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KEYWORDS Abstract Recent reports have illustrated the promising potential of chiral metal nanostruc-
Chirality; tures, which exploit the characteristic localized surface plasmon resonance of metal colloids,
Plasmonics; to produce intense optical activity. In this article we review the concepts, synthetic methods,
Metal nanoparticles; and theoretical predictions underlying the chirality of metal colloids with a particular emphasis
Circular dichroism; on the size range of 10—100 nanometers. The formation of individual colloidal nanoparticles
Optical activity; with a chiral morphology and a plasmonic response remains elusive; however, collective chiral-
Coupled-dipole model ity and the associated optical activity in nanoparticle assemblies is a promising alternative that

has seen a few recent experimental demonstrations. We conclude with a perspective on chiral
nanostructures built up from achiral anisotropic metal particles.
© 2011 Elsevier Ltd. All rights reserved.

Introduction the discovery of chemical and biological architectures,
among which dissymmetric systems — also termed chiral —
The term chirality takes us back to the 19th and 20th cen- often play a fundamental role. The realization that Nature

turies, witnessing a great scientific effort dedicated to the ~ assumes a ubiquitous relationship between structure and
investigation of the intimate structure—property relation- ~ function h?S perhaps never been as clear as with chiral
ships of matter, well beyond its macroscopic aspect. This  Systems (Fig. 1) [1]. Following Pasteur’s work on the res-
interest has continued rising ever since and is, in fact, one  olution of tartaric acid [2], the development of efficient
of the cornerstones of today’s fundamental and applied ~ chemical syntheses of chiral species has been a driving
research. The advances and availability of increasingly ~ force in the broad field of chemistry due to the important

powerful structural elucidation techniques have conducted ~ @pplications that such systems can find in quantitative anal-
ysis [3], catalysis [4], and pharmacology [5], among many

others. As molecular biology reached a prominent role in
the germination of new scientific ideas, three-dimensional
(3D) molecular models were eagerly demanded to explain
the specific handedness of biomacromolecules [6]. In this
context, the successful investigation of Watson and Crick
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Classification of chiral architectures in Nature, from enantiomeric molecules at the Angstrém scale (tartaric acid), to

nano-sized biomacromolecules with chiral structures (DNA and proteins), microorganisms (helix-shaped viruses and bacteria such
as Tobacco mosaic virus and Helicobacter pylori, respectively), and macroscopic living systems (snails like Helix pomatia). The
complexity increases along the arrows with the cooperation of chiral subunits. Analogously, chirality in metal nanoparticles can be
reached stepwise from individual nanoclusters and nanoparticles to directed-assembly of several plasmonic nanoparticles into 3D
chiral structures. Potential applications in the preparation of metamaterials with photonic properties (Second Harmonic Generation
(SHG), Negative Index of Refraction (NIR)); enantioselectivity in catalysis and pharmacology; and in stereochemical analysis by
circular dichroism (CD), vibrational circular dichroism (VCD), and surface enhanced Raman optical activity (SEROA) are highlighted.

outlining the double-helix structure of DNA [7] is one out-
standing example that broadened our knowledge about
the conditions governing vital functions. Indeed, microor-
ganisms such as viruses and bacteria synthesize relatively
small chiral components (e.g., proteins) and assemble them
through cooperative interactions to produce superstructures
with replicated dissymmetry, which may be expressed in
their external morphology at the micron scale [8]. Further, in
an extension of this chiral expression, many macroscopic liv-
ing systems are composed of body segments with twisted or
helical shapes at the mesoscale, which seem to have optical
evolutionary functions [9].

Concurrently to the study of naturally occurring sub-
stances, the elaboration of artificial systems with controlled
material properties has given rise to a rich set of fabrication
techniques that allow a fine control over the morphology
down to the nanoscale, though it often lacks the appar-
ent effortlessness with which Nature has achieved complex
structures, chiral in particular (Fig. 1) [10]. The interdisci-
plinary character of nanoscience and nanotechnology [11],
in which chemical and biological entities may be used as key
ingredients in the construction of larger systems through
a bottom-up approach, provides an excellent playground
to explore the preparation of new dissymmetric materials
at the nanoscale. Remarkable examples of materials that
are widely used in nanotechnology are mesoporous silica
[12], carbon nanotubes [13], quantum dots [14], and metal
nanoparticles [15].

A striking example of artificial structures that reach
beyond naturally occurring substances is the emerging field
of metamaterials [16], concerning in particular nanostruc-
tures displaying novel optical properties. Here again, chiral
elements have been sought as promising candidates for
exotic optical functions as in non-linear optics [17], or neg-
ative refraction [18,19]. More generally, many applications
of nanoscale chirality can benefit from optical charac-
terization; chiral nanostructured systems in particular are
currently being investigated for their use as powerful probes
upon interaction with chiral biomacromolecules (e.g., pro-
teins) [20].

Coinciding with early studies on chirality, but until
recently following a completely different path, the study
of colloidal metal particles traces back to the 19th and
early 20th centuries. The seminal works of Faraday [21] and
Mie [22] provided a scientific ground to the phenomenal
attraction of metal nanoparticles and their unique optical
properties. Noble metals — silver and gold in particular —,
exhibit interesting optical properties at the nanoscale that
differ markedly from those of the bulk material, and also
from those of the isolated atomic constituents, due to the
excitation of localized surface plasmon resonances (LSPRs)
[23]. Following recent advances in the synthesis and sur-
face modification of metallic nanocrystals [24], the ease of
their integration into nanocomposites [25], and the control
over their plasmonic properties [26], chiral metal nanos-
tructures have emerged, and justify the present review.



From individual to collective chirality in metal nanoparticles

Whereas excellent reviews by Gautier and Burgi [15] and
Noguez and Garzon [27] have been specifically devoted to
sub-nanometer metal clusters with inherent chirality and
a strong associated optical activity, a report highlighting
advances in the field of chiral plasmonic nanoparticles is
still missing. This gap in the literature has occurred due
to difficulties in the chemical synthesis of nanoparticles
with intrinsic chiral morphology, or the reliable assembly
of achiral particles into chiral superstructures [28]. Since
the field of plasmonics is currently undergoing fast devel-
opment, we intend to focus this review on the recent work
with isotropic and anisotropic plasmonic nanoparticles, and
only briefly mention chiral metal nanoclusters, placing each
system within the context of the corresponding origin of the
observed chirality. Future prospects in this field will also be
discussed; we hope that through this perspective and the
diversity of structures conveyed in this review article the
reader will gain a greater appreciation of chirality in metal
nanoparticles.

Mechanisms for obtaining optical activity in
metal nanoparticles

As a general definition, any geometrical object is chiral or
dissymmetric if its mirror image cannot be brought to coin-
cide with itself [29]. Analogously, but expressed in terms of
group theory, the criterion for an object or group of objects
to be chiral is that it must not contain improper rotation
axes, S,, such as planes of reflection (S;=0) and centers
of inversion (S; =i) [30,31]. These geometrical requirements
make the measurement, and even the qualification, of chi-
rality a non-trivial issue in many systems. It is rather intuitive
to compare an object with its enantiomer to assess their
degree of spatial overlap. In this way it seems easy to judge
the chirality of macroscopic objects, like for instance one
of our hands. However, defining an object as chiral or achi-
ral is not straightforward when geometry changes occur with
time, as in the case of organic ligands used to transfer chiral-
ity onto nanoparticles or dynamic self-assembled systems.

Going back to the uses of chirality at the nanoscale, many
are related with the preparation of materials with optical
activity. Circular dichroism (CD), defined as the difference
in extinction of left and right circularly polarized light, is
one of the most commonly used spectroscopic techniques
when studying chirality. The optical activity of chiral systems
is thus often measured through the anisotropy factor, also
known as g-factor [32,33]:

where A¢ and ¢ are the molar circular dichroism and molar
extinction, respectively. In this review, we will not only focus
on a particular shape and/or spatial ordering of objects,
but also on the efficiency of the sample to differentiate
between left and right circularly polarized light, comparing
the chirality of different example cases by means of their
anisotropy factor.

A comparison of relevant chiroptical metal nanoparticles
in solution (Fig. 2) shows some of the highest reported g-
factors and their corresponding spectral ranges [34]. Within
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Figure 2 Representative values of chiroptical metal nanopar-

ticles with strong anisotropy factors (gmax) and the correspond-
ing typical spectral ranges of metal nanoparticles in solution.
Reproduced with permission from Ref. [34]. Copyright ©2011

Wiley-VCH.

the UV region, the g-factor of organic molecules has been
enhanced up to 0.005 by combination with sub-nanometer
metal clusters [15]. Additionally, in the visible region metal
nanospheres with surface-plasmon circular dichroism (here-
after termed SP-CD) at ~400 and ~520nm for silver and
gold nanoparticles, respectively, have been shown to regis-
ter g-values up to 0.001 [35—39]. Although several reports
have dealt with optically active metal nanospheres in non-
fluid systems, such as nanocomposite gels and films [40,41],
there are no examples of high SP-CD of isotropic nanopar-
ticles in fluid media. However, outstanding SP-CD values
were recently reported for assemblies of anisotropic gold
nanorods (NRs) with g-factors as high as 0.02 covering a
wide range of the vis/NIR spectrum [34]. This value is
comparable with the highest g-factor reported for organic
molecules such as polyaromatic compounds (0.05) [42],
alleno-acetylenic macrocycles and oligomers (0.01) [43,44],
and protein complexes (0.06) [45].

Although in many examples the mechanisms behind
optical activity in metal nanoparticles cannot be easily
identified, their chiroptical activity may in principle be
restricted to two distinct origins: (i) nanoparticles with
individual chirality, and (ii) collective interactions between
3D ordered nanocrystals. Examples pertaining to these two
mechanisms will be more deeply considered and analyzed in
the following sections.

Within the generic class of individual chirality, three main
types can be identified (Fig. 3) [15]: (a) the presence of chi-
ral ligands can favor the growth of an intrinsically chiral
core; (b) for achiral cores, optical activity can be induced
by a chiral shell through vicinal effects or through a chiral
electrostatic field; and (c) in an originally achiral core the
relaxation of the surface atoms involved in the adsorption of
the chiral ligand may create a chiral footprint. Most of the
chiral nanoparticles reported to date with individual dissym-
metry have been mainly sub-nanometer clusters (see next
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Figure 3

Schematic view of different origins of optical activity observed for metal particles with individual chirality. (a) Intrin-

sically chiral nanoparticle. (b) Chiral distribution of nanoparticle electron density induced by molecular chiral ligands. (c) Chiral
footprint on the nanoparticle surface. Chiral capping ligands are represented by red helices. The red color at the nanoparticle

surface indicates regions with intrinsic chirality.

Section Nanoparticles with individual dissymmetry); their
chirality originating from combinations of (a), (b), and/or
(c) mechanisms. The corresponding CD responses have been
restricted to the UV region of the spectrum (outside the
usual regime of LSPRs), with relatively low optical activity
efficiencies (Fig. 2).

On the other hand, the origin of collective chirality
is based on interactions between nanoparticles assembled
with 3D chiral order. This mechanism has been recently
proposed as the origin of chirality in plasmonic nanopar-
ticles of different size and composition, providing already
after only few examples record SP-CD responses in the
vis-NIR region of the electromagnetic spectrum (Fig. 2).
Although a deeper insight is needed to fully understand
the collective mechanism in metal nanoparticles (see Sec-
tion Plasmon hybridization and optical activity), the analogy
with exciton-coupling theory can be useful in visualizing this
phenomenon [32,34,46]. In this well-established theory used
in molecular systems, the coupling between two identical
chromophores is reflected in a split or broadened absorption
band, centered at the characteristic absorption wavelength
of the isolated chromophore. If the two chromophores are
not coplanar a bisignated CD couplet is generated with two
opposite Cotton effects (i.e. dichroic bands) (Fig. 4a—d)
[32,33,47]. The intensity and, more importantly, the sign
of the couplet, defined by the sign of the longer wavelength
Cotton effect, are dictated by the relative orientation of the
two chromophores. By analogy, metallic nanoparticles may
be considered as interacting dipoles that are able to display
optical activity when organized in 3D chiral superstructures.
As a result, the characteristic bisignated signature of SP-CD
in plasmonic metal nanoparticles is strongly reminiscent of
exciton-coupling in molecules with coupling between two
identical chromophores (Fig. 4e) [41]. However, as discussed
below, the exact mechanism behind collective optical activ-
ity often remains unclear, and more than one mechanism
may concurrently affect the response of a specific system.

Nanoparticles with individual dissymmetry

We consider in this section optically active small metal
nanoparticles (quantum size nanoclusters) with no distinct
LSPR. Metal nanoclusters constitute an important inter-

mediate size regime between localized atomic states in
molecules and delocalized band structures in plasmonic
nanoparticles [48]. For diameters below ~2 nm (several tens
of atoms), particles sustain molecule-like optical transitions
that depend on the compositional number of atoms and dis-
play so-called superatom properties [49]. As nanoclusters
grow larger, the molecule-like properties develop into an
optical absorption band stemming from the LSPR of their
free conduction electrons [50].

Unlike in clusters, the generation of individual dissym-
metry in plasmonic metal nanoparticles has proven so far an
elusive pursuit, in which only a limited number of successful
examples have been reported so far (see Section Collective
chirality in plasmonic nanoparticles). The main difficulty for
the preparation of such nanocrystals is directly related to
their inherent reactivity [24]. Chiral imprinting of ligands
during the growth of the nanocrystal cannot be controlled to
obtain a pure enantiomeric colloidal dispersion, especially
for particles larger than 10 nm. Indeed, there are no convinc-
ing examples of mechanism (a) in the literature for this size
range, while mechanisms (b) and (c) have been proposed
as the main origin of chirality for such plasmonic systems
(Fig. 3) [51,52]. In an attempt to circumvent these intrinsic
difficulties, the search for approaches toward collective chi-
rality has therefore represented the major driving force for
research on chirality control with plasmonic nanoparticles.

Silver nanoclusters: Typically, single stabilized silver nan-
oclusters are prepared using in situ one pot methods that
involve the reduction of silver salt precursors with mild
reducing agents in organic solvents, in the presence of sta-
bilizing ligands with thiol or amino anchoring groups [15].
In general, such clusters exhibit well-defined absorption
peaks in their UV—vis spectra and characteristic CD bands
in the visible range when the stabilizing ligands are chi-
ral. Recently, Cathcart and co-workers prepared clusters
(22—28 silver atoms) that display different CD features
depending on the capping agent used, with opposite sign
for captoril and glutathione ligands (Fig. 5a) [53]. Such
differences have been attributed to the higher affinity of
captoril ligands for the cluster surface, which are able to
further imprint their chirality during cluster growth (mech-
anism (a)) [54]. Therefore, using a combination of both
chiral ligands with essentially opposite CD signs enables
tuning of chirality in silver clusters. The same origin has
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(a) Splitting of the excited states of two degenerate exciton-coupled chromophores linked by a chiral spacer. (b)

Definition of geometrical parameters necessary for predicting CD sign and intensity [32]. Expected absorption (c) and CD spectra
(d) in case of exciton-splitting as shown in (a): component spectra thin lines in blue/red, resulting spectra thick lines in purple. The
magnitude between minimum and maximum for the split CD spectrum is called amplitude A. The two transitions are separated by
an energy 2V;,, called Davydov splitting [32] — Reproduced with permission of The Royal Society of Chemistry. (e) Bisignated CD

spectrum of gold nanorods ordered with collective chirality [34].

been reported to be the main factor behind the optical
activity of L- or D-penicillamine-protected silver nanoclus-
ters [55]. An interesting recent development based on a
chiral induction strategy from achirally modified silver nan-
oclusters was reported by Kimura and co-workers [56].
They synthesized nanoclusters protected with achiral 3-
mercaptophenylboronic acid (mean core diameter 0.8 nm)
that showed CD signals (at ~350nm) in the presence
of L- or D-fructose, with a mirror-image relationship at

the UV transitions (Fig. 5b). A comparison between the
chiroptical properties of this system (g-factor 3.2 x 107°)
and penicillamine-protected silver nanoclusters (g-factor
1.0 x 1073) points toward a dissymmetric field of the phenyl-
boronic acid—fructose complex, as the mechanism behind
the induced optical activity [57] (mechanism (b)).

Gold nanoclusters: These particles have attracted a large
interest during the past couple of decades [58]. Since
Schaaff and co-workers discovered intense Cotton effects
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sion from Ref. [53]. Copyright ©2010 American Chemical Society. (b) Circular dichroism spectra of silver clusters coated with
3-mercaptophenylboronic acid (top) and their complexes with L- or p-fructose (bottom). The insets show schemes of the cluster

structures.

Adapted with permission from Ref. [56]. Copyright ©2010 American Chemical Society.

in the metal-based electronic transitions of size-selected
glutathione-passivated gold nanoparticles (25 gold atoms)
[59,60], their optical activity — in particular the origin of
chiroptical effects — has been extensively investigated, both
theoretically and experimentally. These works on Au,s(SG)1s
(SG =glutathione) and Auq4(MTI)¢ (MTI=R-methylthiirane)
systems, using a charge-perturbed particle-in-a-box model
and time-dependent density functional theory (TDDFT) cal-
culations, supported the hypothesis that a chiral field arising
from the adsorbates can induce a chiroptical signature in
achiral metal clusters (mechanism (b)). Indeed, theoretical
CD spectra of undecagold—bidentate phosphine complexes
indicated that the optical activity of the metal core is
very sensitive to the chiral arrangement of the surrounding
ligands [61]. On the other hand, studies by Garzon and co-
workers suggested that the lowest energy structures of some
bare gold clusters are chiral [62,63]. However, they also
found nanocluster structures with an approximate center
of symmetry (Auzs5(SR)1s, SR =SCH,CH;,Ph) that are therefore
achiral.

Regarding cluster preparation, various types of molec-
ular gold clusters have been isolated, such as Auy,
Auss, Augg, Auzz, Augs, Augg, Ausz, and Auzg [64]. Among
them, Auys has been found to be particularly stable.
Thiolate ligands can be easily adsorbed on Auys clus-
ters generating a local chiral environment near the metal
surface (mechanism (c)), but also transferring chiral-
ity onto the electronic structure of the achiral metal
core (mechanism (b)). As expected, [Au,s(SCH,CH,Ph)q5~]
[TOA*] (TOA = tetraoctylamonium) cluster is optically inac-

tive. Upon exchange with BINAS (1,1’-binaphthyl-2,2-dithiol)
or NIC (N-isobutyryl-cysteine), intense bands were observed
in the CD spectra, with mirror-image for clusters cov-
ered by the corresponding enantiomeric ligands (Fig. 6)
[65]. The registered spectra certainly underlined that the
degree of optical activity is larger after exchange with
BINAS, as compared to exchange with NIC. Indeed, the
maximum anisotropy factor induced by BINAS was more
than five-fold larger than that induced by NIC. This result
demonstrated that optical activity in gold clusters may be
ligand-dependent. Interestingly, for both cases discussed
above, the anisotropy factor was reported to be larger (by a
factor of 3) for particles directly prepared with the respec-
tive thiols, than for those obtained via the ligand exchange
method. Thus, apparently only a few chiral ligands are
needed to induce significant optical activity in the metal-
based electronic transitions [63,66]. All these observations
are consistent with a chiral footprint model (mechanism
(c)). Moreover, Murray and co-workers have recently shown
that the Au,5(GS)4s cluster adopts a two-shell structure that
is an icosahedral Aus; kernel with the remaining 12 gold
atoms forming an outer gold shell [67], with a net charge
of —1, as shown by means of NMR in combination with mass
spectrometry [68]. The chiral optical signals in the visible
region from the Auys5(5G)ss clusters seem to be affected
by the chiral ligands but not from the chiral Au,s core
(mechanism (b)), since the NMR spectra did not show any
core-dependent peak splitting.

Interestingly, TDDFT calculations have predicted a non-
zero CD spectrum for single [Auzs(SR)1s™] (R=achiral
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Adapted with permission from Ref. [65]. Copyright ©2010 American Chemical Society.

methylthiolate) nanoclusters. However, a zero CD spectrum
was measured when achiral ligands were used. This finding
was explained on the basis that only chiral ligands possess
the enantioselectivity needed to break the symmetric envi-
ronment in the racemic mixture of chiral ligand-protected
metallic clusters. Thus, the induced dissymmetry was
responsible for the observed optical activity [69].
Vibrational circular dichroism: Adsorption of molecules
on nanocluster surfaces is of fundamental importance for
many processes involving separation, bio-sensing, surface
processing, lubrication, and heterogeneous catalysis [70].
Thus, the conformation of molecules at the surface may
have a pronounced effect on the physicochemical prop-
erties of particles. However, obtaining information about
the surface organization at the molecular level is often
rather difficult, and the use of spectroscopic sensing probes,
such as chromophores [71] or Raman active molecules [72],
has resulted very useful. In this context, vibrational circu-
lar dichroism (VCD) — differential absorption of left- and
right-circularly polarized light in the infrared region —,
has emerged as a sensitive technique for the study of the

conformational organization of chiral capping agents onto
nanocluster surfaces [57].

Whereas the size of metal nanoclusters has a strong influ-
ence on the UV—vis and CD response, this parameter has less
remarkable effects on IR and VCD spectra. Indeed, parti-
cles with different sizes display very similar VCD spectra.
This shows that the vibrational behavior of the adsorbed
molecules can be used to study the molecular conforma-
tion of ligands [57]. Models of bidentate ligands, such as
BINAS or NIC adsorbed on Auyy or Aug, respectively, were
used to unequivocally determine the conformation of ligands
at the cluster surface (Fig. 7) [73]. Analysis of the lowest
energy conformers showed that the ligands are adsorbed
via two anchoring groups that are attached to two gold
atoms in a bridge site, one of the two gold atoms being
shared between both groups. Biirgi and co-workers used VCD
combined with density functional theory (DFT) calculations
to study the conformation of NIC adsorbed on Aug clusters
[74]. This study further demonstrated the potential of VCD
spectroscopy for structure elucidation of chiral molecules
adsorbed on metal particles.
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Figure 7 Calculated conformer of R-BINAS adsorbed on a Auyg
cluster. Simulated (black) and measured (grey) spectra of R-

BINAS adsorbed on a nanocluster.
Reproduced with permission from Ref. [65]. Copyright ©2010

American Chemical Society.

Individual chiral plasmonic nanoparticles: It has been
observed that the g-factor of chiral nanoclusters increases
with decreasing particle size [15]. For small clusters, most
of the metal atoms are located at the surface, directly in
contact with the chiral adsorbates, thus providing higher
efficiencies of chiral induction. Therefore, the preparation
of dissymmetric plasmonic nanoparticles has been limited
to sizes close to the nanocluster limit (5—10nm).

Govorov and co-workers recently reported an interesting
study in which peptides with differing secondary structures
(random coil and «-helix) induce optical activity in 10nm
gold nanoparticles (Fig. 8a). The peptide—nanoparticle
interactions produce an SP-CD signal at the LSPR wavelength
(~520 nm) that was attributed to strong dipolar interactions
between both components (mechanism (b)) [75]. This novel
result concerning plasmonic nanoparticles had been theo-
retically predicted by the same group [52], suggesting that
chiral electromagnetic currents were generated inside the
metal nanocrystals due to the perturbing presence of chiral
chromophores (Fig. 8b—c). This origin was proposed as the
main contribution to the SP-CD signal when the absorption
band of chromophores is well separated from the LSPR. Addi-
tionally, they showed that achiral plasmonic nanocrystals
could enhance the CD of chiral molecules coupled via dipole
and multipole Coulomb interactions. As an example, pro-
teins coating gold nanoparticles have been shown to present
significant CD enhancements [76]. In a similar study, Katz

and co-workers reported that gold nanoparticles (~5nm)
modified with chiral 1,3-disubstituted diamino-calix[4]arene
ligands show SP-CD bands (~520nm) and CD enhancement
(~10-fold) of the macrocyclic ligands [51].

Collective chirality in plasmonic nanoparticles

Solutions of metal nanoparticles obtained by colloidal syn-
thesis are optically inactive — either the particles do
not display intrinsic chirality, or they form a racemic
mixture. The characteristic signature of LSPR(s) can be read-
ily observed by UV—vis spectroscopy as strong extinction
peak(s) [77]; however, a measurement of circular dichroism
or optical rotation would reveal no trace of optical activity.
This is because the large number of particles interacting
with the light beam averages out any local signature of
individual chiral particles, or because of the short-lived for-
mation of chiral aggregates [78]. Up to now, due to synthetic
limitations, no examples have been reported of colloidal
metal nanoparticles in the plasmonic size regime, from few
to hundreds of nanometers, displaying an intrinsic chiral
structure. Chirality on such systems has mainly originated
from dipolar interactions with active capping agents [75]
or observed in organized assemblies of particles [28]. The
preparation of a colloidal dispersion of such imaginative dis-
symmetric nanocrystals (Fig. 9a) will certainly demand a
high degree of control on synthetic chemistry that is closer
to that achieved in chiral organic reactions [79] than what
is currently available in colloid-chemical synthesis [24]. In
fact, state-of-art methods used to produce single particle
chirality at the nano- and micron-scale on substrates are
nanoimprint lithography [80], and electrochemical deposi-
tion of metals on templates [81]. Although a wide variety
of wet chemistry-based synthetic methods are currently
available for the preparation of metal nanoparticles within
narrow size and shape distributions [82], the controlled
incorporation of chirality during nucleation and growth of
nanocrystals has remained impractical and inaccessible to
the current state of colloid chemistry. These approaches
would exceed the shape-controlled synthesis of anisotropic
particles, such as nanorods [83], nanowires [84] or nanos-
tars [85], meaning the precise access to specific reactive
sites in the crystallographic structure, with remarkable dif-
ferences in energy [86] that induce an anisotropic growth
of branches, nanoparticle junctions, and/or twists in con-
trolled directions (Fig. 9a) [87].

Meanwhile, the need to circumvent the synthetic limita-
tions with plasmonic nanoparticles has been a driving force
at the forefront of chirality and nanotechnology, and has
prompted the use of directed-assembly strategies [88] to
generate stable chiral 3D assemblies (Fig. 9b). These orga-
nizations of particles resemble the geometry of: (i) chiral
molecules, where nanoparticles with different composition,
size or shape can be linked through covalent bonding [89];
and (ii) chiral polymers, wherein metal nanoparticles are
linked chemically or physically to chiral templates [34].
The collective chirality of such organized nanostructures is
directly associated with their SP-CD responses at the LSPR
of the metal due to interparticle plasmonic dipole—dipole
interactions [90]. The choice of material is therefore impor-
tant, and silver has been used more often than gold due
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(a) CD spectra of gold nanoparticles in the presence (black) and absence (red) of chiral peptides. Reproduced with

permission from Ref. [75]. Copyright ©2011 American Chemical Society. (b) A model of interacting Ag NP and helix. Theoretical fit
to the extinction of the ligand. The molar extinction is given for one chromophore. (c) Calculated CD signals for the ligand (black

line) and for the nanoparticle—molecule complex (blue line) shown in (b); nanoparticle radius=10nm, A=7nm, and R=17 nm.
Reproduced with permission from Ref. [52]. Copyright ©2010 American Chemical Society.

to its higher plasmonic efficiency [91], derived from a good
separation between intrinsic interband transitions and LSPR
modes, which results in narrower and more intense plasmon
resonances.

Pseudo-random aggregation: Arguably the first reported
examples of metal nanoparticles with optical activity dealt
with the preparation of fractal aggregates of silver colloids
[92]. The observed optical response was associated with
the handedness of resonant plasmon modes registered by
aggregates of interacting particles when their sizes are com-
parable to or larger than the wavelength of visible light
[78]. However, this optical observation has been limited to
micron-sized fractal objects, but was not detected in macro-
scopic random media containing nanoparticle aggregates,
which are characterized by uncontrolled aggregation involv-
ing non-desired local fluctuations in the optical response of
the material. This limitation demanded an improvement in

the chiral organization of metal nanoparticles using directed
assembly to obtain macroscopic systems with amplified opti-
cal activity, which has progressed significantly through the
synthesis of metal nanocrystals with specific surface func-
tionalities [70].

Nanoparticle linkage: DNA functionalization has been a
popular choice for the stabilization of metal nanoparti-
cles in bioimaging and biosensing applications during the
last decade [93,94]. The interest stems from the high
control over the design and synthesis of DNA sequences
on the surface of nanoparticles [95], which resembles
stereochemical control in organic chemistry [79]. Thus,
DNA has been employed for building metal nanocrystal
assemblies with different geometries, such as linear [96],
triangular [97], pyramidal [98] and octahedral [99] config-
urations. Such engineered nanostructures have constituted
the basis behind the preparation of metal nanoparticle chiral
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(a)

(b)

Figure 9 (a) Proposed structures of metal nanoparticles with
individual chirality (from left to right, dissymmetric tetra-
pod, junction of rods, and pseudo-helix nanostructures). (b)
Schematic organization of metal nanoparticles with collective
dissymmetry resembling the chirality of molecules (left) and
chiral polymers (right).

assemblies. Alivisatos and co-workers recently created dis-
crete pyramids of double-stranded DNA (dsDNA) with gold
nanospheres at the pyramid tips in solution [89], which
have higher rigidity than conventional linear DNA [100]. In
the pyramid design, each strand has a uniquely designed
sequence that allows positioning of specific nanocrystals at
each tip (Fig. 10a), using gold colloids of different sizes (5,
10, 15 and 20nm) on different strands. The enantiomeric
nanostructure was obtained by switching the position of
two of these particles through conjugation with the oppo-
site strand. An analogous method was employed by Kotov
and co-workers, in which polymerase chain reaction was
realized on the surface of plasmonic gold nanospheres as
a tool for chiral self-organization with single-stranded DNA
(ssDNA) [37]. The geometry of the products (ranging from
dimers, trimers and tetramers to very complex agglomer-
ates) was controlled through the density of DNA primer on
the nanoparticles surface and the number of reaction cycles
(Fig. 10b). Purification by gel electrophoresis was required
to achieve optically active chiral assemblies, albeit with
weak CD signals at 650 nm, therefore showing only the for-
mation of a particular enantiomer that seems to arise from
the specific chirality of DNA.

Chiral templates: In a different approach based on
the use of biomacromolecules as templates with chiral-
ity, dsDNA was used to direct the formation of nanowires
from gold nanospheres (~5nm) capped with poly-L-lysine
[101]. The nanostructure resulted from attractive electro-
static interactions between positively charged nanocrystals
aligned along both negatively charged strands at 1:1
DNA:nanoparticle mass ratio. At mass ratios larger than 1:5,
nanoparticles cause strand separation, and subsequently
DNA denaturation, which was confirmed by analysis of the
CD signal from DNA. A variation of this method, where
silver nanospheres were grown on covalently closed super-
coiled dsDNA [102], produced important alterations in the
plasmid conformation. The existence of weak SP-CD sig-

nals in the wavelength region of plasmon resonances of
silver spheres (350—550nm) suggests formation of chiral
organization of nanoparticles. Markovich, and co-workers
have reported larger bisignated Cotton effects at the LSPR
frequency (g-factor below 0.001) from silver nanoparticles
grown on chiral dsDNA [35,39], where silver nanospheres
were produced by in situ reduction of Ag* bound to dsDNA.
Although the proposed mechanism behind CD induction was
based on the assumption of the formation of a chiral metal
core on the nanocrystal surface due to the influence of
DNA, the use of a 3D chiral template and the bisignated
feature of the CD spectrum indicates that surface plasmon
coupled CD between nanoparticles may also play a role. In
fact, George and Thomas have shown that gold nanosphere
aggregates grown onto the surface of D- and L-isomers
of diphenylalanine nanotubes register moderate SP-CD (g-
factor below 0.001) (Fig. 11a) [36]. The resulting bisignated
CD signals at the LSPR frequency of gold nanoparticles
were symmetrical mirror images for each enantiomeric tem-
plate due to the dissymmetry transferred at the molecular
level from the nanotubes onto the nanocrystals. In another
example of chiral molecular transfer, silver nanoparticles
were synthesized using thiol containing biomolecules (e.g.,
cysteine) [103], and associated through hydrogen bond-
ing between biomolecules, resulting in generation of weak
CD signals.

As DNA and molecular templates present chiral dimen-
sions in the nanometer range, they necessarily limit the
assembly to small metal nanoparticles (few nanometers).
This usually leads to systems with low/moderate g-factors
at the LSPR wavelength, thus limiting their uses and appli-
cations in plasmonics. As alternative templates, helical
nanofibers have emerged as promising chiral platforms in
which parameters such as diameter, length, and pitch can be
precisely controlled from several nanometers up to microns.
Recently, Leroux and co-workers have prepared insulin fib-
rils with diameters of 4—6 nm, lengths of several microns,
and helix pitches of ~65nm (Fig. 11b) [104]. These pro-
tein templates were incubated with silver ions in solution
and then reduced to obtain nanosphere chains, which were
structurally investigated by high-resolution atomic force
microscopy and electron tomography. A 3D description of
these fibrils with excellent contrast from the biomolecular
and inorganic material was achieved using high-angle annu-
lar dark-field scanning transmission electron microscopy.
The nanocrystals organized following the helical structure
of the protein, and the nanocomposite showed a weak
SP-CD band centered at the characteristic LSPR of silver
nanoparticles. Notable improvements were obtained by Li
and Liu [40] through in situ reduction of an organogel
formed by an enantiomeric silver-coordinated compound,
where chiral fibers of about 50—60 nm diameter and lengths
of several micrometers were obtained. The size of the
nanospheres on the organogel varied from 10 to 20nm,
and showed a strong bisignated CD signal (g-factor ~0.02)
[105]. These authors also investigated the formation of chi-
ral silver nanoparticles in ultrathin films of poly(methyl
methacrylate), demonstrating that the construction of
processable nanomaterials with chiroptical properties is
possible.

Regarding the use of nanoparticles with different shapes,
several recent examples deal with the preparation of
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(a) Schematic representation and TEM images of chiral (R)- and (S)-pyramids made of gold nanospheres, organized

by double-stranded DNA. Reproduced with permission from Ref. [89]. Copyright ©2009 American Chemical Society. (b) TEM images
of polymerase chain reaction products. (A—L) Some characteristic self-assembled gold nanoparticles observed after an increasing
number of reaction cycles. Representative TEM images describing the variety of self-assembled products after five reaction cycles
with high (M, N) and low (O, P) concentration of DNA primer on gold nanoparticles. Dimers, trimers, and multimers are marked by
red, yellow, and purple lines, respectively. Reproduced with permission from Ref. [37].

Copyright ©2009 American Chemical Society.

anisotropic gold nanoparticles using nanofibers as dissym-
metric templates. Although silver displays better optical
properties than gold [91], the higher chemical stability
of gold nanostructures under colloidal synthesis condi-
tions has favored their preferential application. Prasad
and co-workers have reported the preparation of chiral
nanocomposites with isotropic and anisotropic nanocrystals
[41]. To produce this material, pre-made gold nanospheres
(~4 and ~10nm) were mixed with a polyfluorene and
then annealed at 100—175°C. Although the control of size
and shape of the anisotropic nanoparticles generated upon
annealing was still limited (non-spherical nanocrystals with
sizes between 20 and 40nm), the supramolecular helical
organization of the polymeric chains seemed to induce
strong dipole—dipole interactions of the helically ordered
nanoparticles, resulting in intense g-factor values (~0.02)
in thin films [105]. Concurrently, our group recently pre-

pared nanocomposites through the self-assembly of gold
nanorods onto a scaffold made of supramolecular fibers with
chiral morphology (Fig. 12a—d) [34]. The nanocomposites
were obtained by mixing a fluid dispersion of fibers (with
either right or left handedness) with gold nanorods coated
with poly(vinylpyrrolidone). Both enantiomeric nanocom-
posites showed intense mirror-image SP-CD responses at the
longitudinal LSPR wavelength (g-factor higher than 0.02)
(Fig. 12e—g). To understand the effect of the nanoparti-
cle anisotropy, similar nanocomposites were prepared by
assembly of gold nanospheres (~15nm). In this experiment
no CD signal could be recorded at the LSPR region. These
results suggest that gold nanorods with 3D chiral ordering
can be more efficient plasmonic nanoantennas than spheres
for achieving intense and tunable SP-CDs, a finding that has
been further modeled and analyzed [34,46], as described in
the following section.
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Figure 11  (a)Top: spectroscopic features in aqueous solution (CD spectra and absorption, inset) of chiral diphenylalanine peptide
nanotubes, aj; gold nanoparticle coated derivatives before (b;) and after (c;) photochemical irradiation of g; in the presence of gold
salt precursor, ¢;; (1 and 2 are the L- and p-isomers, respectively). Bottom: TEM images of peptide nanotubes in the absence (A) and
presence (B) of nanoparticles, and after photochemical irradiation. Adapted with permission from Ref. [36]. Copyright ©2010 Amer-
ican Chemical Society. (b) Topography (A) and phase (B) AFM images of fibrils coated with silver nanoparticles. AFM (C) and HAADF-
STEM (D) images of uncoated fibrils, and STEM image of a silver-coated fibril (E). The helix pitch was determined to be ~65nm (F).
Adapted with permission from Ref. [104]. Copyright ©2010 Wiley-VCH.
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Figure 12  Representative electron micrographs and spectroscopic measurements of nanofibers with chiral morphology and their
nanocomposites. (a) and (b) SEM micrographs of fibers with right and left handedness, respectively, after solvent evaporation. (c)
SEM micrograph of the nanocomposite with fibers of right handedness. (d) TEM image of the nanocomposite showing left-handed
fibers with adsorbed NRs. (e) Experimental CD and (f) UV—vis spectra in solution. Solid lines show the results for gold nanorods
(length ~45nm and width ~17nm); dashed lines show the results for gold nanospheres (average diameter 15nm). CD spectra
are shown for both right (red) and left (blue) handed nanocomposites. Both enantiomeric nanocomposites show identical UV—vis
response. (g) Evolution of the g-factor with the concentration of gold nanorods, reaching a maximum value of 0.022 upon saturation

of the fiber surface with particles.
Adapted with permission from Ref. [34]. Copyright ©2011 Wiley-VCH.
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Figure 13  Pictorial representation of the structures where the coupled-dipole approximation was used in CD calculations: (a) an

atomic cluster (Au,s, adapted from Ref. [111]); (b) a nanoparticle (helix inspired from Ref. [113]); (c) a collection of nanoparticles

(helix inspired from Ref. [34]).

Plasmon hybridization and optical activity — a
coupled-dipole approximation

It is only recently that a geometrical route to plasmonic
circular dichroism has been envisaged. These recent exper-
imental results hold great promise for intense and tunable
SP-CD, further supported by recent theoretical investiga-
tions based on a coupled-dipole approximation.
Coupled-dipole model: Modeling circular dichroism with
plasmonic nanoparticles falls short of an obvious choice of
a theoretical framework; instead, a variety of numerical
methods are routinely used by different research groups,
each with its own strengths and weaknesses. A wide range
of theoretical tools has been developed to elucidate the
optical activity of chemical compounds, often based on

(@) Chiral dimer
of nanorods

Figure 14

quantum chemistry methods [106]. However, plasmonic
nanostructures highly depart from the usual characteristics
and assumptions required for such calculations. The num-
ber of atoms in a typical colloidal particle is far too large
to be treated directly by first principle calculations, thus a
classical electrodynamics approach is often adopted in the
plasmonics literature [107], solving the Maxwell equations
for continuous media with appropriate boundary condi-
tions. Of particular value for its physical appeal and apt
to treat a variety of systems is the coupled-dipole approx-
imation [108—110], which offers a powerful and intuitive
framework to treat classically the optical properties of
metal clusters across a wide range of scales and arbitrary
geometries. Fig. 13aillustrates the extent of the applicabil-
ity of the coupled-dipole approximation in the theoretical

(b) Exciton-coupling

(a) Schematic representation of a chiral dimer of gold nanorods. (b) Illustration of the hybridization of LSPRs of two

identical dipoles px and pg, and construction of the corresponding circular dichroism spectrum according to exciton-coupling theory.
Adapted from Ref. [46]. Copyright ©2011 American Chemical Society.
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treatment of circular dichroism in metal nanoparticles.
Roman-Velazquez et al. [111] used the coupled-dipole
approximation to investigate the CD of chiral clusters. In
this form of the coupled-dipole approximation, each atom of
the cluster is modeled as an electric dipole with an isotropic
polarizability given by the Clausius—Mossotti formula:

ae+1
o= —=
3e-2

where a is the radius of a gold atom, and ¢ the dielec-
tric function of bulk gold. Optical activity arises from the
intrinsic chirality of some clusters [63,112]. In Fig. 13b, we
exemplify the discretization of a single nanoparticle into a
large number of sub-units, where the optical response of the
particle can be obtained by considering the self-consistent
electromagnetic interaction between these meta-atoms.
Such a calculation for optical activity was performed by
Zhang and Zhao [113] for a silver helix. Finally, in Fig. 13c,
the optical activity of a chiral assembly of plasmonic parti-
cles (here a helix) can be determined by approximating each
particle as a triplet of electric dipoles [28,34]. This is the
configuration we discuss in the remaining of this section.

The optical properties of a collection of interacting
nanoparticles can be well described by a coupled-dipole
model [114], provided that: (i) the particles have a size much
smaller than the wavelength of light (typically <100 nm);
and (ii) the interparticle separation is large compared to the
particle size. The coupled-dipole approximation assumes a
set of dipoles arranged at specific locations in space. Each
nanoparticle is described by a 3 x 3 polarizability tensor,
which can be rotated in a specific orientation [34]. In addi-
tion to the response of each individual dipole to the incident
light, all dipoles are electromagnetically coupled via their
scattered field. The self-consistent response of a group of
dipoles to light is obtained by solving a linear system of
coupled-dipole equations, with the incident electric field
as a source term. From this formal solution of the scatter-
ing problem one can calculate the extinction cross-section
oext(w) Of the nanostructure in response to both left-handed
and right-handed circularly polarized light. The difference
between the two is defined as the circular dichroism cross-
section ocp =0 — or [46].

CD with a chiral dimer of gold nanorods: Arguably the
simplest chiral system of plasmonic particles is formed by
a dimer of nanorods separated by a certain distance, d
(Fig. 14a). The absence of a symmetry plane is ensured by
a dihedral angle ¢ different from 0 and 90 degrees. A chiral
structure with spheres requires at least four equivalent
spheres [28], and thus complicates the analysis. This
archetypical system was in fact used by Kuhn [115] and Born
[116] at the early stages of the molecular interpretation
of the phenomenon of optical activity. Interestingly, such
a dimer of plasmonic nanoantennas mimics the geometry
of a molecule with two isolated chromophores [117] — a
situation commonly described as exciton-coupling in organic
chemistry (see previous Section Mechanisms for obtaining
optical activity in metal nanoparticles) [118,119]. Using
the more recent terminology of plasmonics and plasmon
hybridization [117,120—122], we present in Fig. 14b a qual-
itative explanation of the origin of the circular dichroism in
this structure [119].

Hybridization of LSPRs: Two identical gold nanoparti-
cles widely separated (relative to their size and to the
wavelength of light) support unperturbed eigenmodes of
the electromagnetic field that describe the interaction of
light with the scatterers in isolation. When the separation
is reduced, the field that is scattered by one particle can
excite the other particle and vice versa. This dynamical sys-
tem describes a multiple scattering process, the result of
which may be described by hybrid modes [123—127]. The
optical properties of the ensemble are described by a lin-
ear combination of the two scatterers with a perturbation
term that accounts for the relative interaction between the
particles via their scattered field. The strength of the cou-
pling between the two oscillators dictates the splitting of
frequencies between the isolated mode and the new hybrid
modes. Gold NRs present a very strong scattering response in
the visible, strong particle—particle interaction can there-
fore be expected at short distances, a basic requirement for
intense SP-CD. Due to the particular symmetry of the dipolar
field, the coupling between two dipoles depends crucially on
their relative position and orientation [128—130].

In the pictorial representation of Fig. 14b, the LSPR
modes associated with two nanoparticles split into two
hybrid modes with different energy levels (one blue-shifted,
the other symmetrically red-shifted) when the dipoles are
brought in proximity. The symmetric configuration yields a
blue-shift of the resonance because the charges of the two
particles acting in concert result in a stronger restoring force
for the surface charge density associated with the LSPR. The
antisymmetric configuration, however, leads to a red-shift of
the LSPR. For exactly parallel dipoles with short separation,
the antisymmetric mode will not couple to incident light
(dark mode); however, this is not the case for chiral dimers
which always have a non-zero net dipole moment.

Mimicking exciton-coupling: Focusing our attention on
the contribution of the longitudinal LSPR mode, the system
can be idealized as a dimer of two dipoles oriented along the
long-axis of each particle. This is exactly the situation con-
sidered in exciton-coupling theory, in which chromophores
(size ~1 nm) are replaced by nanoparticles. Light incident on
the dimer causes each dipole to radiate an electromagnetic
field, which in turn affects its neighbor. This dipole—dipole
interaction is associated with an energy V,s separating the
two energy levels corresponding to the symmetric w. and
antisymmetric w_ hybrid modes (Fig. 14b). The resulting CD
spectrum can be obtained by summing the extinction band
associated with each hybrid mode, with a strength and sign
described by a rotational strength:

b3
R* = iTMRij - (pi x pj)

which changes sign between the symmetric and anti-
symmetric hybrid modes (1o being the wavelength of the
uncoupled LSPR, and Rj; the vector joining the two dipoles
pi and pj). The construction depicted in Fig. 14b predicts
a bisignated CD spectrum, resulting from the difference
between the extinction of each of the two eigenmodes.
This coupled-dipole model, a generalization of the
exciton-coupling theory applicable to a wider class of scat-
tering systems [33], was applied in Fig. 15 to a chiral dimer
of gold NRs separated by a distance of 100 nm; the result-
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extinction (bottom) and CD (top) spectra of a chiral dimer of
gold nanorods, represented as prolate ellipsoids with semi-axes
dimensions 15 nm x 40 nm, with parameters ¢ =7/4, ay =a; =0,
d=100nm. The surrounding medium has a refractive index of
1.5 (glass). The solid curve was obtained using the coupled-
dipole approximation, with the polarizability prescription of
Kuwata et al. [131]. The dashed curve is the rigorous multiple-
scattering solution of the Maxwell equations for the same
geometry including multipole orders up to lnax =15 [132,134].

ing extinction (Fig. 15a) and CD spectra (Fig. 15b) are found
to be in good agreement with the rigorous solution of the
Maxwell equations [132—134]. The CD predicted for these
plasmonic structures reveals several notable features. A
strong bisignated CD band is predicted in the spectral region
of the longitudinal LSPR (1 ~720nm). The transverse LSPR
(A ~520nm), much weaker in extinction, is not visible in
the predicted CD spectrum, in support of the simplifying
assumption of neglecting the effect of the transverse LSPR.
In the bisignated CD lineshape, the antisymmetric (dark)
mode, despite having a small electric dipole moment, is
observed with the same integrated intensity as its bright
counterpart. This interesting prediction originates from the
characteristic property of circular dichroism, which arises
from the scalar product of the electric dipole moment and
the magnetic dipole moment of the structure [28]. We also
note that a general sum rule fooo ocpdw = 0 constrains the
integrated CD spectrum [46].

As the scale of the system increases from the molecular
regime well-described by exciton-coupling theory to larger
nanostructures, a rich variety of effects should arise that
are unique to the plasmonic case. Scattering of light by
the particles, negligible in very small systems, may strongly
perturb, and eventually dominate, the optical activity. Addi-
tionally, retardation effects in dimers with a separation
commensurate with the wavelength of the incident light
affect the optical properties and would lead to an asym-
metric spectral lineshape [28].

Influence of the particle aspect ratio: Govorov and co-
workers recently proposed and theoretically investigated for
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Figure 16 Simulated CD spectra using a coupled-dipole

model. Nanoparticles immersed in a homogeneous medium of
refractive index 1.33 (water) are arranged following a helical
curve with 12 nm radius and 15 nm pitch. The nanoparticles are
placed every 90° of gyration on the helix. The simulated spectra
are scaled by the number of particles N (N=2—7). (a) Spheres
with 5nm radius, reproducing the results of Govorov and co-
workers [28]. (b) Prolate ellipsoids of semi-axes 4.5nm x 5nm

(aspect ratio 1:1.1) with the major axis tangential to the helix.
Adapted with permission from Ref. [34]. Copyright ©2011 Wiley-

VCH.

first time the circular dichroism properties of assemblies of
gold nanospheres [28]. With a diameter <10 nm, the spheres
studied in this work are well characterized by the dipolar
approximation, and their plasmonic response is dominated
by absorption. Chiral assemblies in the form of helices were
predicted to exhibit circular dichroism, as well as dissym-
metric tetramers. However, it was noted that the spectral
lineshape of the SP-CD signal would be remarkably sensi-
tive to the precise geometry of the assembly, which can
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be responsible for the experimental observation of rela-
tively weak CD signals in such structures, but undoubtedly
of interest for future sensing applications. A variation in
the number of particles in the helical structure, or a slight
change in the size of one particle in the tetramer could result
in a complete sign flip of the SP-CD bands (Fig. 16a). The
authors concluded with an original comparison between the
relative efficiency of the plasmonic structures and chem-
ical compounds. When normalized by the volume of the
nanostructure, the CD strength reached a value below,
but of the order of, that for organic molecules with
record CD.

A robust SP-CD has been predicted for a chiral struc-
ture bearing anisotropic particles that are oriented along
a helix [34] (Fig. 16b). This prediction was experimentally
confirmed by the intense optical activity observed in gold
nanorods organized in 3D chiral nanocomposites (see Section
Collective chirality in plasmonic nanoparticles). Notably,
a chiral arrangement of nanoparticles requires at least
four nanospheres but only two nanorods. In addition, the
intensity of the normalized SP-CD rapidly increases with
the number of NRs in the assembly. Surprisingly, even a
slight departure from sphericity (aspect ratio 1:1.1) is suffi-
cient to greatly improve the robustness of the CD lineshape
with respect to the number of the particles present in the
system. More generally, it is well known that anisotropic
particles such as gold nanorods provide more intense and
sensitive plasmonic UV—vis response with respect to gold
nanospheres. Indeed, spherical gold particles suffer from a
number of limitations in their optical properties such as the
lack of tunability, and the relatively low quality factor of
their LSPR [135].

Perspectives: These encouraging predictions are a strong
call for experimental verification, using the vast bestiary of
colloidal metal particles. To mention one possible study, in
Fig. 17 a strong dependence of the anisotropy factor with
the nanoparticle aspect ratio has been predicted, in the
simple configuration depicted in Fig. 14a (a dimer of gold
nanorods) [46]. The advantage of using non-spherical parti-
cles such as gold nanorods is obvious; the intensity of the
SP-CD effect undergoes a large amplification as soon as the
particles depart from sphericity. Understanding the effect
of particle volume on the CD strength is also an interest-
ing pursuit, as with increasing particle volume the influence
of radiative damping plays a more important role. We also
suggest a promising and complementary support of purely
optical characterization techniques for spatially resolved
optical activity measurements, in the form of electron-gain
spectroscopy and cathodoluminescence [136]. These two
techniques have recently shown great promise in the fine
characterization of plasmonic nanostructures, but to the
best of our knowledge have not yet been applied to the
particular study of chiral nanostructures.

Further studies will probably call for more accurate
modeling tools that extend beyond the limitations of the
coupled-dipole approach. In particular, multipole expan-
sions are necessary to acknowledge the contribution of
higher order modes which are typically encountered in larger
particles or short particle—particle distances. In this regard,
we point out the T-matrix method as a promising framework,
with flexibility in the description of particles of arbitrary
shape [137], and, perhaps as importantly, the efficient treat-

0.6 -

0.5~

04 -

0.3 -

0.2 1

Anisotropy factor

0.1 -

1.0 15 20 2.5
Aspect ratio

Figure 17 Simulated anisotropy factor g using a coupled-
dipole model for a chiral dimer of gold nanorods immersed in
a homogeneous medium of refractive index 1.5 (typical value
for glass). The nanoparticles are separated by a center-to-
center distance d=100nm. The dihedral angle is fixed at n/4,
and a1 =a3=0 (see Fig. 14). For a fixed volume of the parti-
cles, specified as the radius ap of an equi-volume sphere, the
aspect ratio is varied from 1:1 (sphere, zero CD signal) to 1:2.5
(prolate ellipsoid). The reported g-factor is taken at its maxi-
mum value, which occurs at different wavelengths for different

aspect ratios.
Adapted from Ref. [46]. Copyright ©2011 American Chemical

Society.

ment of multiple-scattering [138] and orientation-averaging
[139]. Another elegant approach recently proposed by
Giessen and co-workers considers the extension of the
hybridization picture to more complex structures with
strong multipolar and magnetic response, such as coupled
split-ring resonators [140]. We conclude by noting that com-
plex nanostructures may not only be produced to present
exotic optical activity properties through optimized coupling
of meta-atoms, but also in shaping the intrinsic chirality of
the exciting field itself [141,142].

Conclusions and outlook

We intended to introduce in this review novel gold and sil-
ver nanostructures with individual or collective chirality,
which are prepared via colloidal synthesis methodologies
and possess the desirable aspects of enantioselectivity and
enantiospecificity characteristics of chiral molecules pre-
pared by synthetic organic chemistry. The use of chiral
ligands in the proximity of nanoclusters and nanoparticles
has already led to the synthesis of important novel nano-
materials with individual dissymmetry, such as intrinsically
chiral nanoparticles [54,55], capped nanocrystals with a
chiral distribution of the electron density [61,75], and foot-
printed nanoparticles [64,65]. Although still in their infancy,
these systems have shown very high catalytic activity and
enantioselectivity toward several organic transformations
[66,143], and can be considered potential electrochemical
[144], VCD [57], and SEROA (surface enhanced Raman opti-
cal activity) [145] sensors. However, the potential uses of
nanoparticles with individual chirality as a plasmonic mate-
rial [52,76] is still hindered primarily due to limitations in
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colloidal synthesis. An approach that might overcome these
limitations is the rational design of colloidal heterostruc-
tured nanocrystals [146], in which the spatially controlled
distribution of the chemical composition and, consequently,
of the different reactivities, could be used to induce the
anisotropic growth of metallic branches, different metal
nanoparticle junctions, and/or local twists in controlled
directions (see Fig. 9a).

Moreover, the systematic integration of nanotechnol-
ogy with well-established, traditional areas of study such
as polymer and supramolecular chemistry has, at a rela-
tively early stage, played a key role in the development of
useful collective chiral nanocomposites with unique plas-
monic properties [34—36,41]. Following the seminal article
by Pendry [18], the pursuit of negative refraction has seen
an intense activity in the design of chiral metamaterials
[19]. Experimental works were first realised at microwave
frequencies [147], and have recently been scaled down to
the visible [148]. If a negative index of refraction is to be
achieved with this route, it should require an intense optical
activity, good transparency, and a homogeneous composition
on the scale of the working wavelength. While a variety of
designs have been proposed [19,148], the focus has been
largely on periodic, often 2D structures. Such structures are
often limited to work at fixed incidence and the freedom
of design is constrained by the current limitations of litho-
graphic techniques. In contrast, colloidal synthesis offers
the perspective of achieving truly 3D chiral structures, by a
versatile and complementary (chemical) manufacturing pro-
cess. More than offering a mere alternative to conventional
arrays of plasmonic resonators (typically split ring resonators
[121,140], crosses [149], or gammadions [20]), we expect
that plasmonic nanostructures obtained by colloid chemistry
methods will enrich the emerging field of metamaterials
and widen its spread of applications. The coming years will
surely witness the development of hybrid systems that fall
somewhere between the current boundary of periodic meta-
materials fabricated by lithographic techniques, and the
colloidal synthesis route.

Finally, and taking into account the high intensity of
anisotropy factors that have been registered by plasmonic
nanoparticles in the visible-near infrared region [34—36,41],
using versatile and generic self-assembly strategies, we
anticipate the use of such plasmonic nanoantennas as pow-
erful chirality probes upon attachment to proteins and DNA
for in situ structure determination [20,150] by selecting the
appropriate nature, dimensions, morphology and function-
alization of the metal nanoparticles. With a solution-based
chiral metamaterial, the external chiral template may be
biological (DNA, bacteria, viruses, ...), thereby offering a
wide range of possible applications beyond the realm of
stereochemistry in life.
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