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Chiral Gold Nanoparticles
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1. Introduction

Monolayer-protected gold nanoparticles (AuNPs) have attract-
ed significant interest in recent years due to their importance
in both fundamental science[1–6] and technological applications
such as catalysis,[7, 8] sensing,[9, 10] medicine, drug or DNA deliv-
ery,[11] optics,[12] photonics,[13] and nanotechnology.[14, 15]

The physical properties of these organic–inorganic hybrid
materials are highly tunable by changing not only the size and
the shape of the gold core but also the spatial arrangement of
these building blocks with respect to one another within a ma-
terial.[16, 17] When the size of the AuNPs is reduced below the
de Broglie wavelength of the conduction electrons (ca. 1 nm),
the electronic structure observed in bulk gold or large AuNPs
(>5 nm) evolves from quasicontinuous bands to discrete
levels. Small AuNPs (<3 nm), also referred to as nanoclusters,
are better described as semiconducting instead of metallic and
no longer support the plasmon excitation characteristic of
larger AuNPs.[18] Preparation, properties, and potential applica-
tions of AuNPs have been extensively reviewed, but the notion
of chirality has been put aside.[14]

It is known that metal surfaces can exhibit intrinsically chiral
structure.[19] Furthermore, chirality can be bestowed onto achi-
ral metal surfaces by adsorption of chiral molecules.[20] Similar-
ly, metal NPs can exhibit chirality, which is reflected by their
optical activity in metal-based electronic transitions (MBETs).
Transfer of chirality from the adsorbate to the metal surface
depends on the structure of the former; however, this is diffi-
cult to elucidate. Due to their organic shell, monolayer-protect-
ed AuNPs can be dissolved in various solvents and are thus
amenable to chiroptical techniques such as electronic circular
dichroism (CD) and vibrational circular dichroism (VCD). The
former has demonstrated its aptitude for the study of protein
secondary and tertiary structures, whereas the latter has been
used for the determination of conformation and absolute con-
figuration of organic molecules in solution.[21, 22] Recently, these
complementary techniques have been applied to AuNPs cov-

ered with different chiral organic ligands. Vibrational CD in the
infrared region selectively probes molecular vibrations located
in the organic shell, whereas CD in the UV/Vis region is sensi-
tive to electronic transitions which may be located in the inor-
ganic core. Here we demonstrate that VCD can be used to de-
termine the structure of a chiral adsorbed molecule and the
way in which it interacts with the metal. We review the prepa-
ration of chiral AuNPs and their chiroptical properties. On the
basis of the latter, together with predictions from quantum
chemical calculations, we discuss different models that were
put forward in the past to rationalize the observed optical ac-
tivity in MBETs. We furthermore critically discuss these models
in view of recent results on the structure determination of
some gold clusters as well as ligand-exchange experiments ex-
amined by CD spectroscopy. Finally, possible applications of
these new chiral materials are discussed.

2. Preparation, Purification and Size
Separation

2.1. Preparation

The literature dealing with metal NP synthesis is uncountable,
and a wide variety of techniques have been reported using
liquid-, solid-, and gas-phase precursors. Metal NPs can be pre-
pared by the top-down (physical) approach. However, the
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Monolayer-protected gold nanoparticles have many appealing
physical and chemical properties such as quantum size effects,
surface plasmon resonance, and catalytic activity. These hybrid
organic–inorganic nanomaterials have promising potential appli-
cations as building blocks for nanotechnology, as catalysts, and
as sensors. Recently, the chirality of these materials has attracted
attention, and application to chiral technologies is an interesting
perspective. This minireview deals with the preparation of chiral
gold nanoparticles and their chiroptical properties. On the basis
of the latter, together with predictions from quantum chemical

calculations, we discuss different models that were put forward
in the past to rationalize the observed optical activity in metal-
based electronic transitions. We furthermore critically discuss
these models in view of recent results on the structure determina-
tion of some gold clusters as well as ligand-exchange experi-
ments examined by circular dichroism spectroscopy. It is also
demonstrated that vibrational circular dichroism can be used to
determine the structure of a chiral adsorbate and the way it in-
teracts with the metal. Finally, possible applications of these new
chiral materials are discussed.
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bottom-up (chemical) approach is considerably cheaper and
allows one to prepare very small particles.

The chemical approach is based on the nucleation and
growth of metal atoms in liquid media or in the gas phase.
The literature describes five general methods for chemical
preparation of transition metal NPs: 1) Chemical reduction of
metal salts, 2) ligand reduction and displacement from organo-
metallic complexes, 3) electrochemical reduction, 4) metal
vapor synthesis, and 5) thermal, photochemical, or sonochemi-
cal decomposition.

Among the huge number of methods listed in the literature,
only a few have been used for the preparation of optically
active metal NPs. A few examples of micro- and nanoparticle
arrays (not necessarily of chiral NPs) with chiral shapes[23] or
chiral organizations[24, 25] have been studied theoretically[24] or
prepared by top-down methods such as electron-beam litho-ACHTUNGTRENNUNGgraphy and lift-off techniques.

Most optically active AuNPs have been prepared by the
bottom-up approach, and more specifically by the chemical re-
duction of gold ions or of precursor complexes in solution.[26]

As shown in Figure 1, reduction of the gold salts is often per-

formed in the presence of chiral stabilizers such as thiols, phos-
phines, and amines (DNA and alkaloids) in a one-pot proce-
dure (direct syntheses). A) AuNPs are prepared in a single
phase when the metal salt and the ligand are both soluble in
the same solvent such as water, alcohols, acetic acid, tetrahy-
drofuran, or a mixture thereof. B) If their solubilities are not
compatible, the Brust–Schiffrin synthesis[27] provides ready
access in a biphasic reaction taking advantage of phase-trans-
fer compounds, generally tetraoctylammonium (TOA+) bro-
mide, to shuttle ionic reagents to an organic phase where par-
ticle nucleation, growth, and passivation occur. C) When the

functional groups are not compatible with the reducing agent,
the optical activity can be induced via post synthetic modifica-
tion of the ligand shell, like a ligand-exchange reaction (indi-
rect synthesis). This two-step method has some advantages in
both purification and separation. Indeed, some AuNPs are very
well characterized and both their separation and purification
processes are well established.[28] The AuNPs prepared by the
citrate method of Turkevich et al.[29] and those developed by
Schmid,[30] which are protected by triphenylphosphine, are
surely the most frequently used AuNPs for the ligand ex-
change reaction. This strategy avoids the time-consuming
search for efficient parameters for purification and separation
of each new type of AuNPs. However, post-synthetic modifica-
tions such as ligand exchange in an excess of ligand often
leads to a modification of the size distribution of the AuNPs.[31–34]

2.2. Purification and Size Separation

The physical properties of NPs are strongly dependent on size
and shape (Figure 2). For example, UV/Vis spectra of small
AuNPs exhibit well-quantized and size-dependent electronic
structure due to the quantum size effect (see Figure 2, right).

Fine tuning of properties for a specific purpose often requires
perfect control of these two parameters, as well as a high
degree of control of functionalization and purity. Procedures
for the preparation of NPs are in constant progress, but till
now only a few methods yield monodisperse particles with
high purity.[26, 30, 34–37] However, this fine-tuning can be per-
formed after appropriate purification and separation processes.
Current methods for purification of NPs samples, that is, re-
moval of free ligand and reducing agent, involve centrifuga-
tion, precipitation, washing, dialysis, chromatography, or ex-
traction to remove impurities. Size selection can be based on
fractional crystallization, size exclusion chromatography (SEC),
electrophoresis, and membrane-based methods such as ultra-
filtration and diafiltration. These techniques are particularly ap-
propriate for size separation of water-soluble NPs but are gen-

Figure 1. Different methods exploited for the syntheses of optically active
AuNPs with chiral ligands.

Figure 2. AuNPs separated according to their size by polyacrylamide gel
electrophoresis (left). NPs are numbered according to increasing size. UV/Vis
spectra of the size-separated AuNPs (right). A clear redshift of the absorption
onset is observed as the size of NPs increases. Reprinted with permission
from ref. [18] . Copyright (2006) American Chemical Society.
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erally time-consuming and only viable for production on a
small scale. The size separation of NPs soluble in organic
media suffers from the lack of methods compatible with or-
ganic solvents. Fundamental studies on size-dependent chirop-
tical properties have been mainly performed with water-solu-
ble NPs separated according to their size and charge by high-
density polyacrylamide gel electrophoresis (PAGE; see Figure 2,
left).[18, 38–41] Size selection of chiral NPs soluble in organic
media has only been realized by SEC.[42]

3. Vibrational Circular Dichroism: Conforma-
tional Study of Adsorbed Chiral Molecules

Vibrational circular dichroism (VCD) is the differential absorp-
tion of left and right circularly polarized infrared light;[43] VCD
spectra contain considerable structural information. The tech-
nique can be used to determine the absolute configuration of
a sample without the need to grow single crystals. More im-
portantly, it yields information on the conformation of dis-
solved molecules.[44–47] This information must be extracted
from the experimental spectrum by comparison with calculat-
ed spectra for the possible conformers. Generally the VCD
spectra of different conformers differ significantly. Vibrational
CD spectroscopy was recently applied for the first time to
AuNPs of about 2 nm core diameter in order to study the con-
formation of adsorbed chiral cysteine derivatives.[18, 48–52]

Figure 3 shows IR and VCD spectra of AuNPs covered by the

two enantiomers of N-isobutyryl cysteine (NIC). Whereas the IR
spectra are identical for the two enantiomers, the VCD spectra
show a mirror-image relationship. Density functional theory
(DFT) calculations show that the structure of the underlying
gold cluster does not have a large effect on the simulated VCD
spectra, whereas the conformation of the adsorbed thiol has a
large influence. The calculated VCD spectrum of one stable
conformer of NIC adsorbed on a small gold cluster matches

well with the experimental data. This conformation is charac-
terized by an interaction of the carboxylate group with the
gold cluster (see Figure 3). Thus, the carboxylate group seems
to be a second anchoring point beside the strong Au�S bond.
This two-point interaction may influence the optical activity of
the NPs (see below).

4. Optical Activity in Metal-Based Electronic
Transitions

It is tempting to assume that the structure of metal NPs corre-
sponds to a fragment of the highly symmetric bulk crystal lat-
tice. However, in 1996 calculations performed by Wetzel and
DePristo and experimental observations by Riley et al. indicat-
ed that naked Ni39 clusters prefer a lower symmetry (D5) chiral
structure.[53, 54] At the same time, Whetten and co-workers ex-
perimentally observed optical activity in the MBETs for a Au28

cluster covered with l-glutathione (GSH), a chiral tripeptide.[38]

They furthermore isolated well-defined clusters of different
mass by PAGE. The three smaller isolated clusters with a core
mass between 4 and 8 kDa showed strong optical activity,
whereas neither the crude mixture nor the higher molecular
weight components have such strong optical activity. The opti-
cal activity in the near-infrared, visible, and near-ultraviolet is
clearly size-dependent and can be attributed neither to the
metal precursors nor to the organic species. Its amplitude is
comparable to the signals observed for intrinsically chiral con-
jugated systems like chiral fullerenes or larger helicenes. How-
ever the key question remains whether the gold core is intrins-
ically chiral or not.

4.1. Possible Mechanism and Theoretical Studies

The observed optical activity in MBETs of small metal particles
protected with chiral thiols can be attributed to two opposite
and one intermediate models (see Figure 4). In the first, the
optical activity arises from an intrinsically chiral inorganic core
(A). In the presence of chiral ligands one of the two possible
enantiomers of the core is favored. Such behavior is found for
coordination clusters with a chiral framework.[58–68] In the
second, the inorganic core can be achiral and the optical activ-

Figure 3. Infrared (top) and VCD (bottom) spectra of NIC-protected AuNPs.
The dashed (solid) lines correspond to the spectra of the particles covered
by the l enantiomer (d enantiomer). The calculated VCD spectrum of the
conformer on the right on a Au8 cluster best fits the experimental spectrum.
Reproduced with permission from ref. [18] . Copyright (2006) American
Chemical Society.

Figure 4. Possible origins of optical activity observed for metal particles.
A) The calculated chiral structure (C1) of bare Au55 is more stable than the
highly symmetric structure (Ih). Reprinted from ref. [55] with kind permission
of The European Physical Journal (EPJ). B) Chiral distribution of electron den-
sity in Au28 gold clusters induced by a chiral point-charge system. Red
points correspond to negative point charges and red and blue surfaces in
the core represent regions of high and low electron density, respectively. Re-
produced from ref. [56] with permission of the PCCP Owner Societies.
C) Chiral footprint imparted by bitartrate on NiACHTUNGTRENNUNG(100) surface. Reproduced
with permission from ref. [57] . Copyright (2002) American Chemical Society.
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ity is induced by a chiral envi-
ronment (B) due to the chiral or-
ganic shell through a vicinal
effect (B1: an achiral core with
chiral ligands in achiral adsorp-
tion pattern) or through a chiral
electrostatic field (B2: an achiral
core with optical activity in-
duced by a chiral adsorption
pattern). Models A and B have
support from theoretical calcula-
tions.[55, 56, 69] Garz�n et al. have
predicted that small metal parti-
cles such as Au28 or Au55 prefer
low-symmetry chiral over high-
symmetry nonchiral struc-
tures.[55, 69] Goldsmith and co-
workers demonstrated that opti-
cal activity could arise from an
achiral metal core perturbed by
a dissymmetric field originating
from the chiral organic shell.[56]

In the intermediate model, the
grand core can be achiral but
the relaxation of the surface
atoms involved in the adsorption
of the chiral ligand creates a
chiral “footprint”, like that ob-
served for adsorption of tartaric
acid on Ni surfaces (C).[57] This is
favored for ligands that have at
least two anchoring points on
the surface. Such double interac-
tions have indeed been docu-
mented on surfaces and seem to
be a common characteristic of li-
gands that can induce intense optical activity in MBETs (vide
infra).[50, 57, 70–73] Density functional calculations have shown that
the ligands not only play the role of passivating molecules, but
they also distort the metal-cluster structure.[55] In addition, H�k-
kinen and co-workers used DFT calculations to predict that the
structure of an Au38ACHTUNGTRENNUNG(SCH3)24 cluster consists of ringlike
(AuSCH3)4 units protecting a central Au14 core.[74] It is likely that
the three mechanisms concurrently impart optical activity to
the core. The key question whether the core is chiral, whether
only the surface of the core is chiral, or whether both the core
and the surface are achiral remains unanswered at this point.

4.2. Circular Dichroism Studies

Recently, optical activity in MBETs has been reported for gold,
silver, palladium, and CdS nanoclusters having a more or less
well defined size and an organic shell composed of different
chiral molecules.[18, 26, 39, 40, 75–78] Table 1 shows the chemical struc-
tures of the different molecules that have been shown to
induce optical activity in MBETs as well as the NP size and the

maximum of amplitude of the anisotropy factor (gmax factor)
measured for AuNPs or AgNPs.

4.2.1. General Observations

Pairs of metal clusters with similar inorganic core, size or size
distribution, and the same number and type of ligands but
with opposite absolute configuration exhibit mirror-image CD
spectra like common chiral molecules do. No optical activity is
observed for gold and silver clusters prepared with a racemic
mixture of ligand.[39, 79] Interestingly, the UV/Vis spectra report-
ed for each fraction of size-separated d-Pen-, l-Pen-, and rac-
Pen-protected AuNPs (Pen = penicillamine) are identical,
whereas in the case of silver particles, the UV/Vis spectra of
the rac-Pen-protected particles are slightly different from the
homochiral ones.[39, 79] These considerations indicate that the
structure of the AgNPs is more dependent on the composition
of the organic shell than in the case of AuNPs. It is thus tempt-
ing to speculate that mechanism C has a larger effect in the
case of silver, maybe due to its lower cohesive energy.

Table 1. Chemical structures of chiral molecules inducing optical activity on metal NPs.

Name Structure Metal/maximum anisotropy factor/size

N-acetyl-l-cysteine (NALC) –

N-isobutyryl-l-cysteine (NILC) Au/0.5 x 10�3/1–2 nm

l-cysteine –

l-cysteine methyl ester Au/0/20–25 nm

l-penicillamine ( l-pen)
Au/3 x 10�4 to 1 x 10�4/0.57–1.75 nm
and
Au/1 x 10�3 to 1 x 10�5/1–1.9 nm

l-glutathione Au/2 x 10�4 to 1 x 10�3/0.7–1 nm

(R)-BINAS Au/4 x 10�3/1–2 nm

(R)-BINAP Au/4 x 10�3/1–2 nm

(S)-naproxen-functionalized-
alkanethiol (C12Napr*9)

–
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4.2.2. Size Effect

In all cases where optical activity in size-selected NPs was ob-
served, the CD signals change with the size of the NPs. In most
cases the anisotropy factor gradually increases with decreasing
mean cluster diameter.[18, 39, 40] Thus, it seems that the subna-ACHTUNGTRENNUNGnometer and nanometer classes of nanoclusters are the best
candidates for displaying optical activity. This may be related
to the fact that in this scale range, most of the metal atoms
reside at the surface of the core and thus interact directly with
the chiral ligands. Another explanation for the tendency of de-
creasing optical activity with increasing particle size is simply
the increased configurational space for larger particles (larger
number of gold atoms and ligands), and thus the increased
probability of multiple energy minima on the potential-energy
surface. An increasing number of conformers leads to de-
creased observable optical activity as positive and negative
bands of different conformers average out. In contrast, optical
activity was also reported by Park and co-workers for consider-
ably larger Pen- or cysteine-capped silver particles (23.5 nm)[76]

and also for silver nanocrystals grown on a double-stranded
DNA scaffold.[77] However, these particles were not size-separat-
ed, and it can not be excluded that the observed optical activi-
ty is due to a fraction of small particles. Recently, this hypothe-
ses was verified by Kimura and co-workers, who separated
AgNPs according to their size and observed optical activity
only for NPs in the nanometer range.[40] Trends in the electron-
ic transition frequencies and amplitudes with cluster size ob-
served experimentally are qualitatively in agreement with both
models.

4.2.3. Ligand Effect

When comparing the characteristics of all the ligands able to
impart optical activity on the MBETs, it becomes evident that
most of them, and especially cysteine derivatives, can undergo
self-assembly mediated by hydrogen bonds. This property was
proposed to be a crucial parameter for inducing optical activi-
ty.[76, 80] However, the atropisomeric bidentate ligands 1,1’-bi-
naphtyl-2,2’-dithiol (BINAS) and 2,2’-bis-(diphenylphosphino)-
1,1’-binaphthyl (BINAP) do not display such behavior, despite
the fact that they are particularly well suited to impart optical
activity.[26, 75] Indeed, BINAS-stabilized AuNPs have shown the
largest optical activity reported so far for metal NPs, with a
maximum anisotropy factor (gmax factor) of 4 � 10�3 (see
Table 1). On the other hand, a common feature is that all the li-
gands can interact with the cluster surface through at least
two functional groups as also emphasized by the VCD studies
on NIC. Furthermore, it was demonstrated that blocking the
carboxyl group (anchoring point) in cysteine derivatives leads
to loss of optical activity.[76] Similarly, Kadodwala and co-work-
ers have shown that (R)- and (S)-1-(1-naphthyl)ethylamine mol-
ecules adsorbed on a Cu ACHTUNGTRENNUNG(111) surface have three different
chemical groups in close proximity to the surface and proved
by optically active second-harmonic generation measurements
that this multiple interaction imparts optical activity on the
surface electronic structure, whereas 2-butanol with only one

interaction point does not.[73] In contrast, Hegmann and co-
workers studied the optical activity of small AuNPs covered by
the chiral naproxen and observed that this molecule, which
only has one interaction point and a long (C12) spacer between
the chiral center and the AuNPs surface, induces optical activi-
ty in MBETs.[81] However, the observed optical activity was rela-
tively weak. Rotello et al. have shown that chiral phenylalanine
(Phe) more remote from the surface of the AuNPs (C24 spacer)
does not induce optical activity in MBETs, despite the possibili-
ty of H-bonding and p–p interaction between the Phe moiet-
ies.[82] These last two examples show that there is probably a
relationship between the gmax factor and the distance of the
chiral center from the NP surface. This phenomenon suggests
that mechanism B has an effect on the optical activity. Howev-
er, we emphasize that these particles were not size-separated
and that the weak optical activity can be related to the lack of
small particles which have a larger CD signal or to the fact that
the CD signals for different sizes of NPs cancel each other out.

5. Origin of Optical Activity in Metal-Based
Electronic Transitions

5.1. X-Ray Diffraction Studies

Recently, the first total structure determination of a small
gold–thiolate nanocluster composed of 102 gold atoms and 44
p-mercaptobenzoic acid (p-MBA) molecules was published.[35]

As shown in Figure 5, the particles are chiral and form a race-

mic mixture in the crystal (I). However, the central gold atoms
are packed in a Marks decahedron (MD) which is highly sym-
metric like the fcc structure of bulk gold (II). The chirality arises
from the geometry of equatorial gold atoms on the surface.
The deviations in local symmetry may reflect the interaction of
the equatorial atoms with the adsorbed thiol. Furthermore,

Figure 5. X-ray crystal structure determination of Au102 ACHTUNGTRENNUNG(p-MBA)44 NPs. I) View
down the cluster axis of the two enantiomers (Au yellow, S cyan). II) Packing
of gold atoms in the core. MD (2,1,2) in yellow, two 20-atom “caps” at the
poles in green, and the 13-atom equatorial band in blue. III) Sulfur–gold in-
teractions in the surface of the NPs. Example of two p-MBA molecules inter-
acting with three gold atoms in a staple motif (Au yellow, S cyan, O red, C
gray). Reprinted from Jadzinsky, Pablo D. et al. , ref. [35] , with permission
from AAAS.
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most sulfur atoms bonded to two gold atoms in staple motifs
are stereogenic centers (III). Therefore, even though the ad-
sorbed thiol is achiral, the particles are chiral at two levels :
I) the arrangement of the gold surface atoms and p-MBA mole-
cules in the surface is chiral and II) most sulfur atoms are ste-
reogenic centers.

Evidently, we can not assume that the structure of the cen-
tral part of optically active AuNPs always resembles the achiral
bulk metal structure. However, the crystal structure of the achi-
ral thiolated AuNP [TOA]+ ACHTUNGTRENNUNG[Au25(SCH2CH2Ph)18]� (TOA+ = tet-
raoctylammonium) reported by Murray et al. reveals the same
trend: a highly symmetric Au13 core surrounded by six
Au2(SCH2CH2Ph)3 staples.[37] The latter structure has been sur-
prisingly well predicted by DFT calculations.[83] Based on the re-
cently reported structures the arrangement of surface atoms
(mechanism C) involved in the adsorption of thiols is now
demonstrated to be a major element of chirality of thiolated
AuNPs, whereas the intrinsic chirality of the core (mecha-
nism A) has not been directly observed yet.

5.2. Post-Synthesis Ligand-Shell Perturbation and
Modification

Several groups have monitored the evolution of optical activity
in the MBETs of AuNPs on modification or perturbation of the
organic layer. Yao and co-workers investigated the CD respons-
es of d- and l-Pen-capped gold clusters as a function of tem-
perature (20 and 40 8C) in water and the evolution of the chi-
roptical properties of the same NPs in toluene after a phase-
transfer process.[41] Two phenomena were pointed out. The
first is an appreciable and reversible temperature dependence
of the CD spectrum for the smallest (0.57 nm) NPs, whereas
the CD spectra of the other NPs (1.18 and 1.75 nm) and the
UV/Vis spectra of all the particles were almost invariant. The
second is a perturbation of the CD spectra upon water/toluene
phase transfer (measured only for the smallest NPs). The
authors interpreted the results in terms of mechanism B (vici-
nal effect). Both temperature and phase transfer may act on
the conformation of the adsorbed molecules, which shows
that the latter plays a role in the optical activity of MBETs and
the way in which chirality is transferred from the adsorbate to
the metal particle.

The same group has also studied the chiral functionalization
of optically inactive monolayer-protected silver nanoclusters by
chiral ligand-exchange reactions.[79] They found that the shape
and the intensity of both optical and chiroptical responses in
the MBETs depend on the enantiomeric excess (ee) of the
chiral Pen on the silver cluster. The gmax factors are proportion-
al to the ee. Furthermore, the measured anisotropy factors are
considerably larger than those determined for Pen-stabilized
gold particles. The authors speculated that a chiral deforma-
tion of the silver core (mechanism A) might be at the origin of
this striking difference between the two metals.

At the same time, we have shown that the optical activity of
Au15 and Au18 clusters protected with one enantiomer of NIC is
reversed with a perfect mirror-image relationship on exchange
for its opposite enantiomer under inert atmosphere (see

Figure 6).[84] The cluster sizes were well retained during the
“chiral inversion”, as verified by gel electrophoresis and UV/Vis
spectroscopy. The inversion of the optical activity in the MBETs

was proportional to the ee of the ligand in the system. This ex-
periment clearly demonstrates that the optical activity is dictat-
ed by the absolute configuration of the absorbed thiols. It has
been shown that the shape of the CD spectra originating from
a chiral field (mechanism B) is strongly influenced by the
number and arrangement of ligands.[56] Over the course of the
ligand-exchange reaction the chiral field is modified, but the
spectral shapes are very similar, which seems to be an argu-
ment against chiral-field mechanism B and an indication for
mechanism C. Whatever the nature of the chiral structure of
the particles is (mechanisms A, B2, C), the optical isomerization
implies that these structures are not stable enough in one en-
antiomeric form to withstand the driving force imposed by a
switch of the absolute configuration of the adsorbed thiol.

6. Potential Applications

The interest in AuNPs is based on their potential applications
in various fields such as biosensing,[9] optics,[85] electronics,
photonics,[13] catalysis,[86] nanotechnology[14] and drug or DNA
delivery.[11, 87] Chiral AuNPs are particularly promising for asym-
metry amplification at different length scales, that is, as chiral
catalysts for chemical synthesis and chiral selective membranes
or chiral dopants in liquid crystals (LCs). Further applications
may be envisaged for the detection of chirality or may be re-
lated to the optical activity.

Figure 6. A) Schematic illustration of “chiral inversion” under inert atmos-
phere. The chiral adsorbed ligand is exchanged for its opposite enantiomer.
B) UV/Vis (left) and CD spectra (right) of Au15 ACHTUNGTRENNUNG(NILC)13 before (red dashed line)
and after exchange with NIDC (green solid line). The spectra were recorded
after size separation by PAGE. The UV/Vis spectra are normalized at 300 nm
and offset for clarity. Reproduced with permission from ref. [84] . Copyright
(2008) American Chemical Society.
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6.1. Chiral Catalysis

Metal NPs are potentially catalytically active and can also be
used as catalyst supports. In the latter case the properties of
homogeneous and heterogeneous catalysis are combined. For
example, the catalytic properties of complexes supported on
NPs can be influenced by the neighboring chiral ligands.[88] Re-
cently, an AuNP-supported multicomponent asymmetric cata-
lyst was used in the Michael reaction of 2-cyclohexen-1-one
with dibenzyl malonate affording the adduct in up to 67 %
yield and 98 % ee.[89] An advantage of such a catalyst is rapid
separation from products and substrates by precipitation,
membrane-based techniques, or SEC.

The intrinsic catalytic behavior of NPs has been widely ex-
amined. Many NPs proved to be efficient and selective cata-
lysts not only for reactions that are also known to be catalyzed
by molecular complexes, such as olefin hydrogenation or C-C
coupling,[90] but moreover for reactions which are not or are
poorly catalyzed by molecular species, such as aromatic hydro-
genation.[91] Unambiguous distinction between colloidal and
molecular catalysis is, however, often difficult.[92–94] Chiral metal
NPs can potentially combine the chirality of their core or sur-
face and of their organic shell to induce enantioselectivity on
prochiral substrates, as suggested previously for organometal-
lic clusters with a chiral framework.[58–68] Despite the impressive
progress in catalysis, however, only a few NP systems were
found to be efficient in asymmetric catalysis till today.[75, 86, 95–103]

The most relevant systems involve Pt and Pd NPs stabilized by
cinchonidine, in the hydrogenation of pyruvate derivatives
with ee up to 95–98 %.[95, 97–100, 104, 105]

Gold catalysis has become a hot topic and many published
examples have demonstrated benefits of gold catalysts such as
higher activity, milder conditions, and higher selectivity and
enantioselectivity.[106–109] However, so far there is only one
promising example of a preliminary test of enantioselective
catalysis using chirally modified AuNPs with Pd-mediated reac-
tivity.[110] This is probably due to the fact that gold catalysis is
relatively new and that chiral AuNPs are even more recent.

6.2 Nanoparticles in Liquid-Crystal Media

Control of the organization of NPs in order to integrate them
into high-tech devices such as waveguides, band-gap materi-
als, light-scattering devices, flat panels, and perfect lenses
while avoiding use of the top-down approach remains a chal-
lenge in nanotechnology. Liquid-crystalline materials appear to
be perfect candidates for controlling the crucial parameters of
size, shape, and self-assembly of nanoscale materials in a one-
pot process. The use of LCs in syntheses and self-assembly was
recently reviewed by Hegmann and co-workers.[111] Organiza-
tion of nanomaterials in LCs can furthermore respond to exter-
nal stimuli such as an electric (magnetic) field or temperature.
This opens the possibility to use such composites as electrical
actuators.

Figure 7 shows that achiral NPs coated with a zwitterionic
surfactant when dispersed in a cholesteric LC can order in ac-
cordance with the chiral helical structure of the chiral phase.

The platinum NPs form periodic ribbons, which mimic the
well-known cholesteric texture. De Guerville et al. also demon-
strated that the NPs not only decorate the pristine structure
but create a novel structure characterized by a larger periodici-
ty.[112, 113] They also observed that this periodicity, that is, the
distance between the ribbons, can be tuned by varying the
molar fraction of chiral mesogens present in the pure choles-
teric host. On the contrary, Hegmann and Qi demonstrated
that C12Napr*-capped AuNPs (C12Napr* = naproxen-functional-
ized dodecanethiolate) can be used to induce chirality on a
nonchiral nematic LC phase.[81] The use of AuNPs protected
with chiral ligand as chiral dopant in an LC phase was further-
more confirmed by induced CD studies on a nematic LC (NLC)
doped with three different NPs. This experiment revealed
transfer of chirality from the NPs to the NLC phase to form a
chiral nematic phase with opposite helical sense in comparison
to the pure chiral ligand dispersed in the same NLC host.[114]

The formed stripe texture may be tunable according to the
size of the NPs or their functionality. Nematic LCs doped with
gold nanoclusters can be aligned and electrically reoriented at
lower threshold voltages than pure NLCs.[115] This opens a
pathway for improving LC mixtures for a variety of applications
such as liquid-crystal displays.

6.3. Optics

Rosi and co-workers recently published a new bottom-up pep-
tide-based method for the design and synthesis of highly or-
dered AuNP double helices (see Figure 8).[15] Such stereochemi-
cal arrangement of NPs is expected to be of great importance
for potential applications derived from their plasmonic proper-
ties. In the visible to near-IR part of the spectrum, the normal
incidence transmission of circularly polarized light through the
metallic nanostructured anisotropic planar chiral metamaterial
is asymmetric in the opposite direction.[116] This phenomenon
can be used in the field of polarization-sensitive devices. A
quantum chemical approach to the design of chiral negative-
index materials has shown that this can be achieved by intro-
ducing sharp plasmonic resonances with metal NPs.[117]

Figure 7. TEM images of the fingerprint cholesteric texture for the chiral
liquid-crystalline material in pure form (left) and doped with achiral NPs
(right). Reprinted with permission from Macmillan Publishers Ltd: Nature Ma-
terials, ref. [112], copyright (2002).
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6.4. Chiral Discrimination

Self-assembled monolayers of chiral thiols on metal surfaces
have proved their potential for enantiodiscrimination.[50] On ac-
count of their high specific surface area, chiral NPs should be
even more interesting for discrimination. Kong and co-workers
have already shown that AuNPs are efficient sensors capable
of probing chiral amino acids at the subpicomolar level. The
signal was monitored by differential potential voltammetry
with a glassy carbon electrode modified with bovine serum al-
bumin, which is a chiral modifier, and amplified by silver atoms
anchored on the AuNPs.[118] Similarly, Rotello et al. have clearly
demonstrated by calorimetric studies that NPs bearing enan-
tiomeric and diastereoisomeric end groups have distinctly dif-
ferent binding affinities towards protein targets.[82] They further
demonstrated that trimethylammonium-funtionalized AuNPs
protected with mixed monolayers can stabilize peptides in
water through favorable interactions on templation of the NPs
to the peptide surface.[119] This enhances the potential of
AuNPs in helix recognition. Recently, colloidal AgNPs coated
with GSH were used as electromagnetic antennae.[120] It was
shown that the absorption and CD spectra of bimane, a chro-
mophore, were enhanced when attached to NPs. The chromo-
phore absorbs at the surface-plasmon-resonance wavelength
of the AgNPs. The enhancement by two orders of magnitude
of the induced CD bands of GSH–bimane with the AgNPs is
similar to the other surface-enhanced optical phenome-
na.[121–123] This strategy should enable the observation of weak
induced CD of chromophores by enhancing them to typical
values of UV and CD of amino and nucleic acids. This reveals
that chirality on NPs is an important prerequisite for the specif-
ic recognition required for therapeutic applications.

7. Outlook

Nanoscience is still in the discovery phase, and this is particu-
larly true for chiral NPs. Only very few examples of well-defined
optically active NPs have been synthesized and only on a small
scale (milligrams). However, examples of applications described

in the last section show the great potential of chiral NPs, for
example, in enantioselective catalysis, LC displays, and chiral
recognition. Progress in enantioselective synthesis and resolu-
tion of chiral NPs is expected in the near future. Integration of
NPs into larger systems may allow preparation of nanoscale
optical components[25] and planar polarization-sensitive devi-
ces.[23] The merging of optical activity with surface plasmons
may pave the way for new types of “chirophotonic devices”.
Nanoparticles are already starting materials or catalysts for the
preparation of larger anisotropic nanomaterials such as nano-
rods. Perhaps chiral NPs will allow the preparation of larger
chiral nanomaterials. Finally, chiral NPs are also of fundamental
interest as nanosize analogues of extended chiral metal surfa-
ces and serve as models for better understanding of interac-
tions between surfaces and organic molecules.
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