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The paper reviews recent progress on chiral nanocrystal assemblies with induced optical chirality and
related circular dichroism. Many natural molecules and biomolecules are chiral and exhibit remarkably
strong optical chirality (circular dichroism) due to their amazingly uniform atomic composition in

a large ensemble. It is challenging to realize artificial nanoscale systems with optical chirality since the
atomic structure of artificial nanostructures may not be always controlled or even known. Nevertheless,
the artificial optical chirality has been accomplished and it is the main scope of this review. In
particular, we discuss assemblies incorporating chiral molecules, metal nanocrystals, and
semiconductor quantum dots. Plasmon-induced and plasmon-enhanced circular dichroism effects
appear in nanoscale assemblies built with metal nanocrystals, while excitonic and surface-states related
phenomena are observed in semiconductor quantum dots conjugated with chiral molecules.

Introduction

Chirality and an associated circular dichroism effect are fasci-
nating properties of many molecules and bio-molecules. In
optical spectroscopy, the circular dichroism (CD) and rotatory
dispersion methods are employed to detect subtle conformation
changes of biomolecules."? The detection of conformation states
of proteins (a-helix, random coil, or B-sheet) is one impressive
example. The importance of sensing of chiral states of molecules
can also be seen from the fact that an essential part of modern
drugs are based on chiral molecules and their chiral purity is
often crucial.® Chirality and a nonzero CD signal are only
present if a molecule has neither mirror-plane symmetries nor
a centre of symmetry. Therefore, such a molecule can be found in
two enantiomeric states. Such enantiomeric states (or enantio-
mers) are mirror images of each other and have opposite hand-
edness (or chirality). It is expected that different enantiomers of
one molecule should react differently on different chiral states of
light that are left- and right-handed circularly polarized photons.
This property provides us with the opportunity to measure
chirality of molecules using the optical CD method. However, if
a molecule is present in both its enantiomeric states in equal
amounts, the overall chirality of a solution vanishes and CD
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signals are not observed anymore. Another important require-
ment for observing a non-vanishing CD signal from a large
ensemble of randomly-oriented microscopic objects is a high
degree of homogeneity. In the case of molecules, this requirement
is certainly satisfied since molecules and biomolecules of the same
kind and chirality in a solution are amazingly uniform in
composition. On the other hand that last requirement sets
a challenge for the case of nanostructures - it seems impossible to
control the positions of all atoms in a nanocrystal that has
typically a large number of atoms. In fact, any nanocrystal is
chiral since it has low symmetry due to bulk defects and the
surface. However, nanocrystals in a macroscopic ensemble in
a solution typically show no optical chirality (CD) for the reason
that nanocrystals chirality is random. Nevertheless, chiral
nanocrystals can be designed and fabricated and the purpose of
this paper is to review latest results on this interesting and
emerging topic.

Chiral nanostructures can be constructed using metal nano-
crystals (Sections 1.1 and 1.2) or semiconductor quantum dots
(Section 2) and, in many cases, a chiral molecule is an important
element of chiral nanostructure. Suggested mechanisms respon-
sible for the new CD signals reported in many experimental
papers include: (a) CD effects coming from the surface of
nanoparticles (semiconductor or metal) conjugated with chiral
molecules, from a chiral atomic structure of a metal cluster, or
from a chirally changed environment (chiral system around
a cluster) creating chirality in the Au cluster,*® (b) dynamic
Coulomb interaction between a chiral molecule and a plasmonic
metal nanocrystal,”!® and (c¢) plasmon-plasmon interactions
between non-chiral nanocrystals arranged in a chiral
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geometry.'""* The case (a) includes many interesting possibili-
ties:*>7 Chiral adsorbed molecules become orbitally hybridized
with the electronic states of a nanocrystal, which leads to the
chirality of electronic surface states of a nanocrystal; a nano-
crystal acquires chiral atomistic defects “imprinted” by adsorbed
molecules; a very small nano-crystal (cluster) has intrinsically
a chiral atomic structure; efc. The mechanism (a) relies on
a chiral atomistic structure of a nanocrystal or a cluster, like in
the case of purely molecular chiral systems. The mechanism (a)
has also close relevance with the effect of chiral footprints on
a crystal surface being modified by a chiral adsorbate and,
therefore, acquiring interesting chiral and optical properties.'*!5
The mechanisms (b) and (c) have, however, a different character.
The idea behind these mechanisms is to construct optically-active
chiral nanostructures from well-defined, preformed chiral and
non-chiral building blocks. This approach is also applicable
towards the construction of efficient sensors using optically
active nanostructures that may amplify weak optical chiral
signals of molecules and bio-molecules. It is challenging to
predict chiral atomic “constructions” of nanocrystal surfaces
needed for the mechanism (a). On the other hand, the mecha-
nisms (b) and (c) do not require new chiral atomistic structures,
but they involve new arrangements of interacting chiral and non-
chiral nanoscale blocks. The interaction or coupling between
these blocks play a key role in the formation of new chiral
properties and can be very strong involving dynamic Coulomb
and electromagnetic fields.'®'” Of course, the chiral nanoscale
assemblies needed for the mechanisms (b) and (c) may also be
challenging from the point of view of realization. Section 1.1 will
describe a few recent realizations for the mechanisms (b) and (c¢)
when either the plasmon-plasmon Coulomb interaction becomes
involved'-*®! or dynamic chiral molecule-plasmon coupling
represents a suitable mechanism for the observed CD signals.?**!

Fig. 1 shows a set of chiral and non-chiral building blocks as
well as a few simple assemblies. A chiral chromophore molecule
(dye molecule) is depicted as a point-like object with two dipoles,
i and #i, that are the optical electric and magnetic moments.
Importantly, building blocks depicted in Fig. la have very
different optical and electromagnetic properties as illustrated by
Fig. 2. Molecular systems show mostly strong optical chirality in
the spectral UV range. As an example, proteins and DNA have
the CD bands in the range of 150-300 nm. A macroscopic
ensemble of crystalline nanocrystals (metal and semiconductor)
typically does not exhibit any CD and have absorption bands in
the visible range. Importantly, metal nanocrystals are able to
strongly enhance electromagnetic field in their vicinity (Fig. 2b),
whereas molecules do not noticeably change external fields.
Semiconductor quantum dots may modify external electromag-
netic fields in their vicinity due to the dielectric effects (Fig. 2b).

According to the general quantum theory of optical activity,
a strength of CD signal of a molecule:'**?

CDy ~ Im(py5-myy), (1

where 1, and m,; are quantum matrix elements of the electric
and magnetic dipole operators, respectively, and the indices 1
and 2 denote the ground and excited states of molecule, respec-
tively. If a molecule has an orbital interaction with the surface of
a nanocrystal via an overlap of electron wave function, the

Fig. 1 Chiral and non-chiral elements, and their complexes. a) Building
and non-chiral building blocks: chiral molecule represented by optical
electric and magnetic dipoles (# and 7i) and non-chiral nanocrystals of
various materials. b) From left to right: Proposed model of binding of
a chiral molecule (D-Pen) to a surface of CdS quantum dot;** dipolar-
interaction models of hybrid complexes composed of non-chiral nano-
particles (semiconductor or metal) and a point-like chiral molecule. The left
panel is reprinted with permission from Ref. 23. Copyright 2008, American
Chemical Society. ¢) From left to right: A chiral dye molecule placed in
a plasmonic hot spot between two non-chiral plasmonic nanocrystals and
chiral assemblies from non-chiral blocks (spherical metal nanoparticles).
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Fig. 2 Optical, chiral, and electrodynamic properties. a) Normalized
extinctions of a molecule, Ag and Au nanoparticles, and CdTe quantum
dot (2.7nm size).”® A chiral molecule has an absorption resonance at
200nm. b) Electromagnetic properties of the nanocrystals. The field
enhancement factor P, is calculated at the surface of nanocrystals for the
geometry shown in the inset. ¢) Chiroptical properties of a typical dye
molecule with an absorption line in the UV range. Circular dichroism
(CD) and optical rotatory dispersion (ORD) come always together and
are coupled by the Kramers-Kronig transform.
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resulting electronic structure and optical spectra should be
calculated using atomistic approaches;”?*?7 ref. 4 and 7 may
serve as review papers to learn about the atomistic calculations.
A molecule in this case can leave a chiral “footprint” on the
surface states of a nanocrystal.** Another mechanism of inter-
action is a dynamic Coulomb coupling. This coupling is espe-
cially strong in the case of plasmonic nanocrystals. Plasmonic
nanocrystals are able to strongly enhance both the electromag-
netic field of incident wave and the dynamic Coulomb interac-
tions between parts of assembly.?®? Then, the CD strength of
a chiral molecule should be rewritten as®'®

CDmolecule ~ Im[(i) . ”'12) : m21]7 (2)

where P is the plasmon enhancement matrix for the external
electric field. In the case of a spherical nanocrystal, this
enhancement matrix is diagonal. The magnitude of the z-element
of this matrix at the surface of a nanoparticle is shown in Fig. 2b
where the typical plasmonic enhancement peaks can be clearly
identified. We should note that, in the case of spherical nano-
particles, the maximum plasmonic enhancement factors are only
~ 6 (Au) and 16 (Ag). However, for plasmonic hot spots in metal
nanostructures and resonators, these factors can be much
larger.®® One realization of a plasmonic resonator is a nano-
particle dimer with a molecule placed in the hot spot between the
nanoparticles (Fig. 1c, first image from the left). In the following
sections, we will discuss this situation in more details. The CD
signal CD,,pecue (€qn (1)) can be strongly amplified by the
plasmon resonance, but it still appears at the frequency of
molecular transition. Here it is important to note that, typically,
strong CD transitions of chiral molecules and plasmonic bands
of typical metals (Au and Ag) are often not in resonance. Strong
molecular CD bands are typically in the UV range, whereas the
plasmon resonances of Au and Ag nanocrystals are in the range
of 400-800 nm. Therefore, it is not always possible to utilize the
plasmon enhancement effect directly for amplification of
molecular CD bands. Nevertheless, a molecular CD band and
plasmons may strongly interact via the mechanism proposed
recently.®'® This mechanism appears in a complex composed of
a chiral molecule and a metal nanocrystal. A plasmon interacts
with a chiral molecule via dynamic Coulomb fields and acquires
a chiral character. Consequently, the CD spectrum of such
complex acquires a plasmon peak. The plasmon CD strength of
a complex composed of chiral molecule and metal nanocrystal
includes parameters from both components:

CDp/asmon, mole(‘u/e-nanocrysml(a) ~ Im[(l}plasmon : u12) : m21] :
Im[emeta/]a (3)

where 2 is the photon wavelength, ¢, is the dielectric function
of a metal nanocrystal and ﬁplmmo,, is a tensor that strongly
depends on the geometry and, of course, includes the strong
plasmon-enhancement effects. The factor Imle,,..o] in eqn (2)
tells us that the optical absorption occurs in the metal compo-
nent. Simultaneously, the chirality at the plasmon resonance
comes from the molecule since CDpugmon, molecule-nanocrystal
includes the molecular dipole matrix elements, p;» and m,;. We
can also see that, in general, the chiral plasmon response
CD piasmon, molecule-nanocrystal at the plasmon wavelength originates

from the optical rotatory dispersion of a molecule, ORDy-
(Apiasmon)s Where A,asmonis the plasmonic-peak spectral position.
We note that, in an isolated molecule, ORDy(w)~Im(jt;,-myq)
(Fig. 2¢). At the same time, the CD strength of a molecule can be
very weak at the plasmon wavelength since a molecule can
absorb at a very different wavelength. This situation is illustrated
in Fig. 2. In addition, the plasmon CD decreases with the
distance between a molecule and a nanocrystal for the obvious
reason that the plasmonic CD originates from the Coulomb
interaction between a molecular dipole and a metal nanocrystal.
For a spherical nanoparticle, one can obtain an exact result:>°

a}

CD/zla:m(m, molecule—nanocrystal ™ ﬁ,

where ¢ and R are a nanoparticle radius and a center-to-center
distance in the molecule-nanocrystal pair, respectively. The
behavior R is typical for the dipole-dipole interaction and
the factor a® comes from the polarizability of a nanocrystal. The
result CDpjugmon, molecule-nanocrysiat ~ R~ holds for a nanocrystal
of an arbitrary shape at long molecule-nanocrystal distances. If
a nanocrystal has a complex shape or our hybrid system incor-
porates a few nanocrystals, eqn (3) will include multipole
Coulomb interactions between the plasmonic component and the
dipole of a chiral molecule.

Interestingly, the plasmonic CD mechanism described by eqn
(3) has its origin in the Fano interference effect® in the exciton-
plasmon system.** The CD signal comes from the interference of
the external field and the field induced by the molecular dipole
inside the metal nanocrystal.

The plasmonic CD mechanism described above is not the only
one. Using non-chiral metal nanocrystals, one can construct
a system with optical chirality by arranging nanoparticles in
a chiral geometry. Two possible chiral arrangements, short helix
and asymmetric pyramid, are shown in Fig. lc. The optical
chirality and CD at the plasmon wavelength appear in this case
due to dipole-dipole plasmon—plasmon interactions in a chiral
assembly.’>'®*  Mathematically, the CD signal should be
computed as extinction of an absorptive metal object:

CDplusmonfplasmun, nanocrystal (w) ~ <Q+ - Q* >Q7

QileeJF* (F)-E* (F)av, @

2 Wt W,

where Q. are the extinction rates of plasmonic NPs for the two
incident waves (+), and ]_';,),i*and E w+are the complex ampli-
tudes of the induced electric current and the incident electric
field, respectively. The averaging over the solid angle, (---)g, is
performed since the complexes are randomly oriented in a solu-
tion. Interestingly, the signal depends really strongly on the size
and the inter-particle distance:'?

a12

CD])](ISH?OH7plﬂ.\'m()l‘l.n(ll‘l{)c}’yst(l’ (w) ~ dg k]

where a and d are the nanoparticle radius and the size of a chiral
complex, respectively. The above equation was obtained for the
dipole—dipole interaction in a chiral complex made from iden-
tical NPs. This CD mechanism somewhat resembles the CD
mechanisms in molecular systems that come from interaction of
non-chiral chromophores arranged in a chiral geometry.!** This
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situation appears in helical molecules in the spectral UV range
(proteins)™? and it also may occur in assemblies of dye molecules
and DNA in the visible range.?*

This review paper is organized into two sections. The first
section describes chiral nanostructures based on metals (Au and
Ag), whereas the second section deals with chiral semiconductor
quantum dots. Along with a description of synthesis and chi-
roptical properties, the discussions in this review will include
interpretations and some elements of theory.

1. Chiral metal nanoparticles and their assemblies
1.1 Chiral gold nanoparticles

Due to their biocompatibility and relatively easy functionaliza-
tion, gold nanoparticles (NPs) are very attractive for biomedical
applications including nucleic acid analysis and gene regula-
tion.*® Therefore their interactions with DNA have been inves-
tigated depending on the functional groups on their surface. It
was thus shown that the binding of DNA to functionalized gold
nanoparticles induced a conformational change in the double
stranded helix which became denatured. This was translated in
the CD spectrum by a shift and decrease in the peak of duplexed
DNA 3¢ In a different experiment,’” AuNPs were employed to
create DNA-templated AuNP chains and, again, the UV-CD
spectroscopy was successfully used to record conformational
changes of the DNA template.

The synthesis of chiral gold NPs normally involves the use of
chiral thiolated stabilizers such as L-glutathione, penicillamine
or N-isobutyrylcysteine to name a few.*®* However, DNA-gold
nanoparticle systems have not been very much investigated from
that point of view. Instead they have been used to form assem-
blies which could be made chiral. Controlled, ordered assemblies
of gold NPs may find applications in the construction of elec-
tronic and optical devices on small scales. The most common
strategy for DNA directed assembly is the modification of
different batches of nanoparticles with complementary strands of
single-stranded (ss)-DNA and subsequent hybridisation.**!
Other methods include the use of a linker sequence to hybridize

k3
A X .‘
[ ¢ &
o L ¥ Ll

the two ss-DNA strands immobilized on the nanoparticles***?
but also formation of double-stranded (ds)-DNA prior to
binding to nanoparticles on both ends. The latter strategy was
proved very efficient for creating dimers.*® However, it does not
suit the formation of higher geometry assemblies. All of these
nanostructures rely on the binding of thiol-modified DNA
sequences to the gold. It was shown that the chain length and
sequence as well as the choice of thiol-spacer strongly influence
the resulting assemblies.** Chiral assemblies of DNA-modified
gold nanoparticles was thus made possible by controlling the
binding of four different-sized building blocks (Fig. 3).#!

Even though the study*' did not report any CD spectra, it is
very interesting to model possible chiral optical CD signals for
such or similar metal NP assemblies, to identify NP geometries
with the strongest CD signals. The related theoretical study was
recently reported'>!® and gave very interesting results (Fig. 4).
First, since the CD effect here comes from the dynamic Coulomb
interaction between non-chiral NPs arranged in a chiral geom-
etry, the shape and strength of calculated CD signals are really
sensitive to the composition and geometry of NP complex.
Removing or shifting one NP in a chiral complex of four nano-
crystals can change the overall CD signal or sometimes can cause
it to vanish. In the case of a four-NP complex, the reason of this
sensitivity is purely geometrical. If we remove just one NP from
a complex of four, the remaining system becomes non-chiral
since it acquires a symmetry mirror plan. Another example is
a chiral pyramid made of four NPs of the same size (Fig. 4, upper
part, first two complexes). In this case, if the NP (a) in Fig. 4
(upper part) is moved to the right, the resulting pyramid will
become non-chiral because of the symmetry plane coming
through the vertical pair of NPs (b and c¢) and the center on the
a—-d edge. Chiroptical properties of plasmonic pyramids and
tetrapods found by Fan et al'?* can be briefly formulated as
follows: (1) Especially strong chirality appears if a frame is chiral;
(2) Chiral assemblies with non-chiral frames have typically
weaker CD; in this case, it is assumed that at least two NPs out of
four should have different sizes; and (3) A CD signal from
a chiral complex with an ideal tetrahedral frame seems to vanish
in the dipole model; this case assumes that all four NPs have

o
9 @

W,

20nm
==

Fig. 3 Chiral assemblies of gold nanoparticles using DNA scaffolds.*' Reprinted with permission from Ref. 41. Copyright 2009, American Chemical

Society.
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Fig. 4 (Upper part) Models of chiral NP pyramids shown to scale. The
first two models have an asymmetric frame and NPs of the same size. The
third model is with a symmetric frame, but with different NPs. (Lower
part) Calculated CD spectra of pyramidal complexes with asymmetric
frames. (Insert) Calculated CD for the complex with a symmetric frame.
The positions of NPs and more description can be found in Fan ef al.,
2010."* Reprinted with permission from Ref. 12. Copyright 2010,
American Chemical Society.

different sizes because, otherwise, the complex is not chiral. After
evaluating several geometries, the authors'*'* came to the
conclusion that the helical geometry of plasmonic NPs is really
suitable for the creation of plasmonic CD (Fig. 5). Interestingly,
it was found that the CD signals within the dipolar theory of
plasmon-plasmon interaction have typically a peak-dip shape
(bisignate shape). In a few-NP helices with a relatively small
vertical separation between NPs (as shown in Fig. 5), the plas-
mon CD band may became inverted as one NP is added.
However, if we average over helices with different NP numbers
(Nyp), the net averaged CD will still remain strong. Moreover, it
was demonstrated theoretically that helixes with a more
“stretched” geometry have very stable CD spectra without
“inversion” when the NP number increases.”® The overall
conclusions of ref. 12,13 are that: (a) if a system has some degree
of helical correlations of NP positions, one can expect
a substantial plasmonic CD signal, (b) defects will, of course,
somehow reduce the CD strength, and (c) it is possible to find
geometries with the plasmonic CD bands that are especially
stable against possible defects of structure (missed NPs or
a variation of the NP number in a helix). Interestingly, plasmonic
peak-dip (bisignate) structures in the CD spectra have been
recorded in several experiments.*-'#454 The assemblies'®*®

4.0x10°F T N5 ' Jo2
N,=6 ’ ‘ t

2.0x10° 01 4
g 0.0 10.0 ‘g‘
E Nyp=4-8 g
Z-20x10°}F a=5m | '0'1§
8 f=i2am ] o 2‘_'

4.0x10°F step = +15am| ™"

£,=18
{103
6.0x10°} .

20 22 24 26 28 3.0
Photon energy (eV)

Fig. 5 Calculated CD spectra of helix complexes (Nyp =4, 5, 6, and 7)
with the parameters shown inside the graph; Ry is the radius of helix, step
is the period (pitch) of helical structure, and ayp is the NP radius. Inserts:
models of the complexes shown to scale. Reprinted with permission from
Ref. 12. Copyright 2010, American Chemical Society.

involved Ag NPs and will be described in Section 1.2 (Fig. 9 and
11 and related text). In the study* peptide-templated chiral gold
nanoparticle assemblies were obtained by the in situ growth of
gold on D- or r-diphenylalanine nanotubes. Diphenylalanine
forms chiral nanotubes with either right- or left-handed config-
urations from D- or L-isomers, produces tubes with homoge-
neous lengths, and represents a scaffold for nanoparticle growth.
The tubes were subsequently coated with preformed 4.5 nm
ethylene glycol protected gold NPs and then used to seed the
selective growth of gold NP bunches along the nanotube surface.
After growth, the attached gold bunches showed a bisignate CD
signal at the gold plasmon frequency and a symmetrical mirror
image of peaks with complementary positive/negative and
negative/positive Cotton effects for the D- and L-isomers
respectively. For these nanotube-grown gold assemblies, it was
suggested that the induction of chirality and creation of CD
activity originates from plasmonic resonances of asymmetrically
organized gold NPs on the nanotube. This plasmonic CD signal
may be either due to the intrinsic chiral properties (chiral shape
or chiral surface electronic states) of NPs or to the inter-NP
coupling in a chiral NP array. So far, a theory has only been
developed for the second case'? and it, indeed, predicts bisignate
CD signals. In another assembly approach' DNA has been used
to arrange gold nanoparticles in spatially defined 3D geometries
using a PCR based method. To obtain assemblies, DNA func-
tionalized gold NPs from a diverse pool of shapes and sizes were
assembled into multi-NP architectures by varying the density of
DNA primers on the Au NP surface and the number of PCR
cycles. Under these conditions, NP dimers, trimers, and tetra-
mers were formed. Notably, the resulting structures mimicked
the chirality of simple few-atomic molecules. Optically, these
arrangements produced intense CD signals of complex shapes at
~650 nm probably as a result of the collective plasmon coupling.
Overall, it may be challenging to identify an exact mechanism of
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plasmonic chirality in these assemblies since they are non-
uniform in composition and the CD spectra in the plasmonic
wavelength region have complex shapes.

Very recently, two studies*’*® reported Au-nanorod assemblies
demonstrating plasmonic CD responses with the characteristic
bisignate shapes. According to the interpretation,*”*® these CD
responses come from the plasmon-plasmon interaction between
nanorods. The first report*’” concerns a nanorod structure
assembled with twisted fibers, whereas the second paper*® utilizes
soft bio-molecules for a templated assembly. In contrast to
spherical-NP assemblies, nanorod complexes have an additional
type of disorder - an orientational disorder. In experimental
realizations, the control of orientations of nanorods in an
assembly can be an additional challenge. The second paper*®
demonstrated an interesting effect of flipping of the plasmonic
CD pattern using a chemical method. According to the inter-
pretation of Wang and co-workers,*® the controlling molecules
added to the solution create changes in the geometry of the
assembly and, in particular, these molecules can cause a change
in the pitch of the helical nanorod assembly. This variation of
a pitch may result in a flipping of the plasmonic CD spectrum.
This flipping effect is supported qualitatively by the theory."® In
the theoretical calculations for the helical plasmonic complexes,
one can see the effect of inversion of a CD spectrum when
a helical complex becomes stretched or compressed.’® The
observed sensitivity of the plasmonic CD spectrum to the
geometry of a complex assembled with the help of a biomolecular
template suggests interesting possibilities in bio-sensing
applications.

On the other hand, an optical activity may, in principle, arise
locally from random aggregation of nanoparticles, even without
any chiral species in the vicinity, due to the fact that they gather
with no centre or plane of symmetry and are therefore likely to
exhibit local handedness. Large local optical activity was found
in particular in fractal aggregates of plasmonic nanoparticles,
while no macroscopic circular dichroism was observed. This
phenomenon was explained by the formation of hot spots where
the exciting electromagnetic field concentrates and may enhance
optical activity.* Another possibility to create plasmonic CD
would be the use of random aggregates assembled using chiral
molecules. In such aggregates, plasmonic fields may be strongly
enhanced in hot spots and, therefore, the interaction between
plasmons and chiral molecules can be strongly amplified.>!® This
type of optical activity, in principle, may appear in a large
collection of random aggregates assembled with molecules of the
same kind and chirality. Geometries of random aggregates would
be overall non-chiral (i. e. with random chirality), but non-zero
optical chirality may come from the uniform chirality of mole-
cules. In recent experiments, phosphorothioate-modified oligo-
nucleotides were immobilized on 10 nm-diameter gold
nanoparticles which then exhibited a plasmon-induced CD in the
500-700 nm region*' (Fig. 6). However, this CD was only
observed when the conjugated particles were partially aggre-
gated. The reversibility of the phenomenon upon de-aggregation
and aggregation suggested that the density of plasmonic particles
around the chiral species and possibly the distance between them
were key elements in the generation of plasmon-induced CD.
Overall this observation of plasmon-induced CD in random
aggregates is consistent with the plasmonic dipolar mechanism
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Fig. 6 a) CD spectra measured by Gerard and co-workers for oligo-
nucleotides alone and for aggregates of 10nm Au NPs conjugated with
oligonucleotides. Inset: TEM image of oligonucleotide-conjugated gold
NPs.! Taken from Ref. 21; adapted with permission of The Royal
Society of Chemistry. b) Calculated averaged plasmonic enhancement
factors (P?) for the plasmonic hot spot in the center of an assembly of N 4,
nanoparticles. Inset: Geometry of one particular complex with Nyp = 6;
the plasmonic hot spot is located in the center of the system indicated as
a blue sphere. Adopted with permission from Ref. 97. Copyright 2006,
American Chemical Society.

described by eqn (3). Importantly, this mechanism creates CD
lines in a wavelength region where an attached chiral molecule
has not its own absorption. It is expected (eqn (3)) that the
appearance of plasmonic lines in the CD spectrum should
correlate with the plasmonic enhancement of field inside the
system. And, indeed, it is interesting to see such correlation in
Fig. 6a and 6b. The calculated plasmon enhancement spectrum
in Au-NP assemblies has a characteristic band starting at 500nm
and ending at 700nm (Fig. 6b). This is what we also see in the
experiment (Fig. 6a). We should note that the calculated Au
complex shown in Fig. 6b has a relatively large inter-particle
distance and, therefore, the plasmonic enhancement factor is just
moderate. For smaller inter-particle separations, one can obtain
theoretically very large enhancement factors, for example, an
Au-NP dimer with 2nm gap shows P. ~ 300.3°

It appears that special conditions have to be simultaneously
fulfilled for plasmon-induced CD to occur: the plasmonic parti-
cles must be densely packed and the chiral species must be close
enough to the plasmonic particles. The conditions were achieved
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Fig. 7 Formation of ordered PFTB and gold nanocomposites with
enhanced chirality. Reprinted with permission from Ref. 19. Copyright
2010, American Chemical Society.

by Oh and co-workers'® who assembled gold nanoparticles on
a chiral polymer, poly(fluorene-alt-benzothiadiazole) (PFTB), to
produce ordered nanocomposites with strong CD at the plasmon
resonance wavelength especially after annealing of the produced
polymer film (Fig. 7). The observed CD signals were interpreted
in terms of the two plasmonic mechanisms:*'*!? (i) plasmonic
coupling between helically arranged gold NPs because of this
supramolecular ordering and (ii) the dipole-dipole exciton-
plasmon coupling between the polymer and plasmons resulting
in transfer of chirality from the chiral molecules to the Au
plasmons. From a close look at the observed CD spectra, it may
be observed that the CD spectrum of the chiral nanocomposites*’
includes strongly enhanced natural molecular transitions, which
are expected within the mechanism (ii). The related simple
equation for this mechanism is eqn (2). Thus it seems that the
condensed phase would be auspicious to the generation of CD in
the plasmonic region on the condition that the inter-particle
distances and the particle arrangement can be controlled
somehow. This general observation is consistent with the recent
theories*!%1? of plasmonic CD appearing in NP assemblies with
chiral geometry.

As described in the examples above, a collective response of
metal nanoparticles can be essential to enhance molecular CD or
to create new plasmonic lines in a CD spectrum. As a result,
massive metal nanostructures (plasmonic meta-materials) were
employed to increase the sensitivity of CD for the detection of
chiral biomolecules®® using concepts somewhat related to those
presented above. In an elegant example, Hendry, Kadodwala,
and co-authors constructed a planar chiral metamaterial based
on an array of right- and left-handed gold gammadions on glass
to create chiral plasmonic hotspots for the detection of chiral
biomolecules. Analysis of six common proteins (hemoglobin,
bovine serum albumin, B-lactogobulin, myoglobin, concanavalin
A, outer membrane protein) with their right-handed and left-
handed chiral arrays has been performed and the proposed
plasmonic meta-material method has shown its potential for
sensing.

Another important parameter to take into account is the
nature of the chiral molecule itself. While DNA is a long mole-
cule subject to many conformational changes, small chiral amino

acids produce very different effects. For instance D- and L-
penicillamine were successfully used to stabilize gold clusters
produced in their presence which exhibited new spectral CD
structures, especially well seen in the anisotropy-factor spec-
trum.’’ However the immobilization of the same moieties on
citrate-stabilized gold nanoparticles through ligand exchange did
not give rise to any CD;>* the same results were obtained also
recently by another research group.?' Two main atomistic models
have been argued as for the origin of chirality in these systems.
The first one involves the formation of a chiral gold core due to
the influence of the chiral ligand; the second model relies on
Metal-Based Electronic Transitions (MBET) being linked to
a perturbation of the symmetrical core by a chiral field. Chiral
thiol-stabilized gold nanoparticles were examined when exposed
to the free thiol of opposite configuration, a racemic mixture of
thiols and an achiral thiol.*® Ligand exchange was shown to
occur and to give rise to an inversion of chirality. The shape of
the spectrum was unchanged and the intensity of CD was not
sensitive to excess ligand in the solution. This was an indication
that the CD could not be solely attributed to a chiral arrange-
ment of thiols on an achiral nanocluster. On the other hand, the
inversion of chirality with ligand exchange proved that the CD
did not come from a chiral gold core. It was postulated from
these results that chirality of thiol-stabilized nanoparticles was
due to a local distortion of the gold crystal on the surface of the
particles through the adsorption of the chiral ligands. That chiral
structure was probably not stable enough to withstand ligand
exchange.?®

The large variety of available chiral molecules brings many
interesting possibilities. In one example,** Au NPs with a well
expressed plasmon resonance were conjugated with chiral calix-
arene enantiomers. The resulting CD spectrum of the conjugate
demonstrated a weak, but well-defined plasmon peak at ~520
nm. By analyzing their data and structures, the authors
concluded that their observation is consistent with the chiral
asymmetry effect induced by the chiral adsorbate that influences
the electronic structure of the metal nanoparticle core.* It should
be added that the observation is also consistent with the dipolar
mechanism of interaction between chiral molecules and
plasmons.>!*

Peptides (short chains of amino acids-short proteins) represent
another source of biomolecules that can be used to create
interesting nanoparticle chirality. Peptides can be engineered to
exhibit material specific binding by using combinatorial
screening techniques. They can exhibit various secondary struc-
tures (o-helix, random coil, B-sheet), can be conjugated with
dyes, and can be multi-functional. A complex composed of
a chiral peptide, a non-chiral dye molecule, and a silver NP
exhibited strong plasmon enhancement of the natural CD lines®*
that will be discussed in more details in the next section.
Recently, Pradeep et al. showed that the CD response of gluta-
thione coated gold can be manipulated by the etching and cavi-
tation of the parent particles into quantum clusters of Au,s using
excess glutathione and cyclodextrin molecules.>> After etching,
the quantum particles displayed strong luminescence and intense
CD peaks at ~330-380 and 400-455 nm from the gold cluster
core. Other peptide-nanoparticle systems with artificially created
CD included gold nanoparticles functionalized with a well
established gold-binding or coiled-coil peptide,*®>” and peptide
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Fig. 8 a) Plasmon enhanced CD spectrum of Au nanoparticles functionalized by a peptide-dye conjugate and Au nanoparticles coated by a gold-
binding peptide. b) The calculated CD spectra for a dipole of a generic chiral molecule mimicking peptide chromophores (black curve for R = o) and for
a dipole-nanoparticle complex with two separations (R = 5.3 and 6 nm); the absorption wavelength of the dipole 2y, = 200nm. Inset shows the model
used. Reprinted with permission from Ref. 56. Copyright 2011, American Chemical Society.

templated silver-silica core shell hybrid nanoparticles.’® For the
gold-binding and coiled-coil peptides, Slocik ef al.*® observed the
creation of moderately strong visible CD signals at the plasmon
frequency of gold (Fig. 8). This observation was attributed to the
mechanism due to the interaction of dipoles from the chiral
peptides with the plasmons of the gold nanoparticle (eqn (3)). It
is interesting to note that while these peptides had differing
secondary structures (unstructured vs. a-helical), they produced
CD signals with similar magnitude and ellipticity. By compar-
ison, the strength of a dipole in an a-helical peptide is larger than
in an unstructured peptide and is expected to induce a stronger
CD response from gold, however, the unstructured peptide binds
in a multi-dentate fashion and interacts with more of the gold
surface than the a-helical ES coil peptide which binds through
a single cysteine residue extending the dipole farther away from
the gold surface.® This could reduce the transfer of chirality
from the helical ES5 coil peptide to the Au NPs.

The influence of Au NP’s core diameter was investigated in the
work of Schaaff and Whetten.® Small glutathione-stabilized
nanoparticles (less than 2 nm) were synthesized, which can also
be viewed as large clusters (20-40 atoms). Their UV-visible
absorption spectra were very different from the usual plasmon
peak at 520 nm that is typically observed for Au NPs with
diameters larger than Snm. Due to quantization of the electronic
transitions, they demonstrated a step-like structure ranging from
red to near-IR. It also differs from smaller clusters which typi-
cally exhibit a strong blue absorption band. This peculiar elec-
tronic structure was also reflected in their CD spectra where
several very intense bands and frequent changes of sign could be
observed. These bands were further evidence for a series of
distinct electronic transitions, but also strongly suggested that
the core AuNPs were intrinsically chiral. Similarly to previously
reported chiral fullerenes®® and helicenes,®' these large gold
clusters are thought to assemble in a helical or generally low
symmetry way.*

1.2  Chiral silver nanoparticles

Silver ions have been known to complex with nucleic acids via
interactions with the heterocyclic bases and to consequently alter
their optical properties. This affinity has been used to grow silver

nanoparticles assemblies on DNA templates. Reducing silver
ions previously complexed to 700 base pair poly(dG)-poly(dC)
lead to the formation of linear chains of silver nanoparticles.*®
The initial complexation induced an inversion in the CD band of
DNA at 260 nm, while the formation of nanoparticles lead to the
appearance of a new band at 425 nm which was the plasmon
resonance frequency of the silver particles (Fig. 9). On the other
hand, pre-made nanoparticles subsequently mixed with DNA did
not give rise to that new CD. It was thus concluded that DNA
directed the asymmetric growth of nanoparticles.

Regarding Ag-based hybrids, it was postulated that the
interactions of Ag* with DNA induces some conformational
changes and that the modification of the bases arrangement
relatively to the helical axis is responsible for the changes in CD.
Silver nanoparticles in turn induce different alterations of the
DNA conformation and consequently of the CD spectrum.5?

Very recently, the modification of citrate-stabilized silver
nanoparticles with a range of small thiolated chiral molecules
through ligand exchange showed that the availability of
a protonated amine group may give rise to a CD signal in the
plasmon region (350-550 nm), the sign of which did not depend
on the handedness of the ligand.®® Rezanka et al.% attributed this
CD generation to the mechanism due to the dipole-plasmon
interaction.>!® Cysteine, penicillamine and glutathione which
interact with silver nanoparticles through their thiol group
produced a new CD signal in the 240-300 nm range (around the
optical activity region of initial biomolecules). In the case of
cysteine, the generation of that new CD signal was attributed to
hydrogen bonding between amine and carboxylic acid moieties
of neighbouring cysteine-capped silver nanoparticles.>* Interest-
ingly, the new CD was not generated when the same molecules
were bound to gold nanoparticles.

Lieberman et al>* conjugated Ag NPs and a peptide-dye
complex (Fig. 10). The fluorescent dye (bromobimane) was
nonchiral. In this case, the optical transition in a peptide-dye
complex (400nm) and plasmon Ag NPs were in resonance
(400nm). As a result, the CD signal of a peptide-dye complex was
amplified by two orders of magnitude.* The authors attributed
this CD amplification to the plasmon enhancement of absorption
in the system.>* Since the CD spectrum of the complex included
structures at the natural wavelength of the dye, we can estimate
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Fig.9 The plasmonic CD band of Ag NPs assembled on DNA (left) and the geometry of the system including a TEM image of the Ag NP chain (right).
Reprinted with permission from Ref. 45. Copyright 2006, American Chemical Society.

Fig. 10 CD from the peptide-dye-Ag NP complex; inset shows a model
of the system. Reprinted with permission from Ref. 54. Copyright 2008,
Wiley.

theoretically the plasmon enhancement effect using eqn (2). The
plasmon enhancement of natural molecular CD line is propor-
tional to the plasmonic factor P. At the surface of a spherical Ag
NP, the plasmon enhancement is moderate: P ~ 16(Fig. 2b). This
is not enough to explain the observed 100-fold enhancement.**
Au-NPs were however likely to be partially aggregated and
besides Ag NPs involved in this study were relatively large (2—
50nm). Therefore, hot plasmonic spots could appear in this
system. For example, a 20nm-Ag NP dimer with a gap of 1 nm
creates a plasmonic hot spot in the center with P ~ 700.3° This is
even larger than the observed enhancement. In the real system,
not all chromophores can be located in hot spots and the
resulting CD increase will be smaller than the maximum
enhancement factor. From the above theoretical number for the
factor P in the hot spots, we see that the plasmon-enhancement
mechanism is a resonable explanation for the important obser-
vation of Lieberman et al.**

Similarly to the case of Au NPs, peptide molecules can be used
for conjugation with silver NPs. Taubert et al*® used peptide
molecules to produce chiral silver nanoparticles coated with
a thin optically transparent silica shell. These core-shell particles
displayed a positive plasmon-induced CD peak for silver which
was red-shifted by 37 nm upon addition of the silica coating. The
origin of CD activity is believed to be the peptide altered crys-
tallographic structure of silver and possibly the disordered
crystal interface determined by X-ray diffraction. This suggested
mechanism differs from the dipole-plasmon interaction mecha-
nism which was assumed for the plasmonic CD signals of peptide
functionalized chiral gold particles® as it was described above, in
Section 1.1. We note that, in principle, the dipole-plasmon

interaction mechanism is also applicable to the interesting
structures realized by Taubert and co-workers.?® Clearly, more
studies and more specially-designed structures are needed to
distinguish and to uniquely identify the involved CD mechanisms
and it can be that a few mechanisms can act simultaneously.

Another recent and interesting experimental realization of
a chiral system with a strong plasmon-related optical activity was
reported by Qi and colleagues (Fig. 11).® The authors employed
nematic porous silica films with embedded silver NPs and
observed characteristic plasmonic structures in the visible spec-
tral range (Fig. 11)."® The CD spectra in this study exhibited
positive and negative bands that are quite typical of the CD
mechanism based on the plasmon-plasmon Coulomb interaction
between metal NPs.'? One can see similar bisignate structures in
calculated CD spectra of NP complexes of various geometries,
including the related helical geometry (Fig. 4 and 5).

2. Chiral semiconductor quantum dots (QDs)

Over the last decade much attention has been directed towards
I1-VI semiconductor nanoparticles such as CdS, CdSe and CdTe
quantum dots (QDs).**" Tt is the ability to finely tune their
optical properties through chemical control of their size and
shape (i.e. their degree of quantum confinement) that makes
quantum dots particularly interesting. This level of optical
control combined with QDs resistance to photobleaching and

Ellipticity

Wavelength / nm

Fig. 11 a) A model of nematic porous silica films with embedded
interacting Ag NPs. b) CD spectra taken from this system before (blue)
and after (red) soaking with water. Reprinted with permission from
Ref. 18. Copyright 2011, American Chemical Society.
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their high level of solubility in practically any solvent (depending
on the stabilizer used) makes these nanomaterials potentially
suited for roles as diverse as light emitting diodes,”® biological
sensors’® and photovoltaic devices.””” Thiol group containing
amino acids have proved to be excellent stabilizers, with L-
cysteine becoming one of the most popular surface capping
molecules for CdX (X = S, Se, Te) nanoparticles.®”**8¢ Recently
the use of stereospecific chiral stabilizing molecules opened
another avenue of interest in the area of quantum dot research,
as chirality is a key factor in biological and biochemical inter-
actions. However this is a very new area. There are currently only
a limited number of relatively recent reports dealing with chiral
light emitting semiconducting nanocrystals (quantum
dots).23,27,87789

Initially chiral CdS QDs were prepared using microwave
induced heating with the racemic (Rac), D- and L-enantiomeric
forms of penicillamine (Pen) as the stabilizers.®” Circular
dichroism (CD) studies of these QDs have shown that D- and
L-penicillamine stabilized particles produced mirror image CD
spectra (Fig. 12) while the particles prepared with a Rac
mixture showed only a weak signal. Because the particles are
optically active from 200-360 nm, the chirality cannot be
simply attributed to the penicillamine ligand and therefore the
QDs themselves can be considered chiral. It was also demon-
strated that all three types of CdS particles (D-, L-, and Rac
penicillamine) show very broad emission bands between 370
and 710 nm with the maximum wavelength in the range 485-
505 nm due to defects or trap states on the surfaces of the
crystals. DFT calculations of electronic states have demon-
strated that the longer-wavelength circular dichroism is asso-
ciated with near-surface Cd atoms that are enantiomerically
distorted by the penicillamine ligands.?* Models of the CdS QD
surface show that the penicillamine ligand bonds via N and S to
one surface-Cd, and introduces chirality via additional bonding
of carboxylate to a neighboring Cd. The interaction between
ligand and cluster is strong, as is the interaction between
ligands on the surface, compared to the weaker CdS surface
structure. The ligands thus pack into helical bands on the
surface and strongly distort the outermost Cd atoms of the
QD, transmitting an enantiomeric structure to the surface
layers. However, there is little distortion of the CdS geometry
in the QD core, which remains achiral.
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More recently aqueous chiral CdSe quantum dots have also
been synthesized using microwave heating.*® These nanoparticles
also showed a very broad distribution of photoluminescence
which originates from emissive defect states. According to time
resolved photoluminescence spectroscopy studies, there is
a range of defect states associated with each individual quantum
dot as well as a shift of the emission band to longer wavelengths
at longer times after excitation which suggests the existence of
traps of varying depth.

The concept of chiral surface defects of QDs (distorted QD
shell) was also confirmed by experiments with CdTe nanocrystals
bearing chiral D- and L-cysteinemethylester hydrochloride
ligands.®® Interestingly, the chirality of the QD surface was
maintained even after ligand exchange with an achiral thiol
(Fig. 13) and transfer of CdTe QDs into a different (organic)
phase. In this case chiral QDs have demonstrated an extraordi-
nary chiral memory effect (Fig. 13).

It has also been demonstrated that the chirality of cysteine
stabilizers has an effect on both the growth kinetics and the
optical properties of CdTe nanocrystals.?”®* This work suggested
that the topological origin of chiral sites in nanocrystals is similar
to that in organic compounds. Quantum mechanical calculations
have shown that the thermodynamically preferred configuration
of CdTe nanocrystals is S type when the stabilizer is D-cysteine
and R type when L-cysteine is used as a stabilizer (Fig. 14). These
calculations correlated well with the experimental kinetics of
particle growth.?’

Optically active Optically active

Fig. 13 Chiral memory of thiol-capped CdTe nanocrystals.®® QDs
stabilized with chiral ligands retained their optical activity even after
exchange with an achiral thiol. Reprinted with permission from Ref. 88.
Copyright 2009, American Chemical Society.
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Fig. 12 Left panel: Schematic of a chiral penicillamine capped CdS nanoparticle. Right panel: CD spectra of L-penicillamine (green), b-penicillamine
(blue) and racemic (red) CdS nanoparticles.?” Taken from Ref. 87. reproduced by permission of The Royal Society of Chemistry.
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Fig. 14 Quantum dot models of two different chiral arrangements of
cysteine and CdTe. Reprinted with permission from Ref. 27. Copyright
2010, American Chemical Society.

In addition to QDs more complex chiral quantum nano-
structures have been reported. Unusual chiral CdS nano-
tetrapods have been produced by heating of a basic aqueous
solution of CdCl,, thioacetamide and racemic, D- or L- enan-
tiomeric forms of penicillamine (Pen) under reflux.®® These
materials have also shown a very broad emission band between
400 and 700 nm, which is indicative of defect emission. CD
spectra of the D- and L- Pen stabilized samples showed clear CD
responses within the band-edge region of the spectrum from 300—
400 nm, while the Rac-Pen samples as expected show no CD
activity at all. It was found that further heating of the tetrapodal
structures leads to the formation of chiral assemblies and their
precipitation from solution. Preliminary biological testing
showed that these materials demonstrate a very low cytotoxicity,
which could be potentially useful for in vitro cellular imaging and
biological sensing.

Self-assembly of CdS nanocrystals on chiral nanofibers have
been recently reported.®? The synthesis was achieved by growth
of CdS on the surface of synthetic self-assembled helical or
nonhelical nanofibers after the immobilization of a peptide
capping agent. It was found that there are differences in shape,
size, and photoluminescence properties of the CdS nanocrystals
depending on the chiral nature of the nanofibers on which they
were grown.

Finally very interesting chiral CdS QDs have been prepared in
ferritin protein nanocage.”® These QDs have showed left-handed
circularly polarized luminescence from both direct transition and
surface-trapping sites. The authors have also demonstrated that
the chiral luminescence can be modulated by laser photoetching.
It was found that after photoetching the luminescent bands from
surface trapping sites blue-shifted with a decrease in QD size,
while bands from the direct transition band disappeared. Thus,
chiral QDs demonstrate unique photophysical properties. It is
expected that chiral QDs and their assemblies will find a range of
potential applications including chiroptical memory and circular
polarized light emitting devices, and assays for biological and
biochemical analysis. The use of chiral QDs for recognition and
analysis of chiral mixtures of enantiomers,* amino® and nucleic
acids,® and for in vitro cellular testing®® have already been
demonstrated.

From a theoretical point of view, the induced optical chirality
in semiconductor QDs reviewed in Sec. 2 can be explained by an
orbital coupling or by the Coulomb interaction between a QD
and a chiral molecule (Fig. 15). The first CD mechanism is
microscopic and can only be treated using atomistic calcula-
tions.?**” In these calculations the electronic states of a QD
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Fig. 15 Quantum transitions in the chiral molecule-QD system. The
solid vertical arrows represent light induced transitions, and the hori-
zontal blue arrows depict the orbital and Coulomb couplings. The dotted
vertical arrows show relaxation processes.

become hybridized with the orbital wave functions of a chiral
molecule. In this way, ie. via the orbital hybridization, the
molecular chirality can be transferred to the excitons in a semi-
conductor component. The second mechanism is similar to the
plasmonic Coulomb-induced CD considered in Introduction.®!°
The theory of the Coulomb-induced CD developed for plasmons
in metal nanocrystals can be easily extended to the case of excitons
in semiconductor QDs.>!® In a semiconductor QD, excitons
become coupled with a molecular transition via the dipolar
Coulomb interaction. The corresponding dipolar contribution to
the CD spectrum at the excitonic wavelengths can be written as:'®

CcD exciton, molecule—semiconductor QD (O))

Im[(Fexciton : le) 'm2l} W — Wy (5)
~ ‘Im|app(w)],
R (@ — )’ +T7 [oon()]

where w and w are the frequencies of the incident photon and the
molecular transition, respectively; Foyeiron is a dipole orientation
matrix. Importantly, app(w) is the polarizability of a QD which
contains the inter-band exciton resonances. The quantity Im
[app(w)] is directly proportional to the QD absorption cross
section, Gop- Thereforea CDext‘iton, molecule—semiconductor QD(w) ~
6op(w). In other words, as expected, the dipolar CD spectrum
contains the excitonic peaks observed in the absorption of an
isolated QD. We also note that eqn (3) and 5 (which describe
plasmons and excitons, respectively) have a somewhat similar
structure. In addition, a simple theory predicts another dipolar
mechanism of interaction between a chiral molecule and a non-
chiral QD.® This mechanism arises from the modification of the
external electric field due to the high dielectric constant of
a semiconductor. Such dielectric effect is expected to modify the
intrinsic CD properties of a molecule due to the field enhance-
ment factor, P, in eqn (2).°

Conclusions and perspectives

The field of chiral nanoscale structures incorporating both
nanocrystals and molecules is really exploding. There are several
motivations for pursuing the development of chiral
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nanostructures. Construct nanoscale systems with optical
chirality in the visible range is very attractive since the majority
of natural molecules exhibit a strong CD in the UV and a very
weak CD in the visible range. Strong optical activity in the visible
can be used to construct new media for optical devices. A large
number of modern drugs are chiral and it would be very bene-
ficial to have additional optical means - using the visible light - to
identify their chiral states. Another motivation is the ability to
sense chiral secondary structure of biomolecules (proteins, DNA,
etc) with light in the visible range. In that respect, plasmonic
nanoscale assemblies look especially attractive because of the
following opportunities: (i) Molecule-plasmon interaction can be
made strong and local, applied only to the selected components
of the system being sensed; this can be realized by attaching metal
nanocrystals to selected parts of a complex bio-molecular system.
(i1) Plasmon resonances can strongly enhance weak CD signals of
molecules; (iii) Using plasmon resonances, one can bring the
molecular CD responses to the visible range; this is especially
attractive since all parts of a bio-system have typically very
strong absorption and CD signals in the UV range.

The approaches to construct chiral nano-materials described
in recent literature may be roughly divided into two groups. The
first group is based on an assembly at the atomic level. This may
involve metal/semiconductor nano-clusters with an intrinsic
chiral structure (intrinsic chirality) or a surface chiral molecular
adsorbate that induces chirality on a crystalline nanoparticle.
Since nano-clusters, and especially nanoparticles, have a large
number of atoms, it is challenging to control and predict their
atomistic structure. This brings us to the second group of
approaches. It concerns constructions of chiral nano-materials
from well-defined building blocks using dipolar and electro-
magnetic interactions. One advantage of this strategy is that it
involves the controlled assembly of preformed building blocks
and does not rely on the atomistic structure that may not be fully
controlled. Overall we believe that new chiral nano-materials will
find a range of potential applications and open up new horizons
for unique optical devices, new approaches in asymmetric
catalysis and chiral sensing.
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