recently reported by Che’s group with similar syn-
thesis method, but the seeds were anchored on the 2D
surfaces [73]. Surface-enhanced Raman scattering-chiral
anisotropy (SERS-ChA) effect was demonstrated with
normal Raman measurements of enantiomeric mol-
ecules using chiral nanostructured Au films (CNAFs)
substrates. N-acetyl-L/D-cysteine (S/R-NAC) were used
to induce chirality on Au nanofibers. During the lateral
growth of the Au nanofiber on the surface of the Si wafer
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in the growth solution, the S/R-NAC acts as a symmetry-
breaking agent by the asymmetric arrangement of Au-S,
Au-NH,, and Au—COO bonds around the chiral carbon
center. The final structure of the CNAFs is the Boerdijk-
Coxeter-Bernal (BCB) structure with chiral stacking of
tetrahedral units of Au nanocrystals (Fig. 10e). L- and
R-CNAFs exhibit CD signals with opposite signs and
plasmonic absorption at about 514 nm (Fig. 10f).

The normalized difference in SERS intensities of enan-
tiomeric molecules refers to g-factor, ggrps cpa =2Is-Ig)/
(Ig+1g), where I and I are the SERS intensities from
S- and R- enantiomers respectively. The maximum abso-
lute value of g-factor is 2, which indicates complete dis-
crimination of enantiomers. The authors measured the

largest SERS peak areas of enantiomers along with enan-
tiomeric excess (ee) values from — 100% to+ 100% at the
same concentration of analytes and plotted the curves.
The g-factors were also obtained from ggprg.cna =2 k/b,
where k and b are the slope and intercept of the curve,
respectively. For example, the SERS intensities of the
2-butanol enantiomers were proportional to ee values,
with a g-factor of 1.88 (Fig. 10g). Other enantiomers also
showed a linear correlation between SERS intensities and
ee values and g-factors ranging from 1.34 to 1.99. These
results indicate that the CNAFs platform has a high dis-
crimination capability of enantiomers. The SERS-ChA
phenomenon can be explained by the local chiral elec-
tromagnetic fields on the CNAF structures. The CNAFs
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generate asymmetric local fields around them when illu-
minated by unpolarized or linearly-polarized laser with
the wavelength at the plasmonic absorption and CD
peak. The chiral local fields enhance Raman scattering
of both enantiomers, but much stronger enhancement
occurs when matching with the chirality of the analytes.
By the novel chiroptical property of chiroplasmonic
nanofiber, SERS-ChA effect, The CNAFs platform can
efficiently discriminate the racemates of enantiomers
compared to the traditional techniques such as circular
dichroism or Raman optical activity.

Assembly of achiral plasmonic NPs into chiral arrange-
ment can also induce strong chiroptical activities. Chi-
roplasmonic assemblies with increased g-factors were
recently demonstrated by Liu’s group [15]. The ensembles
of the low g-factor constituents, AuNRs and human islet
amyloid polypeptide (hIAPP), form helical conformation
with LC-like long-range order and the end-to-end ori-
ented long-chain NRs (Fig. 11a). hIAPP is bound on the
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AuNR via Au-S bond between cysteine residue of hIAPP
and AuNR in the long-range registry of the assemblies.
The cetyl-trimethylammonium bromide (CTAB) bilayer
on the surface of AuNRs enhances the fibrillation of
hIAPPs and strengthens supramolecular attractions
between peptides. Consequently, the CTAB- capped NRs
accelerate the helical self-assembly of hIAPP compared
to hIAPP alone in dispersion.

In addition, the long-range organization of NRs on
hIAPPs exhibited strong chiroptical properties with
CD of 2000 mdeg and g-factor of 0.12 (Fig. 11b). The
enhanced g-factor is much higher than that of ultra-
violet region of the spectrum for biomolecules and the
accelerated assembly provide precise and rapid sens-
ing ability under low peptide concentration. Under the
cross-polarization condition, a dispersion of assem-
bled NR-hIAPP nanohelices made the red light at the
maximum g-factor transmitted to be vividly observed
(Fig. 11c). This is due to the optical rotatory dispersion
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Fig. 11 aTEM image of NR-hIAPP helical assembly and reconstructed model from the TEM image. Pitch of the nanohelices were represented by
the circles. b g-factor spectra for the coassembly process of hIAPPs with AuNRs. The g-factor reached to 0.12 after the coassembly completed. c
Photographs of the red light transmitted through pure NR (left) and NR-hIAPP assemblies (right) under cross-polarized conditions. d Photographs of
the red light transmitted through NR-hIAPP assemblies with different g-factors (top) and coassembled from various hIAPP concentrations (bottom).
Reproduced with permission from [15]. Copyright 2021 AAAS. e Schematic image of stacking process and SEM and AFM height images of AuNP
assembled into dimer chains inside nanochannels. Scale bar, 500 nm. f CD spectra for the chiral metasurfaces with stacking angles from +45°
over=30° £ 20° and +10° to 0°. g CD spectra for the chiral metasurfaces stacked at —45° under compression normal to the bilayers. Reproduced
with permission from [74]. Copyright 2021 Nature Publishing Group
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response of the chiral suprastructure. The intensities of
transmitted light increase with a higher g-factor of the
dispersion. At the different hIAPP concentrations, the
intensities of transmitted light are changed, providing
the method to quantify the formation of amyloid fibers
from peptides (Fig. 11d). On the contrary, the amyloid
fiber inhibitors were tested to exploit the drug discov-
ery protocols. With the increased ratio of the drugs to
hIAPP, the bright red transmitted lights are darkened
due to the dissociation process of the helical assem-
blies. The high g-factor- enabled imaging platform can
be utilized for peptide sensors or drug discovery in bio-
logical environments by visualization of the formation
or dissociation of the amyloid fibers.

Apart from the chiral assembly of plasmonic NPs with
a biological templates [1, 15], chiral metasurfaces via
assembly of colloidal AuNPs having high mechanical tun-
ability were introduced by Fery’s group [74]. Spherical
AuNPs are assembled in the nano-channels of the elas-
tomeric template with close-packing. Two layers of the
parallel arrangement of AuNP dimer chains are cross-
stacked at an angle 6, to induce chiroptical properties
(Fig. 11e). The strong chiroptical response of the system
stems from the plasmonic coupling by small inter-parti-
cle and inter-layer distances.

With the convenient reconfiguration by changing the
stacking angle and inverting the handedness, the CD sig-
nals can be easily modulated in the amplitude and sign
from positive to negative (Fig. 11f). The CD also can be
modulated by the mechanical compression applied to
the elastic template. Successive compression induces
a large gradual blue shift of the CD1 and CD2 modes
(Fig. 11g). The shifting of CD signals occurs because the
strain-induced bending makes the AuNPs deviated from
the initial position and, therefore, reduces the inter-par-
ticle plasmonic coupling. The reversible CD tunability
by restacking or mechanical strain promotes the exploi-
tation of spectroscopic devices or light modulators. For
the other practical application of the system, the well-
known protein, bovine serum albumin (BSA) was depos-
ited between the substrates stacked at the angle of +-45°.
The BSA shifted the CD1 modes AAA=AA—45°— AL+
45°=40 nm in NIR region, which is a higher amplitude
than previous research [75]. The strong superchiral fields
in the inter-layer gap enhance the detection sensitivity so
that the chiroplasmonic system can potentially be used as
a chiral sensor.

4.2 Chirofluorescent NMs

Circularly polarized photoluminescence (CPP) is another
unique phenomenon that characterizes chirality. For chi-
ral molecules, it is based on the differential spontaneous
emission of left and right circularly polarized radiation by
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luminescent systems. For NMs, circular polarization of
emitted light also includes differential light scattering by
the chiral nanostructures [76]. The cumulative emission
dissymmetry factor can be calculated as

G = 2(I — Ip)
b Iy +1p)

where I; and I represent the photolumniescent inten-
sity of LCP and RCP, respectively [77]. Differential emis-
sion can be observed at both atomic and molecular level
under various conditions and can be originated from
various radiative relaxation processes. For instance, CPP
can be induced by the incorporation of chiral molecules
in the framework [38, 78], attachment of chiral ligands
on the surface of NPs [79-82], or growth of chiral super-
structures [83, 84]. This section, however, will particu-
larly focus on chirality transfer from chiral ligands to
the photoluminescent core. Chiral ligands can either be
directly introduced during the synthesis or be post-syn-
thetically exchanged [82]. Polarized light is emitted from
the resulting optically active chiral nanostructures.

CPP spectrometer is often utilized to investigate the
geometric effects on ligand-induced chirality because
such chirality is highly dependent on the size, morphol-
ogy, and surface chemistry of the NPs. As chirality is
induced from the synthesis stage, CPP can also pro-
vide critical information about the shape evolution and
ligand-particle interactions during NP formation [81].
Young-Hoon et al. demonstrated a very high CPP by
directly introducing chiral ligand during synthesis. High
CPP response was achieved from colloidal formamidin-
ium lead bromide (FAPbBr;) NPs at room temperature
using chiral surface ligands (R)-2-octyalmine. The g,
of 6.8 x 1072 was achieved, which is the highest among
reported perovskite materials at room temperature.
FAPbBr; NPs were synthesized using the hot injection
method and the ratio of (R)-2-octylamine to oleylamine
(OAm) was varied. As (R)-2-octylamine concentration
decreased from 100 to 0%, the size of NPs decreased [82].
Figure 12a shows the size distribution of NPs depending
on the concentration of (R)-2-octylamine. The size of NPs
is determined by the steric hindrance of surface ligands;
long-chain ligands (OAm) have higher steric hindrances
and thus prevent diffusion of precursor species to the
surface of NPs to impede NP growth [85]. Photolumi-
nescence quantum yield (PLQY) is higher for larger NPs
because an increase in surface-to-volume ratio results in
more nonradioactive recombination at surface defects
[82].

On the other hand, CPP intensity is strongest at a rela-
tively low concentration (x=25%). Figure 12b—d shows
CD, CPP and g, spectra of NPs with different (R)-
2-octylamine concentration, respectively. The results
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demonstrate that the absolute amount of injected chiral
ligands is not the only factor in determining chiropti-
cal properties in NPs. As smaller NPs are formed with
lower concentration of (R)-2-octylamine, the surface-to-
volume ratio increase and hence more chiral ligands can
attach to the surface. Also, smaller NPs have a smaller
distance between surface chiral ligands and electronic
states in the core NPs, thus inducing larger effects of
chiral ligands. Such incorporation of chiral organic mol-
ecules into organic—inorganic perovskite NPs provided a
direct interaction between the ligand and the photolumi-
nescent core, which is impossible in core/shell structure
[82].

However, CPP diminished after NPs were purified as a
significant amount of chiral ligands were removed. Loss
of CPP after purification limits the application of NPs
to optoelectronic devices because further purification is
necessary for the formation of the high-quality thin film
[86]. To overcome such a problem, Young-Hoom Kim
et al. carried out post-synthetic ligand treatment by mix-
ing a dispersion of purified NPs with a saturated solu-
tion of the chiral ligand (R-,S-MBA:Br) in ethyl acetate
(EtOAc). Figure 12e, f show the restored CPP and g, of
synthesized NPs. R-,S-MBA:Br attached on the surface
of perovskite NPs enhanced g, up to 1.18 x 1072 PLQY
is also restored from 53 to 71%. The result indicates that

chiral ligands passivated the surface defects and thus
reduced nonradioactive recombination [82].

Circularely polarized emission combined from CPP
from chiral centers in NP and differential scattering
from self-assembled mesoscale structures can be also
observed in hierarchically organized microparticles made
of polydisperse Au thiolate nanoplatelets. Kotov’s group
synthesized hierarchically organized particles (HOPs)
with the complex ordering of chiral fluorescent inor-
ganic building blocks, in which Cys ligands were used
as chiral bias during synthesis (Fig. 13) [12]. The use of
pure L- and D-Cys yielded HOPs with radially organized
left- and right-handed twisted spikes with a diameter of
3.54+0.3 um, which showed strong CD bands in UV-Vis
and IR regions (Fig. 13a—f, h). These spiky particles were
denoted as Au-L-Cys and Au—D-Cys, respectively. When
a racemic mixture of Cys was used, kayak-like HOPs with
layered structures, denoted as Au—bpL-Cys, were observed
and they were CD-silent. The HOPs had photolumines-
cence properties originated from atomically thin layers
of Au and S connected by aurophilic bonds. Au-L-Cys
and Au-D-Cys possessed red emission and with strong
and variable circular polarization, whereas Au-DL-Cys
showed orange emission (Fig. 13g) without helicity of
emitted photons. Intriguingly, when the HOPs were dis-
assembled into structural components (twisted ribbons)
by ultrasonication, the signs of the circularly polarized
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Fig. 13 Au thiolate hierarchically organized particles (HOPs) with Cys ligands. a—¢ SEM images of Au-1-Cys and Au-p-Cys coccolith-like particles
(CLIPs) (@ and b) and Au-DL-Cys kayak particles (c). d—f SEM images and corresponding schematic illustrations of segments of Au-t-Cys (d),
Au-b-Cys (e), and Au-bt-Cys (f). g, h CPP (g) and CD (h) spectra of Au-1-Cys CLIPs (blue), Au-p-Cys CLIPs (red), and Au-bi-Cys kayak particles (black).
Inset in g Photos of Au-1-Cys, Au-p-Cys, and Au-pL-Cys dispersions under daylight (top) and UV light (bottom) illumination. i, j circularly polarized
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of Au-1-Cys is left-handed, and therefore the light scattered by Au-L-Cys has left-handed polarization. After disassembly of the stacks into single
right-handed nanoribbons, the light passing through these dispersions acquires right-handed circular polarization. Reproduced with permission
from [12]. Copyright 2020 AAAS
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emission peaks were reversed in both Au-L-Cys and Au—
D-Cys (Fig. 13i, j). Comparing theoretically calculated
scattering and CD spectra and experimental CD spectra,
it was speculated that the circularly polarized differen-
tial scattering of HOPs is strongly involved in emission
peaks because of the submicrometer-scale chirality. Thus,
in HOPs the contribution of geometrical chirality (sub-
micrometer-scale) to empirically measured CPP, which
have opposite chirality in scattering photon, exceeded
angstrom-scale chirality of the excited states in the Au-
Cys nanosheets. However, when the HOPs were sepa-
rated into the ribbons, the emission peaks mainly came
from angstrom-scale chirality. These results indicated
that the circularly differential polarized scattering from
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chiral hierarchical microstructures could influence lumi-
nescence and scattering activities, which can be altered
by engineering their chiral geometry and complexity.
Another method to make NPs chiral is by post-syn-
thetic ligand exchange. Junjie Hao et al. synthesized
various types of Cys-capped CdSe/CdS nanostructures,
including nanoflowers, tadpoles with one to three tails,
and nanoassemblies, and demonstrated the relationship
between ligand-induced chirality at the molecular level
and geometrical effects at the nanoscale. Figure 14a—c
shows the TEM images of CdSe/CdS NPs with differ-
ent morphologies such as nanoflowers, tadpole, and
nanoassemblies. Anisotropic CdSe/CdS NPs were syn-
thesized first in the organic phase and then ligands were
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Fig. 14 a-c TEM of CdSe/CdS NPs with different shapes: a nanoflowers, b tadpole, ¢ dot/rods, d Empirical CPP spectra of CdSe/CdS NPs with
different shapes, e, f CPP and CD spectra of CdSe/CdS tadpoles with different length. Reproduced with permission from [81]. Note that empirical
CPP spectra contain increasingly high contribution from differential scattering as the NMs becomes comparable to the wavelength of light as was
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synthetically exchanged with L/D-cysteine. Various mor-
phologies of NPs are controlled by adjusting the amount
and chemical nature of the surface ligands [81].

CD/CPP spectrometer reveals the geometric effects,
including shell thickness and length-to-diameter ratio,
on the ligand-induced chirality of NP. Figure 14d shows
CPP spectra of the CdSe/CdS NPs with different trends.
The thickness of the shell decreases in the order of nano-
flowers, tadpole, and nanoassemblies. While CPP is pro-
portional to PLQY, PLQY of different NPs decreased as
the shell thickness increased due to an increase in defects
and lattice mismatch. CPP activities expressed with the
Zum-factor increase in the order of nanoflowers, tad-
poles, and DRs. Both CD and CPP decrease as CdS shell
thickness increases. Thick CdS shell hinders interaction
of CdSe core, which mainly attributes to CD signal, with
chiral ligand, and hence reduces CD intensity. Likewise, a
thin CdSe shell is favorable for increasing the number of
chiral interactions between the CdSe cores and the chiral
ligands, which determine the CPP intensity [81].

Moreover, in situ CD/CPP observation during syn-
thesis of chiral tadpole was utilized to study growth
mechanism and the tail length effect on the chiroptical
responses. Figure 14e, f show the CPP and CD spec-
tra of synthesized tadpoles with different tail lengths.
While the longer tail of the tadpole induces stronger
CD intensity, CPP intensity is decreased and even
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diminished due to the quenching effect. Although a
longer tail may introduce geometrical anisotropy for
CD increment, it hinders ligand chirality induction for
CdSe/CdS NM and reduces emission. Therefore, the
parameters to achieve the highest CD and CPP are not
necessarily the same. The optimal structure to obtain
multiple CPP and CD line shapes with high intensity
would be chiral tadpoles with a thin shell, reasonable
QY for photoluminescent core, and a moderate tail
length/aspect ratio for the CdS tail [81]. Note that for
some of these structures the contribution of the differ-
ential scattering in empirically measures CPP spectra
can also be high.

CPP is tunable with various parameters, including
size, surface chemistry, and shell thickness in core/
shell structure. The optimal parameter for the strongest
CPP production, however, is not necessarily the same
as those for CD. With the tunable characteristics, NPs
producing CPP can be utilized in various optical and
biological applications including information storage
and processing, quantum communication, 3D display,
bio encoding, and photoelectric devices [82].

4.3 CPL as a chiral inducing agent

Wet-chemical synthesis of chiral NMs has been achieved
mainly via the surface engineering of the inorganic mate-
rials using chiral molecules such as amino acids, helical
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polymeric chains, and other chiral organic molecules [72,
87, 88]. However, another approach to form chiral inor-
ganic nanostructures has been introduced to form enan-
tioselective inorganic NMs by using CPL, inspired by the
fact that photon illumination can be used for inorganic
NPs self-assemblies [89, 90] due to the high optical and
chemical activities of semiconducting and metallic NMs.

Yeom et al. [91] investigated a synthesis method for
chiral structured semiconductors, using CPL as a chiral
templating guide. The chirality transfer of helical light to
the inorganic self-assembled structure was realized by
illumination of either LCP or RCP light to a thioglycolic
acid (TGA)—stabilized CdTe NP dispersion, where the
543 nm wavelength of the light was chosen because of the
strong absorption band of CdTe NPs in water. Twisted
nanoribbon morphologies and chiroptical activity were
investigated using three-dimensional (3D) TEM tomo-
graphic reconstruction, SEM images, and CD spectra
(Fig. 15a—d). Left-handed (LH) twisted nanoribbons were
dominant under LCP illumination, whereas right-handed
(RH) twisted nanoribbons were dominant products with
similar dimensions of LH twisted nanoribbons when the
NP dispersion was illuminated with RCP with over 30%
enantiomeric excess (Fig. 15e). In addition, the CD spec-
tra of the two batches had mirror-imaged CD spectra,
which exhibited distinct chiroptical bands at 490, 590,
and 700 nm (Fig. 15f). Unlike the circularly polarized
light, the illumination of unpolarized light illumination
formed a racemic mixture of RH and LH twisted nanor-
ibbons and there were no detectable CD activities.

The mechanism of the formation of the permanent
shape with opposite handedness is understood as fol-
lows. First, the photochemical reaction caused the CdTe
NPs to self-assemble. The illumination of light-induced
photo-oxidation of TGA and replacement of Te?~ ions
by S*~ ions transforms the CdTe NPs into bare CdS NPs.
The ligand-free CdS NPs are self-assembled more easily
than the ligand-attached and non-photo-activated CdTe
NPs. Second, the light absorption efficiency difference
between L-CdTe NPs and p-CdTe NPs made the pre-
dominant handedness according to the light handedness.
The enantioselective optical absorption difference at
543 nm was revealed by the simulation of truncated tet-
rahedron NPs and their clusters (Fig. 15g, h). The L-NPs
and L-clusters exhibited positive CD signals; on the other
hand, the p-NPs and Dp-clusters showed negative CD
peaks (Fig. 15i, j). From this point of view, when a race-
mic mixture of chiral CdTe NP suspension is illuminated
with LCP, the LH-NPs absorb light more efficiently than
RH-NPs, which increases the formation of LH twisted
nanoribbons predominantly and vice versa.

Owing to its simplicity and universality, light-driven
synthesis of chiral nanostructures is also applicable to
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metallic materials. Plasmonic NPs are promising can-
didates for photon-to-matter chirality transfer because
highly delocalized plasmonic states in metals provide
strong rotary power [11]. The handedness of helical
light can influence the growth and assembly of metallic
NPs. For instance, hot-electron processes are likely to
be both spin- and site-selective, leading to asymmetric
particle growth. Plasmonic coupling and hydrodynamic
fields may influence the assembly process, thus making it
light-handedness-dependent.

However, light-driven synthesis is more challenging for
metals than for semiconductors because the lifetime of
excited states is shorter, and thus the probability of pho-
toinduced reactions is reduced. Moreover, it is difficult to
investigate the chiral optical properties of metallic mate-
rials. While organic materials show easily distinguishable
chiral shapes, such as helices or tetrahedrons, metallic
NPs show non-obvious handedness. At the nanoscale
level, metallic NP assembly may show geometrical com-
plexity and a seemingly achiral structure, even when they
are not. In addition, CD peaks are polysemous for inor-
ganic nanostructures because multiple optical processes
contribute to their optical activity [11, 92-94]. Therefore,
careful analysis of chirality at nanoscale dimensions is
crucial for interpretation.

Despite these challenges, the synthesis of NPs and
their subsequent assembly into chiral nanostructures
have been demonstrated by the illumination of gold salt
solutions with circularly polarized light [18]. An aque-
ous solution of Au(IIl) chloride hydrate and citrate was
irradiated under LCP or RCP light at a wavelength of
543 nm. Red dispersions were formed after 50 min of
illumination and exhibited an absorption peak at 550 nm,
characteristic of plasmonic resonances in Au NPs. This is
the first demonstration of CPL-induced photoreduction
of metal ions in solution to synthesize chiral metal nano-
structures. Meticulous studies are required to analyze the
chirality of seemingly arbitrary shaped NPs forming race-
mic dispersions.

To investigate the mechanism of chirality transfer, TEM
images and CD spectra of metallic NPs synthesized at
various illumination times were studied [18]. (Fig. 16a—d)
Au*t was reduced to Au® and~2 nm NPs were formed
after 5 min of illumination of (HAuCl,) solutions. After
longer illumination, NPs grew in diameter (~3-5 nm)
and coalesced into structures with complex shapes
(~10-15 nm). The CD and UV-vis absorbance peak at
550 nm increased with the illumination time, and the CD
bands disappeared after illumination with linearly polar-
ized light. These results indicate the mechanism of chi-
ral Au nanostructure formation. First, partial reduction
of Au(IlI) by citrate to Au(0) clusters are photoactive at
543 nm. Au(0) clusters then grow to form ~3 nm Au NPs
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Fig. 16 a CD spectra and b UV-vis absorbance spectra of dispersions formed under LCP (LH NP, black) and RCP (RH NP, red) (c, d) High resolution
TEM images of NPs obtained with ¢ LCP and d RCP illumination. e Calculated CD spectra with geometry of particle imported directly from
tomographic reconstruction. f, g Experimentally obtained tomographic reconstructions of f LH and g RH gold nanostructures. Reproduced with

via photoinduced reduction. The resulting NPs acquired
chiral geometrical bias due to circularly polarized photon
energy, resulting in dynamic assemblies [95, 96].

Further examination was carried out using numerical
solutions of the 3D vector Maxwell equations, based on
the finite-element frequency-domain approach [18]. The
integration of the Maxwell surface stress tensor suggests
that CPL induces out-of-plane twisting forces exerted on
NP assemblies to form chiral structures. Hence, polari-
zation rotation of incident photons influences the direc-
tion of forces and, in turn, induces chiral assembly. The
resulting assemblies with the chiral disposition of NPs
maintain their shape by an NP-NP merger known as
an oriented attachment and nonclassical crystallization
processes. TEM tomography was also used to investi-
gate the chirality transfer mechanism (Fig. 16f, g). The
nano-assembly image shows complex geometries with
non-obvious handedness. However, when tomography
coordinates are directly imported into CD spectra cal-
culations, the calculated spectra show a good correlation
with the experimental results in terms of polarity and
spectral placement of the CD peaks (Fig. 16¢). Thus, for
the light-induced metallic nanoparticle assembly, further
optimization, such as light intensity and NP-NP inter-
actions, can be investigated to prepare more uniformly
shaped nanoscale assemblies [18]. These studies offer
new methods for the colloidal synthesis of chiral struc-
tures, using light as a structural guide for semiconductor
and metal NMs with the enantiomeric excess.

4.4 Broad chiroptical activities from UV to SWIR

Chiral NMs can provide novel platforms for next-genera-
tion optical applications (i.e., optical computing [97], tel-
ecommunication [98], bioimaging [99]) due to their high
asymmetric interactions with CPL. In this perspective,
tuning the wavelength of optical rotation maxima in the
desired region is a key to achieving intended purposes.
Chiroptical signals in the ultraviolet (UV) region primar-
ily arise from the stereocenters of organic molecules on
the surface of the inorganic core [100]. CD bands in the
visible (Vis) region are observed in various chiral metal-,
ceramic-, and semiconductor-based NMs because they
typically absorb visible light as shown in previous sec-
tions. Recently, CD spectra in the infrared (IR) region
(>700 nm, especially near-infrared (NIR, 700—1700 nm)
and shortwave-infrared (SWIR, 1700-2500 nm) win-
dows) are reported by using building blocks of inorganic
NMs with various geometries and dimensions at submi-
cron-scale [101, 102]. In this section, we introduce two
strategies of the bottom-up approach for synthesizing
chiral inorganic NMs with the NIR-SWIR optical activity;
(1) self-assembly and (2) templating approach.

A self-assembly process, which is one of the practi-
cal methods of bottom-up synthesis, provides a versa-
tile route to achieve chiral microstructures with various
geometries from a broad set of inorganic NMs. The sub-
micro dimensions of assembled structures are a suit-
able size to absorb IR light; thus, the self-assembly is a
straightforward approach to synthesizing chiral inorganic



Kwon et al. Nano Convergence (2022) 9:32

Page 21 of 29

Society, 2019

CD (mdeg)

racendic Cys
»Lgfggg Righté4 .
. [ 2 & N

g factor

—L-CYS
= D-CYS
racemic-CYS

—L-CYS
—D-CYS

— racemic-CYS
600 800 1000 1200

Wavelength (nm)

-800 +
200 400 400 600 800 1000

Wavelength (nm)

1200

Fig. 17 SEM images of a p-Cys CdTe NP assembly and b (-Cys CdTe NP assembly. ¢ lllustration of the various geometrical parameters in a typical
CdTe helix (d represents a thickness) and simulated CD spectra with geometrical parameters of the variables (pitch, length, and diameter).
Reproduced with permission from [103]. Copyright 2017 AAAS. SEM images of helices made with d 1-, e o-, and f rac-Cys surface ligands. For SEM
images obtained in case of rac-Cys red and blue dots are used to mark the left-handed and right-handed helices, respectively. g CD and h g-factor
spectra made with (black) .-, (red) -, and (blue) rac-Cys surface ligands. Reproduced with permission from [104]. Copyright American Chemical

NMs with optical activity in the IR region. Since the
self-assembly process is sensitive to microenvironments
such as temperature, pH, the concentration of reactants,
the optical activity of assembled nanostructures is tun-
able. Kotov’s group synthesized chiral semiconductor
CdS helices with an enantiomeric excess (ee) above 98%
by assembling Cys-stabilized CdTe NPs in methanol
(MeOH, Fig. 17a, b) [103]. The FDTD (finite-difference
time-domain) simulation results demonstrated that the
optical activity of the CdS helices depends on the struc-
tural factors such as pitch, length, diameter and thickness
of helices (Fig. 17c). The same group reported a tunable
optical activity of CdS helices with precise tailoring of
such factors [104]. By modulating the assembly media
(H,O:MeOH), the concentration of the ligand (Cys),
coordination bridges (Cd*" ion), and pH (6—11), the opti-
mized left-, and right-handed CdS helices and their race-
mic mixtures were obtained with ee around 100% and CD
spectra were tuned in the UV-NIR region (300-1300 nm)
(Fig. 17d—f). The high asymmetric g-factor (~0.06) in the
NIR region was achieved by optimizing the geometrical
factors of the helices (Fig. 17g, h).

Yeom’s group reported the broader chiroptical activ-
ity (200-2500 nm, UV-SWIR region) by assembling
L-, D-, and DL-Cys-Cu,S NPs into nanoflowers (NFs) in
distilled water [105]. The resulting NFs are stacked in a
counterclockwise (L-Cys), clockwise (p-Cys) direction
or an achiral morphology (rac-Cys), and wide CD sig-
nals were observed due to their sub-microscale dimen-
sions (Fig. 18a—d). The mechanism of chiroptical activity

emergence was realized by TEM images and CD spectra
of the structures of intermediate stages (Fig. 18e, f). In
Fig. 17e, single L-Cys-Cu,S NPs form supraparticles (SPs)
and then reorganize into nanoleaves (NLs) with interme-
diate products of SPs aggregates. With further aging, NLs
stacked in a counterclockwise direction form NFs. Cor-
responding CD spectra of the intermediate products in
Fig. 17f show that the original CD peaks of initial L-Cys-
Cu,S NPs are remained, while new peaks arose during
the self-assembly process. Such results demonstrate that
the molecular chirality of Cys is transferred to micro-
scale NFs step-by-step, serving NPs as the chiral build-
ing blocks. The chiroptical activity was originated from
the structural chirality, which was validated by computa-
tional simulations of the differential absorptions of LCP
and RCP in overall flower-like structures (Fig. 18g, h).
Using asymmetric nanostructures (i.e. supramolecules
[106], DNA [107, 108], chiral mesoporous silica (CMS)
[109]) as templates is another straightforward approach
to synthesizing chiral NMs with IR chiroptical activ-
ity. Merging plasmonic properties of NMs into chiral-
ity of well-patterned structures of templates, a giant
CD signal can be obtained and tuned. Jung’s group suc-
ceeded in assembling gold NPs in helical arrangement
guided by supramolecular chirality of hydrogel (Fig. 19a)
[110]. The chiral molecules of trimesoyltri(L-alanine)
and trimesosoyltri(p-alanine) generated helicity in the
nanofibers and gold ions were reduced on these tem-
plates by UV irradiation (Fig. 19b). The resulted helical
array of gold NPs induces coupled plasmon absorption
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and thus CD spectra in the Vis—NIR region were
obtained. Since the chiroptical activity of the system
depends on plasmonic properties, CD signals were tuned
by controlling the size of the golf NPs varying UV irra-
diation time, which tailored the wavelength of plasmon
resonance absorption (Fig. 19¢).

On the other hand, chiral template-assisted self-
assembly of gold nanorods (AuNRs) into helical microw-
ires was reported by Pradeep’s group by using Tobacco
Mosaic Virus (TMV) particles with a negative-charged
surface as chiral templates [111]. To assemble AuNRs
along the TMV surface, AuNRs cationization was con-
ducted by ligand exchange of cetyltrimethylammonium
(CTAB) to (11-mercaptoundecyl)-N,N,N-trimethylam-
monium (MUTAB, Fig. 19d). In an ambient condition,
TMV-AuNR™ composite was formed by the electrostatic
attraction between anionic TMV and cationic AuNR*
(Fig. 19e). The control of the self-assembly by increas-
ing stoichiometric ratios (TMV to AuNR™) showed that
the increasing content of TMV led to gradual long-range
helical microwires and CD spectra in the Vis—NIR region
were observed due to the LSPRs of AuNRs (Fig. 19f, g).

IR photons have a lot of potentials in the biochemical
field due to their high transparency to skins and biologi-
cal tissues [112]. Taking advantages of their long penetra-
tion depth, NMs with photoluminescence in the NIR and
SWIR region were utilized as biocompatible recording-
patches [113] and nanothermometry [114], respectively.
Thus, integrating chirality in NMs with IR chiroptical
activity will pave the way for developing next-genera-
tion chiro-optical applications such as tumor evaluation
[115], photothermal therapy [116], and neural stimula-
tions [117]. Encryption using asymmetric interactions
between NIR CPL and chiral NMs [118, 119] presented
another potential of chiral NMs for bio-implantable data
storage platforms.

4.5 Chiroptical properties of mid- to far-infrared range

As the wavelength of light gets longer than near-IR,
periodic chiral meta-atoms can be fabricated by a con-
ventional top-down approach, i.e., lithography and
deposition/etching process. Microelectromechanical
(MEMS) devices have been considered a highly scaled
and reproducible approach, especially in the fabrication
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of structures with sizes of a few micro- to macro scale. materials and triggered the folding of the bilayers by
However, MEMS technique has intrinsic limitations in  chemical and thermal treatments to reduce the spac-
that it is hard to make complex 3D structures [120]. Since  ing between NPs (Fig. 20). Representative SEM images
the optical activity of materials is originated from first-  of metamaterials showing tunability of plasmonic reso-
order spatial dispersion effect which is associated with  nances are shown in Fig. 20b—e. Similar to conventional
the non-locality of the light—matter interaction [121], itis  bimetallic strips, these micro-scale meta-atoms also can
required to have sufficiently high 3D spatial variation in  be mechanically deformed either by chemical and ther-
the micro structures for high optical rotational strength. ~mal methods. Chemically, they show that controlling
Traditional MEMS devices are based on 2D patterning the pre-strain in 2D NP/metal bilayer structures is pos-
and deposition that needs to be transformed into 3D  sible by exchanging the length of ligands from longer
structures. There are recent developments of top-down  (oleylamine) to shorter ones (thiocyanate), i.e., chang-
approach using NMs for the mid- to far-infrared chirality =~ ing the volume of NP assembly. Also, heat treatment
and, in this section, we will revisit various strategies for =~ was exploited for the additional strain (Fig. 20e). Strong
3D metamaterials from 2D patterns. optical rotation was observed in the mid-IR range, and

Kagan group [120, 122] investigated 3D metamaterials negative correlation between plasmonic resonance wave-
using NP assemblies. They used pre-patterned 2D pla-  length and the radius of curvature, R, was found (Fig. 20f,
nar structures in NP/metal bilayer structures as starting  g). It is also confirmed by calculated spectra obtained
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from FDTD models that the curvature of the arm plays
an indispensable role in the magnitudes of CD spectra
and the transmission of LCP and RCP are determined by
the induced polarity of electron currents in the curved
metal layer.

Kirigami, the art of paper cut, has also recently
arisen as a facile method of making 3D structures
from pre-patterned 2D materials. Kirigami can be
modulated in a totally mechanically elastic region

and its reconfigurable capability with optical func-
tionalities promise the untapped possibilities in opti-
cal metamaterials [123, 124]. Choi et. al. showed that
that tunable optical elements fabricated from herring-
bone-patterned gold strips with kirigami cuts make
the polarization modulation of terahertz (THz) radia-
tion under the application of macroscale strain possi-
ble [124]. The THz region is a far-IR region and is often
called a “THz gap” because the technology and optical
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materials for its emission and manipulation is infancy.
A circularly polarized THz beam is indeed required for
the measurement of the chiral vibration of molecules,
but it has not been achieved due to the lack of chiral
metamaterials [124-126].

The development of chiral NMs for mid- to far IR is
actively being investigated because it holds importance
from a number of perspectives, including from soft oscil-
lation of bio-tissues, 5G telecommunication to cosmic
rays for astronomy. Chiral modulators in this range could
be used for secure high-bandwidth communication and
non-invasive bio-imaging. Abundant molecular chirality
in soft tissues is particularly suitable as a sample for gain-
ing high contrast imaging when we use this range of cir-
cularly polarized light.

4.6 Chiral phonon in NMs: from NIR to THz

When chiral NMs are interacting with relatively long
wavelength of IR rays (from near-IR to THz waves), chi-
ral phonons, phonons with intrinsic angular momenta,
start to play an important role in light-matter interac-
tions [126, 127]. Since the quantized energy levels of
molecular vibrations are matched with a photon energy
of IR light, the mirror-symmetric motion of chiral lattices
interacting with linearly/circularly polarized infrared
lights should be comprehended for fundamental phys-
ics and quantum photonic applications; however, little is
known for chiral phonon-photon interactions. Phonon
is one of the bosonic collective excitations and recently
revealed that it can attain chirality [127]. Their existence
has been theoretically proposed and studied in a number
of 2D lattices [128], such as the Kekule lattice [129], the
V3 xV/3 hexagonal superlattice [130], and the Kagome
lattice [131]. The phenomenon was also experimentally
verified in atomically thin WSe, through such as interval-
ley optical transitions of holes and single-photon emitter
quantum dots [127, 132].

The study on chiral phonons were initiated by the
investigation of chirality reversal phenomenon of inci-
dent photons, which is observed in 2D semiconducting
TMDs by helicity-resolved Raman scattering [128, 133].
Chen et al. [133] found that while the out-of-plane pho-
non (OC) with chalcogen atoms scattered photons has
the same helicity as the incident photon, the in-plane
phonon with metal and chalcogen atoms (IMC) shows
opposite polarization rotation direction as shown in
Fig. 21b. Moreover, this enantiomeric switching of inci-
dent photons is independent of layer number and inci-
dent photon energy (Fig. 21¢), i.e., the IMC mode always
drastically reverse the rotational direction of photons in
contrast to the result of photoluminescence in Fig. 21a.
This result implies that phonons involved in the intra-
valley scattering have chirality and the valley-photon
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helicity selection rule is robust depending on the symme-
try of relevant phonon modes.

The first theoretical background of chiral phonons
was proposed by Zhang, L. and Niu, Q. [128] from a 2D
honeycomb lattice model, where each unit cell has two
sublattices, A and B. They found circularly polarized sub-
lattice vibrations at valleys (K and K’) which are mirror
symmetric to each other as shown in Fig. 21d. Since the
model chosen is graphene-like 2D lattice, any sublattice
in a unit cell has a threefold rotation center (C; symme-
try) and thus, at a high-symmetry point, the pseudoangu-
lar momentum (PAM) must be +1 or 0, in other words,
sublattices must create circularly polarized vibrations
either left or right or they should be still (Fig. 21e and f).

Direct observation of chiral phonon mode was made
by transient infrared (IR) spectroscopy in the monolayer
WSe, [127], which could measure polarization-selective
absorption of IR in the time-domain (Fig. 21g and h). As
expected, different IR absorption behavior of chiral pho-
nons concerning the handedness of circular polarization
of pump-probe was observed directly, indicating that the
scattering cross sections for left and right CPLs are not
identical. In addition, as revealed by helicity-resolved
Raman scattering, it was confirmed that in-plane phonon
mode or longitudinal optical (LO) phonons are dominant
source of positive CD peak, especially, for delay time is
longer than 0.8 ps in transient IR spectrum (Fig. 21h).

Chiral phonons are particularly intriguing not only are
they strongly related to the collective motion of a number
of atoms in NMs, but they are also associated with one
of the actively pursued quantum information technolo-
gies, i.e., photon-phonon interaction. Chirality-depend-
ent coupling between phonon and optical excitation
is particularaly important since it can lead quantum
control of collective excitations. An exemplary case is
the quantum entanglement between chiral phonons of
monolayer WSe, and the single-photons from quantum
dots which is induced by scattered phonons [132]. They
found through the experiment of polarization-resolved
PL spectroscopy that the scattered chiral phonons doubly
degenerated (lyj010, = 1) and they should be simulta-
neous projection of the polarization states of the photon,
+o state as they are maximally entangled.

Chiral phonons can also be found in microcrystals and
nanofibrils of biomolecules. Due to their large molecular
weight segments or concerted motions of a large number
of atoms, biomolecular complexes typically have their
normal mode in the THz range [126]. With the recent
development of THz circular dichroism (TCD), it enabled
the observation of chiral phonon modes for microscale
and nanoscale crystals of amino acids and peptides. Also,
distinct bisignate peaks were found in biocrystals of such
as glutamine (Gln) and glutamic acid (Glu) (Fig. 22a—c).
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(lower). b The helicity-resolved Raman spectra (488 nm with 6+ polarization) of MoS, from monolayer to bulk. Inset: normalized angular
dependence of the Rayleigh (green), IMC (blue), and OC phonon (orange) scattering intensities for monolayer MoS,. € Raman scattering with
various excitation intensities. Reproduced with permission from [133]. d Phonon dispersion relation of a honeycomb AB lattice. The radii of circles
denote vibration amplitudes; phase and rotation direction are included. e Phase correlation of the nonlocal phonon part for sublattice A (upper two
panels) and sublattice B (lower two panels). Reproduced with permission from [128]. f PAM for bands 1 to 4 at valleys K'and K. g Diagram of indirect
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The behavior of lattice vibrations in THz frequency can
be visualized from atomistic computer simulations and
their calculated spectra turned out to be well-matched
with those of experimental results (Fig. 22d—g).

Phonons are universal in NMs with repeating units
whether they are organic or inorganic. Phonons can
strongly be correlated to electrons and photons in
the system affecting numerous properties, such as

electron—phonon interaction, electron transportation,
Raman scattering, thermoelectric effect, superconductiv-
ity and even biological catalytic effect. Although the con-
cept of chiral phonons is relatively new, but it has already
played an important role in many physical, chemical sys-
tems as it was involved. Further investigation of chiral
phonons will lead to the exploration and new develop-
ment of enormous chiral applications.
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5 Conclusions and future outlook

Chiral NMs have become an important domain in nano-
technology with their exciting optical, electronic, and
magnetic properties. For example, since the chiroptical
properties of NMs can be governed by the versatile geo-
metrical arrangements of NPs in 3D space [1], electronic
and magnetic properties of the material composition,
diverse types of chiral NMs, including semiconducting,
metallic, ceramic, and magnetic NMs, have been broadly
investigated. In particular, the long lifetime of the dipole
moment of semiconducting NMs makes them possi-
ble to assemble into more complex chiral structures by
chiral ligands or chiral light. Moreover, by illuminating
chiral light during the synthesis process, the plasmonic
state of gold NPs also allows them to be assembled into
chiral structures with relatively irregular morphology
because of their shorter lifetime compared to semicon-
ducting NMs. Apart from the electronic properties of
NMs, chiromagnetic NMs possess a greatly enhanced

dissymmetric factor by the harmony of electronic and
magnetic contributions to chirality.

However, despite these great achievements in devel-
oping various types of NMs with broad optical activity
(from UV to THz), practical applications have not been
actively achieved. Chiral NMs with reconfigurable and
switchable electronic and magnetic properties by exter-
nal stimuli are another unexplored research area for vari-
ous applications; previously reported chiral NMs mostly
showed the fixed electronic and magnetic properties [9,
14, 35]. In terms of scale, previous bottom-up assembly
approaches with chiral NM building blocks are limited
to submillimeter [12, 104, 111]. Once bulk scale assem-
bly beyond micron with chiral NMs is realized, aside
from nanometer-scale interactions with a biological sys-
tem, studying the interactions between the assembled
bulk structure using chiral NMs with biological tissues
and their implantation applications will be an exciting
field of research. Furthermore, understanding the chi-
roptical, electronic, and magnetic properties of complex
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NM structures is still challenging, due to the limitation
in calculation capacity of density functional theory and
ab initio [9, 11, 12, 134]. Thus, theoretical investigations
of complex NM systems are demanded. These studies will
open a new flourishing era of chiral NMs by providing a
new degree of freedom in materials science evolution.

Acknowledgements
Not applicable.

Author contributions

All the authors have greatly contributed to the manuscript in writing and
revising. JK conceived and structured the manuscript. WJC, UJ, KHP, SMP, and
SGK contributed to the optical property of chiral nanomaterials. IH wrote
electric property of chiral perovskites and W. Jung contributed to magnetic
property chiral nanomaterials. NAK and JY revised and approved the final
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Korea Medical Device Development Fund
grant funded by the Korean government (the Ministry of Science and ICT,

the Ministry of Trade, Industry and Energy, the Ministry of Health & Wel-

fare, the Ministry of Food and Drug Safety) (Project Number: 9991006823,
KMDF_PR_20200901_0150), and the National Research Foundation of Korea
(NRF) under the Ministry of Science, ICT & Future Planning (grant no. NRF-
2021R1C1C1009766), and the Korea Healthcare Technology R&D Project (grant
no. HI19C0754) of the Ministry for Health, Welfare, and Family Affairs; Samsung
Electronics Co,, Ltd (10201209-07914-01). This work is also partially supported
by Vannevar Bush DoD Fellowship to N.AK. titled "Engineered Chiral Ceramics"
ONR N000141812876 and by the Office of Naval Research (MURI N00014-20-
1-2479) and ONR COVID-19 Newton Award "Pathways to Complexity with
‘Imperfect’Nanoparticles" HQ00342010033.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interest.

Author details

'Department of Materials Science and Engineering, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon 34141, Republic of Korea.
’Department of Materials Science and Engineering, University of Michigan,
Ann Arbor, MI 48109, USA. *Lawrence Livermore National Laboratory, 7000
East Ave, Livermore, CA 94551, USA. “Department of Chemical Engineering,
University of Michigan, Ann Arbor, MI 48109, USA. SBiointerfaces Institute,
University of Michigan, Ann Arbor, MI 48109, USA. SDepartment of Biological
Sciences, Korea Advanced Institute of Science and Technology (KAIST), Dae-
jeon 34141, Republic of Korea. ’Institute for Health Science and Technology,
Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141,
Republic of Korea. 8Institute for the Nanocentury, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon 34141, Republic of Korea.

Received: 27 May 2022 Accepted: 21 June 2022
Published online: 18 July 2022

References

1. W.Chen, A Bian, A. Agarwal, L. Liu, H. Shen, L. Wang, C. Xu, N. A. Kotov,
Nano Lett. 9, 2153 (2009)

2. X.Zhao, S-Q. Zang, X. Chen, Chem. Soc. Rev. 49, 2481 (2020)

3. S.Basak, I. Singh, A. Ferranco, J. Syed, H.B. Kraatz, Angew. Chem. 129,
13473 (2017)

4. Y.Oh, JS-Y. Lai, S. Min, H-W. Huang, S.D. Liberles, H.D. Ryoo, G.S. Suh,
Neuron 109, 1979 (2021)

o

23.

24.

25.

26.

27.

28.

29.

30.

32.

33
34,
35.
36.
37.
38.

39.
40.
41,
42,
43,
44,
45,
46.
47.
48,
49,

50.

Page 28 of 29

R.Naaman, D.H. Waldeck, Annu. Rev. Phys. Chem. 66, 263 (2015)
Y.Tang, A.E. Cohen, Science 332,333 (2011)

J.Mun, M. Kim, Y. Yang, T. Badloe, J. Ni, Y. Chen, C-W. Qiu, J. Rho, Light
Sci. Appl. 9, 1 (2020)

M.V. Mukhina, V.G. Maslov, A.V. Baranov, A.V. Fedorov, A.O. Orlova, F.
Purcell-Milton, J. Govan, YK. Gun'ko, Nano Lett. 15, 2844 (2015)
J.Yeom, USS. Santos, M. Chekini, M. Cha, A.F. de Moura, N.A. Kotov, Sci-
ence 359,309 (2018)

J.Yeom, Acc. Mater. Res. (2021).

W. Ma, L. Xu, AF. de Moura, X. Wu, H. Kuang, C. Xu, N.A. Kotov, Chem.
Rev. 117,8041 (2017)

W. Jiang et al., Science 368, 642 (2020)

S.Jiang et al., J. Am. Chem. Soc. 139, 13701 (2017)

H. Luetal, J. Am. Chem. Soc. 142, 13030 (2020)

J.Luetal, Science 371, 1368 (2021)

Y. Li, D.Yu, L. Dai, A. Urbas, Q. Li, Langmuir 27,98 (2011)

J.Yeom et al,, Adv. Mater. 32, 1903878 (2020)

J=Y.Kim, J.Yeom, G. Zhao, H. Calcaterra, J. Munn, P. Zhang, N. Kotov, J.
Am. Chem. Soc. 141, 11739 (2019)

S.Ray, S. Daube, G. Leitus, Z. Vager, R. Naaman, Phys. Rev. Lett. 96,
036101 (2006)

K. Ray, S. Ananthavel, D. Waldeck, R. Naaman, Science 283, 814 (1999)
R.Naaman, D.H. Waldeck, J. Phys. Chem. Lett. 3,2178 (2012)

R. Gutierrez, E. Diaz, R. Naaman, G. Cuniberti, Phys. Rev. B 85, 081404
(2012)

B. Gohler, V. Hamelbeck, T. Markus, M. Kettner, G. Hanne, Z. Vager, R.
Naaman, H. Zacharias, Science 331, 894 (2011)

D. Huertas-Hernando, F. Guinea, A. Brataas, Phys. Rev. B 74, 155426
(2006)

G. Steele, F. Pej, E. Laird, J. Jol, H. Meerwaldt, L. Kouwenhoven, Nat. Com-
mun. 4, 1 (2013)

E. Medina, F. Lopez, M.A. Ratner, V. Mujica, EPL (Europhysics Letters) 99,
17006 (2012)

M.W. Rahman, S. Firouzeh, V. Mujica, S. Pramanik, ACS Nano 14, 3389
(2020)

U. Huizi-Rayo, J. Gutierrez, J.M. Seco, V. Mujica, I. Diez-Perez, J.M. Ugalde,
A.Tercjak, J. Cepeda, E. San Sebastian, Nano Lett. 20, 8476 (2020)

B.P. Bloom, V. Kiran, V. Varade, R. Naaman, D.H. Waldeck, Nano Lett. 16,
4583 (2016)

J. Wei, C. Schafmeister, G. Bird, A. Paul, R. Naaman, D. Waldeck, J. Phys.
Chem.B 110, 1301 (2006)

D. Niesner, M. Wilhelm, I. Levchuk, A. Osvet, S. Shrestha, M. Batentschuk,
C. Brabec, T. Fauster, Phys. Rev. Lett. 117, 126401 (2016)

Y. Zhai, S. Baniya, C. Zhang, J. Li, P. Haney, C.-X. Sheng, E. Ehrenfreund,
Z\V.Vardeny, Sci. Adv. 3, e1700704 (2017)

B. Saparov, D.B. Mitzi, Chem. Rev. 116, 4558 (2016)

J. Ahn, E. Lee, J. Tan, W. Yang, B. Kim, J. Moon, Mater. Horiz. 4, 851 (2017)
Y-H. Kim et al,, Science 371, 1129 (2021)

Y.Chen, J. Ma, Z. Liu, J. Li, X. Duan, D. Li, ACS Nano 14, 15154 (2020)
H.Luetal, Sci. Adv. 5, eaay0571 (2019)

C.Chen, L. Gao, W. Gao, C. Ge, X. Dy, Z. Li, Y. Yang, G. Niu, J. Tang, Nat.
Commun. 10, 1 (2019)

A. Ishii, T. Miyasaka, Sci. Adv. 6, eabd3274 (2020)

Y. Lu et al, Adv. Funct. Mater., 2104605 (2021).

L. Xiao, T. An, L. Wang, X. Xu, H. Sun, Nano Today 30, 100824 (2020)

J.T. Collins, C. Kuppe, D.C. Hooper, C. Sibilia, M. Centini, V.K. Valev, Adv.
Opt. Mater. 5,1700182 (2017)

Q. Li, CW. Kartikowati, S. Horie, T. Ogi, T. Iwaki, K. Okuyama, Sci. Rep. 7, 1
(2017)

J.Mohapatra, F. Zeng, K. Elkins, M. Xing, M. Ghimire, S. Yoon, S.R. Mishra,
J.P.Liu, PCCP 20, 12879 (2018)

U. Hananel, A. Ben-Moshe, H. Diamant, G. Markovich, PNAS 116, 11159
(2019)

A. Walsh, S.-H. Wei, Y. Yan, M. Al-Jassim, J.A. Turner, M. Woodhouse, B.
Parkinson, Phys. Rev. B 76, 165119 (2007)

X.Wu, C. Hao, L. Xu, H. Kuang, C. Xu, Small 16, 1905734 (2020)

K. Mori, Y. Kondo, H. Yamashita, PCCP 11, 8949 (2009)

O. Cleary, F. Purcell-Milton, A. Vandekerckhove, Y.K. Gun'ko, Adv. Opt.
Mater. 5, 1601000 (2017)

Y. Li, J. Cheng, J. Li, X. Zhu, T. He, R. Chen, Z. Tang, Angew. Chem. Int. Ed.
57,10236 (2018)



Kwon et al. Nano Convergence

51
52.
53.
54.
55.
56.
57.

58.

59.
60.
61.

62.

63.
64.

65.

66.
67.

68.
69.
70.
71.

72.
73.
74.

75.
76.
77.
78.

79.
80.

81.
82.
83.

84.
85.

86.
87.

88.
89.
90.
9.
92.
93.

94.
95.
96.
97.

98.

99.
100.

(2022) 9:32

W. Roth, J. Phys. Chem. Solids 25, 1 (1964)

J.Marmeggi, J. Baruchel, J. Magn. Magn. Mater. 10, 14 (1979)

E. Petryayeva, UJ. Krull, Anal. Chim. Acta 706, 8 (2011)

J.A. Schellman, Chem. Rev. 75, 323 (1975)

Z.Fan, A.O. Govorov, Nano Lett. 10, 2580 (2010)

J. Dunitz, L. Orgel, J. Phys. Chem. Solids 3, 20 (1957)

T. Nakashima, Y. Kobayashi, T. Kawai, J. Am. Chem. Soc. 131, 10342
(2009)

C. Bates, W. Moore, K. Standley, and K. Stevens, Proceedings of the
Physical Society (1958-1967) 79, 73 (1962).

OB. Dor et al,, Nat. Commun. 8, 1 (2017)

G. Koplovitz et al,, Small 15, 1804557 (2019)

N.Talebloo, M. Gudi, N. Robertson, P Wang, J. Magn. Reson. Imaging 51,
1659 (2020)

AJ. Giustini, AA. Petryk, S.M. Cassim, J.A. Tate, |. Baker, PJ. Hoopes, Nano
Life 1,17 (2010)

B. Gleich, J. Weizenecker, Nature 435, 1214 (2005)

M. Kuwata-Gonokami, N. Saito, Y. Ino, M. Kauranen, K. Jefimovs, T. Vallius,
J. Turunen, Y. Svirko, Phys. Rev. Lett. 95, 227401 (2005)

M. Esposito, V. Tasco, M. Cuscuna, F. Todisco, A. Benedetti, I. Tarantini,
M.D. Giorgi, D. Sanvitto, A. Passaseo, ACS Photonics 2, 105 (2015)

S. Liu et al, Nat. Commun. 3, 1 (2012)

A. Kuzyk, R. Schreiber, Z. Fan, G. Pardatscher, E.-M. Roller, A. Hogele, F.C.
Simmel, A.O. Govorov, T. Liedl, Nature 483,311 (2012)

W. Ma, H. Kuang, L. Xy, L. Ding, C. Xu, L. Wang, N.A. Kotov, Nat. Commun.
4,1(2013)

A.O. Govorov, Z. Fan, P Hernandez, J.M. Slocik, R.R. Naik, Nano Lett. 10,
1374 (2010)

H. Kim, SW. Im, N.H. Cho, D.H. Seo, RM. Kim, Y.C. Lim, H.E. Lee, H.Y. Ahn,
K.T.Nam, Angew. Chem. Int. Ed. 59, 12976 (2020)

H.-E. Lee, RM. Kim, H.-Y. Ahn, Y.Y. Lee, G.H. Byun, SW. Im, J. Mun, J. Rho,
K.T. Nam, Nat. Commun. 11, 1 (2020)

H.-E. Lee et al., Nature 556, 360 (2018)

Z.Liuetal, Angew. Chem. 132, 15338 (2020)

P.T. Probst, M. Mayer, V. Gupta, A. M. Steiner, Z. Zhou, G. K. Auernham-
mer, T. A. Kbnig, and A. Fery, Nat. Mater,, 1 (2021).

E. Hendry et al, Nat. Nanotechnol. 5, 783 (2010)

S.Jiang and N. A. Kotov, Adv. Mater. 2108431 (2022).

JP.Riehl, FS. Richardson, Chem. Rev. 86, 1 (1986)

J.Ma, C. Fang, C. Chen, L. Jin, J. Wang, S. Wang, J. Tang, D. Li, ACS Nano
13,3659 (2019)

M. P.Moloney, Y. K. Gun'ko, and J. M. Kelly, Chem. Commun., 3900
(2007).

W. Chen, S. Zhang, M. Zhou, T. Zhao, X. Qin, X. Liu, M. Liu, P. Duan, J.
Phys. Chem. Lett. 10, 3290 (2019)

J. Hao et al,, ACS Nano 14, 10346 (2020)

Y-H. Kim et al,, ACS Nano 14, 8816 (2020)

B.C. Kim, HJ. Choi, JJ. Lee, F. Araoka, S.W. Choi, Adv. Funct. Mater. 29,
1903246 (2019)

J.Qiao, S. Lin, J. Li, J. Tian, J. Guo, Chem. Commun. 55, 14590 (2019)
J.Cho, Y-H. Choi, TE. O'Loughlin, L. De Jesus, S. Banerjee, Chem. Mater.
28,6909 (2016)

L.M.Wheeler et al,, J. Am. Chem. Soc. 140, 10504 (2018)

Q. Xing, J. Zhang, Y. Xie, Y. Wang, W. Qi, H. Rao, R. Su, Z. He, ACS Nano 12,
12305 (2018)

G. Gonzalez-Rubio et al., Science 368, 1472 (2020)

S. Srivastava et al,, Science 327, 1355 (2010)

Z.Nie, A. Petukhova, E. Kumacheva, Nat. Nanotechnol. 5, 15 (2010)
J.Yeom et al,, Nat. Mater. 14, 66 (2015)

Y.Wang, J. Xu, Y. Wang, H. Chen, Chem. Soc. Rev. 42, 2930 (2013)

A. Guerrero-Martinez, J. L. Alonso-Gémez, B. Auguié, M. M. Cid, and L. M.
Liz-Marzén, Colloidal Synthesis of Plasmonic Nanometals, 355 (2020).
J. Govan and Y. Gun'Ko, (2016).

S.V. Boriskina, B.M. Reinhard, Nanoscale 4, 76 (2012)

A. Lucas, S.D. Sarma, Phys. Rev. B 97, 115449 (2018)

M.-X. Ren, W. Wu, W. Cai, B. Pi, X-Z. Zhang, J.-J. Xu, Light Sci. Appl. 6,
e16254 (2017)

Q. Hao, G. Zhy, S.Yang, K. Yang, T. Duan, X. Xie, K. Huang, H. Zeng, Appl.
Opt. 56, 2260 (2017)

M. Garcia et al., Optica 5,413 (2018)

B. Ranjbar, P. Gill, Chem. Biol. Drug Des. 74, 101 (2009)

101.
102.
103.
104.

105.

106.

109.
110.

111,

112.
113.
114.

116.
17.

118.
119.
120.

121.

122.

123.
124.

125.

126.
127.
128.
129.
130.
131

132.

133.
134.

Page 29 of 29

H.Hu et al, ACS nano (2021).

K. Ding et al,, Angew. Chem. 133, 19172 (2021)

W. Feng, J.-Y. Kim, X. Wang, H.A. Calcaterra, Z. Qu, L. Meshi, N.A. Kotov,
Sci. Adv. 3,e1601159 (2017)

J.Yan, W. Feng, J-Y.Kim, J. Lu, P. Kumar, Z. Mu, X. Wu, X. Mao, N.A. Kotov,
Chem. Mater. 32,476 (2019)

K. H. Nature ChemistryCold Spring Harbor Perspectives in
MedicineA.M.A. Archives of Industrial HealthNature nanotechnology-
Nano lettersPark, J. Kwon, U. Jeong, J.-Y. Kim, N. A. Kotov, and J. Yeom,
ACS nano (2021).

A. Guerrero-Martinez, B. Auguié, J.L. Alonso-Gémez, Z. DZoli¢, S. Gomez-
Grafia, M. Zini¢, M.M. Cid, LM. Liz-Marzén, Angew. Chem. Int. Ed. 50,
5499 (2011)

W.Yan, L. Xu, C. Xu, W. Ma, H. Kuang, L. Wang, N.A. Kotov, J. Am. Chem.
Soc. 134, 15114 (2012)

X.Lan, T. Liu, Z. Wang, A.O. Govorov, H. Yan, Y. Liu, J. Am. Chem. Soc. 140,
11763 (2018)

J. Xie, Y. Duan, S. Che, Adv. Funct. Mater. 22, 3784 (2012)

SH.Jung, J. Jeon, H. Kim, J. Jaworski, J.H. Jung, J. Am. Chem. Soc. 136,
6446 (2014)

A. Chakraborty, Nonappa, B. Mondal, K. Chaudhari, H. Rekola, V. Hyn-
ninen, M. A. Kostiainen, R. H. Ras, and T. Pradeep, J. Phys. Chem. C 125,
3256 (2021).

AM. Smith, M.C. Mancini, S. Nie, Nat. Nanotechnol. 4, 710 (2009)

K. J. McHugh et al,, Sci. Transl. Med. 11 (2019).

O.A. Savchuk, J. Carvajal, P. Haro-Gonzalez, M. Aguild, F. Diaz, J. Alloys
Compd. 746, 710 (2018)

D.C. Sordillo, L.AA. Sordillo, PP. Sordillo, L. Shi, R.R. Alfano, J. Biomed. Opt.
22,045002 (2017)

C. Xu, K. Pu, Chem. Soc. Rev. 50, 1111-1137 (2021)

J.D. Wells, C. Kao, E.D. Jansen, PE. Konrad, A. Mahadevan-Jansen, J.
Biomed. Opt. 10, 064003 (2005)

H.Han et al,, Adv. Funct. Mater. 30, 2006236 (2020)

Y. Chen, X.Yang, J. Gao, Light Sci. Appl. 8, 1 (2019)

J.Guo, J-Y. Kim, M. Zhang, H. Wang, A. Stein, C.B. Murray, N.A. Kotov, CR.
Kagan, ACS Nano 14, 1427 (2019)

L. D. Landau, J. Bell, M. Kearsley, L. Pitaevskii, E. Lifshitz, and J. Sykes,
Electrodynamics of continuous media (elsevier, 2013), Vol. 8.

J.Guo, J-Y.Kim, S.Yang, J. Xu, Y.C. Choi, A. Stein, C.B. Murray, N.A. Kotov,
C.R. Kagan, ACS Photonics 8, 1286 (2021)

S.Chen et al, Nat. Commun. 12, 1 (2021)

W.J. Choi, G. Cheng, Z. Huang, S. Zhang, T.B. Norris, N.A. Kotov, Nat.
Mater. 18, 820 (2019)

G. Cheng, W. J. Choi, H.-J. Jang, N. A. Kotov, and T. B. Norris, in Terahertz,
RF, Millimeter, and Submillimeter-Wave Technology and Applications XiI
(SPIE, 2019), pp. 8.

W. J. Choi et al,, Nat. Photonics, 1 (2022)

H. Zhu et al,, Science 359, 579 (2018)

L. Zhang, Q. Niu, Phys. Rev. Lett. 115, 115502 (2015)

Y. Liu, C-S. Lian, Y. Li, Y. Xu, W. Duan, Phys. Rev. Lett. 119, 255901 (2017)
X.Xu, H.Chen, L. Zhang, Phys. Rev. B 98, 134304 (2018)

H. Chen, W.Wu, S.A.Yang, X. Li, L. Zhang, Phys. Rev. B 100, 094303
(2019)

X.Chen, X. Ly, S. Dubey, Q. Yao, S. Liu, X. Wang, Q. Xiong, L. Zhang, A.
Srivastava, Nat. Phys. 15,221 (2019)

S-Y.Chen, C. Zheng, M.S. Fuhrer, J. Yan, Nano Lett. 15, 2526 (2015)
M.Yang, H. Chan, G. Zhao, J.H. Bahng, P. Zhang, P. Kral, N.A. Kotov, Nat.
Chem. 9,287 (2017)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Recent advances in chiral nanomaterials with unique electric and magnetic properties
	Abstract 
	1 Introduction
	2 Electronic properties of chiral NMs
	2.1 Chirality induced spin selectivity (CISS) effect
	2.2 Chiral hybrid organic–inorganic perovskites
	2.2.1 2D chiral perovskites
	2.2.2 1D chiral perovskites


	3 Magnetic properties of chiral NMs
	4 Chiroptical properties of inorganic nanostructures
	4.1 Chiroplasmonic NMs
	4.2 Chirofluorescent NMs
	4.3 CPL as a chiral inducing agent
	4.4 Broad chiroptical activities from UV to SWIR
	4.5 Chiroptical properties of mid- to far-infrared range
	4.6 Chiral phonon in NMs: from NIR to THz

	5 Conclusions and future outlook
	Acknowledgements
	References




