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The study of different chiral inorganic nanomaterials has been experiencing rapid growth during the
past decade, with its primary focus on metals and semiconductors. Ceramic materials can
substantially expand the range of mechanical, optical, chemical, electrical, magnetic, and biological
properties of chiral nanostructures, further stimulating theoretical, synthetic, and applied research
in this area. An ever-expanding toolbox of nanoscale engineering and self-organization provides a
chirality-based methodology for engineering of hierarchically organized ceramic materials. However,
fundamental discoveries and technological translations of chiral nanoceramics have received
substantially smaller attention than counterparts from metals and semiconductors. Findings in this
research area are scattered over a variety of sources and subfields. Here, the diversity of
chemistries, geometries, and properties found in chiral ceramic nanostructures are summarized.
They represent a compelling materials platform for realization of chirality transfer through multiple
scales that can result in new forms of ceramic materials. Multiscale chiral geometries and the
structural versatility of nanoceramics are complemented by their high chiroptical activity,
enantioselectivity, catalytic activity, and biocompatibility. Future development in this field is likely to
encompass chiral synthesis, biomedical applications, and optical/electronic devices. One may also
expect implementation of computationally designed chiral nanoceramics for biomimetic catalysts

and quantum information devices.
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1. Background

Chirality is the geometric property that describes an object that is not

pt

non-superimposable upon its mirror image. A universal characteristic of an object’s
symmetry, it is observed at any length scale from subatomic particles to galaxies.! Since the
discovery of molecular scale chirality of tartaric acid by Louis Pasteur in 1848, it has

(51

become a constantly evolving branch of chemistry,® biology, ' and physics®'stimulating the

development of an extensive toolbox for enantiopure materials.

Although chiral chemistry is most often associated with biomolecules'®,
enantiopure compounds are no longer a restricted to /-amino acids, d-sugars, and
DNA and represents, perhaps, one of the most rapidly developing areas of
nanotechnology. Chiroptical responses of most biomolecules are relatively weak
and typically confined to the ultraviolet (UV) range (190-300 nm). Semiconductor
and metallic nanostructures make possible an order-of-magnitude enhancement of
chiroptical responses due to the high polarizability of these materials.'”) One of the
first observations in this area was made by Schaaf and Whetten ) who observed that
individual gold clusters ca. 0.5 nm in diameter stabilized with the tripeptide
glutathione (glu-cys-gly) have circular dichroism (CD) in visible range. Moloney ef
al. P! found similar effects for d- and I-penicillamine-capped CdS semiconductor

nanoparticles (NPs), while Zhou et al.!"" confirmed these observation for d- and
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[-cysteine-stabilized CdTe NPs, as well as other semiconductor NPs.!"") About the
same time, researchers also realized that three-dimensional geometries of

multiparticle constructs of NPs can also be asymmetric that affords both further
This article is protected by copyright. All rights reserved.



enhancement of the chiroptical response and its tuning over a wide range of
wavelengths.!'” These and other works opened the door to further studies of chiral
inorganic nanomaterials resulting in a continuously emerging spectrum of chiral

nanomaterials. The venue of applied research stimulated by these discoveries

[13]

include biosensing,!'” chiral photonics,!'¥ optoelectronics,!*! biomolecule

1 17]

separation,[ 6l and, more recently, chiral catalysis.[ Chiral nanostructures from
ceramics, such as metal oxides, nitrides, carbides, silicates, efc, can certainly provide
attractive alternatives to noble metals, and II-VI semiconductors dominating the

current research for these applications. These new chiral materials may also stimulate

other conceptual developments in this field related cellular responses,!'™ drug

[21 [22]

delivery,!"” catalysis,’*” biomineralization,*"'magnetism,**! astrophysics,”*! and

geological processes.!*

Ceramics are nonmetallic, inorganic solids that have been used by humans in the
form of pottery as far back as 24,000 BC."®) Ceramic materials commonly have
high melting points, exceptional hardness and strength, considerable durability, low
electrical and thermal conductivity, and chemical inertness.*® Traditional ceramics,
composed of various combinations of clay and silica, refer to brick, pottery, glass,

porcelain, tile, cement, and concrete that are present in everyday objects.!?”? Advanced

ceramics including alumina, zirconia, metal oxides, silicon nitride, boron nitride,

Author Manuscript

silicon carbide, zeolite, etc. have played indispensable roles in modern manufacturing

and engineering industry.!*
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In the early 19 century, French physicist Jean Baptiste Biot first discovered that single

(291 Quartz is a mineral with chiral

crystals of quartz could rotate plane-polarized light.
crystal lattice which exists naturally as either dextrorotatory or levorotatory

enantiomorphs.®” Like quartz, a variety of other ceramics, such as zeolites also are known

to have chiral crystal lattices that have been explored for their enantioselective adsorption,

(31] [32]

asymmetric catalysis®? and chiroptical properties.**! Besides utilization in optical
devices, there is a growing understanding that surface interactions between amino acids
and ceramic minerals is related to the origin of life.**! The important role that Earth’s early
minerals played in the prebiotic formation of peptides, proteins, and other biomolecules
was revealed by understanding the adsorption behaviors and polymerization of amino acids

on various ceramic surfaces.”’!

To date, chiral ceramic nanostructures with fascinating and unique properties triggered
considerable interest and offered a range of potential nanotechnological applications. A
large variety of metal and non-metal oxides, nitrides, carbides, etc., with chiral geometries
at the atomic, molecular, nano, meso-, and micron-scales have been demonstrated,

including individual chiral ceramic NPs, mesoscale assemblies, and thin films.

This article is protected by copyright. All rights reserved.



Author Manuscript

2. Synthetic Methods for Chiral Ceramic Nanostructures

2.1 Surface Modification

The chirality transfer from chiral organic molecules to individual NPs via surface
modification provides a direct pathway to chiral nanoscale ceramics, which can be carried out

[7, 36

by either during or after the formation of the nanostructures,”” *® although the latter pathway

is typically less effective.

Arrested growth in a chiral environment, is a common method for synthesis of chiral
nanoceramics. In this context, individual chiral ceramic NPs from TiOz,[3 7l tungsten oxide
(WO3_) P¥ molybdenum oxide (MoOs x, M00O,), **! and zinc oxide (ZnO) “**! and
Co304*were reported. The atomic organization of ceramic NPs can be affected by chiral
ligands inducing lattice distortion and crystal lattice displacement that may also be referred
sometimes to as “chiral footprint”.'*!! The methods of density functional theory (DFT)
calculations and molecular dynamics (MD) simulations were used to demonstrate the
distortion and displacement and can detected by CD spectroscopy and Raman optical
activity.[ZZb’ ¥ Moreover, the lattice distortions and atomic displacements in the NP cores can
be retained after removing the ligands. In addition, the coupling of the electronic states
from chiral ligands to the surface states of the nanostructures can give rise to chiroptical
bands with intensity comparable to those involving excitonic/plasmonic states in the

. . 2
morganic core.
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2.2 Chiral Assemblies and Soft Templates

{

Most of organic amphiphiles can be assembled into chiral superstructures.*”) This series

P

of superstructures can be used as soft templates in the preparation of helical ceramic
nanomaterials including, SiO,,"*¥ Ta,05,* Ti0,,1*! Zr0,,1*”) and poly(bissilsesquioxane) “*
via the sol-gel transcription approach. Similarly, biomacromolecules, such as peptides and

DNA can serve as templates for realizing chiral ZnO™ and silica structures. °”

Chiral synthesis with sodium cholate (SC) also serves as a representative example of this
method. Because of its amphiphilic character, SC self-assembles into a unique bilayer

1. B ysed

structure through the hydrogen bonding between hydroxyl groups. ! Huang ez a
the SC assembled via coordination with calcium ions, well-defined helical nanoribbons for
creating additional helical Si0, and ZnS by sol-gel process. Methods of chirality transfer
from soft templates often include self-organization ceramic building blocks based on
hydrogen bonding, van der Waals forces, n-n stacking, hydrophobic effect, electrostatic and
Coulomb interactions, and metal coordination.[*'! One of representative examples of chiral
assembly is the preparation of chiral nanostructured silica that proceeds via nanoscale
intermediated-silica nanoparticles with a diameter of 20 to 400 nm depending on the

44. 52 . . o . . . J
%32l arious chiral silicas were synthesized via templating of silica precursors

conditions.
with chiral gelators, anionic and cationic surfactants, block polymers, and biomolecules.

Chiral gelators can be assembled into supramolecular gels with different shapes, followed

Author Manuscri

by chirality transfer to macroscale -gels via condensation of nanoscale intermediates." 2b. 53]

The mirror asymmetry of nanostructured silicas manifests in chiroptical activity of

supramolecular gels.
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Benefiting from the supramolecular assembly of anionic and cationic surfactants, helical
mesoporous silica also entered the field of chiral ceramic nanostructures. [******! For anionic
surfactants, most researchers believe that helical columnar model originated from
a propeller-like micellar conformation.” The chirality could be controlled through the use of
chiral surfactants and dopants to regulate the assembly conditions including temperature and
pH. There remains controversy regarding the driving force for the chiral assembly of chiral
silica with cationic surfactants; therefore, the chiral assembly behavior is worthy of further

investigation.

2.3 Geometry Restricted Synthesis with Hard Templates

Chiral hard templates can be used as a straightforward method for the fabrication of chiral
ceramic oxides. Using thick, thin, and coiled carbon nanofibers as templates, Ueda et al. [56]
prepared helical ZrO,, Al,O3, and Si0O, ceramic fibers. In this process, the templates of
carbon nanofibers were first coated with metal alkoxides by sol-gel polycondensation. The
coated metal alkoxides were further changed into ceramic oxides by hydrolysis, and then the
carbon nanofiber templates were removed by calcination. By casting a thin TiO; layer on
chiral polypyrrole nanotubes (NTs) and carbon NTs, the chiral TiO, NTs with long-range
chiral helical structures were obtained after removing the hard templates. Also, using carbon
nanocoils as templates, helical metal oxide (Al,O3, Si0,, TiO,, HfO,, and ZnAl,0O4) NTs
were realized by atomic layer deposition technology.”” Chiral nematic nanocrystalline
cellulose (NCC) films also play important role in synthesizing chiral ceramic oxides.
MacLachlan first preserved the chiral nematic phase of nanocrystalline cellulose film by the

air-drying method.” Using a hard template, the free-standing mesoporous silica films with

This article is protected by copyright. All rights reserved.
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long-range chiral nematic ordering were presented. Wang et al.> prepared the chiral nematic
Eu’"-doped ZrO, mesoporous films with Eu*"-doped ZrO, by using nanocrystalline
cellulose-templated chiral nematic mesoporous SiO, film as a template. The ability to
efficiently remove the template and maintain acquired handedness remains a challenge and

the focus of template-guided fabrication of chiral ceramic nanostructures.

2.4 Vapor Deposition

The process of vapor deposition, including chemical vapor deposition (CVD) and physical
vapor deposition (PVD), has traditionally been the most common and direct method for
creating chiral carbon nanomaterials, such as helical carbon nanotubes (CNTs), nanocoils,
fibers, etc. Vapor deposition technology is also suitable for the growth of chiral ceramic

solids.

As such, Wang and co-workers'®” prepared the helical ZnO nanohelices, nanosprings, and
nanospirals in a solid-vapor growth process (Figure 1 a-d). It was proposed that the
formation of helices was thermodynamically and kinetically favored because the neighboring
faces can achieve charge-neutrality and the neighboring loop can assist the growth of the
crystal at its termini in a helix. Based on the solid-vapor growth method, such an electrostatic
mechanism in the solid-vapor growth process, various helical and spring structured SiO,,!°"!
Sn0,,1! Cu0,*! Ag, V4,011, 1Y Ag; , V304, Na, TiO013,1°! K, TigO13,°7 etc., micro- or

nanoceramic materials were prepared. Note however, that in these studies and many other

studies in this section, the structures are obviously chiral, but the product is racemic. Both
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left- and right- helices and twisted ribbons are present there in equal amounts that precludes

{

many albeit not all, practical applications of chiral structures.

P

Bae et al. [68]synthesized ZnGa04/ZnSe nanovines and ZnGa,04 nanosprings by thermal
evaporation using ZnSe nanowires (NWs). The lattice matching with the ZnSe NWs
determined the growth direction of the helical ZnGa,04 NWs. Subsequently, by means of
electron tomography and high-resolution transmission electron microscopy (HRTEM), Kim
et al. ) found that the ZnGa,O4 nanosprings have four equivalent (011) growth directions.
The zigzagged Zn,SnO4 NWs consisted of linked rhombohedrons having the side edges

matched to the (110) direction and the (111) axial direction (Figure 1e and 1f).

2.5 Glancing Angle Deposition

Beside the wurtzite structural ceramic oxides, the universal way to control crystal growth
with integrating glancing angle deposition (GLAD) in PVD process provided the solution and
aroused researchers’ interests.  For this technique, the specific enantiomer of the chiral
ceramic nanostructures can be obtained by variong the direction of the substrate rotation

(Figure 2a).l""

Robbie ez al. 'Y first used GLAD to prepare porous films with helical columns of MgF,
onto glass substrates. The helical columns of MgF, had 15 turns and a helical pitch of

~350 nm."""! Using the same method, they also prepared sculptured helical SiO and CaF

Author Manuscr

films.'”! Adatom diffusion and atomic shadowing are the dominant growth mechanisms of

GLAD. By taking advantage of macroscopic shadowing, spatially graded, helical
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nanostructured TiO, thin films were prepared by Brett e al.l’*) The number of turns and

pitches increased by the increase of deposition angles that ranged from 60 to 80°.

GLAD is widely adaptable to a variety of the synthesis spiral or helical metal oxide
ceramic materials, such as TiO, (Figure 2b),[73 1'Sio, (Figure 2c),[74] ZrO,(Figure 2d),[75]
WOs(Figure 2¢),"®! HfO, (Figure 2f),/’” AIN (Figure 2g),."®! Ta,05,l"! etc. Recently,
GLAD technology has been used in the preparation of hybrid ceramic materials and

L. [So]designed a Ti0O,-Si0; core-shell nanostructure using

heterostructure materials. Chueh ef a
GLAD. The TiO; helical nanostructures were first grown on a Cu(In,Ga)Se, device by the
GLAD technique at an a of 80°, onto which a layer of SiO, was deposited (~3.5 nm thick)
using the Stober method (Figure 21). Karahan and Amine obtained their Si-Mo-O helices
by the ion-assisted glancing angle electron beam co-evaporation of molybdenum oxide and

silicon (Figure 2h).BY With the help of magnetron sputtering, highly porous SnO; and

Pd-SnO, films with different geometries were reported by Chundak et al.™*

2.6 Hydrothermal and Solvothermal Methods

The term “hydrothermal process” was initially used in geology as a term to describe the
natural process of water in the crust under the combined action of temperature and pressure.
Today, hydrothermal and solvothermal methods have become an essential method of
inorganic crystal synthetic chemistry. Perez-Pariente er al. '*¥ first prepared the beta zeolite

from Na,OTEA,0O-Al,03-S10,-H,0 gel by the hydrothermal method and studied the

[84] [85];

crystallization mechanism. Newsam et al. " and Higgins et al. *"independently determined

the structure of zeolite beta and found that it is an intergrown hybrid of chiral polymorph A

This article is protected by copyright. All rights reserved.
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(P 4122 or P 4322) and achiral polymorph B (C»/c).'* Toward chiral polyoxometalates, Xu
et al. ¥V synthesized [NH3(CH,),NH,(CH,),NH;],[MosO30] at 170 °C via hydrothermal
techniques with polyamine. Inside the structures of the polymolybdate hybrid of
[NH;3(CH;),NH,(CH,),NHj3]2[Mo09Os3¢], there are two symmetrically related helices with
left-handed and right-handed enantiomorphs twisted in the centrosymmetric solid. In the
formation process, the protonated amine NH3(CH,),NH,(CH,),NH;]*" served as a charge
compensation and structure-directing agent. ~ With a deepened fundamental understanding
of the crystallization for zeolite and polyoxometalate, structure-directing agents were

considered to be very important for synthesizing final chiral structures.

Hydrothermal and solvothermal methods are also considered to be a convenient approach
for synthesizing metal oxides. They provide a conversion pathway from chiral metal-organic
assemblies to chiral metal oxide nanostructures. Duan ef al. **) reported the
surfactant-mediated hydrothermal synthesis of well-defined, peony-like chiral CuO
nanoflowers in the presence of symmetry-breakers, (S)-(-)- or

(R)-(+)-2-amino-3-phenyl-1-propanol (S)-(-)- or (R)-(+)-APP).

2.7 Screw-Dislocation-Driven Growth

As always with chiral molecular and nanoscale structures, it is not only necessary to grow
chiral ceramic nanostructures, but also to break the symmetry in some way. Reviewing the
classical Burton-Cabrera-Frank (BCF) theory for crystal growth, there are three dominant
growth modes; dislocation-driven growth, layer-by-layer growth, and dendritic growth

according to the driving force of supersaturation.’™’ The dislocation-driven growth

This article is protected by copyright. All rights reserved.



Author Manuscript

mechanism could be favored by intentional exploitation of low supersaturation conditions to
allow the rational synthesis of 1D nanomaterials. The screw dislocation defects can provide

self-perpetuating growth steps and break the symmetry of crystal growth.*'™

In this respect, screw-dislocation-driven (SDD) growth method invoked a lot of interest
in the preparation of chiral ceramic nanostructures with different dimensional morphologies.
Screw dislocations have been shown to drive the growth of NWs, nanorods (NRs), and NTs
(Figure 3a). Morin ef al. " used SDD to grow 1D ZnO NWs and NTs from solution and
explained the driving forces behind the formation of hollow tubes. The chirality is commonly
caused by the elastic strain of the axial screw dislocation, which produces a corresponding
Eshelby twist in the NW and NT. The Jin group synthesized Cu,O NWs and NTs by reducing
the cupric ions with various sugars. The growth of Cu,O NWs and NTs has been
demonstrated to be driven by screw dislocation resulting in the Eshelby twist.”'! Recently,
Morin et al. "*! also studied the SDD growth of zinc hydroxy sulfate (ZHS). It was the first
time that screw dislocations expanded to 2D ZHS nanoplates. The majority of ZHS
nanoplates are hexagonal in shape with single or multiple dislocations with different
handedness, and the cores located at the very center of the nanoplates (Figure 3b-e). The
growth of 2D nanoplates of a-Co(OH), and Ni(OH), can also follow the dislocation-driven
growth mechanism. As pointed out in Figure 3f, a model based on the differences between
the velocities of steps at the core (V.) and the outer edges of the dislocation hillocks (V)
explained why or how one type of defect could lead to different morphologies.'”” In addition

to synthetic routes of hydrolysis and solution redox, the routes of vapor deposition and
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thermal nitridation with dislocation-driven growth mechanism are also suitable for growing

chiral ceramic structures./®% %]

2.8 Chiral Biomineralization

Chiral biomineralized structures are commonly found in the natural world where
organisms control the crystallization behavior of the inorganic minerals at the nanometer
scale. Biomineralization processes are convenient in preparation of chiral ceramic
nanostructures because they allow facile transfer of the molecular scale chirality from organic
molecules to inorganic materials. Based on the process of biomimetic mineralization that is
applicable to metals, semiconductor, and ceramic materials equally, *¥ researchers have
performed numerous trials to biomimetically synthesize chiral ceramics. As early as 2001,
Orme et al. ¥ found that the chiral amino acid, aspartic acid (Asp), can break the intrinsic
symmetrical structure of a single calcium carbonate (calcite) crystal and endow it with a
chiral shape. Observation of the behaviors of a series of chiral carboxylic acids (Asp, malic
acid, and tartaric acid) on growing calcite crystals to obtain chiral morphologies, Kulp and
Switzer ! found the chiral sites that originated from chiral carboxylic acids have a critical

impact on the final spiral orientation of calcite crystals.

In addition to amino acids, other biomolecules can induce chiral shapes in ceramic crystals.
The helical fibrous calcite crystals with a chiral, twined spiral morphology were presented by
Yamamoto and co-workers.”® The directions of the helical fibrous CaCOs crystals were
dependent on the chirality of the phosphoserine copolypeptides Ser(P)*Asp’. Jiang et al.®’”

found that the chiral acidic amino acids, Asp and glutamic acid, can change calcium
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carbonate phase formation in growth solution from calcite to vaterite (Figure 4a and b). With
addition of Asp and glutamic acid (Glu), the predominantly vaterite was induced with highly
complex supra structures and showed chiral orientations (Figure 4c-h). They proposed a
growth model for the chiral calcium carbonate helicoids in terms of geometric orientations
and relationships of vateritic NP subunits. In the model, the binding of the enantiomeric
amino acid on the NP surfaces causes a change in their alignment with a tilt of —4° or +4°
between neighboring prisms, and then generates platelet-edge curvature after amplification
(Figure 4i).”" To understand the chiral switching in biomineral superstructures induced by
homochiral /-amino acid, they subsequently found the chirality switching of calcium
carbonate vaterite helicoid superstructures with /-Asp and proposed a precise, four-steps

chiral switch mechanism.”®

3. Versatile Chemistry of Chiral Ceramic Nanostructures

Structural control over chemical composition of chiral ceramic nanostructures is needed
for optimizing chiroptical properties, asymmetric catalysis, chiral recognition, separation, etc.
Here, we shall briefly summarize typical chiral ceramic structural nanomaterials, including
different chiral ceramic oxides, chiral polyoxometalates, and chiral zeolites. The emphasis
will be made on the analyses of the mechanisms of chirality transfer which is critical for the

future design of chiral ceramic materials.

3.1 Ceramic Oxides
Different ceramic oxides show different colors. From ancient times to the present, ceramic

oxide, commonly used for ceramic glazes deposited on pottery, bring about a colorful world.
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In fact, almost all ceramic oxides can be chiral under some synthetic conditions. Naturally,
different chiral ceramic oxides also produce different chiral structures and reveal related

chemical, physical and biological properties. Based on the current development of the field of

NUSCI

chiral ceramic oxides, we shall discuss the conventional chiral non-metal (silica) and metal
oxide ceramic materials (zinc oxide, titanium oxide, cobalt oxide, tungsten, and molybdenum

oxides).

3.1.1 Silicon Dioxide (SiO;)
Since Mobil first reported the mesoporous MCM-41 (Mobil Composition of Matter No.
41), hierarchical mesoporous silicas have attracted much attention owing to their uniform

[20d, 99

pore sizes, large specific surface areas, easy modification, etc. I Chiral mesoporous silica

contains a large number of chiral pores, which give rise to its selectivity and

enantioselectivity, and is expected to be used in asymmetric catalysis.[**

Chiral silica nanostructures, with different chiral structures and functionalities, constantly
emerged through the design of various templates (gelators, surfactants, block polymers, and
biomacromolecules), control of the reaction parameters, and so on. As early as 1998, Shinkai

et al.l'%

accidentally discovered helical silica NTs while synthesizing silica materials using
cholesterol-based organogelators as templates. The electrostatic interaction between anionic

tetraethoxysilane (TEOS) oligomers and cationic cholesterol derivatives was proposed as the

Author Ma

[191lysed sugar-based gelators,

formation mechanism of tubular silica structure. Shimizu et al.
including double-helical fibers, to create templated double-helical silica NTs via

transcription. They proposed a self-assembling model of the gelators; in this mode, gelators 1
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and 2 formed a gel comprised of bi-layered chiral fiber, which developed through

12l5tudied

intermolecular hydrogen-bonding and m-7 stacking (Figure 5a and b). Oda et al. |
the gelation assembly behaviors of the gemini surfactants cetyltrimethylammonium ions
(C2H4-1,2-((CH3),N"C6H33)2, CTA) with various counterions and found that the
morphologies of the assembled aggregates was mainly determined by the covalent
connections between the charged head groups as well as chiral centers in the counterions.
Therefrom, the double helical silica fibrils were developed by sol-gel transcription of chiral
aggregates of CTA with tartrate. 520 The gelators assemblies of CTA with tartrate showed
diverse chiral nanometric ribbons and tubules at different scales from nanometers to
micrometers(Figure 5d). !'%! Oda et al. !'®'continuously found that the morphology of the
silica helical nanostructures could be tuned by controlling parameters including temperature,
concentration of reactants and aging times (Figure Se). Afterwards, more and more gelator

templates were developed and used for the preparation of chiral nanostructures.'*"

The use of surfactants opened the door for new routes to chiral mesoporous silica and its
advanced applications. In 2004, Che and co-workers obtained chiral mesoporous silica with
hexagonally ordered chiral channels based on co-assembly of chiral anionic surfactants and
silica precursors.[SZd] From TEM images, two different fringes can be observed in this chiral
mesoporous silica and subsequently became a necessary proof of chiral channels (Figure
5d-g). Helical nanostructured silica could also be assembled from achiral anionic surfactants.

For example, Che et al. '™

presented the chiral mesoporous silica NTs with helical channels
by using achiral surfactant sodium dodecyl sulfate (SDS) and TMAPS as a template and

co-structure-directing agent, respectively. In fact, the introduction of chiral dopants not only
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but also was responsible for the enantiomeric excess of the products.

led to the change in structure from chiral mesoporous rods to chiral mesoporous hollow NTs

[106]

Regarding the formation mechanism for chiral mesoporous silica templated by anionic
surfactants, most researchers generally recognize the propeller micelle model (Figure
5¢).l'""In the formation process, the internal conformational transformation of template
molecules is more important than morphological transformation. Actually, cationic
surfactants can also be used for preparing chiral mesoporous silica, and their use was
discovered before the use of anionic surfactants. A great deal of work has been published on
chiral mesoporous silica including helix fibers and helix rods assembled from CTAB cationic
surfactant. The co-use of different surfactants could also realize the construction of chiral

[198] hrepared different chiral mesoporous silica fibers with

mesoporous silica. Lin ef al.
single-, double-, triple- and multi-helices by using ternary surfactant of alkyl
trimethylammonium-dodecyl sulfate-Pluronic 123 (C,TMAB-SDS-P;,3 (n = 14—-18)).
Different from the anionic surfactants, the formation mechanism based on CTAB cationic

surfactant still in dispute. Various models and theories, including “entropy-driven” model,” 4]

11
101 gurface free

topological defects,!'* “ice-like” water mode based on “entropy-driven”,
energy reduction and energetic competition model, !''etc., were proposed in order to
understand the origin of chirality in helical mesostructured silica. Of course, biomolecules are
mostly highly adaptable and ordered. Using the tetramer of folic acid as a template, Atluri et
al."?lpresented the ordered mesoporous silicas (gyroid, chiral elongated, and spherical

particles) with chiral hexagonal pore structures. Similarly to manychiral nanostructures from

metal and semiconductors,"'” Liu et al. ''*) employed DNA as a template and obtained
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enantiomeric impeller-like helical DNA-silica complexes. They found that the handedness
of impeller-like helical DNA-silica complexes could be tuned by adjusting the temperature,
pH, and the molar ratio of the quaternary ammonium phosphate group based on the
interaction strength between the quaternary ammonium group of TMAPS and the phosphate
of DNA (Figure Sh-j). In order to achieve chirality transfer at the supramolecular level, Qiu
et al.M"¥successfully demonstrated the chiral imprinting of chiral mesoporous silica is based
on the chiral arrangement of poly(propiolic acid) sodium salt and tetraphenylporphine

tetrasulfonic acid on quaternized chiral mesoporous silica through electrostatic interaction.

Despite the advancement of chiral ceramic nanostructures from silica, it remains a

challenge to control their chiral geometry and the synthesis of specific desirable enantiomer

[115]

instead of the randomly assembled structures. Increasing stirring rate ™ and reducing the

54b]

concentration of ammonia solution will shorten the length of chiral silicas,””*! while

increasing the diameter and pitch. The pitch could also be increased with the ratio of alcohol
to water.!''") The length of the organic carbon chain commonly determined the final length of

J 11 . . . . N .
silicas.!"'”! Factors including aging time, silicon precursors, ratio of co-surfactant to

[52¢] [108]

surfactant, acid-base ratio,”*) catalyst concentration,!'® reaction temperature,!''™ additive

[106]

type, and dosage," ' all affected the morphologies and structures of chiral silicas.

Toward chirality control, the transcription of chiral templates plays a key role in
achieving the transition of chirality from the molecular level to mesoscopic level. For
gelator-templated synthesis, the chirality is consistent with gelators, although it is difficult to

get yields of pure enantiomers. Although the stereostructure of the template molecules,
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system temperature, acidity and alkalinity, and chiral dopant all affected the enantiomeric
purity, high enantiomer excess and achieving homochiral silicas will remain a most

challenging topic in the future.

3.1.2 Titanium Dioxide (TiO,)

To some extent, the development of chiral TiO, has been influenced by chiral silica
nanostructures. Like SiO,, TiO; can also be produced from pyrolysis. The Shinkai group first
used neutral dibenzo-30-crown-10-appended cholesterol gelator as a template to prepare
helical TiO, ribbons and double-layered TiO, NTs followed by the studies of the Gun’ko and
Kessler groups when they made TiO, NPs in presence of chiral surface ligand.!''”’  This
mechanism is almost the same as that for cholesterol-based on gelator-templated chiral
silicas. The metastable intermediate structures (linear ribbon, helical ribbon, and tubule)

dominate the final chiral TiO, nanostructures.

More importantly, TiO; is a photosensitive material widely used in photocatalysis and
solar cells. Anatase TiO, shows strong ultraviolet absorption in the range of wavelengths
from 200 to 400 nm. For chiral TiO, with helical geometry, the optical chirality induced at
the absorption bands is ubiquitous, owing to the electronic exciton coupling. To address the
problem of the interaction in chiral transcription that originated from high hydrolysis rates of
conventional TiO; sources, Che group used a titanium diisopropoxide bis(acetylacetonate)
(TDA) to exploit the interaction between titanium species and a helical template of
N-acyl-/-glutamic acid (C,-/-Glu) amphiphile fibers, and finally obtained double-helical TiO,

120

nanofibers (L-TiO,-cal and R-TiO,-cal) after calcination (Figure 6a-c). (1201 The chirality of
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helical TiO; nanofibers was controlled by selectively using the lipid enantiomers, C,-/-Glu or
1~d-Glu. As seen in Figure 6d, the chiral lipid-TiO; hybrid (L-TiO;-as and R-Ti0O,-as)
exhibited obvious strong mirror-image CD signals with a UV peak at ~335 nm (Figure 6d).
After calcination, the slight bathochromic shift indicates helical stacking of TiO,
nanocrystals. Chiral TiO, nanofibers can, therefore, selectively reflect left- or right-handed
circularly polarized light (CPL) in the UV absorption region. No exciton coupling was
spectroscopically observed, which was associated with an overlapping manifold of electronic

transitions. ['2!

As mentioned above, owing to the high hydrolysis rates of conventional TiO, sources,
successful preparation of chiral TiO, structures templated from a chiral soft template is rare.
In contrast, the hard templates such as carbon nanofibers, carbon nanocoils, helical Si0,, and
chiral nematic nanocrystalline cellulose (NCC), etc. Recently, chiral TiO; nanofibers were
prepared through the use of chiral polypyrrole NT (CPPyN) and chiral CNT (CCN) as hard
templates. Chiral TiO, nanofibers exhibited the long-range chiral helical structure with the
rotational misplaced arrangement anatase phase TiO; nanocrystals after the templates were
removed. Chiral organization of TiO, nanocrystals gives rise to the electron transition-based
optical activity, in other words, the chiral TiO, nanofibers could selectively reflect left- and

right-handed circularly polarized light.

Chiral Ti0O; nanostructures have bright prospects for non-linear optics applications when

[121 [122]

made with enantioselective fashion.!'*") MacLachlan et al. created chiral mesoporous

Ti0; films with long-range nematic ordering by the use of a template of chiral nematic
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mesoporous silica templated from lyotropic chiral NCC. The chiral mesoporous TiO, films
can selectively reflect left- and right-handed CPL owing to the chiral nematic organization of
the titania crystallites. Besides the template-guided fabrication, Brett and co-workers created
a spatially graded transparent helical TiO, nanostructured film by virtue of GLAD
technology. By changing the deposition angle, the circular birefringence of helical TiO;
nanostructured film could be changed by introducing turns into the helical columnar
structure. Most importantly, the graded helical TiO, nanostructured film shows polarization
and frequency selectivity. By varying the spatial position of the incident light, the graded
pitch inside of the film allows for frequency tuning. The helical structure brings strong
polarization selectivity over a spatial range of 30 mm, together with tunability from the
wavelength of 620 to 690 nm."*! We have reason to believe chiral TiO, nanostructured
films, as tunable circular polarizers, will find its place in photonic, spectral analysis, and

. . 124
sensing devices.!'**!

3.1.3 Zinc oxide (ZnO)
As an important and promising semiconductor, ZnO has been widely used in
optoelectronic and piezoelectric fields. In 2001, by controlling the nucleation and growth

1.1 prepared large arrays of oriented helical ZnO NRs and

with citrate ions, Liu et a
columns. During the process of ZnO growth, the citrate ions could strongly bond with Zn**

ions through coordination, and then significantly inhibit the growth of the (002) surfaces of

Zn0.

This article is protected by copyright. All rights reserved.



pt

Author Manuscr

126 reported in 2004 the controlled synthesis of single-crystal ZnO nanorings.

Wang et al. |
Subsequently, the same group prepared the helical structure of ZnO with a solid-vapor
growth process, using temperature to control growth kinetics (Figure 7a and b).!% As
a wurtzite hexagonal ceramic oxide, ZnO, grown along the ¢ axis, has two high energy polar
surfaces, namely, the positively charged [0001]-Zn and negatively charged [0001]-O surfaces
(Figure 7c and d).1°" Because of this characteristic, the high energy polar surfaces induced
a normal dipole moment and spontaneous polarization along the c-axis, as well as a
divergence in surface energy. During the ZnO growth process, the spontaneous polarization
and dipole moment induced electrostatic energy when the surface charges went
uncompensated. To reduce the electrostatic energy, the ZnO nanobelt tends to roll up, which
minimizes or neutralizes the overall dipole moment. If the nanobelt is rolled uniradially, or
loop-by-loop, the repulsive force between the charged surfaces stretches the nanohelix.
Meanwhile, the elastic deformation force also pulls at the loops of the ZnO nanobelt. These
mechanisms allow ZnO to grow into a group of chiral shaped nanohelices, nanosprings, and

nanospirals (Figure 7e-h).['*” In summary, the balance of electrostatic interaction and the

elastic deformation is the main reason for the final morphology of helical ZnO nanobelts.

A large number of synthesized helical ZnO nanostructures were formed by taking

advantage of different zinc precursors made by the thermal evaporation method. With the

7 28]

help of Sb-induced thermal evaporation, Zhang et a prepared the super-uniform helical

Zn0O, which has an axial direction of [0001], a perfect hexagonal cross-section, and length of

[129]

tens of micrometers. Yu et al. also obtained the helix-like ZnO nanostructure by thermal

evaporation of zinc sulfide powder at 1020 °C. Until now, the application of chiral ZnO
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nanostructures were mainly focused on their mechanical properties, piezoelectricity, and
polarization-induced ferroelectricity.!'>” The helical ZnO nanobelt has been demonstrated to
be highly elastic. However, the elasticity and piezoelectricity of chiral ZnO NTs is still in the

theoretical research stage.!*")

Although great progress has been made in the fabrication of ZnO helical structures, there is
still a lack of studies on chiral ZnO NPs and homochiral ZnO nanostructures. Very recently,
Wei et al. "*Hreported chiral ZnO NPs with ZnO cores capped with a chiral ligand of
[-cysteine via an in-situ functionalization. From the CD spectra, the minor peak at 324 nm
demonstrated that the asymmetric structure of the ZnO core is induced by the /-cysteine chiral
ligand. Because of their fluorescence quenching effect, the chiral ZnO NPs were used as

probes for dopamine detection.

3.1.4 Copper Oxide (CuO)
The investigation of chiral CuO needs to start from the chiral CuO film first reported by

. 1
Switzer and co-workers.!*?

J The chiral CuO film was electrodeposited on a high-symmetry
achiral surface of cubic Au (001) in the presence of tartrate ions. Like biomineralization, the
chirality of the deposited CuO film can also be determined by chirality of the tartrate ions.
The chiral CuO films deposited from Cu(II)(S,S)-tartrate and Cu(II)(R, R)-tartrate solutions
show the [111] and [111] orientations, respectively. Notably, the chiral (S)-CuO film
deposited from (S,S)-tartrate is more active for oxidizing (S,S)-tartrate and the (R)-CuO film

[134

is prone to the oxidation of the (R,R)-tartrate. Widmer ez al. "**! further investigated chiral

CuO films and established the [111] and [111] orientations. Moreover, the [111] and [111]
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orientations are non-superimposable mirror images and the [111] and [111] faces are

{

enantiomorphs without a center of symmetry. Switzer ez al. !'*¥ also reported the epitaxial

P

films of monoclinic CuO on single-crystal Cu (111). Notably, different from Au, the achiral
Cu substrates are easily broken by the adsorption of chiral molecules with exposed chiral

[135

channels through the assembly.!'*”) The epitaxial electrodeposition is expected to be used

increasingly in the synthesis of chiral ceramic oxide films.

Another compelling work on chiral CuO nanostructures involves CuO flower-like
superstructures.’®® They reported the surfactant-mediated hydrothermal synthesis of chiral
CuO assemblies in the presence of “symmetry-breakers” (S)-(-)- and
(R)-(+)-2-amino-3-phenyl-1-propanol ((S)-(-)- and (R)-(+)-APP). During this process, the
cupric ions (Cu”") served as a bridge, which linked the SDS and APP through electrostatic
interaction and coordination bonding chelation, respectively (Figure 8a). The CuO shows 3D
mesoscale structures assembled from many densely arranged nanoflakes grown from the
singular center. The fan-shaped arrangement of nanoflakes rotated clockwise or
counterclockwise (Figure 8b-g). The CD spectra of the chiral CuO assemblies exhibited a
weak peak at ~240 nm, a strong peak at ~360 nm, and shoulders at ~550 and ~750 nm,
which could be attributed to the helical stacking of the CuO NPs in close proximity (Figure
8h). Subsequently, the Chi group also deposited chiral CuO assemblies of nanoflakes on an

activated quartz substrate and found that as-prepared chiral CuO films exhibit dual optical

Author Manuscri

activities based on the electron transition absorption and reflection due to the hierarchical

chirality.
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3.1.5 Tungsten (WO3) and molybdenum oxides (MoQj3)

Tungsten and molybdenum oxides represent some of the most interesting materials
used for the production of chiral nanostructures because of their strong optical and
catalytic activity. Due to strong delocalization of charge carriers they can be have very
strong chiroptical activity competing with that from semiconductor and metal chiral NPs.
The chiral WO;_ NPs, with an average size of 1.6 £ 0.5 nm (Figure 9a), were prepared
through surface functionalization of tungsten oxide hydrate (WO;3_x-H,O) using /- and
d-enantiomers of Asp and proline (Pro). MD simulations revealed that the tungsten oxide
lattice could be distorted by the incorporation of /- or d-Asp. The chiral WO;_x NPs capped
with /- and d-Asp showed chiroptical activity over the entire spectral range of 200—1100 nm
(Figure 9b). More importantly, the double-point binding of Asp to the tungsten oxide core
with one additional C-O-W linkage brings NPs stronger distortion and CD signals than the

single-point binding of Pro.”"

Based on the research of chiral tungsten oxide (WOj3.), Li et al. ®*! presented novel chiral
cysteine-capped molybdenum oxide (MoO;-5) NPs and MoO, NPs with tunable absorption
properties. The UV-Vis absorption spectra reveal that the surface plasmonic peak and the
metal-to-ligand charge-transfer (MLCT) peak could be tuned by altering the feed amounts of
[- or d-cysteine ligands (Figure 9d). The MoO;-, NPs exhibit an energetic NIR absorption
band induced by a surface plasmonic effect at ~823 nm. Increasing the amount of /-

or d-cysteine, the intensity of the plasmonic band decreases along with the appearance of a
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weak absorption shoulder in the visible region. The transfer from plasmonic to MLCT band is
attributed to the lower valence state of Mo in the NPs reduced by ligands. When the MoO3
NPs were totally reduced to MoO, NPs, the plasmonic band disappeared entirely and was
replaced by the influential MLCT band. More importantly, the chiral MoO, NPs show a
prominent CD response with an ultrahigh g-factor value of ~7 x 10™ in the visible region

owing to the strong Mo-S bond (Figure 9c).

3.2 Polyoxometalates (POMs)

A POM is a polyatomic ion, usually an anion that consists of three or more transition metal
oxyanions linked together by shared oxygen atoms to form closed 3D frameworks. Chiral
POM-based ceramic frameworks generated tremendous and continuous research owing to

their potential applications in asymmetric catalysis, chiral separations, etc.!'**

POMs with intrinsic chirality are rare, and most POM clusters are centro-symmetrical. It
remains a challenging task to introduce chirality to POM-based materials. POMs are
comprised of transition metals in high oxidation states (mainly V", Mo"", or W"') and oxo

ligands.!"*"!

Structurally, researchers tried to break the symmetry based on metal atoms and
oxo ligands. Removing metal atoms in POM structures or replacing them with heterometals
or other atoms can be used for preparing chiral POMs. Similarly, oxo ligand substitution with
M(CO); complexes (M = Mn or Re) or other organic groups is also a way to create mirror

image asymmetry in POMs.['**]

In comparison, it is easy to prepare chiral POMs by incorporating them with chiral organic
ligands or chiral ligand-metal complexes into POM frameworks. Yamase et al. *% first
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found that the chiral lysine ligand could be coordinated to octamolybdate anions via
carboxylate-O atoms at the vacant sites. lijima et al. """ obtained a chiral sandwich-type
[Ln(0p-PaW17061),]' (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, and Y) crystalline
solid (Figure 10a) assembled from polyoxotungstates and chiral Pro through electrostatic
interaction and packing effects (Figure 10b). They found that the competitive enantiomeric
interactions between the /-/d-Pro and /-/d-polyanions could regulate the racemization of

POMs.

Theoretically, the approach of covalently bonding chiral ligands to POM anions is more
conducive for transferring chirality to the entire POM framework. For instance, Cronin and
co-workers reported chirality introduction through covalently bonded amino acids and
peptides to Anderson-type polyoxomolybdates.!'*"! Very recently, through condensation of
I-leucine methyl ester and Lindqvist-type hexavanadate, Wu et al. '**!  reported a chiral
POM hybrid and found the different enantiomers of supramolecular assemblies. Besides,
chiral ligand-metal complexes can act as a “bridge” for chiral transfer. Wang et al. !'*!
employed the copper-Pro complex as a chirality director, and also prepared a chiral
POM-based framework with homochiral intertwined double helices based on a Keggin
cluster [BW, 2040]5'. The CD spectra revealed the chirality transfer from the chiral Pro ligand
to the copper-Pro complexes and, finally, to the POM-based framework through noncovalent

1.1 also prepared enantiomerically pure,

bonding in the copper-Pro complexes. Fang et a
high- dimensional polytungstate frameworks with lacunary [P,W, 5056]12' ions assembled

with chiral zirconium-tartrate coordination complex. Achiral ligands can also induce chirality

to the whole POM frameworks with rational assembly. Conversely, the mechanism of
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chirality transfer mostly associated with the steric effect and conformation change. Wang et
al. " found that the Cu” ions could link the achiral ligand of 1,1’~(1,4-butanediol)
bis(imidazole), (bbi), with different conformations and generate chiral chains
conformationally. Precisely two enantiomerically chiral [Cu"Cu'2(bbi),V0O26]. architectures
have been prepared. The [V19Ox]" polyoxoanions are linked by two Cu" ions via covalent

bonding and two Cu' ions through Cu-O interactions.

Additionally, the co-assembly of different POMs is also a common method used to form
chiral POMs. Wei et al. "*®! obtained the enantiopure chiral POM NRs,
[Mos0sNC(OCH,)sMMogO5(OCH,);CNMogO 5]~ (M = Mn™ or Fe™), which are
noncovalently assembled from two different achiral Lindqvist-types and Anderson-type
POMs (Figure 10¢). The obtained chiral POM NRs showed ferroelectric and non-linear
optical properties. Structurally, the bulky and heavy POMs hindered the free rotation of the

C-N bond, which might be the origin of chirality.

In the past few decades, a series of helical organic-inorganic hybrids based on POM
anions have been reported. Yang et al. '*7) etetetobtained three chiral POM-organic
frameworks from the chiral assembly of achiral species by employing [NigPWo(H,0)e
(Nig=[Nig(p3-OH);L,]]”", PWo= B-0-[PW034]"and L=ethylenediamine or
1,2-diaminopropane) as secondary building units connected via rigid carboxylate linkers. The
symmetry-breaking strategy is also known as an efficient way for the chiral assembly of
POMs. Cronin’s group reported a chiral polythioanion ring compound of

KH[NMe4]2[(M02S,03)4(OH)s(M0,05)(C404)]- 10H,0 assembled from achiral
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[MOZSQOZ(H20)6]2+ fragments and [Mo,0s] units. The appended [Mo0,0s] units acted as a

11481 Subsequently, they reported the

“symmetry breaker” and broke the planarity of the ring.
stereoselective synthesis of a series of large chiral Mo Blue (MB) POM clusters by using

lanthanides as “symmetry breakers” and different amino acids as chiral ligands (Figure

10d).['*!

3.3 Zeolites

Zeolites are crystalline microporous materials comprised of silicon, aluminum, and
oxygen that form a corner-sharing tetrahedra framework. The unique porous structure of
zeolites allows them to accommodate a wide variety of cations, such as Na', K', Ca*", Mg2+’
and others.!">” Because the pores of zeolites are about the same size as small molecules,

zeolites are particularly well-suited for selective catalysis based on size and shape.

Perez-Pariente ef al. '™ prepared the first zeolite beta from Na,OTEA,0-AL,O3-SiO,-H,0
gel through the use of a hydrothermal method and studied the crystallization mechanism.
Following this discovery, chiral zeolite research experienced tremendous development and
their potential in enantioselective sorption, separation, and catalysis soon became apparent.

Through a hydrothermal reaction, Soghomonian et al. "

prepared an inorganic double
helix chiral vanadium phosphate, [(CH3),NH,]K4[V10010(H20)2(OH)4(PO4);]-4H,0, which

contains chiral double helices formed from interpenetrating spirals of vanadium oxo

Author Manuscript

j 152

pentamers bonded together by P°". Sun et a Jobtained a germanosilicate mesoporous

chiral zeolite with extra-large 30-ring windows following a crystallization process carried out
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at 175 °C. This material has a very open framework consisting of one unique cage [4°6'] and

two unique double 4-rings [4°]; both are recurring motifs in zeolites (Figure 11b-d).

Among the currently known eight kinds of inherent chiral structures, including *BEA,
CZP, GOO, -ITV, JRY, LTJ, OSO and STW, zeolite beta was the first chiral zeolite
framework to be discovered and garnered the most research.!'>* Zeolite beta is considered to
be one of the most complex ceramic materials known. Briefly, there are three polymorphs -A,
-B, and -C, which intergrowth in zeolite beta (Figure 11a). Polymorph-Cy, -D, and -E can be
regarded as an ordered intergrowth by two of these three polymorphs (A, B, and C). Most of

the synthetic zeolite betas only have two polymorphs (polymorph-A and -B). 1b, 154]

As previously mentioned, polymorph A is chiral in the structures of zeolite. Synthesizing
pure polymorph A is very challenging and hard to succeed. Davis and Lobo created a chiral
zeolite beta by the introduction of chiral organic molecules to template polymorph A, 1]
Although there was not enough evidence to demonstrate the existence of pure polymorph A,
the idea of using organic template molecules to control the synthesis of polymorph A is very
significant in for the field of synthetic chiral zeolites. Over the next two decades, numerous
different chiral and achiral organic structure-directing agents were used to synthesize chiral
polymorph A-enriched zeolite beta. Xu’s group reported a generalized route for the synthesis
of chiral polymorph A-enriched zeolite beta using extremely concentrated fluoride media
with five alkaline structure-directing agents, N, N-dimethyl-2,6-cis-dimethylpiperdinium

hydroxide, N, N, N-trimethylcyclohexanaminium hydroxide, dimethyldiisopropylammonium

hydroxide, N-ethyl-N, N-dimethylcyclohexanaminium hydroxide, and tetraethylammonium
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hydroxide. Consider, as an example, a B-tetracthylammonium hydroxide (TEAOH) crystal

{

seen from a SEM image (Figure 11e)—-the bulk samples are uniform without impurities.

P

HRTEM image for TEAOH with marked 12-MR channels revealed the dominance of

polymorph A (Figure 11f).l"*"

By controlling the HF concentration (HF/OSDA>1.0), Zhang et al.!">” subsequently
prepared a chiral polymorph-A enriched zeolite beta (55-65% A) in a high HF-concentrated
medium with a variety of achiral OSDAs, including N-isobutyl-N-methylpyrrolidinium
hydroxide, N-isopropyl-N-methylpyrrolidinium hydroxide,

1. "¥lgpeculated that, for this

and N-isopentyl-N-methylpyrrolidinium hydroxide. Lu et a
reaction, the slow nucleation rate caused by the acidic medium might be an essential reason

for the enrichment of chiral polymorph-A in zeolite beta.

In general, increasing the proportion of polymorph-A or enantiomerically pure
polymorph-A will remain the focus of research on chiral zeolite materials. Because
the structure-directing agents are critical for controlling the pore dimensions and connectivity
of synthetic zeolites, it could also serve as ligands inducing chirality. The design and
synthesis of novel structure directing agents remains an important topic in the research field

of chiral zeolites.!'>"!

Author Manuscri
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4. Properties and Applications of Chiral Ceramic Nanostructures

4.1 Chiroptical Activity

With molecular, nano-, and mesoscale geometry chiral inorganic nanostructures being the
key determinant of chemical, physical and biological properties, chiroptical activity is a
secondary macroscopic property of chiral entities that arises from the way they interact with
left and right circularly polarized light. Various chiral ceramic nanostructures show
different optical activities, including optical rotation, circular dichroism, circularly polarized
luminescence, Raman optical activity, and vibrational optical activity based on scattering,

[160

refraction or absorption.!'®! The most often studied chiroptical property is circular dichroism

(CD), which reflects the differential interaction of the medium to the left and right circularly

polarized light.!'®"]

The optical activities of individual chiral ceramic NPs with
semiconducting properties are mostly related to chirality of excitonic excited states. Some
contribution to optical activity can be made from the quantum mechanical coupling of the
chiral electronic states of the surface ligands with achiral excitons or surface states. Cleary et

1.B" prepared chiral TiO, NPs capped with chiral ligands of diphenylethylenediamine.

a
With the ligand-induced effect, the original CD signals of organic ligands of (+) or
(-)-diphenylethylenediamine between 256 and 268 nm disappeared, and were replaced by a
broad peak, which begins at 350 nm. The optical activity originates from the overlapping of

the highest occupied molecular orbital (HOMO) for the chiral ligand and the valence-band

states for the TiO, NPs. Beyond the exciton coupling, once the core of a ceramic
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nanostructure is chiral, the excitonic states inevitably becomes chiral. As we mentioned in
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Section 3.1.5, the reported chiral WO3.x and MoOs .« NPs both exhibited strong optical

P

activity, mostly due to the high distortion of their cores, which was induced by the interaction

SCI

between ceramic NPs and chiral ligands. More importantly, the chiral MoO3.4 NPs exhibited
tunable chiroptical properties from the plasmonic band to the MLCT band owing to valence
change from Mo"" to Mo'". Most ceramic nanostructures exhibit electronic transitions in UV

.. e g . . . 162
or visible range. To endow chirality in true ceramic nanostructures, Liu ez al. ['*?

prepared the
chiral TiO, nanofibers by calcination of the helical antipodal lipid-TiO; hybrids assembled
C,8-1/d-Glu lipid enantiomers. The chiral TiO; nanofibers were organized by the stacks of
small anatase TiO; crystals and showed electron transition-based optical activity. Diversified
synthetic methods provide the basis for hierarchical chiral ceramic nanostructures with
fascinating optical properties. With /- or d-methionine inducing self-assembly, the chiral ZnO
films exhibited unique hierarchical nanostructures that ranged from atomic to micrometer
scale. Surprisingly, the hierarchical chiral ZnO film simultaneously showed prominent
electron transition and scattering-based optical activities, circularly polarized luminescence,

and Raman optical activity (ROA), which originated from the different chiral scales.!"®"!

Based on recent progress, polarization modulation enabled by chiral inorganic
nanostructures has become an intense research direction. Previously, the chiral ceramic

oxide films we mentioned could show polarization and frequency selectivity. Additionally,

Author Manu

chiral ceramic nanostructures are also expected to have distinct circularly polarized
photoluminescence. Different properties of various ceramic oxides could give rise to

interesting and unique applications for chiral ceramic nanostructures. Chiral Co3;O4 NPs is a
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significant example in this perspective due to its magnetism. Chiral Co;O4NPs can be
prepared with average sizes of ~ 5 nm using /- and d-cysteine as surface ligands. The chiral
Co304NPs exhibited chiroptical activity in the visible range with anisotropy g-factors as high
as 0.02, which is nearly 10 times higher than those of non-magnetic NPs of comparable size
(Figure 12a and 12b). Based on chirality transfer, the interaction between the /- or d-cysteine
chiral ligand and the Co304 core induced the crystal lattice distortions, which can be
confidently identified by Raman optical activity (ROA) spectra and STEM images. To better
understand the nature of the chirality transfer in the Co3O4 ceramic cores, computational
study of atomic-scale MD simulkations were performed. The distortion of Co30O4 lattice can
be visualized by MD simulations to reveal the mechanism of chirality transfer from the
surface ligands to the ceramic core. More importantly, the combination of chirality and
magnetic properties opened up new horizons for real-time modulation of chiroptical activity.
Chiral Co304 NPs were encapsulated into a transparent polyacrylamide (PAM) gel so as to
avoid optical variation that arise from the movements of NPs. By modulating magnetic fields,
the transparency of the chiral Co;O4 NP-gels to circularly polarized light beams in the
ultraviolet range could be reversibly altered due to the rapid alignment of magnetic moments

of cobalt atoms (Figure 12¢).12%!

4.2 Mechanical Properties

Studies of the mechanical properties of chiral ceramic nanomaterials are mainly focused
on the helical ceramic nanostructures. Like macroscopic springs, the helical ceramic

nanostructures can undergo elastic deformation and return to their original structure.
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However, the nanoscale helices are too small to be directly observed, manipulated, or
measured like macroscopic specimen samples.!'® Thus, in-situ manipulators have been
developed using optical microscopy, AFM, SEM, and TEM to directly position, manipulate,
and measure the mechanical properties of nanohelices. Using a tip-cantilever assembly
attached to a conventional AFM, Liu ez al. '® studied the mechanics of patterned helical Si
springs on a Si substrate. Toward the ZnO nanohelices, Wang ez al. ' used AFM and FIB
to manipulate a nanohelix and found that ZnO nanohelices have a rigid structure (Figure
13a). After cutting, the segments of ZnO nanohelices can be preserved without visible
relaxation. Measuring by AFM with use of the force-displacement (F-Z) curve, the transverse
spring constant of the nanohelix was 3.9, 4.6, 4.5, and 5.3 N/m for one to four turns,
respectively. After conversion, the corresponding elastic moduli of the nanohelix are 42, 49,
48, and 57 GPa for the four turns, respectively (Figure 13b and c). To further study the
elastic property of ZnO nanohelix, Wang’s group used continuous in-situ stretching and
compression in SEM and AFM and found a superelasticity (shape memory) behavior in
superlattice-structured ZnO nanohelices. The spring constant of the helices can be increased
to 300-800% of the initial value.'** Similarly, Qin et al. ""'studied the moduli of the helical
Al,O3 NTs by atomic layer deposition with carbon nanocoils as templates (Figure 13d). By
pushing the NTs at the midpoint with calibrated Si cantilevers, the moduli of the helical and
straight Al,O3 NTs are 30.1 and 112.0 GPa, respectively, as determined from force-deflection
(F-D) curves by manipulating the AFM tips (Figure 13e-h). The modulus of the helical NTs
is nearly four times smaller than that of the straight NTs, which indicates that the helical NTs
are much more flexible because of their geometry.”
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4.3 Catalysis

Early studies showed that the surface immobilization of amino acids on the ceramic

J . . 1
surfaces facilitates the condensation reaction. [

! Generally, the physicochemical properties
of ceramic nanostructures have made chiral ceramic materials widely used in electrocatalysis,

photocatalysis and enantioselective catalysis, etc.

Ghosh ez al. '"*" hypothesized that the chiral CuO films could act as electron spin filters
and exhibit high selectivity toward oxygen reduction reactions (ORR). Due to the electron
spin dependence for the ORR and the generation of spin-polarized reaction intermediates, the
chiral CuO film-based anodes enable selective production of O, over H,O,. The surface
plasmon resonance (SPR) can alter the chiral signals over the whole visible and near-IR
range, which can dramatically amplify the light absorption and, therefore, be employed to
produce high photocatalytic performances. Therefore, many investigations were made based
on the hybrids of plasmonic metal NPs and chiral ceramic nanostructures. Wang et
al.[lég]prepared the plasmonic Ag/AgCl@helical TiO; nanofibers photocatalyst. Because the
chiral structure of the TiO, nanofibers boost the SPR effect of the supported Ag/AgCl
materials, the Ag/AgCl@helical TiO, nanofibers show higher 17-b-ethinylestradiol
degradation rates than those of chiral TiO, nanofibers under visible light irradiation. As a
quantum optical-electrical phenomenon confined to metal surfaces, the SPR frequency can be
tuned by altering the size and shape of noble metal NPs, which can dramatically amplify the
visible light absorption. Zhang ez al. ''® deposited the Ag NPs onto the surfaces of chiral
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Ti0, for photodegradation and found that the size of Ag NPs affects the photocatalytic

{

activity under visible light irradiation, and the optimal size of Ag NPs was determined to be

12~14 nm. Introduction of the helical structure can significantly improve the optical

P

170

absorption and energy bandgap. Zheng et al.l'"“synthesized the helical C3N, NRs by using a

chiral mesoporous silica template. Compared to bulk C3Ny, the helical C;N4 NRs have a
higher bandgap energy of ~2.75 eV and show an improved light-harvesting capability across
the whole optical spectrum, especially at wavelengths exceeding 420 nm. The helical C3Ny
NRs have been shown to demonstrate photocatalytic capability towards hydrogen evolution,

water oxidation, and CO,-to-CO conversion.

In addition to electrocatalysis and photocatalysis, enantioselective catalysis has been one of the key
research topics in chiral nanostructures. Chiral ceramic nanostructures for enantioselective catalysis

should have non-racemic chiral surface features at the length scale of molecules. Chiral salen-metal

[171] [172] [173]

complexes,~"~ chiral hydrogen-bond donors, chiral

[174]

chiral metal-organic assemblies,
coordination polymers,” " and different chiral ligands (C,-symmetric ligands, N-heterocyclic
carbenes, chiral ferrocene, and P-chiral phosphorus ligands, etc.) are widely used for asymmetric
catalysis."'” In the early 2000s, Soai et al. “*found that chiral helical silica can induce the
asymmetric synthesis of chiral pyrimidyl alkanol. Due to the strong Lewis and Brgnsted acidity, chiral
POM-based materials have been commonly used as enantioselective catalysts.™>* " The
outstanding developments in this area were reported by Luo and co-workers, who developed a
noncovalent immobilization strategy by utilizing multidentate chiral amines and POMs (Figure
11f)."”®' The chiral CA-POM catalysts afforded the desired products with high yields and
enantioselectivities for aldol reactions between simple ketones and aromatic aldehydes, the Michael
addition of cyclohexanone to nitroalkene, and the Diels-Alder cycloaddition of a-substituted
acroleins under either neat or aqueous conditions (Figure 11g). Moreover, ceramic NPs can combine
the chirality of the core or surface of the organic shell to induce enantioselectivity in catalysis. Wang

et al. M7 reported the first photocatalytic asymmetric reduction of 3-methyl-2-oxobutanoic acid to

Author Manuscr

yield 2-hydroxy-3-methylbutanoic acid with an enantiomeric excess of 60.0% using chiral BINAP-Rh(I)
complexes and TiO, photocatalysts. Hu et al.™®® also designed Fe;0,-supported chiral Ru
complexes that catalyze the heterogeneous asymmetric hydrogenation of aromatic ketones with
very high enantiomeric excess (e.e.) values of up to 98.0%."8% Kohtani et al. " modified the TiO,

NPs with chiral mandelic acid and investigated the asymmetric induction in hydrogenation of
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aromatic ketones and found that the enantioselectivity was strongly affected by the TiO, crystalline

samples. Fedorova et al. [182] investigated the catalytic effect of nanosized CuO, Al,O;, ZnO, NiO, and

{

MgO with chiral inductors of /-Pro and /-tartaric acid in the Biginelli reaction. Nanosized metal oxides

P

with chiral inductors increased the region- and stereoselectivity and the e.e. increased from 0 to
20%. The chiral molecules (menthol and Pro derivatives) noncovalent-functionalized TiO,-SiO, were

also used as catalysts for the Biginelli reaction with e.e. ranging from 0 to 22%.

4.4 Chiral Separation

Chiral recognition and separation processes are significant for drug development and
biochemical studies and, in our opinion, chiral ceramic nanostructures have shown broad
prospects in chiral recognition and separation. The enantioselective environment created by
chiral ceramics is the key to recognition of the molecular chirality of enantiomers and the

ability to achieve their separation.!'™! Many chiral ligands that ceramics can be derivatized

[184 185] [186

with including proteins,'™®* cyclodextrin,!"® crown ethers,!"*® oligo- and

(1871 etc., have been developed for chiral recognition and separation. The

polysaccharides,
combination of different chiral selectors, a variety of chiral and achiral ceramic
nanostructures have been developed for efficient recognition and separation of enantiomers
by various methods, for example, filtration, centrifugation,

chromatography, high-performance liquid chromatography, etc.!'* '**]

Li et al."™coated bovine serum albumin on the surfaces of magnetic Fe;04 NPs as a

magnetic chiral composite selector for the separation of drug enantiomers (Figure 15a). The

Author Manuscri

magnetic separation of racemic ibuprofen and ofloxacin provided the high e.e. value of 54%
and 39%, respectively.!'™) Ghosh ez al. " found that the

carboxymethyl-B-cyclodextrin-coated Fe;04/Si0, NPs could selectively adsorb /-enantiomers
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of dl-tryptophan (d/-Trp), dl-phenylalanine (d/-Phe), and d/-tyrosine (d/-Tyr) from phosphate

Qbuffer solution.

Author Manuscr

Besides the stereoselectivity of chiral selectors, the physical interactions and assembly
structure of chiral ceramics could also be applied in chiral recognition and selection. Wang’s
group was the first to find chiral recognition behavior in the self-assembly process of the
wheel-shaped macroanions, [Feyg(us-O)s(/-tartaric acid)16(HCOO)24]20_(1-F628) and
[Fexs(us-O)s(d-tartaric acid)1s(HCOO)4]* ( d-Feyg) (Figure 15b). [ The macroanions of
[-Fe,s and d-Feyg exhibited self-identification behavior and could individually be assembled to
“blackberry” structures. The enantiomers of chiral co-anionic molecules (lactic acid or
tartaric acid) can also selectively suppress the self-assembly process of macroanions in the
presence of Ba®" counterions. This is the result of the joint actions of compatibility and chiral
microenvironment between chiral co-anions and the macroanions of /-Fe,s and d-Fe,g (Figure
15¢). Based on long-range electrostatic interactions in the chiral microenvironment of d-lactic
acid, /-Fe,s macroions dominantly self-assembled to “blackberry” structures, while most of
d-Fe,g macroanions remained in the form of single clusters. Therefore, a racemic mixture of
[-Fe,g and d-Fe,g with Ba”" ions could be easily separated by filter membranes in the buffer of
d-lactic acid, which is demonstrated in CD spectra (Figure 15d-f). Banerjee-Ghosh et al. '
found that the introduction of spin polarization significantly affects enantiospecific
recognition and can be used for effective separation of enantiomers. The design of different

separation systems of chiral ceramics is guided by the electric and spin polarization

properties of molecular enantiomers.
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4.5 Biomedical and Biological Applications

Despite the well-known biocompatibility of ceramics, the research of chiral ceramic
nanostructures related to bioapplications is, by and large, rare. The enantiomers of chiral
drugs regularly exhibit different biological effects, which is mainly due to different
enantiomer’s preferential binding capabilities with target receptors. The enantiomers of chiral

graphene or graphene quantum dots (GQDs) were reported to exhibit different toxicities to

[192 [193

cells, including mammalian'®? and bacterial cells.!"**). From atomistic simulations of the
interaction between chiral GQDs and cellular membranes, our group found that, within the
cellular membrane, the d-GQDs would aggregate more readily than /-GQDs.!""** Ma et al.
194 prepared chiral POMs-based porous films using the layer-by-layer (LBL) assembly
method to deposit chiral POMs of /- and d-ZrP,W s inside the ordered cavernous film
(Figure 16a). From E. coli cell culture tests on different porous films, together with confocal
laser scanning microscopy (CLSM) images, chiral POMs facilitate cell adhesion and
proliferation (Figure 16b and c). Conversely, racemic porous films show high antibacterial
properties. Based on knowledge that the cell adhesion starts from protein adsorption, the Ma
group studied the interaction between model protein of BSA and the chiral or racemic surface
to explain the cell adsorption. Quartz crystal microbalance (QCM) measurement
demonstrated that the /-POM showed greater BSA adsorption capability than both the &-POM

and racemic POM assembled resonators (Figure 16d)."*Y

5. Summary and Future Prospects
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The complexity and diversity of chiral ceramic nanostructures is quite remarkable and in
this final section we focused on the preparation and potential applications of this rapidly
evolving class of ceramic nanomaterials. While there has been notable progress in empirical
studies with a wide range of potential applications, the field of chiral ceramic nanostructures
remains full of challenges and opportunities. We expect chiral ceramic nanostructure research

will experience rapid growth in the near future along the directions detailed below.
5.1 Expected Advances in Synthesis
5.1.1 Chiral design of ceramic materials

Enantioselective synthesis of chiral ceramic nanostructures is the key to their applications
in polarization-based optoelectronics, biomimetic catalysis, enantioselective separation,
biomedical applications, and information technologies. The perfect control of handedness
in chiral mesoporous ceramic nanostructures still is a challenge. The underlying microscopic
mechanism for chiral reconstruction on the ceramic crystal induced by chiral ligands and
their subsequent assembly into chiral superstructures must be studied in greater details and by
applying novel scientific methods that include both experimental and computational
techniques. The organization, distribution and dynamics of the chiral surface ligands on NP
cores remains only partially understood for specific ceramic materials, such as Co304 or
WO;...*?? Knowledge gained from the CPL ‘templating’ of NP’s chiral assemblies and
CPL-induced chiral plasmonic nanostructures may lead to the continuous expansion of
fascinating developments in chiral ceramic nanostructures.''*” Different methods of
modulation of chiroptical activity of chiral nanostructures, for example, optical vortex and
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magnetic field have great potential for the preparation of three-dimensional isotropic chiral
ceramic nanostructures. Strain-modulation with macroscopic gradients of biaxial strain fields
is ideal for designing chiral ceramic nanocomposites by transferring chirality from macro to
nanoscale. Employing ceramic particles as building blocks, the opto-thermophoretic
assembly and optical tweezers should allow for rational manipulation of nanoscale colloidal
particles so they can be assembled into chiral ceramic superstructures with new functions and
use in optic devices.!"*® For two-dimensional chiral ceramic nanostructures, finding a facile
method to realize chiral twisted van der Waals heterostructures with interlayer twists will be

one of the major milestones in the future.

5.1.2 Composition and Structure

Based on the knowledge for chirality transfer and technological needs, it will be
important to create a wide palette of individual ceramic NPs with a wide range of chiral
ligands. This library will greatly enrich the chiral ceramic materials field and will enable
applications of the new methods of materials discovery, based, for instance on machine
learning. The interaction between the stereocenters of ligands and the NP core impact all their
secondary physical, chemical, and biological properties. The relationship between CD, ROA,
circularly polarized luminescence peaks, NP’s geometry and crystal structures are worthy of
further detailed examination. Incorporating chiral ceramic nanostructures with metal or
semiconductor NPs through surface loading and internal embedding will generate more
interesting optical activity. Excluding individual NPs, structural adjustment will continue to

be a primary focus in the development chiral ceramic nanostructures.
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No single mechanism can explain the chirality transfer in nanostructures. Therefore,
in-depth study with integrated chiral assembly mechanisms is paramount for us to understand
the specific chiral assembly processes of chiral ceramic nanostructures, especially for
supramolecular chiral materials from achiral molecules to surfactants. The design of chiral
surfaces and channels in chiral POMs, metal-organic coordination polymers, and zeolites will
continue to be the main topic for enantioselective catalysis. In this respect, we can point out
the importance of collective interactions for the chiral assemblies and surfaces. The current

971and their development can be

theories of NPs interactions are insufficient to address them
facilitated by the studies of chiral nanoassemblies. One example can be the application of
classical methods of statistical mechanics to chiral nanostructures based on lanthanide
phosphate by Hananel ef al. '"**!that revealed strong amplification of chirality. These findings
are in direct agreement with the previous observations of nearly perfect enantioselective

assemblies of chiral nanoparticles into either left- or right-handed helices.!"””

The routes to chiral ceramic nanostructures, including template-guided synthesis and the
vapor deposition process, will provide a basis for diverse structural syntheses, which will lead
to more and more unique chiral structural ceramics, for example, core-shell structures, hollow
structures, and heterogeneous structures. The growth of chiral ceramic spirals and helices
could give rise to defects and exposure of active crystal faces, which will boost catalytic
activity. The construction of hierarchical, or heterogeneous, structures is imperative for
successful regulation of the optical activity of chiral ceramics across the wide range of

electromagnetic spectrum from X-ray to microwave frequencies.
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5.2 Computational Methods Chiral Nanostructures

The development of chirality-related computational methods will enable the exploration
of the mechanisms by which optical activity is generated in chiral ceramic nanostructures and
also help to explain experimental data from any type of chiral nanomaterials. Comparing
with semiconductor and metallic nanostructures, ceramics presents results in chiral structures
from lighter elements, which is always beneficial for high-level computations. Comparison
of experimental and theoretically predicted optical activity was a significant approach for the
study of conformational changes. Geometry optimization and ab initio molecular dynamics
with integration of density functional theory, can be expanded much further because they are
needed for validation of structural transformations in NPs and their superstructures. These
methods not only can visualize chiral distortions but can also explain the fine details of the

interactions between chiral ligands and ceramic surfaces.

Computational methods addressing the atomistic structure of nanostructures and
specifically chiral ceramics should be thoroughly validated by comparing the computational
predictions and experimental data. ~Although much progress was made in this area using CD
and circularly polarized luminescence data, the protocols for such validations are still being
developed. In our opinion, wider use of ROA, vibrational circular dichroism (VCD), and

)[199] could provide needed molecular-, nano-, and

terahertz circular dichroism (TCD
mesoscale level information about dynamics and equilibrium states of chiral nanostructures

that would be of great value for rapid validation of computational methods. In perspective,
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integration of all of these methods can provide path to establish absolute configuration of
chiral nanostructures based exclusively on the combination of spectroscopic and simulation
data, which was so far a daunting task. For example, time-dependent density functional
theory (TDDFT) is widely used for the interpretation of CD spectra toward identification of
absolute configuration. However, TDDFT is not universally accurate, with major limitations
including charge transfer and Rydberg excitations, as well as double and higher
excitations.!'”* Recently, Tang et al. *°” used the non-degenerate coupled oscillator
(NDCO) model to explain the optical activity of chiral CdSe quantum rods in both the UV
and the visible regions by considering the cysteine, Cd-S bond, and QRs as three different
chromophores. However, for more complex chiral structures with chromophores very close to
each other, the NDCO model is not applicable. Therefore, breakthrough improvements in
TDDFT and NDCO theoretical models are expected. Emerging hybrid quantum mechanics
and molecular mechanics simulations are worthy of attention for the investigation of the
condensed phases. Looking ahead, geometry optimizations and AIMD might not be able to
solve all the problem that arise from the interaction between radiation and nanostructures or
interactions between multiple NPs due to high computational costs and temporal limits of
structural evolution that these methods can model. Thus, we project expansion of the use of
coarse grained MD methods, when effective potentials are used for specific chiral groups.**!
Electrodynamic simulations based on finite element discretization are widely used for chiral
plasmonic structures from metals and some semiconductors, but have been not yet applied to
chiral ceramics. Given the high accuracy of predictions for CD spectra of mesoscale
structures from metals and semiconductors, one should expect the same for chiral ceramics.
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This effort will also benefit a large variety of their applications, because it will allow a priori

computational design of chiroptical activity.

5.3 Emerging Applications

5.3.1 Modulation of Chiroptical Activity

The enhancement of chiroptical activity toward high g-factors is expected to be one of
the important research directions in chiral ceramic nanostructures. Considerable attempts
were made in achieving high values of g-factors for chiral nanoceramics (Table 1). 2232021
Methods to mitigate absorption from ceramic nanostructures while maximizing polarization
rotation should be elaborated. In this respect chiral nanoceramics is likely to have an
advantage over the semiconductor and metal nanostructures because high values of g-factors
can be obtained via enhancement of local magnetic rather than electrical field in chiral

[301203] Byrthermore, combining and controlling the dielectric and plasmonic

superstructures.
contributions into chiroptical effects is also possible. The chiral MoOs.x NPs mentioned
above revealed their adjustable optical activity due to strong delocalization of electrons that is
similar to chirioplasmonic nanostructures from noble metals. **! Some ceramic
nanomaterials, such as conductive transition metal oxides and metal nitrides, are already

(2047 and therefore, one might expect that ceramic

known to exhibit surface plasmon resonance,
nanostructures with strong chiroplasmonic effects will be given significant attention in the
next decade. Chiral ceramic nanostructures with strong circularly polarized luminescence are

also expected to be realized. The major driver for their research will be the next-generation of

display and storage devices. Both directions can benefit from theoretical studies of local
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superchiral fields. ** Finite-difference-time-domain (FDTD) simulation provides a powerful
toolbox to understand the physical origins of the CD spectra for individual NPs and NP
assemblies. By comparative analysis of experimental and simulated CD and g-factor spectra,
the effects of symmetry-breaking and geometrical parameters on chiroptical activities of
chiral nanoceramics could be understood and then guide the synthesis of chiral ceramic
nanostructures. From the theory of CD signals related to chiral nanoceramics including the
nanocrystals and chiral ligands, the optical chirality of chiral ceramic nanostructures also can
be enhanced and tailored by plasmon enhancement, dipole interactions, and dielectric

effects.[2%%)

On the basis of the energetically and thermodynamically stable conformation
and configuration of chiral ceramic nanostructures predicted by MD simulations, more and

more chiral ceramic materials can be developed rationally.

Field modulation of chiroptical activity is expected to be a rapidly growing part of
research on all chiral nanostructures being fueled by rapid expansion of polarization-based
optoelectronics and metamaterials. Control of chiroptical activity, for example, by magnetic
field, ** can bring about multiple discoveries in respect to chiromagnetic effects and
non-linear optics enables by chiral ceramic nanostructures. Realization of polarization
modulation by electric fields, will be beneficial for the numerous applications of chiral
ceramics in optics and conducive with the characteristics of ceramic materials in general. In

(27reported the spin polarization in reduced-dimensional

this respect, Sargent et al.
perovskites could be controlled by magnetic field which will lay the foundation of chiral

perovskites for spintronic materials. Moreover, chiral nematic liquid crystalline phases of

ceramic nanomaterials may be of interest for photochromic, display, and storage devices. Alu
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et al.®®found that the strong polarization conversion and quarter-wave plate functionality
can be achieved using chiral ITO-based planar metasurface patterned with silver NRs
orthogonal array. The design principles will show great potential in control of the transmitted
phase and can be extended to cover the visible, near-infrared, and even THz range. The useful
fact that should not to be ignored is that terahertz radiation can pass through ceramics.!'*” 2%
The chiral ceramic metamaterials in the THz portion of the spectrum including application of

TCD to study biomaterials are just starting to bloom. !***!

5.3.2 Site-Specific Catalysis

Similarly to findings that chiral Cu, S nanocrystals show site selectivity in scission of

protein macromolecules under circularly polarized light irradiation,*'"”

one might expect that
chiral ceramic nanostructures with redox-active plasmonic and excitonic states could also be
used for the similar purposes and in fact, be more specific. While current understanding of
the origin of site-selectivity is related to supramolecular interactions of chiral NPs and
biopolymers-DNA or proteins -other mechanisms may also be possible.'*'"! Furthermore, the
identification of cleavage sites in protein cutting and prediction of the produced peptides
using versatile chemistry of chiral ceramics including, for instance copper and cobalt oxides
can be the focus of future studies. In principle, this may open the path to DNA- and
protein-modification technologies based on chiral ceramics. Based on the current
knowledge of NP assemblies and specificity of supramolecular interactions between them

and biomolecules, it is conceptually possible to create gene-editing toolbox based on

inorganic materials utilizing circularly polarized photons. As the near-term target site-specific
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chemical path to chiral high-value products from the biomass.

P

In this review, the relationship between synthetic methods and chiral structure using
multiple examples of synthetic methods for preparing chiral ceramic nanostructures. Next,
we discuss the recent progress of chiral ceramic nanostructures, focusing on ceramic
oxides, polyoxometalates (POMs), and zeolites. The chirality transfers from molecular scale
to nanoscale and higher to microscale are discussed as applied for ceramic nanostructures.
Taking advantage of these nearly universal approaches, a diverse spectrum of ceramic
nanostructures with unique properties can be engineered. The review ends with our
perspective on the future developments of chiral ceramic nanostructures in terms of their
preparation and applications encompassing both traditional (e.g. enantioselective catalysis)

and emerging (e.g. quantum optics) technologies.

5.3.3 Quantum information technologies

In the field of quantum information science, theoretical studies on chiral topological
superconductors promote novel quasi-two-dimensional topological ceramic superconducting
systems to detect and braid Majorana fermions. Research on the chiral stacking of 2D
ceramic nanomaterials in lateral and vertical directions could open new horizons in

superconductivity and related mechanisms. Chiral twisted van der Waals ceramic

Author Manuscr

heterostructure will expose more and more attractive properties of condensed matter
physics.?”! Atomic coupled doping in 2D ceramic nanomaterials can derive novel
spintronic materials and will provide chances to regulate the phase of the Majorana state with
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magnetic fields. Chiral quantum optic components represent the future of quantum networks
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for processing quantum information in quantum computers. *'* Development of new

P

transmission electron microscopy tools that enable probing of nanometer and

[213

sub-nanometer-scale chirality in solids®®'*! will help designing chiral ceramics for quantum

technologies.

In light of the unique physical and chemical properties of ceramic materials, the field of
chiral ceramic nanostructures is full of challenges and opportunities. The development of
chiral ceramic materials will significantly expand the field of chiral research, and, ultimately

help us to understand the asymmetry laws of nature and life.
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Figure 1. a—d) Typical SEM images of helical ZnO nanobelts. Reproduced with permission.!**"

Copyright 2005, American Association for the Advancement of Science. ¢) Schematic model
constructed for helical GaN and ZnGa,0, NWs and zigzagged Zn,SnO4 NWs. Reproduced with
permission.[” Copyright 2008, American Chemical Society. f) Images of the helical GaN ZnGa,0,
Zn,SnO, NW obtained through tomographic 3D reconstruction. Reproduced with permission.*”

Copyright 2008, American Chemical Society.
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Figure 2. a) Schematic of the GLAD deposition. Reproduced with permission.” Copyright
2015, Elsevier Ltd. Cross-sectional SEM images of b) a helical TiO, thin film. Reproduced with

permission. ¥ Copyright 2015, Elsevier Ltd. ¢) A random array of SiO, helices growing at the ratio of

the substrate rotation rate to the deposition rate: 22.7 nm rad '. Reproduced with permission.”!
Copyright 2012, Elsevier Ltd. d) Nanostructured ZrO, films (substrate rotational speed: 0.14 rpm).
Reproduced with permission.””! Copyright 2012, Springer-Verlag. ¢) Pillar-type structures of WO; film
onto W/Si substrate. Reproduced with permission.”’® Copyright 2007, Elsevier Ltd. f) A HfO, sample
with four spirals per column. Reproduced with permission.””” Copyright 2007, Chinese Physical
Society and IOP Publishing Ltd. g) AIN nanorod structures at helical depositions. Reproduced with
permission.””® Copyright 2012, Lung -Chien Chen et al. h) the helical-shaped Si-Mo-O films.
Reproduced with permission. ® Copyright 2019, Springer Nature B.V. i) Schematic diagram of
preparing TiO,—Si0, core—shell helical nanostructured coatings on Cu(In,Ga)Se,. Reproduced with

permission. ¥ Copyright 2019, Royal Society of Chemistry.
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Figure 3. a) Overview of different dimensional nanomaterials obtained from SDD method.
Reproduced with permission.™! Copyright 2013, American Chemical Society. Characterization of
screw dislocations in ZHS nanoplates. b) SEM image shows the hexagonal nanoplate. c) AFM image of
the dislocation core and growth spirals. d) SEM image of a large nanoplate containing several screw
dislocations with the growth spirals. e) Spider contours observed in the TEM image. f) Formation

pathways for various nanomaterial morphologies driven by screw dislocations. Reproduced with
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Figure 4. SEM images of a) rhombohedral calcite and b) hexagonal vaterite crystals. c—h)
Pseudocolored SEM images of biomineralized vaterite structures grown in different enantiomers of Asp
and Glu and their racemic mixtures. i) Schematic summary of the formation of hierarchically organized,

chiral toroids. Reproduced with permission.”” Copyright 2017, Springer Nature.
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Figure 5 a) Chemical structures of gelators 1 and 2. b) A possible self-assembling model for
bi-layered chiral fiber. Reproduced with permission."*® Copyright 2002, American Chemical Society.
c) Molecular origin of chiral mesoporous silica derived from the helical packing of chiral amphiphiles.
Reproduced with permission.”®”! Copyright 2008, American Chemical Society. d) TEM images of A)

twisted ribbon and B) helical ribbons. C) Tubules self-assembled from CTA with tartrate. Reproduced

with permission. '®! Copyright 2008, American Chemical Society. e) Schematic representation

of the diversity of inorganic silica chiral ribbons. Reproduced with permission."® Copyright

2008, American Chemical Society. f-h) TEM images for chiral mesoporous silicas with hexagonally
ordered chiral channels. i) A simulated TEM image shows two types of fringes. Reproduced with
permission.®* Copyright 2004, Nature Publishing Group. j) lllustration of the macroscopic
enantiomeric helical morphologies and corresponding opposite DNA chiral packing of impeller-like
helical DNA-silica complexes. Reproduced with permission.[m] Copyright 2012, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. k) SEM images for the IHDSCs obtained from different temperatures
(left-handed: + ; right-handed: —). Reproduced with permission.™* Copyright 2012, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. I) CD and UV-Vis spectra for the IHDSCs obtained from
different temperatures. Reproduced with permission.!*** Copyright 2012, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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Figure 6 a) SEM image of the right-handed helical TiO, nanofibers. b) A HRTEM image and
corresponding Fourier diffractograms of two TiO, nanocrystals. ¢) Structural model of helical stacking
of anatase Ti0O, nanocrystals. d) UV—Vis and CD spectra for chiral lipid—TiO, hybrid (L-TiO,-as and
R-Ti0,-as) and double-helical TiO, nanofiber (L-TiO,-cal and R-Ti0O,-cal). Reproduced with
permission."*”! Copyright 2012, Springer Nature.
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Figure 7. a) Low-magnification TEM image of a helical ZnO nanobelt with three typical SAED
patterns of different regions. b) HRTEM image of a local area of the helical ZnO nanobelt. Reproduced

[60a

with permission.®™ Copyright 2005, American Association for the Advancement of Science. c,d)

Waurtzite structure model of ZnO showing the + (0001) polar surfaces. Reproduced with permission. !
Copyright 2004, Elsevier Ltd. e-h) Polar-surface-induced formation of nanorings, nanospirals, and
nanohelices of ZnO and their formation processes. Reproduced with permission."*"! Copyright 2004,

Elsevier Ltd.
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Figure 8. a) Schematic illustration for the preparation of a chiral CuO flower. SEM images and
corresponding schematic drawings of sinistrorse CuO flower-like superstructures (S-CuO) synthesized
with (5)—(-)—-APP with different reaction times. b,d,f) Peony-like CuO flower-like superstructures with
randomly stacked nanopetals. ¢,e,g) Nanoscale petals with helically arranged subnanopetals. h)
Diffused reflection UV—Vis absorption and CD spectra of the antipodal chiral CuO flower-like
superstructures. Reproduced with permission.™® Copyright 2014, American Chemical Society.
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Figure 9. a) HRTEM image for /-Asp-capped WO;_, NPs. b) CD spectra of /-Asp-capped WO;_, NPs
(red) and d-Asp-capped WOs;_, NPs (blue) (inset: NIR range of corresponding CD spectra). c) g-factor
spectra of chiral molybdenum oxide NPs with different amounts of /- or d-cysteine. Reproduced with
permission.”! Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Absorption
spectra of [-cysteine-capped molybdenum oxide NPs. Reproduced with permission.”” Copyright 2018
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10. a) Combined polyhedral and ball-and-stick representation of two enantiomers of the
[Ln(az—P2W17061)2]17' polyanion (/-form; left, d-form; right). b) Space-filling model of the association
composed of 1—[Yb(a2—P2W17061)2]17' and two /-Pro molecules. Reproduced with permission.[140]
Copyright 2018, American Chemical Society. ¢) Combined polyhedral and ball-and-stick
representation of noncovalently assembled chiral rod-like molecular triads of
[MOﬁO18NC(OCH2)3MMO6O18(0CH2)3CNM06O18]77, metals are Mn™" (left) and Fe™" (right).
Reproduced with permission.!"**! Copyright 2009, American Chemical Society. d) Stereoselective
synthesis of chiral Mo blue POM clusters with “symmetry breaker”. Reproduced with permission.!'*”!

Copyright 2019, American Chemical Society.
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Figure 11. a) (010)-projection of intergrowth structure of B-zeolite. Reproduced with permission.!'>*!

Copyright 2019, The Royal Society of Chemistry. The framework and corresponding nets of
germanosilicate mesoporous chiral zeolite. b) a slice (15.3 A thick) viewed down the (111) direction.
Double 4-rings are composed of one (D4R1) or two (D4R2) terminal hydroxyl groups. ¢) The 30-ring
built from ten tertiary building units, where each unit is linked to three neighboring units. d) The large
cavity defined by three 30-rings. Reproduced with permission.!"**! Copyright 2009, Springer Nature.
¢) SEM image of B-tetracthylammonium hydroxide. f) HRTEM image of the
beta-tetracthylammonium hydroxide crystal. Reproduced with permission.!'** Copyright 2015, 2018

Springer Nature.
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Figure 12. a) CD spectra and b) g-factor of synthesized chiral Co3;0,4 NPs. ¢) Cycling profile of
emission intensity at 415 nm of gels with and without magnetic fields and corresponding photographs
of blue-emitting light from fluorescent paper. Reproduced with permission. **! Copyright 2018,

American Association for the Advancement of Science.
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Figure 13. a) SEM image of a FIB-cut ZnO nanohelix with shape preservation. b) AFM contact-mode
measurement of the sensitivity of the photodetector for the silicon substrate and the four turns of a
ZnO nanohelix. c) Fracture of the nanohelix at two consecutive turns by the AFM tip, showing

[60a;

preservation of helical shape in the sectioned region. Reproduced with permission.** Copyright
2005, American Association for the Advancement of Science. d) TEM images of helical NTs with
different thicknesses. €) AFM image and f) F-D curves of a helical Al,O; NT with an outer diameter
of 123 nm. g) AFM image and h) F-D curves of a helical NT with an outer diameter of 131 nm.

Reproduced with permission.””! Copyright 2010, Wiley-VCH Verlag GmbH & Co.
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Figure 14. a) Schematic illustration for comparison of chiral and achiral CuO films as ORR

electrocatalysts.!'””! b) Strategy for the construction of CA-POM hybrid catalysts. ¢) CA-POM hybrids
[137a]

-1

( eo

catalyzed direct aldol, Michael addition, and Diels—Alder reactions. Reproduced with permission.

Copyright 2013, Elsevier B.V.
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Figure 15 a) Chiral selector of bovine serum albumin-modified magnetic Fe;O4 NPs for enantiomeric
adsorption. Reproduced with permission."®! Copyright 2013, Elsevier B.V. b) Ball-and-stick
representation of the macroanions of /-Fe,g and d-Fe,s. ¢) Self-assembly behavior of macroanions in a
chiral microenvironment. Fe atom: yellow, O atom: red, Ba®": blue, C atom: light grey, H atom: dark
grey. d) Chiral separation of Ba®'-d-Feys and Ba>"-I-Feqg in the chiral microenvironment of d-lactic
acid. e) CD spectra of Ba-/-Feyg (red) and Ba-d-Fe,s (green) solutions after separation. Copyright
2015, Springer Nature. f) CD spectra of pure Ba-/-Fe,s (red) and Ba-d-Fe,g (green) solutions.
Reproduced with permission.!"”"! Copyright 2015, Springer Nature.
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Figure 16. a) Schematics for LBL assembly of chiral POM. b) Cell adhesion and proliferation

of different porous films. ¢) Counted numbers of E. coli cells adhered onto different porous films. d)
Comparison of the adsorption behavior of different porous BSA films. Reproduced with
permission."”*! Copyright 2019, Royal Society of Chemistry.
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Table 1. Typical values of g-factors found for chiral nanoceramics

Chiral nanoceramics Ligands Wavelength (nm) |g-factor| References

Chiral WOs_, NPs [- and d-Asp ~1100 <3.5x10% B8
/- and d-Pro 560 1.83x10° [38]

Chiral MoO, NPs I- and d-cysteine 580 ~7x1073 [39]

Chiral MoO;., NPs [- and d-cysteine 580 ~1x10™* 391

Chiral Co;04 NPs I-cysteine 550 0.02 [22b]

Chiral TiO, NPs l-ascorbic acid 500 3.0x10* [202b]
[-noradrenaline 500 0.80x10™ [202b]
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Chiral nanoceramics are emerging as a remarkably active area of chiral research. It is still in

its infant stage and is thus full of challenges and opportunities. Recent advances in the

diversity of chemistries, geometries, and properties of chiral ceramic nanostructures are
eviewed. An outlook of synthesis, computational methods and emerging applications of

{

= mmmsmm Chiral nanoceramics is presented.
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