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Abstract: Monolayer-protected metal clusters in the size range between about 10 to 300 metal atoms are a spe-
cial class of materials with strongly size-dependent behaviour, which is mainly ascribed to discrete electronic
energy levels. It was observed that certain sizes of metal clusters show exceptional stability, whereas others are
only formed under special conditions, as minor species or not at all. The field has made tremendous progress
in the last two decades both in terms of the discovery of new clusters and the understanding of their properties.
The focus of this article is on the chirality of these nano-objects and the use of chiroptical spectroscopy to probe

their properties.
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1. Introduction

Monolayer-protected metal clusters (MPCs) are nanomaterials
situated between single atoms and nanoparticles. In contrast to the
latter, MPCs can be prepared as truly monodisperse samples with
a defined chemical formula such as Au, (SR),, (SR = thiolate).[!-5]
MPCs are composed of a dense metal core surrounded by a ligand
shell (Fig. 1). The latter contributes to the stability of MPCs, be-
sides electronic factors (electronic shell closing). The ligand shell
furthermore determines their physicochemical properties like sol-
ubility and interactions with the environment. The metal cores
of MPCs are typically 1-2 nm in diameter. In this regime, the
properties of matter change drastically with size and shape: every
atom counts! MPCs are therefore a fascinating class of materials
that allow one to study the evolution of the structure of matter
and its properties as a function of size. Due to their small size and
atomically precise nature, MPCs show molecule-like properties.

The synthesis of atomically precise MPCs has seen a tremen-
dous acceleration since the work of Brust and coworkers on the
preparation of small thiolate-protected gold particlesll and work
of Schmid dealing with phosphine-protected gold clusters.!”]
Since then, many different monolayer-protected metal clusters
with a variety of protecting ligands have been reported. Most of
these clusters contain gold, silver,® and copper ! and are pro-
tected by ligands such as thiolates, phosphines, alkynyls,'% and
N-heterocyclic carbenes.[!!] The properties of MPCs (optical,
magnetic, chemical efc.) can be tuned by changing their size, the
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type of ligand, and doping by heteroatoms using direct synthe-
sis, thermal etching, post-synthesis ligand exchange,'?! includ-
ing ligand exchange induced structural transformations,!!3! and
metal exchange reactions.!'! Both water-soluble and hydropho-
bic MPCs have been reported. The structure of over 300 of these
‘nanomolecules’ have been determined using X-ray crystallogra-
phy,[151 and the number of known MPC structures is constantly
growing. The knowledge of the structure allows one to establish
structure property relationships. The comparably small size of
MPCs furthermore enables the use of quantum chemical meth-
ods, which contributes substantially to the better understanding
of the properties of MPCs.l'%1 Due to their properties (lumines-
cence, magnetic, chemical) MPCs are considered for applications
in sensing, imaging, catalysis, and medicine.['7l Their atomically
precise nature furthermore facilitates mechanistic studies.
Besides their potential for applications, MPCs are interesting
model systems to understand surface chemistry. For example,
many thiolate-protected gold clusters contain SR(Au-SR)_ sur-
face motifs, which are also found on extended flat gold surfaces
(self-assembled monolayers, SAMs).!'8 These surface motifs have
surprising reactivity, which can be studied using powerful tech-
niques including mass spectrometry, nuclear magnetic resonance
(NMR), X-ray crystallography, and chiroptical spectroscopy.

2. Chirality in Monolayer-protected Metal Clusters

Many MPCs are chiral, although metals in their bulk are usu-
ally not.l"9 Even with achiral ligands, chiral MPCs can be pre-
pared. In this case the resulting samples are racemic. However,
the enantiomers of chiral clusters have been separated using chiral
chromatography!?! or chiral phase transfer.[20]

Chirality in MPCs can be observed at different levels. The
metal core itself can be chiral, however, this is rather an excep-
tion. The metal core of MPCs tend to be symmetric. In some cas-
es, the incomplete geometrical shells can lead to a chiral core.
A frequently observed type of chirality emerges from the chiral
assembly of the ligands on the cluster surface. For example, thi-
olate-protected gold clusters exhibit staple units (SR-(Au-SR) ,
n = 1,2,3; see Fig. 2) that are often arranged in a chiral fashion
around the metal core.

The Au, (2-PET),, cluster (2-PET = 2-phenylethylthiolate),
Fig. 1, is such an example. Note that 2-PET is not chiral, and the
synthesis leads to a racemic mixture of the cluster. Interestingly,
the sulfur atoms within the staple units are stereogenic centres, as
the geometry around the sulfur is not planar (Fig. 2). The sulfur is
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Fig. 1. Structure of a Au,,(SR),, cluster (SR=thiolate) as determined by
X-ray crystallography.[ The gold atoms in the core (green) are protected
by SR-Au-SR and by SR-Au-SR-Au-SR units (‘staples’). Sulfur atoms:
orange; gold atoms in the surface: yellow. The organic part R is omitted
for clarity.

bound to two different gold atoms, one belonging to the core and
one within the staple (gold ad-atom), and to the organic part R.
The lone pair on the sulfur can be regarded as the fourth substit-
uent. This type of chirality is not very stable as the organic part
R can easily flip back and forth on the plane defined by the two
gold atoms and the sulfur atom, thus inverting the absolute config-
uration at the sulfur. Another level of chirality can be introduced
through chiral ligands. For example, the achiral cluster Au, (SR)
(SR = thiolate) has been prepared with chiral ligands. An example
is Au(PET) . (PET = -SCH,C*H(CH,)Ph).2!I Interestingly, the
chiral ligands induce optical activity in the visible spectral range,
where the ligand itself does not absorb. Combinations of the dif-
ferent types of chirality mentioned above are of course possible
and frequently observed.

3. Application of Chiroptical Spectroscopy

Although the chirality of the MPCs’ structure emerges from
X-ray crystallography, chiroptical techniques are essential to
probe the chirality of these nano-objects. In fact, the hypothesis
that small metal clusters could be intrinsically chiral was put
forward by Whetten and Schaaffl based on a circular dichroism
(CD) spectrum of a sample that contained gold clusters protected
by glutathinate ligands (Fig. 3). The chiral tripeptide glutathione
(GSH) was used in that work as a protecting ligand in the
synthesis of the gold clusters.[/ The CD spectrum shows
signals in the visible spectral range where glutathione does not
absorb.

A well-studied cluster is Au,(2-PET),, and many aspects
concerning the chirality of MPCs have been studied using this
cluster. Its structure was determined by single X-ray crystallog-
raphy.l!l The cluster is of prolate shape containing a face-fused
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Fig. 2. Schematic view of staple motifs found on thiolate-protected gold
clusters. Left: Monomeric (short) staple unit. Right: Dimeric (long) staple
unit. Orange Au atoms belong to the dense metal core. Yellow atoms
belong to the staple units. The organic part of the ligand is abbreviated
by R. Each sulfur atom represents a stereogenic center. Different stereoi-
somers are possible for the staple units but only one is shown in the Fig.
(stereo-descriptors are given in red).
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Fig. 3. Absorption spectrum (lower, left axis) and circular dichroism
spectrum (upper, right axis) of a gold cluster protected by glutathione
ligands. The CD spectrum of GSH is also shown. Reproduced with per-
mission from the American Chemical Society.

biicosahedral Au,, core, which is protected by three monomeric
(SR-Au-SR) and six dimeric staple units (SR-Au-SR-Au-SR).
The dimeric staples are assembled as two triblade fans (composed
of three staples at the poles of the cluster, Fig. 1), that either rotate
clockwise or anti-clockwise, depending on the enantiomer. The
unit cell of the crystal contains both enantiomers. Using chiral
high-performance liquid chromatography (HPLC), the two enan-
tiomers of the cluster could be separated (Fig. 4) and their CD
spectra measured.[2]

The anisotropy factor (Ae/e) of the cluster reached values
of up to 4 x 10~ (Fig. 4). Having separated the enantiomers of
Au, (2-PET),,, it enabled us to address the question concerning
the importance of the different structure elements (core and li-
gand) for the optical activity of the cluster. Concretely, optical
activity could be induced by the (chiral) ligands, for example by
electronic mixing of orbitals located on the sulfur into the cluster
states. Comparing the optical activity of two well-defined clusters
shed some light on this issue. These clusters are i) Au, (which has
an achiral Au-S framework) covered by a chiral thiol and ii) Au,g
(which has a chiral Au-S framework) covered by an achiral thi-
ol. The former cluster showed weak optical activity compared to
the latter. This shows that both mechanisms mentioned above are
operative. However, the second mechanism (intrinsic chirality in
the Au-S framework) gives rise to much stronger optical activity.

When using a chiral ligand for the synthesis of a chiral cluster,
the two levels of chirality can influence each other. One example
is the synthesis of Au,, using glutathione (GSH) as the ligand. The
CD spectrum of Au,, synthesized with glutathione (Au,(GS), 1!
strongly resembles the CD spectrum of one enantiomer of
Au, (2-PET),,,l?! which shows (i) that the presence of the chiral
ligand during the synthesis leads to selective formation of one
handedness of the Au-S framework of the cluster and (ii) that the
CD spectrum in the visible spectral range is dictated by the Au-S
framework. Recently one handedness of Au,, was also prepared
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Fig. 4. Chromatogram (HPLC) of the Au,,(2-PET),, cluster (top). The two
fractions were collected and their CD spectra measured. The bottom
graph shows the anisotropy factors. Adapted from Ref. [2] with permis-
sion of Springer Nature.

with 2-methyl-1-butanethiol.[??] These observations show that the
chirality of the ligand can dictate the chirality of the cluster (Au-S
framework).

Enrichment of one handedness of the Au-S framework of Au,,
can be induced by a single chiral ligand. This has been shown with
the rigid dithiol 1,1’-binaphthyl-2,2’-dithiol (BINAS).[?3! The li-
gand exchange between racemic Au,(2-PET),, and R-BINAS
was shown to be diastereoselective. Kinetic analysis showed
that the exchange is about four times faster for the preferred
enantiomer of the cluster. The combination of racemization of
Au, (2-PET),, and the ligand exchange between clusters leads to
the enrichment of one handedness of the Au-S framework even for
very low abundance of the chiral ligand in the system (on average
less than one R-BINAS per cluster). For an average number of
exchanged R-BINAS of about 0.8 per cluster, a ratio of about 3:1
was observed for the anti-clockwise with respect to the clockwise
version of the cluster.

The examples mentioned above demonstrate that the ligand
can impose its chirality to the cluster’s Au-S framework. The
opposite is also possible, which was evidenced by vibrational
circular dichroism (VCD). VCD is the tiny difference in absorp-
tion of left and right circularly polarized infrared light and typ-
ically probes molecular vibrations.?*! Commercial instruments
cover the mid-IR spectral range and therefore the vibrations of
the organic ligands of MPCs are accessible. Note that vibrations
of the Au-S interface (200-400 cm™) and the metal core (below
120 cm™) are currently not accessible by commercial VCD in-
struments. Such low frequency modes have been measured using
Raman spectroscopy./?>) Raman optical activity (ROA)[26:27] could
be an interesting technique to probe the chirality of the Au-S inter-
face and of the metal core. However, up to now there is no report
on ROA of MPCs.
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Fig. 5. (Top) Infrared spectrum of Au,,(2-PET),,. The structure of the
ligand is also shown. (Bottom) Vibrational circular dichroism (VCD) spec-
tra of the separated enantiomers of Au,,(2-PET),,. Adapted from Ref. [3]
with permission of Springer Nature.

The VCD spectra of the separated enantiomers of
Au,  (2-PET),, show pronounced VCD signals, Fig. 5.1 This
is surprising at first glance, because 2-PET is achiral and all
signals in the spectral range shown in Fig. 5 are associated with
vibrational modes of the 2-PET ligand. Although 2-PET is an
achiral molecule it can adopt conformations that are (transient-
ly) chiral. Starting from the planar (achiral) anti conformation
(see structure of 2-PET in Fig. 5) turning around the aliphatic
C-C bond leads to non-planar gauche conformers, which have a
chiral structure. In an achiral environment the two gauche con-
formers have an enantiomeric relationship and hence no signals
are observed in a VCD experiment. This is not the case anymore
for the 2-PET ligands adsorbed on the chiral Au, (2-PET),, clus-
ter. Due to the chiral environment imposed by the arrangement
of the ligands on the cluster surface, one gauche conformation
becomes more stable than its antipode and therefore an excess
is created, which leads to the pronounced VCD signals. Put in
other words: the chirality of the cluster’s Au-S framework is
transferred outward to the ligand shell. The strong VCD signals
(large anisotropy factors) indicate that this chirality transfer is
quite pronounced. The study furthermore showed that the frac-
tion of gauche and trans conformers of the ligand (as judged
from the infrared spectra), is different in solution and in the sol-
id state (film) and it is also different for the enantiopure and
racemic samples. One can conclude that the environment has a
pronounced effect on the conformation of the ligands on MPCs
and it is therefore dangerous to rely on the crystal structure when
it comes to the conformation of the adsorbed ligands in different
environments (e.g. dissolved).
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VCD spectroscopy is a powerful tool to get insight into the
structure (configuration and conformation) of organic mole-
cules!?4281 and also, as the above example shows, of ligands on
MPCs. However, the technique was up to now only applied to a
few selected samples.[?229-341 Experimentally, the challenge lies
in the fact that VCD is a tiny effect, requiring quite large amounts
of sample (milligrams). The amplification of the VCD signals, for
example through intensity borrowing from low energy electronic
transitions, is therefore an interesting option.33-351 An even larger
challenge represents the extraction of structure information from
the spectra. This relies on the comparison with theoretical spec-
tra. The accurate calculation of the latter can be a challenge for
mainly two reasons: (i) the conformational landscape of a single
molecule can be complex (many conformers) and (ii) theoretical
methods are not accurate enough as concerns the relative energies
of the conformers and therefore the weighting of the spectra of the
different conformers is inaccurate.3 As MPCs contain many lig-
ands on their surface, the number of distinctly different structures
(combinations of different conformations of all ligands) can be
huge. Therefore, the standard strategy applied to (simple) mole-
cules, which consists of identification of the possible conformers,
calculation of the corresponding VCD spectra, appropriate weight-
ing of the calculated conformer spectra and comparison with the
experiment, can become impractical. In some cases, approxima-
tions, which do not consider the whole cluster may be sufficient,[37]
but the accurate theoretical prediction of VCD spectra for MPCs,
and for molecules with a large number of accessible conformers in
general, is a challenge and the focus of current research.

4. Conclusions

Many monolayer-protected metal clusters are chiral at differ-
ent levels. These levels of chirality (metal core, surface region, li-
gands) influence each other. Chiroptical spectroscopy has played
an important role in the discovery and understanding of chirality
transfer phenomena and particularly vibrational circular dichro-
ism (VCD) is a precious tool to study the structure of the ligand
shell. Chiral clusters may be interesting for chiral sensing and
enantioselective catalysis, and chiroptical spectroscopy will con-
tinue to play a key role in the development of these applications.
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