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Up- and Down-Shifting Nanomaterials with Chiroptical
Responses: Origin of their Chiroptical Activity and

Applications

Laura Francés-Soriano, Elena Zaballos-Garcia, and Julia Pérez-Prieto*

Artificial chiral nanoparticles exhibit unique optical and (photo)physical
properties. They can be all-inorganic or organic—inorganic materials that are
usually confined to the nanoscale by anchoring organic ligands to their
surface. The ligands can also possess distinctive optical and/or
(photo)physical properties, thereby adding functionality to the whole
nanosystem and constituting an organic—inorganic nanohybrid. Development
of luminescent chiral nanoparticles and nanohybrids is pertinent to many
applications, such as (bio)sensing, therapeutics, photocatalysis, and
optoelectronics, among others. This review deals with different photoactive
nanomaterials, displaying either up-shifting emission (nanoparticles
consisting of a photoactive or inert matrix doped with lanthanides, Ln3*,
upconversion nanoparticles, UCNPs) or down-shifting emission, such as
coinage metal nanoclusters (e.g., gold nanoclusters, AuNCs) and lead halide

techniques used for the characterization
of materials, such as absorption, emis-
sion and mass spectroscopy, among oth-
ers, are not able to distinguish between
chiral molecules/materials. However, cir-
cular dichroism (CD), an absorption spec-
troscopy, and circularly polarized lumines-
cence (CPL), an emission spectroscopy, are
useful techniques for the observation of
their chirality.l?l Both CD and CPL use
circularly polarized light for investigating
structural aspects of optically active chiral
media. CD measures the absorption differ-
ence between the incident left- and right-
handed circularly polarized light and has
been widely used in the sensing of chiral

perovskite nanoparticles (HP NPs), as well as very low emissive

nanoparticles, such as plasmonic nanoparticles (such as gold nanopatrticles,
AuNPs). Special attention is paid to the origin of the chiroptical response of
these materials, showing that it is varied and can be alike for some of them.

1. Introduction

The interest of chiral materials is rocketing due to their potential
in different fields such as catalysis, (bio)sensing, optics, and pho-
tonics, aside from manufacturing of pharmaceutical/chemical
products and building materials.'!l Standard analytical
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molecules.’]

The chiroptical response of an absorbing
medium can be evaluated by the absorptive
dissymmetry factor, ¢,,,, see Equation (1),
where A; and Ay are the absorption intensi-
ties for left- and right-handed circularly po-
larized light, respectively.[*!

2(A - Ay)

_ 1
AL+ A @

Gabs =

The g, factor enables the quantitative comparison of differ-
ent chiroptical materials and considers both reflected and trans-
mitted left- and right-handed circular polarized waves. By defini-
tion, its value is between —2 to +2 for purely right-handed and
purely left-handed circularly polarized light, respectively.®!

On the other side, CPL determines the different emission
of left-circularly and right-circularly polarized light in chiral lu-
minophores and can be quantified by means of the luminescence
dissymmetry factor (g,,,,)-[® Analogously to ¢, ., ., is defined
as:

2(I, - Iy)
Dium = BT )

where I; and I are the intensity of the left- and right-circularly
polarized emission, respectively. It should be noted that in molec-
ular systems, CD spectrum reflects chirality information about
the molecular ground states, whereas CPL spectrum reveals the
chiroptical properties of the molecular emitting states.!”]
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Chirality at the nanoscale can be of great interest due to the po-
tential application of chiral nanomaterials in nanotechnology,®!
catalysis,[®l optical devices,'% and biomedicine,'!l among oth-
ers. For example, chirality in nanomaterials can enhance cellular
uptake and prolong their in vivo stability in blood, thereby en-
hancing their therapeutic performance. The cytotoxicity of some
chiral nanomaterials can be reduced by their capping with sur-
face ligands.'”) In the case of inorganic nanomaterials, they
can exhibit considerable absorption differences on left-handed
and right-handed circularly polarized (LCP and RCP) radiations,
which can be beneficial in terms of their application in selec-
tive therapy. Moreover, altering the chirality of nanoparticles and
clusters by means of circularly polarized light can eventually re-
sult into self-assembly of the nanoparticles to generate structures
with hierarchical chirality.

In general, chiral transfer of photons to racemic nanoparti-
cles has been used for obtaining enantiomeric excess in the chi-
ral synthesis of nanomaterials, e.g., irradiation of racemic cad-
mium tellurite (CdTe) semiconductor nanoparticles with LCP
and RCP light finally induced the formation of left- and right-
handed twisted nanoribbons, with an enantiomeric excess ex-
ceeding 30%.["*] Racemic CdTe NP colloids containing particles
and small clusters illuminated by LCP at 543 nm produced a sub-
population of left-handed nanoparticles and clusters, which ab-
sorbed light more effectively than the right-handed nanoparticles
and clusters. The same applied to the enantiomeric nanoparticles
and nanoclusters when illuminated with RCP light. Excitation of
thioglycolic acid (TGA)-stabilized CdTe nanoparticles provoked
the photooxidation of the ligands and, therefore, bare core-shell
cadmium tellurite/cadmium sulfide (CdTe@CdS) nanoparticles
were obtained.") In addition, circulatly polarized light can also
induce the self-assembly of nanoparticles on the basis of the chi-
rality of nanoparticles and cause the magnification of circular po-
larization effects in nanoparticle assemblies. The chirality of the
constituent building blocks, i.e., chiral nanoparticles, is reflected
in the helicity of the resulting assemblies, as occurs with the self-
assembly of organic and biological macromolecules.!*]

Another example of chiral nanoparticles is that of tellurium
nanoparticles (TeNPs). Although tellurium is chiral, since it
shares intrinsically chiral space groups, it typically requires chi-
ral stimuli, such as a chiral ligand, to form a chiral shape. Chi-
ral polyhedral TeNPs have recently been prepared by ligand-
mediated hydrothermal-assisted synthesis, using an enantiomer-
ically pure cysteine (Cys) to modify the morphology of the
nanoparticles, from a two dimensional (2D) shape to a chiral
three dimensional (3D) polyhedron, by inducing screw disloca-
tion effects during the nanoparticle growth.[>]

Tellurium precursors were reduced in the presence of large
amounts of a Cys enantiomer (D-Cys or L-Cys), which thiol group
strongly bound to tellurium; hydrazine hydrate was added be-
fore the rapid reduction of the biomolecule occurred. The growth
of the nanoparticle was controlled by using polyvinylpyrrolidone
(PVP) under alkaline conditions. Figure 1 shows the Scanning
electron microscopy (SEM) images of chiral TeNPs at different
reaction times. After 3 h, overall spherical-shaped crystals started
to grow and after eleven hours most of the crystals exhibited chi-
ral shapes. Most of the crystals fully growth after eighteen hours,
but only some of them had chiral shapes.
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Different photoactive nanomaterials, displaying either up-
shifting emission, such as i) nanoparticles with lanthanide
(Ln3*)-doped (photoactive or inert) matrices, known as upcon-
version nanoparticles (UCNPs), and ii) down-shifting emis-
sion, such as coinage metal nanoclusters (e.g., gold nanoclus-
ter, AuNCs) and lead halide perovskite nanoparticles (HP NPs),
as well as very low emissive nanoparticles, such as plasmonic
nanoparticles (gold nanoparticles, AuNPs), can present a chirop-
tical response. The origin of such response can be alike for the dif-
ferent materials (Figure 2): i) intrinsic chirality due to chiral lat-
tice distortions and defects, ii) chiral interactions between achiral
and chiral nanoparticles, iii) assembling of chiral nanostructures
of achiral NPs. Precisely controlled chiral nanomaterials can be
achieved by means of chiral self-sorting, a phenomenon wherein
racemic components are spontaneously arranged into homo- or
heterochiral molecular assemblies through chiral discrimination
between the components,!*®! the majority-rules effect by using a
slight excess of one enantiomer to lead to a strong preference to-
ward the helical sense preferred by the enantiomer that is present
in majority,['”! and a chiral environment or stimuli.

We will focus here on the origin of the chiroptical response
of nanomaterials which differ in their composition and optical
properties; in particular, UCNPs, AuNPs, AuNCs and |HP NPs.
For extended information about these or other nanomaterials, as
well as nanoassemblies, the authors address the readers to recent
reviews.[18-20]

2. Chiroptical Response in Gold Nanoclusters

Gold nanoclusters are small-sized nanoparticles (< 3 nm, sev-
eral tens of gold atoms), which exhibit a good photostabil-
ity, considerable Stokes-shifted emission and inherent good
biocompatibility.l?!] Depending on the nature of the capping lig-
and, in particular the ligand anchoring group(s), the nanoclus-
ters can absorb in the UV-vis region or in the UV-near infrared
I (NIR-I) region. In the case of thiolate-protected AuNCs, they
typically consist of a metal core with Au-Au bonds (~2.8 A) and
surface Au-S staple motifs.!??]

In terms of their photoluminescence (PL), bare AuNCs are
not emissive, while capping of their surface with organic lig-
ands can convert them into nanofuorophores. AuNCs usually
emit in the VIS region, but can emit in the VIS-to-NIR II re-
gion when they are capped with thiolate ligands.[”*] The nan-
oclusters can be prepared by either a top-down strategy con-
sisting of etching AuNPs!?*®! or by a bottom-up strategy con-
sisting of reducing HAuCl, in the presence of a reduction
agent and stabilizer, such as thiols (e.g., cysteine, glutathione),
amines (e.g., polyamidoamines) and Good’s buffers (e.g., N-
(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid, HEPES),
among others.[2¢]

Nanocluster functionality can be enhanced by incorporating
ligands of relevant functionality, such as flavine adenine dinu-
cleotide (FAD) cofactor, with a strong absorption in the blue and
violet wavelength region (peak maximum at 460 and 370 nm,
respectively) compared to the small absorption of the AuNC in
the UV region and the even weaker absorption in the visible
region.[’] Sensitized emission (4., = 390 nm) of FAD by AuNC
in FAD-capped AuNCs (AuNC@FAD) nanohybrids occurred
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Figure 1. Scanning electron microscopy (SEM) images of chiral tellurium nanoparticles (TeNPs) upon reaction with L-Cys and D-Cys at different reaction
times (3-18 h); a,c,e) L-Cys, 3, 11, and 18 h, respectively; b,d,f) D-Cys, 3, 11, and 18 h, respectively. g,h) show the L-Cys and D-Cys chiral shapes of TeNPs,
respectively. i) Schematic mechanism of the formation of chiral polyhedral TeNPs by using L- and D-cysteine enantiomers and circular dichroism spectra
of the NPs. Adapted with permission.[">] Copyright 2022, American Chemical Society.

because of the overlap between the AuNC fluorescence and FAD
absorption.

Many metal nanoclusters exhibit chirality reflected by their chi-
roptical activity in metal-based electronic transitions (Figure 3a—
c).[?%] Discrete chiroptical activity can arise from the intrinsi-
cally chiral inorganic core because their shapes are not com-
pletely symmetrical (owing to dislocations and vacancies, among
others).[??] Such cores are considered as minimum energy ge-
ometries for various clusters,*®! such as coordination chiral
clusters(®!l and bare metal clusters.!?*-]

Moreover, a chiral organic shell can produce chiroptical
activity on achiral cores when using an enantiomerically pure
ligand, such as N-acetyl-L-cysteine, which possesses a strong
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coordinating group, specifically a mercapto group, aside from
the carboxylic group,*®! and bicyclic thiolates, among others.>’]
In addition, chiral ligands can anchor to an achiral core surface
through at least two points, thus creating a chiral footprint,
e.g., the bidentate feature of 1,2-bis(diphenylphosphino)ethane
(dppe) ligands has led to propeller-like structures, thereby reduc-
ing the symmetry of the AuNC to C1.*¥] Simulated electronic CD
spectrum evidenced the generation of [Au,;(dppe);CL]** NCs,
a chiral ansa metallamacrocycle which exhibits near-infrared
photoluminescence and can produce singlet oxygen (10,) with a
considerable high yield (up to 0.71).13%

Moreover, the use of binary mixed ligands of chiral and achiral
diphosphines, such as 2,3-O-isopropylidene-2,3-dihydroxy-1,
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Figure 2. Overview of the chiral origin of inorganic nanoparticles and their chiroptical properties and further applications.
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Figure 3. a—c) Scheme of the origins of optical activity in metal particles with individual chirality: a) intrinsically chirality, b) chiral distribution of NP elec-
tron density induced by molecular chiral ligands and c) chiral footprint on the NP surface. Adapted with permission.[?° Copyright 2011, Elsevier Ltd. d—f)
Calculated g, -factors of Au13NCs: d) NCyantphos/piop3-1) ©F NCxantphos/piop (1-1)» €) NCpppe/piop (3-1) ©F NC pppe/piop(i-1y» and f) NC ppop, piop 31y oF
NC pppbz/piop(1-1)- The blue line corresponds to the g, -factor of samples capped only with the chiral Lgand (15,75)-DIOP. g) Structure of (15,15)-DIOP
(left-up), Xantphos (left-bottom), and the Au;3NCs capped with DIOP and Xantphos (center) and its CD spectrum (right). Adapted with permission.[*°]
Copyright 2020, American Chemical Society. Structure of the h) (R,R)-DIPAMP ligand, i) (S,S)-DIPAMP ligand, and k) cation part of Au;3; NC@ (R,R)-

DIPAMP. j) Top view of the core structures of Au;3NC@ (R,R)-DIPAMP (left) and Au;3NC@ (S, S)-DIPAMP (right). Adapted with permission.[*!! Copyright
2019, American Chemical Society.

4-bis(diphenylphosphino)butane, (S,S)-DIOP, chiral diphos- have been carried out using model Au;;NCs. Data suggest that

phine, and the achiral diphosphine 4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene (Xantphos), has produced Au,;NCs with
chiroptical activity.?? Testing different chiral/achiral ligands
ratio (specifically, 1/0, 3/1, or 1/1 ratios) demonstrated that a
3/1 (S,S)-DIOP/Xantphos ratio provided a higher chiroptical
activity than pure (S,S)-DIOP in a core-based transition region
(Figure 3d-g).

To gain insight into the synergetic effect between the chiral and
achiral ligands in the chiroptical response of the AuNCs, quan-
tum chemical calculations and geometrical quantifications based
on the Hausdorff chirality measure (HCM),!*") which quantifies
the chirality of a geometric representation of an object by measur-
ing the degree of coincidence of the object with its mirror image,
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the chiroptical enhancement can be due both to the effect of lim-
ited isomer configurations and larger HCM values compared to
that of the cluster passivated with the pure chiral diphosphine.
Furthermore, Zhan et all*!l foresaw the requisite of
the stereogenic moiety to be close to the ligand backbone
for a successful enantioselective preparation of a pair of
enantiopure Au;;NCs. To this aim, they selected 1,2-bis[(2-
methoxyphenyl)phenylphosphinolethane (DIPAMP), with stere-
ogenic centers at the phosphorus atoms due to the asymmetric
attachment of the methoxyl groups. The helical arrangement
of the ligand produced distorted icosahedral cores, thereby
accounting for their chiroptical activity in the VIS. The chiral
configuration of the nanocluster was controlled by the chirality
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Figure 4. a) Inversion energy profile and selected configurations of Au,4NC(@ (SH)( by rotation of the five core Au atoms closest to the Cs symmetry
axis parallel to the top view direction. Plot of the energy as a function of reaction frame (top) and the selected frames corresponding to red data
points in the graph (bottom). Only the gold—sulfur framework is shown for clarity. The arrow in panel a (top) denotes the direction of the rotation.
b) Transformation of [Au,s NC@ (SCH3)15]~ by rotation of the three core Au atoms closest to the C; symmetry axis. Energy profile (top) and selected
structures corresponding to red data points in panel b (bottom). Only the gold—sulfur framework is shown for clarity. The arrow in panel a (top) denotes

the direction of the rotation. Adapted with permission.[4¢] Copyright 2019, American Chemical Society.

of the diphosphine ligand, the right-handed cluster was ob-
tained when using (R,R)-DIPAMP, (R,R)-DIPAMP, while the
left-handed one resulted from the (S,S)-DIPAMP (Figure 3h-k).

Among the strategies for the synthesis of chiral metal clus-
ters are i) a spontaneous process of symmetry breaking, by
which a physical system in a symmetric state spontaneously ends
up in an asymmetric state (spontaneous symmetry breaking);
ii) direct asymmetric synthesis by using a chiral reagent (chi-
ral ligands induction; chiral precursor induction; chiral reduc-
ing agent induction; chiral counterions induction); iii) achiral-to-
chiral transformations; and iv) manipulation of chiroptical activ-
ity (heterometal doping, surface-structure modulation, aggrega-
tion, or assembly).[*?] Thus, spontaneous symmetry breaking can
consist in the use of multidentate ligands to increase the proba-
bility of forming a chiral network on the cluster surface compared
to monodentate ligands.

Chiral ligands induction is based on chiral ligands which co-
ordinate to metals at the NC surface, therefore, the chirality from
ligands can be transferred inside the metal interface and even
the core, thus inducing asymmetric arrangement of the metal
framework. In addition, chiral clusters can be produced by using
chiral precursors and chiral reducing agents. Chiroptical activ-
ity can be induced upon the addition of non-coordinating chiral
ions and chiral solvent, which can tailor the structure and reg-
ulate the chiroptical properties of clusters by directional inter-
molecular hydrogen bonding, electrostatic attraction, and steric
effect. Moreover, achiral-to-chiral transformations are based on
symmetry-breaking of specific metal cluster by substituting the
weak coordinated sites with chiral ligands.
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Moreover, transfer of the chirality can occur from a AuNC to
an achiral molecule adsorbed on its surface.[**] Thus, solutions of
chiral Au;sNC@ (2-PET),, cluster enantiomers, where PET was
2-phenylethylthiolate molecules, showed strong vibrational cir-
cular dichroism (VCD) signals in vibrations of the achiral PET.
Density functional theory (DFT) calculations revealed that 2-PET
molecules adopt a chiral conformation. Chirality transfer from
the cluster to the achiral ligand was responsible for the prefer-
ence of one of the two enantiomers. Intermolecular interactions
between the ligands on a crowded cluster surface seem to play
a dominant role in chirality transfer from metals to ligands and
this phenomenon could play an important role in heterogeneous
enantioselective catalysis.

In addition, the enantio-enrichment of a chiral cluster can be
addressed by using chiral high-performance liquid chromatogra-
phy (HPLC) or deracemization, a method for the selective sepa-
ration of a racemic mixture based on the use of a chiral station-
ary phase. For example, a chiral cellulose-based analytical HPLC
column interacted differently with the left- and right-handed
Au NC@(2-PET),, thereby providing an enantiomerically en-
riched mixture.[**]

Remarkably, chiral inversion of thiolate-capped AuNCs has
shown to be sensitive to the size, structure and metal composi-
tion of the metal core, as well as to the structure of the metal—
thiolate interface (Figure 4).1>4¢! Some of them, such as chiral
Au, NC@ (SR),,, can tolerate chiral inversion without requiring
the breakage of a metal—sulfur bond at the metal-ligand inter-
face, but undergoes a collective rotation of the gold core (the cal-
culated energy barrier for Au,,NC was in the range of 1-1.5 eV,
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compared to 2.5 eV for the of Au—S bond cleavage). Au,4(SR),,
and Au,;NC(SR)**~ have an icosahedral core but the first consists
of only one Au,; icosahedron, while the second presents a face-
fused bi-icosahedron. The arrangement of the protecting units
is partly analogous to that of Au;sNC(SR),,, with the same ro-
tational reconstruction mechanism than Au;gNC(SR) and a low
energy barrier (1.30 eV).

However, inversion barriers are much higher (2.5-2.8 eV) for
a larger chiral nanocluster, such as Au,,, NC@ (SR); this makes
these NCs promising materials for applications requiring high
resistance to chiral inversion.[*%]

Regarding applications of AuNCs, it has been reported that
nanoclusters protected with L- and D-penicillamine exhibit
mirror-image CD in the 200-400 nm absorption region.[*’! The
biocompatibility of the AuNCs together with their photostability
and fluorescence emission at 630 nm make them of interest in
optical imaging of live HeLa cells using confocal microscopy.

Moreover, co-assembling of achiral thiobarbituric acid (TBA)-
capped AuNCs with enantiomerically pure (L- or D-)-histidine
(His) has provided hydrogels, denoted as L-gels and D-gels, gen-
erated via H-bonding and z—z stacking between TBA and the cor-
responding histidine.[*8] DFT calculations revealed a parallel con-
jugated structure of TBA and His at 3.358 A, thus strongly sup-
porting the z—r stacking between TBA and histidine. The gela-
tion and chirality transfer proved to be essential for their selec-
tive generation and for the enhanced emission of the hydrogels,
which exhibit a twisty peanut-like structure and represent novel
chiroptical materials.

Additionally, AuNCs functionalized with axially chiral binaph-
thyls (either in the cisoid or transoid conformation) have been
exploited as additives in achiral liquid crystal (LC) phase to gen-
erate a chiral nematic LC phase.l*!

3. Chiroptical Response in Lead Halide Perovskites

Lead HPs exhibit exceptional optoelectronic properties, such
as high absorption coefficient, low non-radiative recombina-
tion rate, high photoluminescence quantum yield, and long car-
rier lifetime.>® They can present a three-, two-, one-, or zero-
dimensional framework (3D, 2D, 1D or 0OD).’!) The general
chemical formula for 3D metal halide perovskites is AMX;,
where A represents a monovalent cation (organic or inorganic
cation) and M and X represent a metallic cation and halogenic
anion, respectively.>?] Those with A being an organic cation are
known as hybrid organic-inorganic perovskites (HOIPs), while
those with A being an inorganic cation are known as all-inorganic
perovskites (IPs). Corner-shared [MX,] octahedrons form a 3D
framework with A cation located in the framework cavities.l>>| 3D
lead HPs exhibit long carrier-diffusion lengths, high carrier mo-
bilities, high dielectric constants, low trap densities and tuneable
bandgaps.

Building of stable 3D chiral IP NPs has shown quite diffi-
cult to achieve.>* Both HOIPs and IPs can constitute chiral per-
ovskites via different approaches.>®] Chirality transfer to a per-
ovskite nanoparticle can occur via similar strategies to those men-
tioned above for other materials, such as i) nanoparticle surface
distortion caused by anchoring of chiral ligands, ii) interaction
between achiral and chiral systems, iii) supramolecular chiral
self-assembly and iv) mediated by chiral molecules.
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Nanoparticle surface distortion caused by the interaction be-
tween chiral organic molecules or capping agents and core ma-
terials, such as quantum dots (QDs) or metal nanoparticles, has
also been observed in chiral HOIPs.

Focusing on all-inorganic chiral perovskite NCs, CsPb(I/Br),
nanoparticles decorated with a chiral ligand, such as 1,2-
diaminocyclohexane, DACH, enantiomers, have been prepared
by addition of CsPb(I/Br); nanocrystals capped with oleylamine
(OA) to a mixture of chiral DACH, either (1R,2R)-DACH or
(15,25)-DACH, in n-hexane to CsPb(I/Br);. Then, they were
exposed to microwave irradiation to induce spontaneous lig-
and exchange from the achiral capping agent OA to the chi-
ral stabilizer.®®! The chiral CsPb(I/Br);@(1R, 2R)-DACH and
CsPb(I/Br);@(1S, 25)-DACH nanocrystals exhibited chiroptical
activity as demonstrated by CD spectroscopy. CsPb(I/Br); @(1R,
2R)-DACH nanocrystals displayed two negative Cotton effects at
290 and 400 nm along with a positive CD signal at 333 nm. Com-
paratively, the CD spectrum of pure (1R,2R)-DACH stabilizer
only exhibited a positive Cotton effect at a shorter wavelength
(233 nm), thus confirming that the Cotton effect originated from
the chirality of the nanocrystals. Remarkably, the chiroptical ac-
tivity of CsPb(I/Br), remained unchanged even after the removal
of chiral molecules.

Moreover, Chen et al. addressed the synthesis of chiral
CsPDbBr; colloids via a direct growth of perovskite nanocrystals
in the presence of precursors and chiral molecules; specifically,
(R)- or (S)-a-octylamine was used as the chiral capping ligand.l’]
The CD spectra showed mirror images of the signal at 504 nm
attributed to the exciton absorption; this was consistent with the
interaction between chiral a-octylamines and the nanocrystal sur-
face. CPL spectroscopy showed signals of the chiral nanoparticle
at~ 525 nm. An excess of bromide atoms on the nanoparticle sur-
face enabled selective chiral amine binding to Br-rich defect sites,
thus resulting in a distorted surface pattern on the nanocrystal.
Figure 5a shows the interaction of the material with chiral or-
ganic molecules; the electronic interactions between chiral lig-
ands and the achiral inorganic structure; the chiral distortion of
the surfaces, induced by chiral organic molecules; and the sur-
face enantiomeric chiral distortions.

The instability of 3D chiral HOIPs (Figure 5b) hinders their
practical optoelectronic applicability. Regarding low-dimensional
2D and quasi-2D chiral HOIPs (Figure 5c), they have the
(RNH;),A,_MX;, ., formula, where n is the number of inor-
ganic layers between two layers of organic cations (n =1 and n >
1 corresponds to 2D HOIPs and quasi-2D HOIPs, respectively)
and RNH, is a chiral ligand inserted between two inorganic lay-
ers. Moreover, 1D chiral HOIPs (Figure 5d) with the RNH;MX,
formula can be generated when chiral organic alkylammonium
cations and metallic cations are in a 1:1 ratio. Moreover, a chiral
molecule can transfer its chirality to an achiral HOIP nanoparti-
cle, Figure 5e. Remarkably, the incorporation of simple and easily
accessible chiral amino acids, such as a-alanine, has been incor-
porated as a cationic part, so providing chiral HOIPs.[>®!

With respect to 2D chiral HOIPs, Lee et al.l’®! have recently
reported on the incorporation of urea (a non-volatile Lewis base)
into the lattice of the perovskite to improve their chiroptical ac-
tivity, aside from charge transport along the out-of-plane direc-
tion (Figure 6). The chiroptical activity of the HOIPs has been ex-
plained by a stacking conformational change of the benzyl groups
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Figure 5. a) Schematic illustration of the origin of chirality in chiral CsPbBr; perovskite (R)- and (S)-a-octylamine could induce an asymmetric distortion

of the surface perovskite lattice, which endows the chirality to perovskite nanocrystals. Reproduced with permission.[>’1Copyright 2019, American Chem-
ical Society. b—d) Representation of the structures of chiral perovskites: b) 3D chiral HOIPS, c) 2D chiral HOIPs, d) 1D chiral HOIPs. €) Representation
of assembled chiral perovskites. Adapted with permission.[>3] Copyright 2021, Wiley-VCH GmbH.

chiral ligand

+ chiral ligand

. achiral core

Figure 6. Schematic illustration of the optimized crystal structures: a) without halide vacancy, b) with halide vacancy, and c) in the presence of Lewis
base urea at the substitutional site at halide vacancy near the alkyl group of the MBA cation. Adapted with permission.[3° Copyright 2022, American
Chemical Society.
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Figure 7. a) Schemes of perovskite nanosheet structure with (R)- or (S)-MPEA amines ligands. b) CD spectra and c) g,¢-factors of chiral MPEA perovskite
nanosheets (n = 1). d) Absorption (solid line) and emission (dashed line) spectra of (R)-MPEA perovskite nanosheets. e) Absorption (solid line) and
emission (dashed line) spectra (S)-MPEA perovskite nanosheets. Adapted with permission.!%%] Copyright 2021, American Chemical Society.

of (R)- or (S)-methylbenzylamine, (R)- or (S)-MBA, cations be-
tween the inorganic layers. The effect of the Lewis base on the
chiroptical activity of the HOIPs was quantified by determining
the g,,-factor, obtaining an almost two-fold increase value of CD
near the first extinction band edge (a g,,.-factor of 1.0 x 1073 for
chiral HOIPs with urea (Figure 6¢) versus 5.7 X 10~* for chiral
HOIPs with DMSO only).

Interestingly, it has been demonstrated that chiral a-
octylamine-capped CsPbBr; NCs exhibit two-photon absorption-
based upconverted circularly polarized luminescence (TP-UC-
CPL) with a two-photon absorption cross section at 800 nm
(02800 um) UP to 3.68 X 10* GM.I’I The TP-UC-CPL sense can
be selected with the chirality of the capping ligands and the
mirror-imaged CPL can be obtained. This is a relevant result
from the point of view of designing UC-CPL processes.

Moreover, intrinsically chiral 2D perovskite nanosheets have
been obtained by inserting low steric hindrance chiral amines,
specifically (R)- or (S)-f-methylphenethylamine, (R)- or (S)-
MPEA, into the perovskite framework, thereby the amine chiral-
ity was transferred to the perovskite structure (Figure 7). Achi-
ral octylamine protecting the nanosheet influenced considerably
the chiral optical signal or dissymmetric factor of the nanosheets;
strong CD signals between 375 and 425 nm correspond to the ex-
citonic absorbance band (Figure 7b). The structural flexibility of
HOIPs has also enabled the penetration of chiral molecules into
its lattice to form inherent chiral crystals.

Chirality generation can also be achieved by introducing chiral
molecules, such as a DACH enantiomer, on perovskite NCs sta-
bilized by an achiral ligand.[®) The aggregation of DACH on the
surface in a chiral pattern contributes to the chiroptical response
of the perovskite NCs mainly caused by two different mecha-
nisms: the chiral surface distortions and chiroptical effects in-
duced by electronic interactions between the ligand and the NCs.

With regards to applications of chiral HOIPs, among oth-
ers, they are promising ferroelectric materials, e.g., a chiral
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switchable photovoltaic ferroelectric 1D perovskite [(R)- and (S)-
cyclohexylethylammonium]|Pbl, was achieved by using Pbl, oc-
tahedra and the pair of enantiomeric ligands to induce chirality
and ferroelectricity.®" In addition, optoelectronic devices based
on chiral 2D HOIPs [(S)- and (R)- (methylbenzylamine)],Pbl,
have shown spin-dependent photovoltaic and photogalvanic
responses.[®2]

4. Chiroptical Response in Gold Nanoparticles

Plasmonic nanoparticles, such as AuNPs, present characteristic,
high absorption peak(s) due to the surface plasmon resonance
(SPR) phenomenon that occurs when an electromagnetic radi-
ation, of a wavelength much larger than the diameter of the
AuNPs, hits the particles, thereby inducing coherent, resonant
oscillations of the metal-free electrons across the nanoparticles.
Depending on their shape, the colloid can exhibit one or several
SPR peaks at different wavelengths within the UV-Vis—NIR re-
gion and, consequently, a distinctive color (Figure 8).[6>-6]

Plasmonic gold nanoparticles with different sizes and mor-
phologies can exhibit structural or induced CD response.[®]
The mechanism of the induced CD is the dipole—plasmon
Coulomb interactions between the AuNPs and chiral molecules
(Figure 9a).[”] Due to the plasmon-enhancement, AuNPs are able
to enhance the natural CD lines of the molecules which enable
the transfer of molecular chirality to AuNPs, and display chi-
ral response at the plasmon wavelength region. Usually, the in-
duced chirality in AuNPs is responsive to the orientation of the
ligands on the AuNP surface and strongly dependent on the over-
lap between the chiral ligand absorption and plasmon band of the
AuNPs.[%8] Thus, the absolute value of the g, -factor is usually
small (=1073).

Notably, Fan and Govorov reported a theoretical mechanism
of intrinsically optical chirality for single AuNPs with the chiral
shapes shown in Figure 9b.[°! The CD response was caused by a
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Figure 8. A) Vis—NIR spectra of Au nanostars obtained for different Au salt/Au seed ratio concentrations, using 2.5 nm Au nanoparticles as seeds. B-D)
Corresponding TEM images of samples with concentration ratio values of B) 67.5, C) 270, and D) 808. Reproduced with permission.[®°] Copyright 2010,

American Chemical Society.

chiral distortion of the AuNP surface that originates by both split-
ting and mixing of plasmonic modes. The largest CD response at
the plasmon frequency was observed in twisted and helical dis-
tortions (the middle two shapes in Figure 9b).

Moreover, chiral response in AuNPs can be achieved through
enantioselective interactions between the chiral planes of the
AuNP surface and the chiral ligand, e.g., L-Cys and D-Cys.”]
These interactions led to different growth rates and the forma-
tion of helicoid morphologies with highly twisted chiral elements
(Figure 9c). As shown in Figure 9d, the chiroptical responses of
helicoids synthesized with D- and L-Cys displayed opposite hand-
edness.

In addition, 3D chiral AuNPs have been prepared by a seed-
mediated growth strategy using octahedral AuNPs as seeds and
chiral dipeptides as structure-directing agents to provide chi-
ral morphologies through the extension of crystal facets with
a degree of chirality.”!l Relatively similar dipeptides, specifi-
cally y-glutamylcysteine (y-Glu-Cys) and cysteinylglycine (Cys-
Gly) dipeptides, resulted in large morphological differences; the
morphology of the y-Glu-Cys-directed AuNPs showed a cube-like
outline with protruded chiral wings with a fourfold symmetry
(Figure 9¢) However, those synthesized in the presence of Cys-
Gly exhibited a rhombic dodecahedron-like outline with curved
edges and elliptical cavities on each face (Figure 9f). Therefore,
the two types of AuNPs differed in their chiroptic CD response
(r-Glu-Cys led to a positive main peak, while it was negative for
Cys-Gly).

Despite the excellent chiroptic response of AuNPs, their po-
tential is limited by its overall synthetic uniformity. Nam et al.,|”?]
have developed a multi-chirality-evolution step synthesis strategy
for enhancing their chiroptic response by increasing the particle
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uniformity. This strategy has enabled the preparation of chiral
nanoparticles with a g,, .-factor of 0.31.

Interestingly, the chiral morphology of AuNPs termed nano-
octopods has been modulated by using glutathione (GSH) with
different degree of oligomerization, thus providing propeller-
or flower-like chiral nanoparticles by adjusting the degree of
oligomerization of the Au-~GSH complexes.[”* The bent arms of
de nanoparticles obtained with less GSH oligomers showed two
bisignate CD waves assigned to their transverse surface plasmon
resonance (TSPR) and longitudinal (LSPR) surface bands of the
extinction spectrum. Comparatively, the twisted concaves of the
flower-like nanoparticles were obtained when they were prepared
with more GSH oligomers and they exhibited a broad bisignate
CD wave in the SPR region (Figure 10) and maximum g, -factor
of about 0.003 at 830 nm.

Alternatively, discrete chiral plasmonic nanoparticles can
consist of metal-molecule-metal nanoparticles (3M NPs,
Figure 11).74 They usually contain chiral molecules inside
nanogaps or nanocavities between a metal core and an outer
metal shell. These chiral molecules must i) contain functional
groups which strongly anchor to the seed surface and ii) en-
able subsequent trapping during metal overgrowth. Chiral
biomolecules, such as peptides and DNA have been used with
this purpose. The efficiency on the chiral molecule adsorption
on the seed surface depends on the crystalline structure and
morphology of the metal seed, the concentration of chiral
molecules, the bonding strength to different crystal facets,
among others. Therefore, the final nanostructure involves a
metal-molecule-metal core-shell-shell configuration, in which
the chiral molecules constitute the inner shell and/or are embed-
ded in the outer metal shell. The coupling of chiral dipoles from
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Figure 9. a) Model of exciton-plasmon interaction in a chiral molecule and a AuNP, which generates induced CD; the solid vertical (horizontal) arrows
represent light (Coulomb)-induced transitions. The dotted vertical arrows are the relaxation processes. Adapted with permission.[%¢] Copyright 2019,
Wiley-VCH. b) lllustration of different chiral plasmonic nanocrystals with chiral shapes. Adapted with permission.[®] Copyright 2012. American Chemical
Society. c) Morphology (top) and SEM image (bottom) of helicoid AuNPs oriented in different directions. Scale bar: 100 nm. Adapted with permission.[7]
Copyright 2018, Springer Nature. d) CD responses of helicoids with opposite handedness controlled by cysteine-guided chiral growth. Adapted with
permission.l”%l Copyright 2018, Springer Nature. e) Structure illustrations and their SEM images of y-Glu-Cys-directed AuNPs at various directions
views: [100] (left), [111] (middle), and [110] (right). Scale bar: 100 nm. f) Structure illustrations and their corresponding SEM images of Cys-Gly -directed
AuNPs at different directions views: [100] (left), [111] (middle), and [110] (right). Scale bar: 100 nm. Adapted with permission.l”"l Copyright 2020,

Wiley-VCH.

the molecule with the electromagnetic near-field generated at
the inner hot-spots are responsible for the chiroptical response.

Relevant factors for the optical activity of chiral plasmonic
nanostructures are the nanoparticle size, the nature of the
nanoparticle and the molecule, and the molecule-NP distance.
The Coulomb dipole—dipole interaction dominates the coupling
between the molecule and NP when the distance is small and the
CD signal of the system results from the sum of the CD of the
molecule and the CD of the plasmon.[”#]

Potential applications of these chiral nanomaterials are: chiral
sensing, biorecognition and chiroptic. In addition, chiral AuNPs
are particularly promising for asymmetry amplification, such
as in enantioselective chemical synthesis. Chiral AuNPs could
enable detection of weak induced circular dichroism of chro-
mophores and be used for specific recognition of chiral biolog-
ical molecules, as required for therapeutic applications. More-
over, these nanoparticles can be used as chiral dopants in lig-
uid crystals,|”®! e.g., AuNCs functionalized with axially chiral bi-
naphthyls have been exploited as additives in achiral liquid crys-
tal phases to generate chiral nematic liquid crystal phases.*! The
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use of chiral AuNPs in LC allows to control the size, shape and
self-assembly of NPs in one-pot process which is essential to inte-
grate them into high-tech devices such as light scattering devices
or flat panels.[>7®] Furthermore, these LC-containing organized
AuNPs have potential applications as electrical actuators, sensors
or more efficient photocatalysts.”’]

In addition, chiral gold nanorods (AuNRs) deposited on a
TiO, surface have revealed that the handedness of the nanoma-
terial can be reversed via a photo-induced process; the chirality
switch, achieved by irradiating either with left or right-CPL, was
maintained even in the absence of external stimuli.l”® There-
fore, chirality can be imprinted in achiral metallic nanoparticles
for tuning electrical and optical properties that may be suitable
for fabricating optoelectronics and in bio-applications. In terms
of their potential application in disease treatment, in particular
Alzheimer’s disease, Tang and co-workers!”! synthesized L- and
D-GSH-capped AuNPs, that permeate the blood-brain-barrier
through several GSH channels in the human brain, to preclude
the aggression of the beta-amyloid 42 (Ap42), resulting in a dis-
ease treatment.
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Figure 10. a) Scheme of the synthesis of different-morphology AuNPs prepared with L-GSH and at incubation times of 0, 1, 3, and 4 days. b) Propeller-
and flower-like chiral AuNPs obtained from Au nano-octopods by modulation of its chiral morphology adding L-glutathione (GSH) with a different
incubation time degree of oligomerization. Left: Comparison of the CD spectra of the AuNPs prepared by using L-or D-GSH as the modulator agent.
Reproduced with permission.[”3] Copyright 2021, American Chemical Society.
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Figure 11. Schematic representation of the two main strategies for the
synthesis of chiral plasmonic NPs from pre-synthesized plasmonic seeds.
Reproduced with permission.[”*] Copyright 2021, Royal Society of Chem-
istry.

5. Chiroptical Response in Upconversion
Nanoparticles

UCNPs consist of a lanthanide-doped matrix, e.g., NaYF,:Yb, Tm.
They are a class of photoactive nanomaterials that can con-
vert low-energy photons (near-infrared, NIR, photons) into high
energy photons (UV-vis) at a more efficient rate than other
materials. As a consequence, they emit in the UV, VIS and
even in the NIR, process known as upconversion luminescence
(UCL).[2% UCNPs display exceptional optical properties, such as
multiple and narrow emission bands, non-photobleaching, non-
photoblinking, long luminescence lifetimes, high stability and
low cytotoxicity.[8183] Especially, the use of NIR excitation light
has attracted the attention of researchers during the last decade
due to its high penetration depth in tissues, as well as low back-
ground autofluorescence in biosamples.[34]

Hence, UCNPs have been used for different widespread appli-
cations such as in bioimaging, phototherapy or biosensing, but
also in anticounterfeiting, solar cells, or photocatalysis.[85-1]
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It should be noted that UCNPs are achiral materials, how-
ever, the construction of nanoassemblies between two kinds of
nanoparticles can endorse the UCNP-containing nanoplatform
with chiroptical properties, since minor changes in the geometry
of the assemblies can strongly modify the CD optical properties
of the nanohybrids.["293] In this way, Wu et al. built a tetramer
in solution composed of one Yb/Er co-doped NaGdF, UCNPs
surrounded by three AuNRs, Figure 12a).l The nanoassem-
bly between both nanoparticles was reached through the DNA
hybridization between complementary strands attached conve-
niently to both nanoparticles. The resulting tetramers displayed
strong chiroptical activity, while the individual nanoparticles re-
sponse was weak (Figure 12b). The tetramers displayed different
CD bands which were tuned by modifying the length of the DNA
sequence, the plasmonic properties of the AuNRs and UCNP
size. Thus, the largest g-factor was found for a DNA strand of
11 base pairs, AuNRs with a plasmon at 750 nm and 20 nm-sized
UCNPs. The authors demonstrated that the chiroptical activity of
the AuNR-UCNP tetramers was due to their propeller-like geom-
etry.

In addition to the chiral optical activity, the UCL was en-
hanced due to the plasmonic coupling and also the enhancement
degree was dependent on the distance between both nanopar-
ticles, reaching the maximum at 30 nm.[] Furthermore, the
nanoassembly was successfully applied for the detection in so-
lution of a cancer biomarker, specifically hepatitis A virus Vall7
polyprotein gene (HVA), by designing a convenient homoge-
neous assay Figure 12c—f. Upon recognition of the target, the
distance between both nanoparticles was enlarged and conse-
quently, both CD and UCL signal decreased when using in-
creasing concentrations of the target (Figure 12c,e, respectively).
The limit of detection (LOD) calculated from the calibration
curves was as low as 13.2 and 20.3 aM for the CD and UCL-
based assays, respectively. This study represents a major step for-
ward in the engineering of structures for biosensing combining
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Figure 12. a) Geometric structure illustrations of the top view of the tetramer. b) Experimental CD of the NR-UCNP tetramer assemblies (red line) in
comparison to their controls: unfunctionalized NR (black), DNA-modified NR (brown), unfunctionalized UCNPs (blue), DNA-functionalized UCNPs
(pink) and a mixture of NR and UCNPs (green). c—f) DNA detection with the NR-UCNP tetramer assembly. c) CD and e) UC luminescence spectra with

increasing concentrations of DNA in the solution. Calibration curves with

the estimated LOD for DNA detection by d) CD and f) UCL. Adapted and

reproduced with permission.[®*] Copyright 2016, WILEY-VCH Verlag GmbH & Co.

chiroptical and luminescent activity for the improvement of the
reliability and versatility of the detection.

Similarly, the same group designed a pyramid nanoassembly
consisting of two NaGdF,:Yb** ,Er** UCNPs and two spherical
AuNPs for the intracellular detection of micro-RNA (miRNA).[®!
For the formation of the pyramids, two homogenous AuNPs and
UCNPs dimers were synthesized first via hybridization of the
DNA strands on the surface of both NPs. Then, the pyramid
was assembled by hybridization of two dimers. The assembled
pyramid displayed chiroptical activity in the visible region where
the intracellular substances do not have a chiroptical response
(biomolecules are optically active in the UV region). In this case,
the UCL was quenched in the pyramids by resonant energy trans-
fer from the UCNPs to the AuNPs. The pyramids were inge-
niously designed to provoke the separation of the UCNPs and
AuNPs upon recognition of the miRNA21 target. Therefore, the

Adv. Optical Mater. 2023, 2300337 2300337 (12 of 20)

UCL signal of the UCNPs was restored and the CD activity of the
pyramids disappeared. Moreover, the nanoassembly was success-
fully applied for dual-mode ultrasensitive detection of miRNA21
in living HeLa cells. The LOD of the CD signal was 0.03 fmol/10
ugrna and 0.12 fmol/10 uggy, for the UCL signal.

Moreover, the use of porous materials like metal-organic
framework (MOF) proved to be useful to integrate within one sys-
tem UCNPs and a chiral component. As an illustrating example,
core NaYF,:Yb** ,Er** UCNPs were covered with a layer of zeolitic
imidazolate framework-8 (ZIF-8) MOF decorated with chiral NiS,
NPs.[”] The chirality of the UCNPs containing nanoassembly
was confirmed by the presence of two intense CD signals at 440
and 530 nm, which were similar to those from the NiS, NPs.
Moreover, the CD signals decreased with increasing concentra-
tions of H,0, due to the degradation of the NiS, in presence
of H,0,, taking place the conversion of UCNP@ZIF-NiS, into
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Figure 13. a) Representation of the procedure for the co-assembly of lyotropic cellulose liquid crystals with PVA-stabilized NaYF,:Yb3*,Er** hexagonal
nanorods into nanostructured cellulose films. b) Schematic of chiral nematic structure in the composites. c) SEM images of the composite films.
Adapted with permission.[%8] Copyright 2016, Wiley-VCH. d) Schematic representation of UC-CPL induced in achiral UCNPs through their assembly
into chiral nanotubes. e) Possible explanation for the presence and absence of UC-CPL in the different synthesis carried out in the work. Adapted with

permission.[®®] Copyright 2019, American Chemical Society.

UCNP@ZIF. Under physiological conditions, the sensor worked
in an H,0, concentration range of 0.05 to 20 um and the LOD was
0.032 um. Notably, due to the biocompatibility of the components,
the nanoassembly was successfully implemented as ROS sensor
in living normal primary uterine fibroblast cells (PCS-460-010)
as well as in vivo by using a tumor-bearing mouse model.

Another strategy to create an UCNP-based nanostructure with
chiroptical activity is the use of a chiral host matrix. Nguyen
et al., combined cellulose nanocrystals (CNC) as a chiropti-
cal nematic host matrix and polyvinylalcohol (PVA)-stabilized
NaYF,:Yb** Er’* UCNPs as a photoactive guest in a helicoidal
nanocomposite (Figure 13a—c).®®l A strong positive band at
~500 nm was observed in the CD spectrum of the UCNP-CNC
nanocomposites indicating that the reflection of LCP was pre-
ferred, and consequently, that the chiral nematic organization of
CNCs was maintained in the nanocomposite.

To date, few UCNPs with induced UC-CPL properties have
been described. They have been applied for different purposes,
e.g. to trigger the enantioselective photopolymerization of di-
acetylene (DA) derivatives.”) In this work, chiral nanotubes
were formed during the gelation of a chiral lipid gelator, in
particular N,N-bis(octadecyl)-L-glutamic diamide (L-GAm) and
its enantiomer D-GAm.['®! Moreover, achiral UCNPs, such as
NaYF,:Yb** Er**and NaYF,:Yb**, Tm3** nanoparticles were heli-
cally encapsulated into these chiral nanotubes during the gelation
process (Figure 13d). When the UCNPs were co-assembled with
L-GAm/D-GAm, the system displayed the mirror-image UC-CPL
signals upon excitation with nonpolarized 980 nm light. How-
ever, no UC-CPL signal was detected in co-assemblies with 2,6-
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dichlorbenzamid (Bam, achiral analog molecule to L-GAm/D-
GAm) or in unassembled chiral gelator/UCNPs mixtures. These
facts evidenced that the mechanism for UC-CPL was “chiral host-
UCNP guest” and, consequently, the well-ordered arrangement
of UCNPs in a chiral manner is critical to induce a chiroptical
response of the assembly; moreover, the chirality transfer from
the -GAm and D-GAm monomers to UCNPs was not possible
(Figure 13e).

Interestingly, the UC-CPL, generated at the UV region from
Tm-doped UCNP co-gels, triggered the photopolymerization of
2,4-heneicosadiynoic acid (HA) to polydiacetylene (PDA) in a
film. Most importantly, the resulting photopolymerization prod-
uct exhibited CD signals which were positive or negative when
irradiated L-GAm/UCNPs-Tm and D-GAm/UCNPs-Tm co-gels,
respectively. These results clearly evidenced that the molecular
chirality of the gelator (L-GAm or D-GAm) directed the handed-
ness of the UC-CPL generated from the respective co-gels and,
therefore, the co-gels were able to undergo the polymerization of
PDA enantioselectively.

Similarly, the asymmetric photopolymerization of PDA
from 10,12-pentacosadiynoic acid (PA) was achieved through
excitation with NIR light of a mnanohybrid consisting of
NaYF,:YO* Tm**@NaYF, UCNPs and cysteine-modified
AgNPs as the chiral source.['] This work demonstrated that the
screw direction of the resulting helical PDA chains upon NIR
irradiation of a film containing PA and the UCNP-AgNP@cys
nanohybrids was dictated by the AgNP@cys, i.e., the PDA chains
were predominantly left-handed (evidenced by the negative Cot-
ton effect in CD spectrum) when AgNP@L-cys were used and
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Figure 14. a) Schematic illustration of the photoisomerization of switch 6 upon excitation at 980 nm and the reversible tuning of the helical superstruc-
tures containing UCNPs upon NIR irradiation at different power densities. b) Diagram of the illumination of the UCL and UC-CPL rewritable optical
storage. c) Real images of UCL/UC-CPL dual-mode patterns. Adapted with permission.['%2] Copyright 2020, Royal Society of Chemistry.

strong positive CD signals were observed when AgNP@ D-Cys
were employed due to the preferential formation of right-handed
PDA helix.

In addition, the handedness of the CPL induced in UCNP-
based nanohybrids can be reversibly switched by modulat-
ing the power intensity of the NIR light!%?] As an exam-
ple, cholesteric liquid crystal (CLC) with a self-organized he-
lical superstructure was employed as the matrix for loading
B-NaYF,:Tm3*,Yb** @NaYF,:Er**,Yb3* @NaYF, core/shell/shell
UCNPs and a chiral fluorescent switch, namely a derivative of
the (R)-1,1’-binaphthol (Figure 14a). The trans-to-cis photoiso-
merization of the fluorescent switch was effectively triggered by
520 nm green light, and the reverse photoisomerization took
place upon irradiation at 365 or 450 nm light. Curiously, the de-
signed core/shell/shell UCNPs exhibited a UCL emission where:
i) the intensity of the green emission band (%520 nm) is the high-
est at a low-power density NIR excitation (0.15 W mm~2) and ii)
the intensity of the UV bands (350-470 nm region) was greatly
enhanced at a high-power density of the NIR light (3.0 W mm~2).
This observation evidenced the UCL mechanism can be con-
trolled with the power density of the excitation source;!'%! at low
energy excitation, the Yb**—>Er’*t energy transfer mechanism
dominated while at high-power density excitation governed the
Yb** —>Tm?* energy transfer mechanism. Most importantly, the
Er’* emission at 520 nm overlapped with the absorption spec-
trum of the trans form of the fluorescent switch, while the Tm?*
emission overlapped with the absorption of the cis form. Conse-
quently, upon irradiation at a low power density of the fabricated
CLC material, the UCL emission at 520 nm was favored and trig-
gered the photoisomerization of the fluorescent switch from trans
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to cis, yielding a strong decrease of both the UCL and CPL in-
tensity of the CLC system.!'] This process can be reverted by
increasing the excitation power density. As demonstrated by the
authors, this helical superstructure has potential application in
the construction of NIR-activated, optically-rewritable UCL pat-
terns as well as of CPL patterns (Figure 14b,c).

Recently, it has been described that the spin-coating of Tm/Nd
co-doped UCNPs on a gold plasmonic chiral metasurface en-
dowed the nanohybrid with UC-CPL properties.!'**] This nano-
material exhibited a strong and modulable UC-CPL from Tm?3*
and Nd** emitters triggered by the resonant coupling between
surface plasmons and UCNPs.

Chiral helical materials are widely employed as the matrix
for building nanoparticle-based nanohybrids with chiroptical ac-
tivity. However, it is worth noting that not necessarily the self-
organized helical material must be chiral or contain a chiral el-
ement. As demonstrated by Zhou et al. a nanohybrid displaying
UC-CPL optical property can be achieved by using only achiral
counterparts.!'] The co-assembly of the achiral molecule, C3-
symmetric benzene-1,3,5-tricarboxamid (BTABA), and UCNPs
led to a supramolecular nanohelix with induced chirality and
UC-CPL behaviors, which can be attributed to the supramolec-
ular chirality of the system. The chirality transfer in the helical
BTABA-UCNPs co-assembly was produced via a noncovalent in-
teraction in a similar way to that found for the L- and D- Cys to
UCNPs described above. Furthermore, the UC-CPL peaks can be
easily tuneable by changing the type of lanthanide cations in the
UCNP architecture, i.e., in the range between 425 to 500 nm for
Yb/Tm co-doped UCNPs or two UC-CPL peaks at 538 and 653 nm
for Yb/Er co-doped UCNPs.
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Figure 15. a) lllustration showing the tunability of the UC-CPL emission from the chiral photonic films with the glycerol content. b-d) UC-CPL and CD
spectra of the nanomaterials with different amounts of glycerol: b) No glycerol, c) 0.02 g of glycerol, and d) 0.04 g of glycerol. Adapted with permission.[10]

Copyright 2019, American Chemical Society.

Besides that, tuneable UC-CPL can be also achieved by pre-
cisely tuning the chiroptical properties of the host.'%] Right-
handed UC-CPL (negative signals) was observed in films con-
taining NaYF,:Yb**, Tm** and CNC-based chiral photonic hosts
whose peak maximum was red-shifted with increasing amounts
of glycerol in the sample. Glycerol acted as an external stimu-
lus to modify the photonic bandgaps of the CNC-based photonic
films (Figure 15a). Considering that only photons with a partic-
ular wavelength can pass through the film, i.e., photon propaga-
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tion is forbidden when the emission occurs inside the photonic
band gap (PBG), while spontaneous emission can take place from
photons outside PBG, and the multiple UC-CPL bands of the film
upon NIR excitation, the selective chiral amplification of the pho-
tonics bandgaps with the content of glycerol allowed the modifi-
cation of the UC-CPL peak maxima of the film. Specifically, the
forbidden nature of UCL at 450 nm (overlapping with PBG) led to
greater g, - values, while the UCL emission at 620 nm (far from
its PBG) originated smaller g values.
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Thus, three different films were fabricated with increasing
amounts of glycerol showing a red-shifted UC-CPL peak max-
ima (Figure 15b—d). Apart from UC-CPL chiroptical activity, these
photonics films were able to reflect CPL displaying also different
iridescent colors.

Furthermore, strategies to improve UC-CPL in nanomateri-
als have been recently explored.'””1%8] The first example of UC-
CPL enhancement was reported in a material that integrated
NaYF,:Yb*, Tm3* UCNPs and CsPbBr; lead halide perovskite
nanocrystals (HP NCs) into a chiral NLC composed by the achi-
ral nematic liquid crystal SLC1717 and chiral dopant R(S)811.12%7]
The photonic bandgaps of the NLC was tuned by adjusting the
weight ratio of R811/SLC1717 in order to locate the emission of
the CsPbBr; HP NCs and UCNPs in the centre and left side, re-
spectively, of the photonics bandgaps for obtaining UC-CPL.[1%]
Due to the transfer of chirality from the NLC to the nanoparti-
cles, UC-CPL peaks from both UCNPs (at 475 nm) and HP NCs
(at 495 nm) were detected, the latter caused by resonance energy
transfer (RET) from the UCNP to HP NCs upon 980 nm excita-
tion. The PBG adjustment enabled an enhancement of both UC-
CPL intensity with a >, value of 0.4 and 1.1 for the UC-CPL of
UCNPs and HP NCs, respectively. To our knowledge 1.1 is the
largest >, reached for UC-CPL. This strategy has been stud-
ied previously in some molecular co-assembled systems!20:110-113]
and is known as energy transfer amplified circular polarization,
where the energy transfer process can be considered as circularly
polarized excitation that amplifies the CPL signals.

Following this premise, more recently, Yb/Tm UCNPs were
embedded into a chiral structure of CsPbX; HP NCs.[1%] The
chirality in HP NCs arose from ligand chirality due to their func-
tionalization with (R)/(S)-2-aminooctane. The chiroptical activity
of the UCNPs induced by their confinement into a chiral space,
i.e., chiral HP NCs, was further corroborated by UC-CPL spec-
tra after the excitation of the nanomaterial at 980 nm. As in the
previous example, the HP NCs can also emit CPL upon NIR ex-
citation due to the energy transfer process from UCNPs. In this
case, the > = value was 4.5x10~3 which was four times higher
than the observed in the CPL of analogous chiral HP NCs (>,
= 1.1x1073) excited at 400 nm. The authors attributed this en-
hancement to the energy transfer process from UCNPs to HP
NCs which included the resonance helicity transfer and chiral
photon reabsorption between UCNP and LHP.

6. Conclusions

To sum up, nanotechnology is rapidly progressing to create arti-
ficial chiral nanomaterials. The origin of the nanoparticle chiral-
ity (summarized in Table 1) can vary with its nature or be simi-
lar for nanomaterials of different composition and can include:
the natural occurrence of chiral defects, intrinsic chirality of crys-
tal lattice (e.g., in semiconductor nanocrystals), such as screw
dislocation that propagates through the crystal, and chiral mor-
phology (in metal and semi-conductor nanoparticles), or by plac-
ing the achiral nanoparticle in a chiral environment, the use of
chiral ligands molecules during the synthesis, as well as by us-
ing of mixture of chiral/achiral ligands. Analogously, the encap-
sulation of achiral nanoparticles in chiral matrix such as a chi-
ral lipid gelator or nematic liquid crystals, can endow the final
nanomaterial with chiroptical activity thanks to the “chiral host-
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achiral guest” interaction. In addition, the formation of geomet-
rical nanoassemblies such as pyramids o tetrapods comprising
more than one nanoparticle, whether they are of the same or dif-
ferent chemical nature, can endow the final nanoassembly with
optical chirality response. It should be noted that the chiral activ-
ity of the nanoassembly is higher for nanoassemblies with chiral
frames such as helical geometry.l11]

Either by intrinsic or induced chiroptical activity, chiral up- and
down- shifting inorganic nanoparticles have triggered numerous
applications in various fields, such as sensing, optoelectronics,
enantioselective photocatalysis, photopolymerization or even dis-
ease treatment. For example, CD response depends on structure
and composition of plasmonic NPs, such as AuNPs. Further op-
timization of NPs is needed to generate a chiral field, which en-
hances the chirality and could be used for highly sensitive detec-
tion of biomolecules, such as glucose or DNA. In addition, ul-
trafast pump-probe technology could provide time-resolved CD
spectrum and give dynamic information of molecule structures.

With respect to chiral metal clusters, they provide atomically
precise structure information and their biocompatibility can en-
able their application in sensing of chiral bioactive compounds.
However, the detection sensitivity and selectivity need to be still
improved. Despite that, they can have a tremendous potential for
asymmetric catalysis, but there are still few relevant examples.

Regarding chiral perovskites, the reported studies have mostly
focused on lead-based chiral perovskites. However, the toxicity
of lead and the relative low stability of these materials to am-
bient conditions are important challenges that should be over-
come for their potential applications. Chiral lead-free hybrid dou-
ble perovskites based on the assembling of chiral organic cation
with Ag* and Bi** have shown intrinsic chirality resulting from
the transfer of chirality from organic cations to the perovskite
framework.['"® Thus, CD measurements of [(R)-f-MPA],AgBil,
((R)-B-MPA = (R)-(+)-p-methylphenethylammonium) of this per-
ovskite exhibit notable chirality induced by organic cations (the
self-powered circularly polarized light anisotropy factor up to 0.3;
the highest value among reported chiral perovskites).

The intriguing optical properties of UCNPs, i.e., UV/Vis/NIR
emission upon NIR excitation, make them very attractive for
emerging optical and biological applications, especially for sens-
ing purposes. Different strategies have been envisaged to en-
dorse naturally achiral UCNPs with chirality, e.g., ligand chirality
transfer or the use of chiral host matrix. Nevertheless, the main
handicap is their low UCL quantum yield as well as low g,
factor values obtained which may hinder their further develop-
ment. Hence, more sophisticated designs based on plasmonic-
enhancement!!®) or energy transfer between different types of
nanoparticles are required to improve efficiently the chiropti-
cal activity of these nanomaterials. Specifically, energy transfer
amplified circular polarization greatly enhanced the g, factor
in UCNPs-based systems allowing the highest value (1.1) for a
nanohybrid with UC-CPL response.

Despite the significant advance in the field of chiral nanopar-
ticles, it still needs more investigation in the future from the
fundamental understanding of the origin of the chiral activity
to their further applications. The rational design and optimiza-
tion of nanostructures containing inorganic nanoparticles will be
essential for the successful development and implementation of
these chiral nanomaterials into real-life applications.
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Material Zabs Zlum Enantiomeric Chirality origin Ligand Ref.
excess
CdTe 2-4x107° - 30% Circularly polarized light induced TGA [13]
TNCs 1-6x107* - - Ligand induced PVP-D/L-cys [15]
Auy, (PP3),Cl, - 97% Electron transitions confined in the tris (2- (diphenylphosphino)ethyl) 371]
3.46x1073 Au core phosphine (PP;)
AgNCs - - - Ligand induced DNA [32]
AuyNCs - - - Ligand induced N-acetyl-l-cysteine [36]
AuNCs 1x1074- - — Ligand induced PET 37]
1x1073
[Auy; (dppe)sCl,] Cls 1-5x1073 - - Ligand induced dppe [38]
AuNCs 6x107* - - Ligand induced DIOP-Xantphos [39]
AuNCs 1.6x1073 - Enantiopure Ligand induced dppe [41]
AuNCs 103 - Enantiopure Intrinsic PET [43]
AuNCs 5%1074 - 80% Ligand induced N-isobutyryl-d-cysteine [45]
AuNCs - - - Chiral inversion Penicillamine [47]
AuNCs - - - Ligand induced TBA [48]
CsPb(l/Br); 1.5%1073 - Enantiopure Ligand induced, surface distortion, DACH [56]
electronic interactions
CsPbBr; 2.4x107* 7%x1073 Enantiopure Ligand induced a-octylamine [57]
(MBA),Pbly(07) Bras 1x1073 - - Ligand induced MBA [59]
MPEAPbBr; 6.5x1073 - - Intrinsic MPEA [60]
CYHEAPbI, - - Enantiopure Ligand induced 1-cyclohexylethylamine (CYHEA) [61]
(MBA),Pbl, - - Enantiopure Ligand induced MBA [62]
AgNPs - - Enantiopure Ligand induced Glutathione [67]
AuNPs - - - Intrinsic Hexadecyltrimethylammonium [68]
bromide
AuNPs 0.2 - - Ligand induced Cysteine and glutathione [70]
AuNPs 0.02 - - Formation chiral shapes directed by g-Glu-Cys and Cys-Gly [71]
ligand
AuNPs 0.02 - - Ligand induced Cys [72]
AuNPs 2-3x1073 - Enantiopure Formation chiral shapes directed by Glutathione [73]
ligand
AuNPs - - 43-70% Intrinsic and photoinduced Hexadecyltrimethylammonium [78]
bromide
AuNPs - - - Ligand induced Glutathione [79]
UCNPs-AuNPs 0.02 - - Chiral geometry nanoassembly DNA [94]
UCNPs-AuNPs - - - Chiral geometry nanoassembly DNA [96]
UCNP@ZIF-NiSx - - Enantiopure NP induced (from chiral NiSx NPs) Chiral penicillamine template [97]
UCNPs - - Enantiopure Chiroptical host matrix (CNC) PVA [98]
UCNPs - 5.5x1073 Enantiopure Chiroptical host matrix (Glutamic Oleic acid [99]
diamide)
UCNPs-AgNPs - 0.04 Enantiopure NP induced (from chiral AgNPs) Cys [107]
UCNPs - 0.49 - Chiroptical host matrix Oleic acid [102]
UCNPs - 0.95 - Plasmonic chiral metasurface Oleic acid [104]
UCNPs - 0.012 - Chiroptical host matrix (BTABA) 11-aminoundecanoic acid [105]
UCNPs - 0.033-0.156 - Chiral host matrix (CNC) PVA [106]
UCNPs-CsPbBr; - 1.1 - Chiral host matrix (NLC) Oleic acid [107]
UCNPs-CsPbBr; - 1.1x1073 99% NP induced (from chiral LHPNCs) a-aminooctane and oleic acid [108]
CdSe/ZnS - 1.8 - Chiral host matrix (cholesteric Trioctylphosphine oxide [109]

glass-forming matrix)
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