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ABSTRACT

Chirality is a fundamental property of matter with profound
impact in physics, chemistry, biology, andmedicine. It is present
at several scales going from elementary particles, to molecules,
to macroscopic materials, and even to astronomical objects.
During the last 30 years, chirality has also been investigated at
the nanoscale, being a hot research topic in nanoscience. The
importance of chirality at the nanoscale is due, in part, to the
potential applications that chiral nanomaterials could have in
nanotechnology. Great interest exists nowadays in the study of
chirality in bare and ligand-protected metal nanoclusters. These
are aggregates of nmetal atoms (n ~ 10–300) that can be in gas
phase or stabilized by organic ligands, covering the cluster sur-
face. Chirality in bare and thiolate-protected gold clusters (TPGC)
has received special attentionbecauseof the important progress
achieved in their synthesis, size separation, andprecise structural
characterization. Here, we review the recent experimental and
theoretical developments on the origin and physicochemical
manifestations of chirality in bare and TPGC . Since chirality is a
geometrical property, we also discuss the proposal for its quan-
tification, and the correlation of this geometricmeasurewith the
chiroptical response, like the circular dichroism spectrum, calcu-
lated from quantum mechanical methods.
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1. Introduction

1.1. Chirality

Chirality has been of great interest for science and industry since the discovery

of chiral substances in the nineteenth century [1,2]. This phenomenon quickly

captured the attention of scientists, particularly Louis Pasteur, who first

separated optical isomers and speculated that chirality was originated on the

atomic arrangements of atoms [3]. By the end of the nineteenth century, it was

Lord Kelvin who coined the term chirality, which was previously called

‘dissymmetry’ [4]. Chirality is a geometrical property where an object cannot

be superimposed with its mirror image. So, to be chiral the object should not

have any Sn symmetry elements such as mirror planes or inversion symmetry.

This property is intrinsic to an object and it is not restricted to the molecular

level, as chirality can be observed in any scale, for example, in single mole-

cules, DNA, viruses, our hands, or even in galaxies (see Figure 1) [5–7].

One of the most important properties of chiral particles is their unique

optical activity, which is measured by the circular dichroism (CD) spec-

trum. When chiral particles are in solution and circularly polarized light

passes through them, it causes a difference in the absorption between the

right and left polarized light. The difference in absorption is measured

resulting in the CD spectrum of the chiral particle [8]. CD is useful to

analyse the structures of chiral molecules. Light can interact in several

ways with chiral particles, for instance, electronic absorption, vibrational

absorption, reflection, scattering, or fluorescence [9]. Different methods

have been developed based on these interactions, such as electronic CD

[10], vibrational CD [11], diffuse reflection CD [12], circularly polarized

luminescence [13], magnetic CD [14], and optical rotatory dispersion [15].

Figure 1. Different chiral systems that exist in our universe.
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1.2. Importance of chirality

When chiral substances and its properties were discovered, they became a

major topic in chemistry and biology, as they play an important role in the

life of plants and animals. Methods for enantioselective synthesis, catalysis,

and new pharmaceuticals were promptly developed [16–18]. Nowadays,

chirality is important in many areas of science. In biology, the chirality of

biomolecules is of great relevance [2], the DNA chiral structure as well

[19]. Additionally, chirality is believed to be one of the keys to the origin of

life and evolution [20]. In medicine, chirality plays a relevant role in

methods for the detection of diseases [21], as well as in drug design

because it allows for the identification and separation of enantiomers of

the active substance, something of crucial importance because the biolo-

gical activity (pharmacology, toxicology, and metabolism) can greatly vary

depending on the drug enantiomer used [22,23]. Chemistry itself has

benefited greatly from chirality because it has allowed many advances in

the areas of enantioselective synthesis [24], separation [25], catalysis [26]

and chiral sensing [27].

1.3. Chirality at the nanoscale

At some point, it was believed that chirality was an exclusive property of

organic molecules, but Alfred Werner proved, with the synthesis of coor-

dination complexes, that inorganic substances were chiral too [28].

Inorganic materials have come a long way since then and chirality in

nanoscience has become a ‘hot topic’, in fact, the research and develop-

ment of nanomaterials has increased exponentially [29–31]. The theory of

chirality for molecules is already well stablished, but for metals, semicon-

ductors, and nanostructures, the concept of chirality is still evolving. With

all this expansion, there has been a lot of interest in the properties of chiral

nanomaterials [32,33]. Chiral nanomaterials have an impressive range of

applications in biomedicine [34], catalysis [35], and optical devices [36],

but they also offer the opportunity to gain insights into the origin of

chirality, as they serve as a middle ground between chiral molecules and

chiral macroscopic objects. Another advantage of chiral nanomaterials is

that their properties can be finely tuned for their study, according to their

size, shape, and composition [37–39]. In general, a nanoparticle (NP) is

any particle which size is between 0.5 and 100 nm and its shape might be

chiral. Some of the nanostructures in which chirality has been found are

nanoribbons [40], nanowires [41–44], metal nanoclusters [45], nanoalloys

[46–48], semiconductor NPs [49], metal oxide NPs [50], carbon NPs [51],

and others [52–55]. Generally, the shapes of the nanostructures are not

perfectly symmetrical, because they often present dislocations, vacancies,
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adatoms, truncations, and deformation, thus contributing to the chirality

of the nanostructures. CD has been observed in these nanostructures, and

the source of the electronic excitation can be caused because of (i) chiral

shapes, (ii) chiral assembly of interacting achiral NPs, and (iii) interaction

of NPs with molecules (see Figure 2) [9,29,56].

The first type of nanostructure with a chiral shape is found in twisted

nanorods [57], twisted gold clusters [58], twisted ribbons [59], and helical

structures of gold [60], silica [61], and TiO2 [62]. In these structures, the

CD can be observed in the plasmonic region, and the temperature inde-

pendence of the plasmonic CD can be used to confirm the presence of the

chiral NPs [63,64]. The second type of chirality arises from a chiral

configuration of various achiral NPs. This is especially effective with

plasmonic NPs because it leads to plasmon coupling of the NPs [65].

The optical activity of the assemblies is dependent on the total size, and

their preparation typically requires advanced chemistry or the use of chiral

biomolecules as templates to control their positions and interactions [66–

68]. The third type of chirality can be caused because of two effects: the

first is the transfer of chirality from chiral molecules to an achiral metal

core as observed by Whetten et al., in 1998 [69], and the second one is the

formation of chiral patterns by achiral ligands [70].

Metal clusters are a special type of nanomaterials because of their atomic

precision, as their size corresponds to a discrete number of atoms, the

‘magic numbers’ [71]. Their size can vary from few to thousands of atoms.

Moreover, metal clusters can be protected with a monolayer of ligands, e.g.

Figure 2. Three causes of chirality in nanostructures. (i) The helical structure of a gold
tetrahedral nanowire. (ii) Gold NPs adsorbed on a carbon nanotube in a chiral assembly.
(iii) Chirality induced on a symmetrical cluster by the asymmetrical arrange of the ligands on
its surface.
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thiolates, phosphines, selenolates, and others [72–75]. The ligands bring

stability to the metal core by helping avoid aggregation and regulating the

number of valence electrons in the nanocluster [76]. Chirality has also

been found, and geometrically quantified, in bare and ligand-protected

metal clusters [77]. In this review, we briefly present the research high-

lights on the chirality shown by bare and thiolate-protected gold clusters

(TPGC) published during the last 20 years (Section 2), followed by a

revision of the proposal and convenience of quantifying the chirality

existent in bare and TPGC from a geometrical point of view (Section 3).

In Section 4, we provide an overview of the quantum mechanical methods

that can calculate in a reliable way the CD spectrum of TPGC clusters with

few hundreds of atoms. Section 5 is dedicated to present recent evidence

on the correlation existing between the geometrical measure of chirality

and the chiroptical response (calculated CD spectra). A summary and

perspectives on the investigation of chirality in metal nanoclusters is

presented in Section 6.

2. Chirality in bare and thiolate-protected gold clusters

2.1. Thiolate-protected gold clusters

Chirality in TPGC was first detected in 1998–2000, following the measure-

ments of intense optical activity in L-glutathione-protected gold clusters in

the size range of ~20–40 Au atoms (L-glutathione is a chiral tripeptide

ligand) [69,78]. During the last 20 years, a lot of progress has been made

on the controlled synthesis, size and enantiomeric separation, total struc-

tural characterization, and chiroptical spectroscopic studies of chiral

TPGC, as well on the theoretical origin and understanding of their chir-

ality. Several research reviews have been published highlighting these

advances and providing updated results on unsolved questions surged

during this 20-year period [9,58,75,79–87].

For example, by the year 2007, after the experimental confirmation by

several research groups on the existence of optical activity in gold clusters

protected by chiral ligands, three mechanisms were proposed towards the

understanding of the origin of their chirality: the intrinsically chiral metal

cluster core [88], the dissymmetric field effect [89], and the chiral foot

print model [90]. These mechanisms, supported by consistent theoretical

models and calculations, provided useful qualitative explanations on the

unique features displayed by the optical activity, measured for gold clusters

with distinct sizes, and protected with different chiral ligands.

Nevertheless, there was not a consensus on which of these mechanisms

would play the dominant role, or if two, or all of them would act con-

currently for a full understanding of the CD spectra and elucidate if the
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chirality is either localized on the volume or surface of the metal core, or at

the interface with the shell of chiral ligands [79–81]. Furthermore, by the

year 2007, it was recognized that a precise knowledge of the atomic

configuration existing in the optically active chiral compounds was neces-

sary, as well as a reliable quantum mechanical methodology to calculate

their electronic structure, including the ground and excited electronic

states, to get real progress in the understanding of their chirality [79–81].

In fact, around that time there was a limited progress on the theoretical

knowledge of the most stable (lowest energy) atomic structures of TPGC,

and on the first-principle calculation of their CD spectra [88,91]. This was

mainly due to the lack of sufficient computational resources and efficient

implementations of the corresponding theoretical methodologies, given the

substantial number of atoms and electrons involved.

A breakthrough in the field of TPGC occurred by the end of 2007 when

the synthesis, crystallization, and total X-ray structure determination of the

first chiral TPGC were reported. It corresponded to a p-mercaptobenzoic

acid (p-MBA)-protected gold cluster, which comprises 102 gold atoms and

44 achiral p-MBAs ligands: Au102(p-MBA)44 [92]. This experimental study

revealed not only the existence of a chiral cluster, since the two enantio-

mers were observed alternating in the crystal lattice, but also that protect-

ing achiral ligands could be placed in a chiral array, forming ‘staple’ motifs

on the surface of a nearly symmetric Marks decahedron Au79 metal core

[92]. Later, in 2010, this type of chiral structure was also found in a similar

experimental study, as well as from a theoretical investigation, in a cluster

with 38 gold atoms and 24 phenylethylthiolate (SC2H4Ph) achiral ligands

[93,94]. In this case, the chiral Au38(SC2H4Ph)24 cluster was described as a

23-atom nearly symmetric core protected by a chiral arrangement of staple

motifs [93,94]. The discovery of Au102- and Au38-protected gold clusters

expanded the variety of chiral TPGC to include the case of a nearly

symmetric (achiral) core protected with achiral ligands, where the chirality

appears from the chiral patterns described by the staple motifs. Figure 3

displays the structures of these chiral clusters.

Another breakthrough in the experimental study of chiral TPGC

was the first enantiomeric separation of the chiral Au38(SC2H4Ph)24
cluster by high-performance liquid chromatography (HPCL), and the

measurement of the corresponding mirror-image CD spectra with a

huge anisotropy factor of up to 4 × 10−3 [95]. This work also allowed

for a useful comparison with the calculated CD spectra, and for testing

the reliability of more advanced quantum mechanical methodologies,

that started to be developed by 2010 [94,95]. Thus, through a more

accurate theoretical–experimental comparison between CD spectra,

additional insights into the origin of the optical activity due to the

electronic structure of chiral TPGC were obtained [94,96]. It is
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worthwhile to mention that up to date, other chiral TPGC like Au40
(SC2H4Ph)24 [97] and Au28(TBBT)20 (TBBT: p-tertbutylbenzenethiol)

[98] have also been enantioseparated through HPLC, while a partial

enantioenrichment has been achieved for the chiral Au102(p-MBA)44
cluster [99]. Systematic chiroptical spectroscopic studies coupled with

thermal-induced racemization have also determined that the gold-

thiolate interface is quite flexible, a fact which is of fundamental

interest to be considered in applications of chiral TPGC [100].

After the great progress achieved during the last 10 years, mainly based on

the precise knowledge of the cluster structure by X-ray crystallography (XRC)

of around 30 TPGC in the size range of 18–279 Au atoms, and on the detailed

investigations using chiroptical spectroscopy on other TPGC dissolved in

different solvents, there is a convincing evidence that many of them corre-

spond to chiral clusters [9,58,75,77,80–87]. Moreover, the current view on

chiral TPGC indicates that their chirality can be classified into intrinsic and

induced one [84–86]. In the first case, the structure of theAun(SR)m cluster can

be divided into an inner metal core, an intermediate Au‒S interface, and the

external carbon tail of the organic ligands [84–86]. Then, the intrinsic chirality

could be due to the chiral structure of the metal core or could be related with

the chiral arrangement of the Au‒S motifs, or also could be ascribed to the

chiral arrangement of the carbon tails [84,85]. Figure 3 shows the structures of

the chiral Au44(SR)28 and Au52(SR)32 clusters, where the metal core is formed

by tetrahedral motifs following helicoidal (chiral) patterns. In this classifica-

tion, it is considered that the thiolate ligands are achiral. On the other hand,

chirality can be induced by chiral ligands protecting ametal core, like the chiral

L-glutathione ligand used by Schaaaff and Whetten in 1998–2000, when they

detected optical activity for the first time in TPGC [69,78].

2.2. Bare gold clusters

Chirality in bare metal (gold) clusters had also been investigated since 2002

when it was theoretically obtained that the lowest-energy isomers of Aun
clusters with n = 28 and 55 correspond to chiral structures [88,101]. Later,

in 2007, three groups published convincing evidence, both experimental

[102,103] and theoretical [104], on the existence of a chiral structure for

the anionic cluster Au34
−. Another theoretically predicted chiral cluster

was Au72, better known as a golden fullerene with chiral-icosahedral

symmetry [105]. Figure 4 shows the structures of the chiral Au34
−, Au55,

and Au72 gold clusters. More recently, a series of chiral gold nanocage

structures have been theoretically predicted [106]. A research challenge for

the future would be to accomplish the enantioseparation of these chiral

bare gold clusters in order to explore at a more fundamental level their

intrinsic chirality.
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To gain additional and deeper insights into the origin of chirality,

further studies have been performed, like the geometric quantification of

chirality and the theoretical calculation and experimental measurement of

the CD spectra. The following sections review the recent highlights of these

investigations.

Figure 3. Structures of chiral thiolate-protected gold clusters. (a) Au38(SCH3)24, (b) Au44
(SCH3)28, (c) Au52(SCH3)32, and (d) Au102(SCH3)44.
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3. Geometric quantification of chirality

From the most fundamental point of view, chirality at any scale should be

considered as a geometrical property, independent of its physical and

chemical manifestations. This was first recognized by Lord Kelvin in his

definition of chirality in 1893: I call any geometrical figure, or group of

points ‘chiral’, and say that it has chirality if its image in a plane mirror,

ideally realized cannot be brought to coincide with itself [4]. It is note-

worthy that this definition of chirality has been mostly used in a dichoto-

mic manner in chemistry, biology, and medicine. For example, a molecule

is considered either chiral or achiral, if it does or does not satisfy the

Kelvin’s definition. Nevertheless, one of the main objectives of physics is

not only to discover, understand, and predict the properties of matter, but

Figure 4. Structures of four bare chiral gold clusters. (a) Au34, a chiral isomer with C3
symmetry. (b) Au55, a chiral isomer with C1 symmetry. (c) Au72, a chiral isomer with
icosahedral (I) symmetry.
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also to quantify them. Then, from a physical point of view, it would be

valid to ask the question if chirality can be continuously quantified, instead

of only having 0 and 1 values for achiral and chiral systems, respectively.

The proposal about the possibility and pertinence of quantifying the degree

or amount of chirality was broadly discussed in 1992 in the context of

molecular chirality, due to its importance in several fields of chemistry and

biochemistry [107]. Since then, different related approaches had been

proposed for a geometric quantification of molecular chirality [107–109].

Moreover, it has also been discussed that molecular chirality measures

could be related to chemical manifestations like enantioselectivity in asym-

metric catalysis [110].

An obvious and important question after recognizing the existence and

relevance of chirality in bare and ligand-protected metal clusters (see

Section 2) would be if it can be geometrically quantified and correlated

with their physical and chemical properties. The initial answer to this

question was given in 2002, when the Hausdorff chirality measure

(HCM) [111] was used to quantify the chirality of bare Au28 and Au55
gold clusters, as well as of thiolate-protected Au28(SCH3)16 and Au38
(SCH3)24 gold clusters [88,101] (see Appendix A for a detailed description

of the definition and methodology to calculate the HCM). In that year,

these clusters were of great interest since their structures were obtained

from reliable state of the art density functional calculations [112,113], after

the experimental discovery on the existence of optical activity in glu-

tathione-protected gold clusters with sizes in the range of 20–40 gold

atoms [69,78]. One of the initial insights into the origin of chirality

obtained by geometrically quantifying it through the HCM was to show

that chiral structures could exist as the lowest-energy isomers of bare gold

clusters like Au55 and Au34
− and that the thiolated protecting monolayer

could induce or increase the degree of chirality of the metal cluster core

[88,101]. Moreover, these results provided theoretical support for the

existence of chirality in glutathione-protected gold clusters, as indicated

by the strong optical activity measured in these compounds since

1998–2000 [69,78].

As was discussed in Section 2, the study of chirality in TPGC evolved in

a dramatic fashion, especially after 2007, when the total X-ray structure of

the Au102(p-MBA)44 clusters determined its chiral morphology [92]. In

fact, during the last 10 years, a huge amount of chiral thiolate-protected

gold clusters have been synthesized, purified, and crystallized. Their total

atomic structures have been fully determined from XRC, providing precise

information to investigate further details on the origin of their chirality.

Once such useful structural information was available, new questions

related to the geometric quantification of chirality were raised [77]. Some

of them question if it is possible to consistently compare the index of
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chirality between different chiral clusters and classify them accordingly.

Likewise, what is the ultimate origin of chirality given that the precise

atomic structure of the chiral cluster is known? Or, is it possible to obtain

useful trends with respect to the cluster size after using a quantitative

framework to compare and classify the chirality of TPGC ? These ques-

tions were addressed in 2015, and after a systematic calculation of the

HCM for ~26 TPGC in the size range of 18–144 Au atoms, interesting and

useful insights were obtained [77].

To quantify the chirality of a TPGC, it is useful to visualize its overall

structure as a metal core covered by a protecting shell, as was proposed by

the ‘divide and protect’model [114]. This core–shell partition is also justified by

the total structure determination obtained from the X-ray data in crystallized

cluster samples [75]. A more precise description of the TPCG shows that the

surface of its metal core interacts with a ligand shell that consists of ‘staple’

motifs of different length (see Section 2). This protecting shell interacting with

the metal core surface is called the Au‒S interface. The full cluster structure is

completed by the remaining organic tail of the thiolate ligands. The HCM

methodology can assign quantitative indexes to the chirality existing in TPGC,

including those corresponding to themetal core, the Au‒S interface, the organic

tail, and the overall cluster structure [77]. The main trend obtained from the

calculated HCM values of TPGC across the size range of 18–144 Au atoms

shows that the Au‒S interface has the dominant contribution to the overall

cluster chirality [77]. For example, most of the chiral clusters investigated can be

described as an achiral or ‘weakly’ chiral metal core protected by a ligand shell

displaying a chiral Au‒S interface. Figure 5 shows the structure and HCM

values for two of the most well-known chiral Au38(SR)24 [93,94] and Au102
(SR)44 [92] clusters, corresponding to this classification. On the other hand, the

HCM methodology has been also useful to identify clusters where the metal

core displays a strong chirality. The phosphine-protected Au20 gold cluster

[115,116], as well as the thiolate-protected Au44 [117], Au52 [117], and Au133
[118,119] clusters belong to this category, corresponding to cases in which the

overall chirality is concentrated in the metal core. Figure 6 displays the cluster

structures and HCM values of the thiolate-protected Au44 and Au52 clusters

which have metal cores with the highest HCM values. On the other hand,

Figure 7 shows the HCM indexes calculated for most of the TPGC known up to

2015 [77], displaying the values for the whole protected cluster (yellow triangles)

in an ascending order. It was also obtained that 5 out of 26 clusters are achiral

(HCM < 0.001). Figure 7 also indicates that for most cases the HCM values

calculated for the ligand arrangement forming the protecting shell (red dia-

monds) are very similar to those of the whole cluster, but the core values (blue

squares) are smaller. These results indicate that in general, chirality is mainly

due to the chiral arrangement of ligands, although interesting exceptions have

been found where the metal cores have large HCM values.
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The results obtained by quantifying chirality using the HCM methodol-

ogy are consistent with those obtained from symmetry considerations and

are reliable to extract trends on how chirality is spatially distributed on the

whole structure of the TPGC [77]. However, further investigations are

required to validate this approach through the search of systematic and

clear correlations between the HCM values and physical and/or chemical

manifestations of chirality like the optical activity (CD spectrum), or the

strength of enantiomer-specific interactions between TPGC and other

chiral systems [120–122]. The existence of these correlations is discussed

in Section 5.

4. First-principles calculation of the CD spectrum

In molecular physics, there are many methods available to calculate the

electronic structure of molecules and their optical properties. However,

such methods are often computationally too demanding to be applied in

practice to large systems like nanoclusters. Moreover, if one is interested in

Figure 5. Structures and HCM values for the cluster core, ligand shell (Au‒S interface), and
protected cluster. Top panel: Au102(SR)44; bottom panel: Au38(SR)24. Au atoms are in dark
yellow and S are in light yellow. This figure is adapted from the original one reported in Ref.
[77].

976 J. J. PELAYO ET AL.



the CD, the molecule under study must be chiral and therefore with very

low or even without any symmetry, rendering the computation even more

heavy. Keeping this situation in mind, it is obvious that very accurate

(correlated) ab-initio methods cannot be applied in this field, and the only

practicable schemes are the density functional theory (DFT) and its time-

dependent extension (TDDFT). The first TDDFT implementation to cal-

culate the CD has been introduced by Autschbach and Ziegler [123,124].

In that implementation, the TDDFT equations were solved according to

the Casida’s scheme [125] which consists of the diagonalization of a

matrix, whose dimension is the product of the number of the occupied

orbitals times the number of virtual orbitals. This method is very efficient

when only the lowest part of the spectrum is needed, a situation which is

not standard for nanoclusters. For this reason, a new TDDFT algorithm,

which extracts the spectrum from the imaginary part of the complex

Figure 6. Structures and HCM values for the cluster core, ligand shell (Au‒S interface), and
protected cluster. Top panel: Au44(SR)28; bottom panel: Au52(SR)32. Core Au atoms are in red,
shell Au atoms are in dark yellow, and S are in light yellow. This figure is adapted from the
original one reported in Ref. [77].
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polarizability, has been implemented recently [126] and extended for the

calculation of the CD spectrum [127].

4.1. The complex polarizability method

To describe the complex polarizability method, we briefly resume the basic

theory of CD. For a molecule with fixed orientation, the CD of an

electronic transition from the ground state j0i to the nth excited state jni
corresponds to the difference between the absorbance of left and right

circularly polarized light which propagates along the X-direction as fol-

lows [128]:

CD ¼ AL � AR ¼ 2γIm h0jμY jnihnjmY j0i þ h0jμZjnihnjmZj0i
� �

; (1)

where in Equation (1) μ and m are the electric dipole and magnetic dipole

moment operators, respectively, and γ is a constant.

In solution or in the gas phase, molecules are randomly oriented, so

Equation (1) must be rotationally averaged, and the Rosenfeld equation is

obtained as follows:

Figure 7. HCM index of chirality for ligand-protected gold clusters. The numbers in black
above the blue squares denote the cluster number according to the list shown in the bottom
panel. This figure is adapted from the original one reported in Ref. [77].
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CD ¼
4

3
γIm h0jμjni � hnjmj0ið Þ (2)

The rotatory strength, R0n, is therefore defined as follows:

R0n ¼ Im h0jμjni � hnjmj0ið Þ (3)

To calculate R0n by means of the complex polarizability algorithm [127], it

is convenient to consider the dipole moment induced by an electromag-

netic field [129]:

μ0u ¼
X

v

αuvEv �
X

v

βuv
c

@Bv

@t
: (4)

In Equation (4), Ev and Bv are the electric and magnetic field components, c is

the speed of light, α is the dynamical polarizability tensor, and β is the optical

rotation tensor which is related to the rotatory strength by the following sum

over states expression:

�β ¼
1

3

X

u

βuu ¼
2c

3

X

n

R0n

ω2
0n � ω2

(5)

In Equation (5), ω is the photon energy and ωon corresponds to the j0i →
jni excitation energy. Therefore, it is convenient to extract R0n from the β

imaginary part as in conventional photoabsorption. From Equation (4), β

consists of the electric dipole moment induced by a time-dependent

magnetic field and can be calculated by the following expression:

βzz ωð Þ ¼ �
ic

ω

� �

X

occ

i

X

virt

a

hϕijmzjϕai
�P
a

i (6)

with

�P
a

i ¼ tk ωð Þ hϕajμzjϕii þ
X

fit

μτ

Ak
� �þ

ia;μ
Lμτbτ

" #

(7)

In Equations (6) and (7), the Ak
μ;ia are integrals between the auxiliary fitting

function fμ and the product between the ith occupied and the ath virtual

orbitals, hϕijμZjϕai and hϕijmZjϕai are the electric and magnetic dipole

moment matrix elements, respectively, between the same occupied‒virtual

(ia) orbitals pair, the matrix L is defined by Equation (28) in Ref. [126], tk
is given by

tk ωð Þ ¼
1

ω� ω0n þ iε
þ

1

ωþ ω0n þ iε
(8)

and b is the solution of the following linear system:
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S�M ωð Þ½ �b ¼ d (9)

In practice, the resolution of the TDDFT equations is recast to the linear

system (9) (see Ref. [126]. for a detailed description), which is already

solved to calculate the photoabsorption, so the CD calculation is compu-

tationally irrelevant. It is worth noting that the linear system (9) is solved

employing the auxiliary density fitting functions as a basis set to represent

vectors and matrixes. This means that the dimension of Equation (9) is

much lower with respect to the Casida’s approach.

Equation (9) is then solved point by point for each photon energy;

moreover, the real photon energy is supplemented with a small imaginary

part. This procedure generates a Lorentzian broadening of the discrete

transition.

It is worth mentioning that for CD calculations, the rotatory strength

(R) is invariant under molecular translations only if the electric dipole

elements are calculated within the velocity gauge. In practice, one must use

in Equation (7) the following form of the dipole matrix elements:

hϕajμzjϕii ¼
hϕaj

d
dz
jϕii

εa � εi
(10)

As discussed above, CD spectra correspond to a linear response calcula-

tion. They therefore need a higher-quality basis set with respect to ground-

state DFT calculations to achieve a comparable accuracy. A rigorous way

to check that the basis set employed in any given case is of sufficient

quality is to compare CD spectra calculated in the length and velocity

gauge, which should coincide at the basis set limit. For typical nanoclusters

and sufficiently high-quality basis set [127], we found negligible differences

between the length and the velocity gauge, so when using an appropriate

computational numerical setup, R can be safely calculated employing the

standard-length gauge of the electric dipole moment.

4.2. Fragment projection analysis of the CD spectra

Chirality is a complex phenomenon and is often difficult to get meaningful

physical insights into it. In this situation, the analysis tools of TDDFT CD

spectra can be potentially useful to shed light on chirality and try to

understand its origin in any given system, especially in multifunctional

composite systems such as thiolate-protected metal nanoclusters, exhibit-

ing excitations mixing electronic states from metal, sulphur, and organic-

residue atoms. This is interesting from both a fundamental point of view

and also in practical applications, as it can open avenues to a more precise

control and exploitation of this complex phenomenon. To this purpose,

here we extend to CD a fragment projection analysis, originally developed
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for photoabsorption [130], based on the fragment projection of electronic

excited states and on induced transition densities. The aim of this analysis

tool is to rationalize the interplay among excitations belonging to the metal

cluster and coating shell in determining the dichroism of metal nanoclus-

ters, and to achieve it by dissecting the system into two pieces or fragments

that will be named M and L for convenience, and to express the CD as a

sum of four terms, corresponding to M→M, M→L, L→M, L→L

transitions.

We start with the expression of the rotatory strength as calculated with

the complex polarizability algorithm:

R ¼
3εω

2c
Im �β
� �

(11)

In Equation (11), ω is the photon energy, c is the speed of light, ε is the

HWHM of the electronic transition, which corresponds to the imaginary

part of the frequency, and �β stands for the averaged optical rotation tensor

whose diagonal elements are given by Equation (6). In Equation (6), a

double sum over occupied and virtual orbitals involves a product of a

magnetic dipole matrix element between a pair of occupied‒virtual orbitals

and a density matrix element, �P
a

i , between the same occupied‒virtual

orbital pair, which is calculated as detailed in Ref. [127]. In practice, we

aim at splitting each term of the sum in Equation (6), related to a given

occupied‒virtual pair, into four contributions M→M, M→L, L→M, L→L

according to the weights of the fragment in the occupied and virtual

orbitals. Here, we consider a simplified fragment projection, performed

in terms of the Mulliken analysis of the corresponding molecular orbitals

(in future work we will consider more sophisticated fragment decomposi-

tion analyses). We thus make use of the normalization condition:

1 ¼
X

λμ

Ciλ þ SλμCμi ¼
X

μ

Mμi ¼
X

F

X

μ2F

Mμi ¼
X

F

MFi (12)

Mμi ¼
X

λ

Cþ
iλSλμCμi (13)

MFi ¼
X

μ2F

Mμi (14)

where in Equations (12–14) λ, μ are indexes running over the basis set, Cμi

are the coefficients of the orbital i onto the basis functions μ, Sλμ are the

elements of the overlap matrix, and F is an index running over fragments

(M and L in the present case of only two fragments). Now, we insert in
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Equation (6) two further sums over fragments as in the last term of

Equation (12):

βzz ωð Þ ¼ �
ic

ω

� �

X

occ

i

X

virt

a

hϕijmzjϕai
�P
a

i

X

F
MFi

X

G
MGa (15)

Equation (15) can thus be finally rewritten as follows:

βzz ωð Þ ¼ �
ic

ω

� �

X

F

X

G
CDFG (16)

where

CDFG ¼
X

occ

i

X

virt

a

hϕijmzjϕai
�P
a

iMFiMGa (17)

therefore, achieving the desired splitting into fragment contributions of the

energy-dependent optical rotation tensor elements.

4.3. Individual component maps of rotatory strength (ICM-RS) analysis

Recently, an analysis tool of the absorption spectra derived from TDDFT

simulation has been proposed, i.e. individual component maps of oscilla-

tory strength (ICM-OS) plots [131], which allows one to investigate the

connection between absorption and single-particle excitations (ICM-OS).

The theory behind ICM-OS is very simple. We start from the oscillator

strength at each given frequency (z-component) calculated as the imagin-

ary part of the zz diagonal element of the dynamical polarizability tensor:

αzz ωð Þ ¼
X

occ

i

X

virt

a

hϕijzjϕaiP
a
i ðzÞ (18)

where Pi
a is a density matrix element due to the electric field in the

Z-direction and hϕijzjϕai is a dipole matrix element, both evaluated over

a pair of occupied(=i)/virtual(=a) single-particle molecular orbitals. As

ICM-OS(ω), we then plot the individual hϕijzjϕaiP
a
i components as func-

tions of the single-particle energies of occupied (εi) and virtual (εa) orbi-

tals. The optical absorption intensity at each given energy is proportional

to the integral of the ICM-OS(ω) at the given energy over the (εi,εa) plane,

and the individual peaks are smeared with a Gaussian function to make

them visually clearer. As demonstrated in Ref. [131]., the positive and

negative components of the ICM-OS plots allow one to clarify both the

nature of the excited state and also the relative sign of the contribution of

the dipole versus density matrix elements on the oscillator strength, and

thus to single out destructive interference effects. In an entirely analogous
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way, we can define ICM-RS plots as analysis tools of chiro-optical linear

response spectra derived from TDDFT. We start from the rotatory

strength at each given frequency (z-component) calculated as the imagin-

ary part of the zz diagonal element of the circular dichroic tensor [127]:

CDz ωð Þ ¼ �
3ε

2
Re

X

occ

i

X

virt

a

hϕijmzjϕai
�P
a

i ½z�

 !

(19)

where in Equation (19) ε corresponds to the Lorentzian energy broad-

ening, �P
a

i ½z� is the density matrix element given by Equation (7), due to the

perturbation induced by the z-component of the electric dipole, and

hϕijmzjϕai is a matrix element of the magnetic dipole over a pair of

occupied/virtual single-particle molecular orbitals. As in the case of

ICM-RS(ω), we then plot the individual hϕijmzjϕai
�P
a

i ½z� components as

functions of the single-particle energies of occupied (εi) and virtual (εa)

orbitals. The ICM-RS(ω) plots allow one to visualize the source of chiral

response in momentum space, including signed contributions and there-

fore highlighting cancellation terms that are ubiquitous in chiral phenom-

ena. Indeed, in Ref. [132], ICM-RS plots have been proposed and discussed

in detail to analyse the chiro-optical spectra of a series of (Ag−Au)30(SR)18
TPGC, finding that these can be broadly classified as of whether destruc-

tive interference and cancellation in their chiro-optical response arise from

occupied‒virtual orbital pair contributions corresponding to orbitals with

similar or dissimilar excitation energies. Further developments along this

avenue will be reported in future work.

5. Correlation between the geometric quantification of chirality and

chiroptical measurements

In Section 3, we discussed the convenience and advantages of quantifying

the chirality existing in TPGC from a geometrical point of view. To this

purpose, the methodology based on HCM had been used in the literature

to assign and compare the index of chirality of the cluster core, protecting

shell, and overall cluster structure of TPGC in the size range of 18–144 Au

atoms [77]. Interesting trends as well as useful insights on the origin of

chirality were obtained, resulting that for most of the TPGC, the Au‒S

interface plays the key role for the chiral cluster behaviour [77]. In this

section, we will present and discuss useful results to investigate the exis-

tence of a correlation between the geometrical measure of chirality and the

chiroptical response of chiral bare gold clusters and TPGC . This correla-

tion will be useful not only to further validate the proposal of geometrically

quantifying the chirality of such compounds, but also to gain new insights

ADVANCES IN PHYSICS: X 983



into the mechanisms responsible of the complex peak structure in the

lineshape of the CD spectra.

There had been several studies that investigated the existence of a

correlation between geometrical indicators of chirality and the chiroptical

activity displayed by different types of chiral nanomaterials. In 2014, an

experimental report on the detection, visualization, and measurement of

chirality in gold NPs using helical pitch measurements for the transfer of

chirality into nematic liquid crystal phases was published [133]. Another

study examined the evolution of the theoretically calculated CD spectra

with geometrical parameters such as bond and dihedral angles for neutral

silver nanowires of helical shape [134]. This study indicated that the

intensity of the CD peaks is strongly affected by the shape of the helix

[134]. A more recent theoretical‒experimental investigation of the chirop-

tical response of sigmoidal gold clusters revealed that the strong CD

responses are closely related to the metal electronic orbitals, thus correlat-

ing the CD response with the geometrical (sigmoidal) arrangement of gold

atoms [135]. The first attempt to correlate HCM values with optical

activity measurements was reported in 2016 using two small Au8 and

Au11 gold clusters protected by chiral diphosphines [136]. Although a

quantitative correlation between the HCM values and the CD overall

intensity profile of these compounds was not found, it is worthwhile and

necessary to perform additional tests looking for the existence of such

correlation in larger chiral gold clusters.

In the following, we will present additional examples of the search for a

correlation between HCM values and the CD intensity profile of chiral

bare Au clusters and chiral TPGC . The first example corresponds to the

chiral anionic bare cluster Au34
−, which has been experimentally and

theoretically investigated since 2007 [102–104]. This cluster with C3

point symmetry can be considered as a representative example of bare

chiral gold clusters, since it corresponds to the lowest-energy isomer in the

potential energy surface of Au34
− [102,104]. Its C3 chiral symmetry appears

after performing the rotation of the hexagonal facets forming the surface of

the related C3v isomer, which correspond to a 34-atom cluster fragment of

an fcc lattice. Figure 8 shows the chiral transformation between the C3v

and C3 isomers along with eight intermediate structures, with the rotation

of the hexagonal facets highlighted in red. The HCM value for each

structure is also shown, indicating a monotonically increase with the

rotational angle of the facets, starting at HCM = 0.000 for the achiral C3v

isomer and ending with the maximum HCM = 0.120 value for the chiral

C3 isomer. The structures of the 10 clusters shown in Figure 8 were used to

calculate the CD spectra using the TDDFT methodology discussed in

Section 4. Specifically, a scalar relativistic pseudopotential with 19 valence

electrons, the LAN2DZ basis set, the PBE xc functional, and 200 excited
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states as implemented in the Gaussian09 code [137], were utilized to

calculate the CD spectra displayed in Figure 9. The calculated CD spectra

were separated in three sets according to their intensity profile: weak,

medium, and strong. This classification is in good correlation with the

increasing HCM values shown in Figures 8 and 9. In fact, the lineshape of

the CD spectra evolves from zero intensity for the achiral C3v isomer with

HCM = 0.000, to weak intensity for the structures with small HCM values,

to higher intensity for structures with larger HCM values, up to the

maximum intensity profile obtained for the C3 chiral isomer. This

HCM–CD correlation is more evident for the negative and positive peaks

in the low-energy range between 0.5 and 2.0 eV, where the transitions are

between states near the HOMO–LUMO gap, corresponding to both intra-

band (sp ← sp) and interband (sp ← sp, sp ← d) transitions [104].

For TPGC, Figure 10 shows a good qualitative correlation between the HCM

values and the calculated CD lineshape of the Au18(SCH3)14, [Au25(SCH3)18]
−,

andAu38(SCH3)24 thiolate-protected gold clusters. In these cases, theCD spectra

were calculated using the TDDFT methodology as implemented in the

Gaussian09 [137] code with 200 excited states, a scalar relativistic pseudopoten-

tial with 19 valence electrons described through the LAN2DZbasis set for theAu

Figure 8. Structures and HCM values for the Au34
− anionic cluster. The cluster on the left-

upper corner corresponds to the achiral C3v isomer with a zero HCM value. The cluster at the
right-bottom corner is the chiral C3 isomer with the maximum HCM = 0.120 value. The other
clusters have intermediate structures between the C3v and C3 isomers. They were obtained
from the relative rotation of the hexagonal facets highlighted in red. Their intermediate HCM
values are also shown.
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atoms, an all-electron description with a 6-31G(d.p) basis set for the S, C and H

atoms, and the PBE xc functional. The cluster structures were obtained by a

relaxation of the xyz Cartesian coordinates taken from the XRC data measured

for such thiolate-protected clusters [93,138,139]. In Figure 10, it can be appre-

ciated that, as expected, the CD spectrum is null for the achiral [Au25(SCH3)18]
−

cluster, whereas for Au18(SCH3)14, with relatively small HCM values, the CD

lineshape shows a rotatory strengthwith a limited variation in the range between

Figure 9. Calculated circular dichroism spectra of the 10 Au34
− cluster structures displayed in

Figure 8.

Figure 10. Calculated rotatory strength and HCM index of chirality for ligand-protected gold
clusters. The overall intensity lineshape correlates well with the HCM values.
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100 and −100 10−40 esu2cm2. In contrast, the overall intensity change of the

rotatory strength is higher for theAu38(SCH3)24 cluster in the range between 250

and −140 10−40 esu2cm2, which is consistent with its larger HCM values.

To further explore the correlation between the geometric index of chirality

HCM with the CD spectrum, a set of four related chiral TPGC recently

synthesized and crystallized were considered. They are Au28(TBBT)20, Au36
(TBBT)24, Au44(TBBT)28, and Au52(TBBT)32 (TBBT: 4-tert-butylbenzenethio-

late). Utilizing the atomic coordinates extracted from the XRC data, the HCM

values were calculated [77]. They are displayed in Figure 11 along with the

cluster structures. In these cases, the overall cluster structure was divided into an

inner metal core, a shell(i) formed by the Au‒S interface, and a shell(ii) that, in

addition to the Au‒S interface, also includes the benzene carbon rings (C6),

which is the nearest organic group to the S atom of the TBBT ligand. Figure 11

shows the calculated HCM values for the metal core, shell(i), shell(ii),

core + shell(i), and core + shell(ii). These values are useful not only to compare

the contributions of the core and Au‒S interface as was done before, but also to

know the contribution of the organic part of the ligand. Interesting trends can be

obtained by comparing these values. For example, theHCMvalues for themetal

core are relatively large, except for the Au20 core of the Au36(SC6)24 protected

cluster. Nevertheless, looking at the last column of the table shown in Figure 11

with the HCM values of the overall cluster structure (core + shell(ii)), it is

obtained that all clusters would have large indexes of chirality, with the value

for the Au28(SC6)20 being slightly larger. This behaviour can be explained by

Figure 11. Calculated HCM values and structures of Au
n
(SC6)

m
clusters.
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noticing that the HCM values calculated for the shell(ii) includes the contribu-

tion of the organic part of the ligands. These HCM values are large, as those

calculated for the overall cluster structure.

One interesting question in this investigation is whether the above trends

displayed by the HCM values correlate well with the chiroptical response. To

start answering this question, it is interesting at this point to contrast the HCM

predictions with both the total TDDFT response and a fragment-projection

analysis of the TDDFT CD spectra, obtained via TDDFT/LB94 simulations

using the complex polarizabilitymethod detailed in Section 4. Fragment-projec-

tion has also been introduced in Section 4, to which we refer for its methodo-

logical description. The calculations have been conducted on the species: Au28
(SPh)20, Au36(SPh)24, Au44(SPh)28, and Au52(SPh)32, in which the TBBT ligand

is simplified to a phenyl thiolate SPh for reducing the computational effort. The

first point of a fragment analysis is to define how the atoms of the systems are

partitioned into the two (MandL) fragments. In thiswork, we select as fragment

M: all S and Au atoms (including those in the staples), and as fragment L: the

phenyl residues, i.e. (M//L) ≡ (Au,S//C,H).

We report in Figure 11 the HCM predictions, and in Figure 12 the TDDFT-

calculated CD spectra of the four compounds investigated here (black full line)

and their fragment decomposition (coloured dotted lines, red = M→M,

green =M→L, yellow = L→M, blue = L→L contributions). From an inspection

of Figure 12, we immediately draw that for a proper comparison between the

HCM and the fragment analysis, we must focus on the optical region of the

spectrum (excitation energies ≤3 eV) and neglect the UV region (>3 eV

roughly): the reason for this is that in the UV region the CD response is

dominated by a severe cancellation among the various M→M, M→L, L→M,

L→L contributions, so that a comparison with purely geometrical quantities

become less meaningful. The HCM values seem to compare reasonably well

with the overall appearance of the CD spectra below 3 eV. In making this

comparison, it should be recalled that the HCM values are normalized by the

cluster size, using the largest interatomic distance in the cluster (see Appendix

A), whereas the CD spectra report the absolute intensity of the rotatory power:

this normalization clearly favours the smaller species with respect to the larger

ones, and should be discounted in a proper match. Taking the size normal-

ization of HCM values into account, one can see a semi-quantitative correlation

between the HCM and the CD spectra, with a minimum in the predicted

rotatory strength for Au36(SPh)24 in both HCM and TDDFT values.

When coming to the fragment analysis of the TDDFT CD spectra, the

first point to be noted in Figure 12 is that the L→L contributions are

usually small in the optical region. Their sizes are not completely negli-

gible, but they tend to be minor with respect to the other components.

This is in good agreement with a comparison of the last two columns in

Figure 11, i.e. core + shell(i) and core + shell(ii), which similarly shows that
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the contribution of the C6 groups to HCM values is usually minor: very

small for Au28(TBBT)20, intermediate and increasing with size for Au44
(TBBT)28 and Au52(TBBT)32, and only important for Au36(TBBT)24, a

cluster for which it roughly doubles the HCM value. This compares well

with Figure 12 (attention should be paid to the different scales of the

ordinate axis), in which the maximum of the dotted blue curves in the

optical region follows the order: Au28(TBBT)20 <Au44(TBBT)28 ≈Au36
(TBBT)24, <Au52(TBBT)32. It should be also noted that the excitations of

Au36(TBBT)24 involving the phenyl residues increase the CD response

close to 3 eV, which may be correlated with the increase predicted at the

HCM level.

The second point to be noted in Figure 12 is that the M→M contributions

become progressively dominant with an increasing size of the cluster. A more

detailed analysis (not reported here) shows that the most important excitations

are from the electronic states in the Au(staples)‒S shell into the states localized

within the Au core for the larger clusters in particular for Au52(TBBT)32,

whereas for Au28(TBBT)20 the most important excitations are only localized

in the Au(staples)‒S shell. Therefore, the comparison of the fragment analysis

with the HCM values is good for the larger clusters, fair for Au36(TBBT)24, for

which the TDDFT analysis shows a transitional behaviour with a strong

Figure 12. Total and fragment analysis CD spectra of Au
n
(TBBT)

m
clusters. The colour coding

for the dotted lines representing the fragment decomposition contributions is as follows:
red = M→M, green = M→L, yellow = L→M, blue = L→L contributions.
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cancellation of different contributions, whereas it is less good for the smallest

cluster of the series, i.e. Au28(TBBT)20. Specifically, the large HCM value pre-

dicted for the Au14 core for this smallest cluster, even after discounted theHCM

normalization by its largest interatomic distance, does not find a correspon-

dence in the fragment analysis, which exhibits that the CD spectrum should be

dominated by the Au(staples)‒S→Au(staples)‒S excitations. The reason of this

discrepancy is probably due to the fact that the excitations from this small metal

core go to high energies and are not correctly predicted by a geometrical model.

As a general conclusion for this brief comparison, we can say that the purely

geometrical HCM analysis proves to be qualitatively correct, especially consid-

ering its simplicity, however only when it is limited to the optical region of the

CD spectra and focuses on the larger rather than on the small clusters. Future

developments and improvements may entail convoluting the HCM with some

form of weight of the CD intensity to make it more predictive. The examples

discussed above, showing a good correlation between the HCM values and the

lineshape of the CD spectra, are encouraging towards the validation and useful-

ness of quantifying and classifying the chirality of bare and TPGC using a

geometrical measure.

6. Summary and perspectives

The main research results on the discovery, understanding, and physicochem-

ical manifestations of chirality in bare and TPGC obtained during the last

20 years have been briefly revised. The initial discussion was dedicated to

place in perspective the chirality in nanoclusters by describing it as a property

that exists in a broad range of scales going from the molecular level to the

nanoscale and even to larger chiral galactic systems. Chiral metal nanoclusters,

bare and ligand-protected, were identified as a special and interesting kind of

novel chiral nanomaterials, for which a huge research activity has been per-

formed during the last two decades. In addition to the size and shape depen-

dence of their physical and chemical properties, the chiral behaviour of these

systems provides additional interest and complexity for their study. Useful

insights and trends on the origin of this property, mainly based in the total

structure determination by XRC, indicated that chirality could be intrinsic due

to the stability of chiral patterns (mainly formed by achiral ligands) on the

surface of a nearly symmetric metal core, or induced by chiral ligands that

transfer chirality to the overall structure of the ligand-protected metal cluster.

Moreover, the current view is that chirality could exist in the metal core, at the

Au‒S interface of the metal core and the ligand shell, and in the organic part

(carbon tail) of the ligands.

An important contribution of this review was the discussion of the recent

developments on two theoretical approaches to gain additional insights into the

origin of chirality and the chiroptical response displayed by TPGC . In the first
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approach, the proposal of quantifying chirality from a geometric point of view

was discussed. In the second one, it was revised the first-principle methodology

to calculate the CD spectra of thiolate-protected gold clusters of medium size

from Au18(SR)14 up to Au52(SR)32. The use of these theoretical methodologies,

based on the assignment of a numerical index of chirality, and in the quantum

mechanical calculation of the chiroptical response of chiral bare and TPGC,

clearly illustrates the way in which physics approaches the understanding of the

complex phenomenon of chirality at the nanoscale.Moreover, the search for the

correlation between these procedures exemplifies the capability of physics to

connect the geometrical aspect of chirality with the optical response to the

interaction between light (circularly polarized) and chiral nanomaterials. It is

expected that this way of approaching chirality in bare and TPGC encourages

alternative studies in which other disciplines, like chemistry, biology, or materi-

als science, reveal additional knowledge towards gaining further understanding

and promotion of technological developments of chiral nanomaterials.

Although great progress has been achieved in the study of chirality in bare

and TPGC during the last 20 years, several remaining challenges still prevent us

from reaching a full understanding of the phenomenon. From the experimental

point of view, it is essential to develop more advanced methodologies for

enantioseparation that allow to increase the number of enantiopure bare and

TPGC and perform probes on the distinct chirality of these compounds.

Additional techniques, besides chiral spectroscopies, are also necessary to char-

acterize other manifestations of chirality like the chiral recognition between, for

example, metal clusters and biological molecules [120–122]. At the theoretical

level, the development of new measures of chirality, that consider not only the

geometrical aspect but also the atomic and electronic properties like mass and

charge distribution, is mandatory. Those novel methods to quantify chirality,

once they get validated by their good correlation with physical and chemical

manifestations of it, would be very useful to locate and design new chiral

nanomaterials.
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Appendix A. Hausdorff chirality measure

Chirality is a property that depends only on the geometry and is independent of its

physical and chemical manifestations. The Hausdorff chirality measure (HCM) provides

a methodology to quantify chirality, based on the concept of Hausdorff distance between

sets of points [111].

To obtain a mathematical expression for HCM, we consider the following: Let Q and Q’

denote two nonempty and bounded sets of points in E3, representing, respectively, two

enantiomers of a chiral object, and let d(q,q’) denote the Euclidean distance between two

points: q ∈ Q and q’ ∈ Q’. The Hausdorff distance between sets Q and Q’ is the smallest

number δ that has the following properties: a spherical ball of radius δ centred at any point

of Q (Q’), contains at least one point of Q’ (Q), and is defined as follows:

h Q;Q0ð Þ ¼ h Q0;Qð Þ ¼ max ρ Q;Q0ð Þ; ρ Q0:Qð Þf g

where

ρ Q;Q0ð Þ ¼
sup
q 2 Q

inf
q0 2 Q0 d q; q0ð Þf g

� �

; ρ Q0;Qð Þ ¼
sup

q0 2 Q0
inf

q 2 Q
d q0; qð Þf g

� �

:

Obviously h(Q,Q’) = 0 only if Q = Q’, particularly it is zero between objects that are

identical, i.e. achiral. By rotating and translating one enantiomorph with respect to

the other, one can find the minimal value hmin(Q,Q’). If d(Q) is the diameter of Q,

i.e. the largest distance between any two points of Q, the HCM is defined as follows:

H Qð Þ ¼ hmin Q;Q0ð Þ=d Qð Þ:

The numerical implementation of the HCM relies on a set of n points in E3, Q = {qi},

i = 1,. . ., n, with the position of each point qi defined by its Cartesian coordinates (xi,yi,zi).

The enantiomorph Q’ is generated with the inversion operator, and keeping Q fixed, is

varied systematically via the translational u,v,w and rotational φ,θ,ω parameters. The

determination of H(Q) thus becomes a typical problem of searching for a global minimum

on a multidimensional hypersurface:

H Qð Þ ¼

min
u; v;w;φ; θ;ω

h Q;Q0; u; v;w;φ; θ;ωð Þf g

d Qð Þ
:

A suitable way to obtain this global minimum is the Broyden–Fletcher–Goldfarb–Shanno

approach, which is an iterative method for solving unconstrained nonlinear optimization

problems based on Newton’s method.

Further details and examples on calculations of HCM for bare and ligand-protected

metal clusters can be seen in Refs. [77,88,101].
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