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Abstract

TAMPERE UNIVERSITY OF TECHNOLOGY
JING QIANG GOH: Density Functional Studies of Superatomic Ligand-
Protected Nanoclusters
Ligand-protected nanoclusters (NCs), such as thiolate-protected gold NCs, have been of
great interest for the nanoscience community because of their unique properties that can
be realized in practical applications. This class of nanomaterials has interesting physical
properties where a cluster can behave as if it was a single atomic-like entity. This unique
feature is due to the delocalized electrons in clusters, in connection with the superatom
model concept.
This thesis aims to address the applicability of the superatom model in different contexts
for ligand-protected NCs. We employ density functional theory simulations to understand
how the physical factors, such as structural modification, can affect the underlying
superatomic characters of clusters. The first part of this thesis investigates two closely
related gold NCs having the same biicosahedral motif for their cores (Au24 and Au25
cores), where they differ by a single gold atom only. Each icosahedron of the Au25 cluster
represents a superatom, and this is a di-superatomic NC. Our analysis suggests that the
absence of the central gold atom (the vertex-sharing atom in Au25 core) in the Au24
cluster does not modify the di-superatomic feature provided that they exhibit the same
numbers of delocalized electrons.
The second part of this thesis studies a different class of clusters: ligand-protected silver
sulfide NCs which have both metal and non-metal core atoms. Despite having core sulfur
atoms that localize the delocalized electrons from silver atoms, silver sulfide NCs have
superatomic states manifested in their conduction bands. Our analysis indicates that it is
essential to have a predominant weight of Ag atoms in the core to generate superatomic
features in silver sulfide NCs.
A further study on a silver sulfide NC with delocalized electrons, [Ag62S12(StBu)32]2+

cluster, demonstrates new insights for the role of core sulfur atoms. Superatomic state
can exist in the valence band of the nanocluster, though the ordering of superatomic
states differs from those predicted by the superatom model. This phenomenon can be
ascribed to the localization of some (nominally) delocalized electrons induced by the core
sulfur atoms.
Finally, we revisit the di-superatomic NCs and investigate their structural changes in-
duced by electrooxidation. The delocalized electron counts of Au38(SC2H4Ph)24 and
[Au25(PPh3)10(SC2H4Ph)5Cl2]2+ suggest that they are analogies of the di-atomic mole-
cues F2 and Ne2. Upon electrooxidation, the core structure of the Au38 cluster remains
stable, while the core structure of Au25 undergoes an irreversible change. The experi-
mental and simulation results suggest that the redox behaviors of these NCs cannot be
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simply predicted based on the simple bonding scheme as suggested by the interaction of
superatomic units. In contrast to the di-atomic molecules, structural factor needs to be
considered in understanding the redox behaviors of di-superatomic NCs.
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1 Introduction

1.1 Background

Nanoscience refers to the study of materials or structures with one or more of their spatial
dimensions confined to the nanoscale regime (1–100 nm). The finite-sized materials
include nanoparticles, nanowires, nanolayers (graphene) which are referred to as 3D, 2D,
and 1D nanomaterials, respectively. Nanoparticles (NPs) refer to aggregates of atoms
forming nanosized structures. At the nanoscale regime, the surface area to volume ratio of
a material increases significantly. Hence, NPs can exhibit novel properties in comparison
to their bulk counterparts having marginal surface atoms relative to the total number
of atoms. The unique properties of NPs have realized innovative applications ranging
from therapeutics for cancer to catalytic oxidation [1, 2]. The term “nanoparticle” is no
longer reserved as a specialized nomenclature employed exclusively by the scientific and
engineering research communities. The extensive applications of NPs have attracted the
attention of the public audience in the recent decades. Consequently, the public interest
has promoted the contemporary development of nanoscience.

The success of experimental inventions has established the foundation of nanoscience
research. A series of inventions in the 1980s, including the scanning tunneling microscope
and atomic force microscope, have enabled a precise characterization of nanomaterials.
Furthermore, the progress of NP research has been stimulated by the advance of fabrication
methods such as synthesis by chemical reaction and milling processes. The emergence
of nanoscience has validated the vision proposed by Richard Feynman in his insightful
lecture back in the year 1959 [3], “There’s Plenty of Room at the Bottom”. The proposal
of Feynman to “take the information on the page of a book and put it on an area 1/25,000
smaller in linear scale in such manner that it can be read by an electron microscope”
was then achieved by Newman et al. by writing the first page of Charles Dickens’ “A
Tale of Two Cities” on a silicon nitride surface using an electron beam [4]. This great
demonstration in nanoscience would not have been possible without the utilization and
investigation of NPs.

Although the nanoscience research has been considered as an emerging discipline in
the past few decades, the history of NPs dates back to the ancient time. Chemical
and microstructural characterizations of the Renaissance-era potteries suggest that high-
density thin films of silver and copper NPs were used as luster layer to offer the potteries
beautiful metallic reflections and iridescence [5]. Among the NPs related ancient items,
the Lycurgus Cup (Figure 1.1) represents the outstanding craftsmanship of late Roman
Empire. The Lycurgus Cup displays interesting colors such that it appears green (red)
when it is seen with the reflection (transmission) of light. This feature is related to the
presence of silver-gold alloyed NPs (diameter of 50–100 nm) which have a unique response
to the incidence of light [6].
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2 Chapter 1. Introduction

Figure 1.1: The Lycurgus Cup from 4th Century A.D. appears (Left) green in reflected light,
whereas it appears (right) red in transmitted light. ©Trustees of The British Museum.

The intriguing properties of NPs can be associated to the size effect of nanomate-
rials. For instance, the spatial confinement of an exciton (i.e. electron-hole pair) in a
semiconductor nanoparticle can lead to the phenomenon of quantum confinement [7].
Correspondingly, one can observe a size-dependent band gap for CdSe NPs which exhibit
different color of fluorescent light upon the excitation of UV light [8]. This optical feature
makes CdSe NPs potential candidates for future light emitting diode application because
of their narrow emission band (high color purity) and the capability of tuning their
emission color with cluster sizes [9]. The localized surface plasmon resonance of Au NPs
can induce a strong and broad absorption band via collective oscillation of its conduction
electrons at the interface in response to optical excitation [10]. As a result, the localized
surface plasmon resonance of NPs is intensely sensitive to the refractive index of the
medium next to the metal surface, which allows a precise measurement of the absorption
of molecules on the metal surface. Hence, the resonance effect can be utilized to measure
the surface interaction with specific ligands and enhance the sensitivity of spectroscopy
technique for biomedical sensing application [11]. Interestingly, Au NPs are catalytically
active for oxidation process of hydrocarbons and carbon monoxide, while the surfaces
of bulk gold are chemically inert [12, 13]. There is plenty of possibilities or innovative
applications that could be designed based on the special properties of NPs.

The innovative applications of NPs would not have been realized without the successful
synthesis of NPs. Extensive sets of candidates of NPs with varying compositions and/or
core/shell structures have been successfully synthesized by the nanoscience community
[14]. The core/shell NPs comprise several elements, whereas the simple NPs comprise
a single element. A core/shell NP basically has its core (inner layer) surrounded by a
shell (outer layer), and these layers can consist of either inorganic or organic material.
Some examples of the core/shell NPs include Fe/Ag (inorganic/inorganic) [15], polypheny-
lene/poly(ethylene oxide) (organic/organic) [16], polystyrene/Ag (organic/inorganic) [17],
and Au/thiols (inorganic/organic) [18]. The classes and novel properties of NPs presented
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above are rather selective. There is a large number of literature published on the experi-
mental and theoretical studies of NPs, which is dealt with, e.g., in the excellent references
[14, 19–21]. In the following, we shall focus on a special class of NPs studied in the
present thesis, ligand-protected nanoclusters with noble metal core atoms (such as Au or
Ag), and highlight their interesting features for fundamental and applied science studies.

1.2 Ligand-Protected Nanoclusters

Ligand-protected NPs, specifically the ligand-protected Au clusters, have been extensively
studied owing to their promising properties that can offer innovative applications [22].
In recent years, ultra-small ligand-protected noble metal NPs (such as Au and Ag NPs)
which typically comprise a hundred noble metal atoms or less, have emerged as a new class
of multi-functional NPs [23–25]. In contrast to the localized surface plasmon resonance
feature possessed by Au NPs (> 2 nm core diameter) having continuous energy band,
ultra-small ligand-protected Au clusters (≤ 2 nm core diameter) exhibit discrete electronic
structure (single electron excitation) [23]. This class of NPs possesses unique properties
such as strong luminescence [26], quantized charging [27] and magnetism [28]. The strong
luminescence of Au clusters is useful for detection purpose. For instance, the luminescence
of glutathione-cysteamine protected Au NPs has been shown to be pH-dependent upon
nanoparticle-membrane interactions, and thus one can employ this type of clusters to probe
environments at neutral (pH 7.4) or acidic (pH 5.3) level [29]. The 28 kDa alkanethiolate-
protected Au clusters can behave as a quantum capacitor with capacitance of attofarad
level (10−18 F) [30]. The infinitesimal capacitance allows a substantial potential change
upon a single-electron charging, and this quantized capacitance charging feature could
be used in the future nanodevices. The intrinsic magnetism of [Au25(SR)18] (where R
= alkyl, substituted alkyl or other hydrocarbon based groups) NP can be reversibly
switched on (off) using oxidizing (reducing) agents, and this feature can be useful as a
paramagnetic probe [28]. A plenty of practical applications can be designed based on
this class of ultra-small ligand-protected NPs. In this thesis, we shall follow the acronym
adopted by the nanoscience community [23]; the term nanocluster (NC) is reserved for
NPs having ultra-small core diameter and molecular-like properties.

The organic shell layer of a NC, the ligand layer, is essential to protect the metal
core atoms against aggregation and ensure the NC stability. The choice of ligand
adopted during the synthesis procedure can determine the synthesized core size of
NCs. For instance, a single monodisperse Au11 NC is obtained with the ligand of
P(Ph)2(CH2)3P(Ph)2, whereas Au10 and Au8 NCs were synthesized with the ligands
of P(Ph)2(CH2)5P(Ph)2 and P(Ph)2(CH2)6P(Ph)2, respectively [31]. Apart from its
important role in the synthesis process, ligand layer also determines the physical properties
of NC. Surface ligands with electron-rich atoms (such as N, O) can largely promote the
fluorescence of Au25(SR)18−, via the direct transfer of delocalized electrons from the
ligands to the metal core [32]. Furthermore, a manipulation of the functional groups in the
ligand shell can allow one to tune the physical properties of NC, and this leads to a rich
variety of designing multifunctional NCs during the synthesis process. A common pathway
of altering functional groups is via the ligand-exchange mechanism; the protecting-ligand
is exchanged with a different, desirable functional group. For instance, the band gap of
Au11Cl3(PPh3)7 has been increased from 1.41 to 1.76 eV upon the exchange reaction
with n-dodecanethiols (replacement of the protecting-ligands by dodecanethiolates) [33].
Specific molecular recognition properties at the surface of noble metal NCs can also be
achieved depending on the type of ligand. This ligand engineering process has offered
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innovative solutions such as site/cell-specific cancer drug delivery with gold NPs [34].

The success of ligand-protected NCs cannot be achieved without the advance of NC
synthesis techniques. Size-specific protecting-ligands with specific functional groups,
and excellent mono-dispersibility of clusters are the key factors ensuring high qualities
of NCs for practical uses. The physical properties of NCs are highly sensitive to the
compositions at the ultra-small scale of a few nanometers regime. Developing a reliable
synthesis technique for a large scale production of fine quality NCs is the ultimate goal
for the nanoscience community. Variant synthesis techniques such as the solid state
route and electrochemical synthesis have been proposed to prepare sub-nanometer-sized
metal clusters [24]. In the following, we shall focus our discussion on the widely applied
technique, the Brust–Schiffrin method, in the synthesis of thiol-stabilized Au NCs.

The pioneering work by Brust and co-workers in the year 1994 has offered a convenient
and efficient method to synthesize mono-disperse NCs. The success of the Brust–Schiffrin
method has inspired thiolate-protected Au NC research [35]. The Brust–Schiffrin method
firstly requires the metal precursors to be dissolved in an aqueous solution followed
by phase-trasferring to an organic solvent (such as toluene) using reagents such as
tetraoctylammonium bromide. Thereafter, the metal ions will be reduced and ligands are
used to protect the metal core. The basic reactions of these processes for the synthesis of
thiol-stabilized Au NCs can be summarized in the following:

1. Phase transfer of metal precursors (gold salt).

AuCl −4 (aq) + N(C8H17) +
4 (toluene)

→ N(C8H17) +
4 AuCl −4 (toluene). (1.1)

2. Reduction of metal ions.

m AuCl −4 (toluene) + n C12H25SH (toluene) + 3m e−

→ 4m Cl− (aq) + (Au)m(C12H25SH)n (toluene), (1.2)

where m and n are the mole numbers of the metal precursor (AuCl –
4 ), the reducing agent

is BH –
4 , and the protecting ligand is (C12H25SH). Ligand-protected Au NCs prepared

via the Brust–Schiffrin method are exceptionally stable. These clusters can even be
stored in powder form and they are readily to be re-dissolved in solvent. Other than
thiolate-protected Au NCs, Brust–Schiffrin scheme can also be modified for synthesizing
ligand-protected silver, copper and palladium NCs [36–38].

Upon the synthesis of ligand-protected NCs, it is equally important for us to be able
to characterize and measure the physical properties of clusters. The physical properties
correlate with the composition, size and morphology of a cluster; understanding this
correlation is important in designing favorable features by manipulating the structure of a
cluster. However, accessing the detailed atomic structure of NCs requires a spatial resolu-
tion at the angstrom scale, and this is not a trivial process. Sophisticated characterization
techniques are required to explore the valuable information at the nanoscale.

High-resolution transmission electron microscopy (HRTEM) is a direct imaging method
in characterizing the morphology and dispersity of NCs. Different structural motifs such
as cuboctahedral and icosahedral structures of Au NCs can be observed using the HRTEM
technique [35]. The dispersity information of NCs can be evaluated by grouping the size
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distribution of clusters into a histogram, upon the spatial measurements based on the
measured TEM images. However, the challenge of using HRTEM for ultra-small NCs is
that great resolution images are hardly available because of the low contrast imaging as a
result of the small atomic numbers of clusters [39]. In practice, HRTEM is employed as a
complimentary characterization technique to evaluate the size and dispersity of NCs.

To date, the precise structural determination (with resolution of angstroms) of ligand-
protected NCs has been successfully achieved using the X-ray diffraction (XRD) technique.
However, the XRD technique firstly requires us to prepare NCs in crystalline forms, which
is not a trivial task. The first breakthrough of XRD measurement of thiolate-protected
Au NC was carried out by Jadzinsky et al. in 2007, which detailed the atomic positions of
Au102(p-MBA)44 (p-MBA = para mercapto benzoic acid, SC6H4COOH) [40]. Based on
the available crystal structures of clusters, one can understand the structural information
of core-thiolate interface. This is crucial for inferring the structural construction of
ligand-protected metal NCs. If a monodisperse NC has been resolved in a fine manner
by XRD method, one can also infer its exact structural composition and arrangement of
atoms. In recent years, the structures of several ligand-protected noble metal NCs have
been successfully resolved owing to the application of XRD technique [41].

The research activity in the discipline of ligand-protected noble metal NCs has been
driven by few crucial factors such as the success in synthesis, characterization of clusters,
and ligand-engineering process which offers clusters unique physical properties. Besides
the interest in applied science, ligand-protected noble metal NCs have also inspired some
fundamental questions concerning their special features. One of the fundamental features
exhibited by ligand-protected noble metal NCs is the superatomic feature of electronic
structure [42]. In the next section, we will address the superatom model in detail and
demonstrate its relevance to ligand-protected noble metal clusters.

1.3 Superatom Model

A nanocluster comprises a collection of atoms or molecules and it can exhibit special
properties in contrast to the bulk material. For instance, Knight et al. observed distinctive
peaks in the mass spectra of Na clusters having 2, 8, 20, 40, . . ., atoms [43]. Those
peaks correspond to the observation of exceptional stable clusters, and this size-dependent
stability with respect to a specific sequence of atom counts cannot be found in the bulk.
The stability of these Na clusters is related to the confinement of delocalized electrons in
quantized electronic shells as suggested by the Jellium model [44]. These clusters with
closed electronic shells are similar to the noble gas atoms such that they are chemically
inert and stable.

A pioneering study of aluminum clusters indicated that an Al13− cluster with 40
delocalized electrons (each Al atom is trivalent) is resistant against the reaction by oxygen
[45]. Khanna et al. predicted that in contrast to this anion cluster, the neutral Al13
cluster (loss of one electron) behaved like a halogen atom and was susceptible to the
reaction with an alkali atom [46]. The prediction was later confirmed by experiments
demonstrating a high electron affinity of 3.62 eV for Al13 cluster and the formation of a
salt-like molecule KAl13 [47, 48]. Such clusters behaving as if they were individual giant
atoms represent an example of superatoms.

The inspiration of the superatom concept has enabled the cluster science community
to explore new materials [49, 50]. NCs with superatomic features are stable against
coalescence, and they can be assembled to generate larger units where each NC retains its
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original character. Furthermore, superatomic NCs can be potentially tailored to design
innovative applications. For instance, one can control the band gaps of arsenic cluster
based assemblies (As73− units) by introducing different types of counterions to the system
[51]. The discovery of superatoms as a new material has been fascinating. In the year
2015, Joshi et al. synthesized [Ag25(SCH2CH2Ph)18]− NC [52] that has close resemblance
to the [Au25(SCH2CH2Ph)18]− NC synthesized by Heaven et al. in the year 2008 [18].
Both of these NCs are essentially identical with the only difference in their core elements;
nevertheless, they share the same electronic shell closure such that they are superatoms
having 8 delocalized electrons [52, 53]. Surprisingly, the optical absorption profiles of
these NCs are closely resembled to each other and both NCs appear yellow in color. Ag
NCs are usually brown to red in color, but the Ag25 cluster emits light at the wavelength
of ∼675 nm, the same as for the Au25 cluster. The superatom concept may suggest new
possibilities of replacing a rare material with an alternative, cheaper material at the
nanoscale.

As mentioned previously, the stability of Na clusters is mainly associated to the
electronic shell closure predicted by the Jellium model. Jellium model assumes that the
free valence electrons of metal atoms are confined in a spherical region and subjected
to the interaction of an attractive mean field potential from the ionic cores [54]. In this
manner, the calculation for the electronic states can be simplified as a calculation for
free (delocalized) electrons moving in a uniform spherically symmetric distribution of
positive charge (contribution of ionic core). In the following, we refer to the results of a
related semi-empirical model which can result in electronic shell closures agreeing with
the Jellium model [44].

Figure 1.2: Energy-level occupations for 3D potential wells: (left) harmonic, (middle) inter-
mediate anharmonic and (right) square-well. The numbers above the energy levels indicate the
cumulative shell-filling of delocalized electron counts. Principal and angular momentum quantum
numbers (v, l) are shown on the right. Reprinted figure with permission from Walt A. de Heer,
Rev. Mod. Phys., Vol. 65, 611, 1993. Copyright (1993) by the American Physical Society.
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Figure 1.2 indicates the energy-level occupations of different three-dimensional (3D)
potential wells. The results for the square-well potential suggest that a system with a
delocalized electron count, n∗, agreeing with the following numbers

n∗ = 2, 8, 18, 20, 34, 40, 58, . . . , (1.3)

will be exceptional stable because of the electronic shell closure. Note that the potential
profile can modify the relative energy spacing and energetic ordering of energy-level
occupations. Recall also that the Jellium model assumes the existence of delocalized
electrons, and thus spherical clusters comprising simple alkali metal or noble metal atoms
with a single valence electron (s1 electron) provide the most straightforward cases for this
requirement. Correspondingly, the mass spectrum for Na clusters is presented as a classic
example to support the observation of shell closures predicted by the Jellium model [43].

The superatom model has found its success in explaining the size-dependent stability
of pure metal clusters. One interesting question is that can we observe this superatomic
feature in a ligand-protected metal NC complex, which has an organic layer surrounding
the pure metal core? In fact, the superatom model can be also applied to ligand-protected
metal NCs by taking into account the charge localizing effect of ligands [55].

A ligand-protected metal cluster with an overall charge z can be formulated as a
superatom complex (LS ·ANAXM )z. Here, the ligands X withdraw electrons from the
core metal atoms A whereas the weak Lewis base ligands L is connected to A without
causing any charge transfer. The binding of X and L to A of the superatom complex
affects the total electron count derived from the delocalized valence electrons vA (from
metal atoms A) by considering electron transfer and localization effects. Correspondingly,
the effective delocalized electron count n∗ for a superatom complex is given as

n∗ = NAvA −M − z. (1.4)

Some notable examples of ligand-protected Au and Ag NCs, which have n∗ agreeing with
the numbers as suggested by Eq. (1.3), are Au25(SR)18−, Ag44(SR)304−, and Au102(SR)44
with n∗ = 8, 18, and 58, respectively [40, 53, 56, 57]. Each thiolate (–SR) withdraws
one electron from the noble metal core and vA = 1 for Au, Ag atoms. Au36(SR)24, and
Au20(PP3)44+ (PP3 = tris(2-(diphenylphophino)ethyl)phosphine) have n∗ = 12, and
16, respectively; these numbers differ from the series of Eq. (1.3) which is due to their
non-spherical metal cores [58, 59].

Concerning the deviation of effective delocalized electron counts with respect to the
series in Eq. (1.3), one should recall that the Jellium model and empirical potential profiles
are based on some assumptions which have limitation to be generalized for NCs with
different symmetries and complex protecting-ligands. For spherical and simple metallic
systems, the Jellium model can offer a convenient manner to identify the superatoms with
electronic shell closures. However, other stable electron counts that deviate from the series
of Eq. (1.3) are also possible depending on the mean-field potential profile adopted for
systems having different symmetries. For example, the Clemenger-Nilsson model includes
a distortion parameter to describe the potential of a spheroidal (two of the principal
axes of the cluster remain the same while the third one is different) cluster, which can
determine the energy levels for prolate (elongated sphere) and oblate (compressed sphere)
shapes [60]. The large gold NP Au133(SR)52 has n∗ = 81, and its odd number of electron
counts does not match with an electronic shell (subshell) closure configuration [61]. The
stability of this large NC with an odd number of delocalized electrons can be attributed
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to geometrical factors such as the complete surface protection due to the arrangement
of thiolates. In this case, the stability of a NC cannot be solely explained based on its
electronic structure. In reality, we can observe ligand-protected metal NCs (< 2 nm in
size) with various n∗ and extensive examples of this class of NCs are summarized in Ref.
[62].

Density functional theory (DFT) is a promising method for understanding the electronic
structures of bulk materials, atomic and molecular compounds. In contrast to the Jellium
model, DFT simulation considers the electron-ion interaction by taking into account the
detailed atomic structure of a material. In this manner, the electronic structure of a NP
can be described more accurately by DFT method as compared to the calculation based
on the Jellium model. Therefore, one can thus investigate the superatomic nature of
ligand-protected metal NCs with respect to the electronic states determined from DFT
simulations. For instance, visualizations of the molecular orbital states of a NC can help
us to identify the associated superatomic states. [Ag44(SPhF)30]4– has its electronic shell
filling of 1S2|1P6|1D10| (see Figure 1.2) according to its n∗ of 18 [56, 57]. Figure 1.3
illustrates the structure of [Ag44(SPhF)30]4– together with its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) states. Indeed, the
visualizations suggest that the HOMO and LUMO states of [Ag44(SPhF)30]4– correspond
to 1D, and 2S superatomic states, respectively.

Figure 1.3: (left) Visualization of [Ag44(SPhF)30]4– NC. HOMO (right top) and LUMO (right
bottom) states correspond to 1D and 2S superatomic states, respectively. Color code: surface
silver is gray, surface sulfur yellow, core silver orange, carbon dim gray, hydrogen light gray, and
fluorine soft green.
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1.4 Present Work

The primary objective of this thesis is to study the structural, electronic and optical
properties of selected ligand-protected NCs, and understand the underlying superatomic
features via DFT simulations. We analyze the applicability of the superatom model
in different contexts which have not been addressed previously, such as whether the
superatom model is applicable for NCs having mixed metal and non-metal core atoms.

In paper I, we analyze two closely related biicosahedral gold NCs,
[Au24(PPh3)10(SC2H4Ph)5Cl2]+ and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ [63, 64]. The
only structural difference between these NCs is the absence of the single Au atom
(in [Au24(PPh3)10(SC2H4Ph)5Cl2]+) that connects the two icosahedral Au13 cores in
[Au25(PPh3)10(SC2H4Ph)5Cl2]2+. The Mingo’s rule suggests that each icosahedral core
contributes to 8 delocalized electrons, and thus the n∗ of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+

is 16 [65]. In this manner, each icosahedral core has an electronic shell closure of
1S2|1P6|, and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ is an example of di-superatomic
cluster. What is the physical effect induced by the missing central gold atom in
[Au24(PPh3)10(SC2H4Ph)5Cl2]+? Paper I investigates whether the absence of the
central gold atom will invalidate the prediction as suggested by the Mingo’s rule and how
it changes the physical properties of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+.

Previously, the success of the superatom model in explaining the stability of simple
metal and ligand-protected metal NCs was mentioned. Apart from ligand-protected
pure metal NCs, there is another class of ligand-protected NCs: noble metal NCs with
chalcogen content [66]. These NCs have chalcogen atoms enclosed within the metal
cores. For example, [Ag123S35(StBu)50]3+ has 35 S atoms enclosed within its silver core
[67]. This NC has a substantial amount of Ag atoms in its core, and the contribution of
delocalized valence electrons may still be sufficient to render this cluster as a superatomic
system. In paper II, we show that the superatom model is still applicable for this type
of silver sulfide (Ag-S) NCs although the noble metal cores are subjected to the charge
localizing effect by the core S atoms. However, the superatomic states are available in
the unoccupied states above the band gap, instead of the occupied states.

[Ag123S35(StBu)50]3+ has an effective n∗ = 123− 35× 2− 50− 3 = 0, with each core
S atom localizing two delocalized electrons from the Ag core. In paper II, we show that
the superatomic states can be observed in the unoccupied states of these zerovalent NCs
having predominant metal core atoms. Is it possible for us to observe superatomic states
in the occupied states of Ag-S NC with delocalized electrons (n∗ 6= 0)? In paper III, we
analyze [Ag62S12(StBu)32]2+ [68] which has n∗ = 4 and compare its superatomic features
with another closely related NC, [Ag62S13(StBu)32]4+ (n∗ = 0) [69]. Our work reaffirms
the conclusion of paper II and concludes that the superatom model can still be applicable
for Ag-S NCs provided that there are delocalized electrons in the metallic NC core.

Finally, paper IV investigates the electrooxidation-induced structural effects of di-
superatomic NCs, Au38(SC2H4Ph)24 and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+. The cyclic
voltammetry and optical absorption measurements have supported that the Au23 core
structure of the Au38(SC2H4Ph)24 cluster can retain its framework upon the electrooxi-
dation process. The stable core framework upon the electrooxidation is associated with
the strong protection of thiolate groups connecting the two Au13 units. In contrast, our
simulated optical absorption results disagree with the experimental measurements, indi-
cating that the Au25 core of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ cluster becomes unstable
and undergoes an irreversible structural change upon the electrooxidation process. These
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redox behaviors of di-superatomic NCs are different from those of di-atomic molecules,
and their behaviors cannot be solely explained based on electronic factors.



2 Theory and Simulation Methods

2.1 Many-Body Problem

If you want to understand function, study structure. Sir Francis Crick expressed this
remark to acknowledge the importance of studying protein structures in understanding
how proteins function [70]. The electronic structure of a material plays an important role
in determining its physical properties. In principle, knowing the chemical elements and
structural coordinates of atoms is sufficient to access this valuable information, electronic
structure, via the Schrödinger Equation [71].

The Schrödinger Equation for the total wave function Ψ of a system, is expressed as

ĤΨ = {T̂n + T̂e + V̂ne + V̂ee + V̂nn}Ψ

=
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−
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Ψ, (2.1)

where ~, ε0, me, and e are the conventional fundamental quantities; RI and ri are the
spatial coordinates of nuclei and electrons; ZI andMI are the atomic numbers and masses
of nuclei. The Hamiltonian operator Ĥ comprises the kinetic energy operators T̂n and T̂e
for the nuclei and electrons, electron-nucleus interaction V̂ne, electron-electron interaction
V̂ee, and nucleus-nucleus interaction V̂nn operators. ĤΨ = EΨ, where E is the total
energy of the system.

Eq. (2.1) represents a many-body problem which involves both the electrons and nuclei
of a system. A nuclear core is significantly heavier than an electron as the ratio of a proton
mass to an electron mass is approximately 1836:1. The velocity of an electron is much
greater than that of a nucleus because of the vast difference between the masses of these
particles. Consequently, the electronic wave function can be readjusted instantaneously
following the motion of nuclei (change of the nuclear wave function). On the account of
this observation, the Born–Oppenheimer approximation suggests that Ψ of a system can
be approximated as

Ψ(r,R) ≈ Θ(R)ψ(r). (2.2)

In this manner, the nuclear wave function Θ is decoupled from the electronic wave function
ψ. Note that the nuclei coordinates R enter as parameters in ψ. The atomic nuclei can
be treated as classical particles which move according to the potential energy surface of
the system. This approximation simplifies the calculations of Eq. (2.1) by focusing on the

11
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electronic degrees of freedom. The electronic part of the total Hamiltonian (Eq. (2.1)) is
thus

Ĥeψ = {T̂e + V̂ne + V̂ee}ψ = Eeψ. (2.3)

In principle, obtaining the exact solution of Eq. (2.3), which governs the quantum behavior
of an interacting N -electron system, is sufficient to determine the total energy and other
physical properties of the system.

The total energy of a system determines the forces acting on the nuclei. One can apply
the classical nuclei approximation and Hellmann-Feynman theorem [72] to determine the
force FI acting on a nucleus:

FI = MI
d2RI(t)
dt2

= −∇IE. (2.4)

Eq. (2.4) determines the accelerations of nuclei induced by the potential energy of the
system. Finding the solution of the stationary problem, i.e. −∇IE = 0, corresponds to a
geometry optimization process. The system will attain its stable configuration once the
ionic forces diminish. Geometry optimization is an essential step prior to the calculation
of the total energy for an optimized configuration.

The dynamical evolution of a material can be described by the equation of motion
(Eq. (2.4)). Molecular dynamics simulation can be performed under the constant tem-
perature and/or constant pressure conditions. In order to generate an NV T canonical
ensemble, the system can be coupled to a thermal bath which controls the thermal energy
supplied to the system during the dynamical evolution. Similarly, one can employ a
pressure bath to control the volume size of the system such that the phase space of the
dynamical evolution corresponds to an NPT canonical ensemble. Molecular dynamics
simulation can allow us to study problems such as pressure-induced phase transformation
of a glass. However, the key issue goes back to the calculation of the total energy of a given
system. Unfortunately, exact analytical solutions are only feasible for simple systems
such as hydrogen-like atoms and H+

2 molecule because of the complexity of solving the
many-body problem, and further approximations are required to overcome this challenge.

2.2 Density Functional Theory

2.2.1 General Introduction
DFT offers a practical scheme in solving the complex Schrödinger Equation numerically
and yielding reasonably well approximated solutions. In contrast to the wave function
based method such as Hartree-Fock approximation, DFT does not require correlated
N -electron wave functions to determine a single-electron, non-local potential (exchange
potential arises from interacting electrons) [72]. The founder of DFT, W. Kohn, addressed
the enormous complexity issue faced by wave function based methods, and emphasized
how the DFT method can overcome this issue by focusing on the electron density
distribution, n, in his Nobel Lecture [73]. Furthermore, the advance of computing
facilities (parallel computing) has made DFT simulation a practical tool in studying
moderate sized nanomaterials (e.g. NC with several hundreds of atoms). A few decades
ago, this kind of simulation was not possible because of the limited computing technology
availabled during that period. Consequently, DFT simulation becomes one of the most
popular simulation tools in the modern computational material science research and
several DFT related articles are among the 100 most cited papers of all time [74].
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For the history and development of the DFT, readers can consult the excellent references
[72, 75] on this topic. The following of this section provides a brief summary of DFT
and the practical implementations of density functional simulations in the computational
softwares used for this thesis.

The Hohenberg and Kohn theorem suggests that the ground state n determines
uniquely the external potential vext acting on electrons, which includes the electron-
nucleus interaction and any other external field (e.g. electric field) applied in experiment
[76]. Hence, solving the ground state n is sufficient to access the ground state electronic
structure. Though the Hohenberg and Kohn theorem proves the important role of n (the
unique mapping of ground state n to vext), its practical solution was not realized until
Kohn and Sham expressed the energy term Eq. (2.3), as a functional of n: [77]

Ee[n] = T0 + Vext + VH + Exc[n], (2.5)

where T0 is the kinetic energy of non-interacting electrons, and Exc is the exchange-
correlation energy, the key ingredient of DFT simulation which will be discussed later;

Vext =
∫
n(r)vext(r)d3r, (2.6)

is the external potential energy, and

VH = 1
2

∫∫
e2

4πε0
n(r)n(r′)
|r − r′|

d3r d3r′, (2.7)

is the classical Coulomb potential (Hartree potential) energy which arises from the
electron-electron interaction.

The total wave function for a system of non-interacting N electrons, Ψ0, can be exactly
described by an antisymmetric wave function, written in a single Slater determinant [78]:

Ψ0(r1, r2, . . . , rN ) = 1√
N !

∣∣∣∣∣∣∣∣∣
φ1(r1) φ2(r1) · · · φN (r1)
φ1(r2) φ2(r2) · · · φN (r2)

...
...

. . .
...

φ1(rN ) φ2(rN ) · · · φN (rN )

∣∣∣∣∣∣∣∣∣ , (2.8)

where φi(rj) refers to the ith-eigenfunction of a single-electron Hamiltonian equation,
positioned at the coordinate of rj . Kohn and Sham recognized that the introduction of
φi(r) can allow us to express T0 in Eq. (2.5) as

T0 = −
N∑
i

~2

2me

∫
φ∗i (r)∇2φi(r)d3r. (2.9)

This eigenfunction φi(r) is known as Kohn–Sham (KS) orbital (state) in the following
single-electron Hamiltonian (KS equation)− ~2

2me
∇2 + vext(r) +

∫
e2

4πε0
n(r′)
|r − r′|

d3r′ + vxc(r)︸ ︷︷ ︸
vKS

φi(r) = εiφi(r), (2.10)
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where the exchange-correlation potential vxc is a functional dependent on n as

vxc [n(r)] = δExc[n(r)]
δn(r) , (2.11)

with δn(r) as the variation of electron density. vKS refers to the Kohn–Sham potential
which specifies the total potential experienced by the electronic system. Most importantly,
we can relate n(r) to φ(r) via

n(r) =
N∑
i

|φi(r)|2. (2.12)

The main idea of having Eq. (2.10, 2.11, 2.12) is that we can solve for φi(r) in a
self-consistent manner. These equations are the self-consistent KS equations. Assuming
that Exc is well defined and given the initial guess for KS orbitals, one can obtain the
corresponding electron density (see Eq. (2.12)) and solve Eq. (2.10). The improved KS
orbitals can then be used to evaluate the new electron density and this iterative process
continues until εi and φi(r) converge.

Our aim is to determine the ground state Ee of a system with interacting electrons. KS
equations simplify the calculations by grouping the ignored kinetic-correlation between
electrons to Exc. This assumes that the ground state of non-interacting electron density
n0 will coincide with that of the interacting system (the original many-body problem).
Nevertheless, minimizing the ground state energy of n is equivalent to solving the KS
equations via the variational method [73]. KS equations also incorporate the exchange-
correlation parts (arises from the electron-electron interaction) that cannot be treated by
VH to Exc. For instance, the exact exchange energy Exx can be expressed in single-particle
orbitals as

Exx = −e
2

2

N∑
i

N∑
j

∫∫
φ∗i (r)φ∗j (r′)φi(r′)φj(r)

4πε0|r − r′|
d3r d3r′. (2.13)

This term involves two-center integrals and it is usually approximated together with the
correlation energy into Exc. Meanwhile, the correlation energy arises from the electron-
electron interaction such that individual electrons should have reduced probabilities to
exist in the regions closer to the other electrons. The DFT community has been working
on the development of better approximations for this Exc term to attain accurate DFT
simulations.

2.2.2 Approximations of Exchange-correlation Energy
Due to the construction of the KS equations, we do not have the exact information of Exc
and approximations of this term are thus necessary. Throughout the last decades, several
choices of Exc have been developed and J. P. Perdew has associated the development of
DFT approximations for Exc as rungs of the Jacob’s ladder (Figure 2.1), where climbing
up the ladders leads us to the “heaven” of exact chemical accuracy [79, 80]. The Exc
of higher rungs require more complicated forms of n and other information, and one
can potentially obtain better DFT results by affording more computational resources.
Choosing the optimal choice of Exc depends on the system and the physical properties of
our interest.

The first rung of the Jacob’s ladder refers to the local density approximation (LDA),
which treats Exc as if it arised from homogeneous n rather than inhomogeneous n. The



2.2. Density Functional Theory 15

Local Density 
Approximation (LDA)

Generalized-Gradient
Approximation (GGA)

Meta-GGA
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∇n(r)

∇2n(r)
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Kohn-Sham Orbitals 

Unoccupied
Kohn-Sham Orbitals

φ(r)

Figure 2.1: Jacob’s ladder of density functional approximations for exchange-correlation
functionals.

Exc within LDA has the form

ELDA
xc =

∫
n(r)εLDAxc [n(r)]d3r, (2.14)

where εLDAxc [n(r)] refers to the average exchange-correlation energy per particle in the
homogeneous electron gas environment. The performance of LDA is expected to be valid
for systems having slowly varying n and thus it fails to produce reasonable results for
many systems. Nevertheless, LDA has been shown to provide satisfying results even
for systems of solids and molecules. This can be attributed to the error cancellation
effect such that the LDA exchange-correlation energy is reasonable, though the LDA
exchange-correlation potential is primitive with respect to the more elaborate forms of
potentials [81]. In practice, the LDA functional slightly underestimates the bond distances
and lattice constants of systems, but it erroneously overestimates the atomization energies
[82].

The second rung of the Jacob’s ladder, generalized gradient approximation (GGA),
requires the gradient information of electron density ∇n. The inclusion of variation in
electron density as a variable improves the description of n for non-uniform electron gas.
The general form of EGGA

xc is

EGGA
xc =

∫
n(r)εGGA

xc [n(r),∇n]d3r. (2.15)

GGA functionals can have better performances than the LDA functionals in calculating
the atomization energies of molecules [83]. One of the popular GGA functionals is the
Perdew–Burke–Ernzerhof (PBE) functional, which is a non-empirical functional, i.e. it
does not require fitting to experimental data in determining its functional parameters [83].
PBE functional is applicable to a wide range of systems, and it is robust in determining
the correct energetic ordering for isomers of ligand-protected gold NCs [84]. This thesis
mainly employs the PBE functional for DFT simulations, as we can practically obtain
reasonably accurate results for NCs with full ligands (up to a few thousand valence
electrons).

When we proceed to the next rung of the Jacob’s ladder, a natural extension of GGA is
to consider the higher order derivatives of n, such as its second-order derivative term ∇2n.
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This type of an approximation is known as the meta-GGA which is developed based on the
GGA. An example of the meta-GGA functionals is the Tao–Perdew–Staroverov–Scuseria
(TPSS) functional [85]. The TPSS functional has a better performance for structural
and vibrational properties than GGA functionals, on top of preserving the accuracy of
atomization energies [86, 87]. The TPSS functional is still a non-empirical functional
which is suitable for the evaluation of a wide range of physical properties of various
systems. However, some known issues remain unsolved at this level of accuracy including
the incomplete cancellation of the self-interaction error introduced by the exchange term,
as the exact exchange energy term (Eq. (2.13)) is not considered explicitly.

The subsequent top two rungs of the Jacob’s ladder are the hybrid and random phase
approximation functionals. The main idea of hybrid functional is to include (partially)
the exact exchange part (Eq. (2.13)) and calculate the correlation part by other means
(from various level of DFT approximations, such as GGA). The exact exchange part
requires the information of occupied KS orbitals. An example of this class of functional
is the PBE0 hybrid functional which mixes part of the exact exchange with a fraction
of PBE-GGA exchange, but it utilizes the full PBE correlation [88, 89]. This class of
hybrid functional has a better performance in the prediction of band gaps in materials
[90]. Lastly, the random phase approximation functional takes into account unoccupied
KS orbitals, which can improve the long-range part of the exchange-correlation term that
is important for the van der Waals interaction [91]. However, at these top rungs of the
Jacob’s ladder, the DFT approximations for Exc require empirical parameters to describe
the functionals. For detailed discussions on the limitations and performances of different
DFT approximation, readers can consult reference [80].

2.3 Dual Representation of Electron Density and
Pseudopotential

We employ a parallelized DFT simulation package, the CP2K program, to make a
preliminary investigation of the electronic structure of NCs. CP2K is based on the dual
Gaussian and plane waves (GPW) method, i.e. the usage of two representations for n
[92]. Gaussian-type orbitals (GTO) allow an efficient mapping of the product of orbitals
and their integrals in real space grids, and they are primarily used to describe the wave
functions. Plane waves basis set (suitable for periodic system) is employed to represent the
electron density of a system, and this representation can allow an efficient computation for
the electrostatic energy term using the efficient Fast Fourier Transform (FFT) algorithm.

The electron density is expressed in the GTO basis set via

n(r) =
∑
µv

Pµvϕ
∗
µ(r)ϕ∗v(r), (2.16)

where Pµv is the density matrix element and each orbital, ϕµ(r) =
∑
i diµgi(r), is expressed

by primitive Gaussian functions gi(r) and corresponding coefficients diµ. For the electron
density ñ expressed in the plane waves basis set, the expansion coefficients ñ(G) are
chosen to reproduce the density n in the GTO basis set with

ñ(r) = 1
Ω
∑
G

ñ(G) exp(iG · r), (2.17)
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where Ω is the volume of the unit cell, and G are the reciprocal lattice vectors. In this
manner, the Hartree potential energy (Eq. (2.7)) in reciprocal space can be expressed as

VH(G) = 2πΩ
∑
G

e2ñ∗(G)ñ(G)
4πε0G2 . (2.18)

Utilizing plane wave basis set allows this electron-electron interaction term to be evaluated
efficiently using the FFT algorithm. Efficient mapping between n(r), ñ(r) and ñ(G)
enables fast computation of the electronic energy term.

For regions adjacent to the atomic center, the rapidly oscillating electronic wave
functions require high plane wave energy cutoff for the all-electron plane waves basis set.
A simulation using a high plane wave energy cutoff setting will include more plane wave
basis functions and increase the required computational cost. Noting that an accurate
account of valence electrons is sufficient for a wide range of physical events such as
chemical bonding, we can replace the strong Coulomb potential between all-electrons and
nucleus by a softer potential (pseudopotential). The pseudopotential is designed such
that valence electrons experience a nuclear potential screened by the core electrons. The
pseudopotential has the same profile as the actual potential outside of the core region
that is defined by a cutoff radius. The smoother pseudowave functions for the valence
electrons can save computational cost by using a lower kinetic energy cutoff. However,
the core states are not considered explicitly and this poses the trade-off in its accuracy
with respect to all-electron wave function calculation, especially for heavier elements with
significant number of core electrons.

CP2K employs Goedecker–Teter–Hutter (GTH) type pseudopotentials [93]. GTH
pseudopotentials consider relativistic effects, and they are of norm-conserving type, i.e.
the integrated charge for all-electron and pseudowave function agree inside the core region.
GTH pseudopotentials can be easily implemented in both real and Fourier space, and
this is beneficial for the fast computations in the CP2K program which utilize the dual
basis sets.

2.4 Projector Augmented Wave

Projector augmented wave (PAW) method employs a similar strategy to pseudopoten-
tial method in reducing the computational time while conserving the all-electron wave
functions. For this purpose, PAW uses a linear transformation operator T̃ to connect a
pseudowave (smooth) function |ψ̃〉 to an all-electron wave function |ψ〉 [94]:

|ψ〉 = T̃ |ψ̃〉. (2.19)

The pseudowave function is smooth everywhere, and similarly to the pseudopotential
method, it matches with the all-electron wave function outside augmentation regions
that are defined with respect to atomic centers (|ψ〉 = |ψ̃〉 in valence region). |ψ̃〉 is
different from the rapidly oscillating |ψ〉 within the augmentation regions, and thus T̃
is constructed to recover the information of |ψ〉 in these regions by using a partial wave
basis set |φai 〉 and projector functions 〈p̃ai |:

T̃ = 1 +
∑
a

∑
i

[
|φai 〉 − |φ̃ai 〉

]
〈p̃ai |, (2.20)
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where a refers to the atomic index, and i refers to the partial wave index. The second term
of Eq. (2.20) only modifies the wave function within the augmentation regions. Similarly,
the true all-electron density np can be connected to the smooth electron density ñp, by
considering an appropriate correction inside the core regions, ∆ñp. The correction arises
from the difference between atom-centered all-electron and pseudoelectron density and
the np is related to ∆ñp as

np(r) = ñp(r) +
∑
a

[
nap(r)− ñap(r)

]
︸ ︷︷ ︸

∆ñp

. (2.21)

The GPAW program is a DFT package which employs the PAW method and real space
grid representation [95]. The PAW method decomposes the all-electron wave function,
and the smooth wave function part can then be represented on coarse Fourier or real space
grids. Apart from the uniform real space grids, the GPAW program uses atom-centered
radial grids for localized atom-centered wave function. This implementation allows an
efficient computation for the all-electron wave functions defined by their atomic types
inside the augmentation regions. In this thesis, we mainly use the GPAW program to
analyze the electronic and optical structures of NCs.

2.5 Analysis Methods

2.5.1 Angular Momentum Projection Analysis
Superatomic states have distinctive symmetries with respect to spherical harmonic bases.
For example, the HOMO state of [Ag44(SPhF)30]4– , as shown in Figure 1.3, displays
a strong character of an S-symmetric wave function. If one can evaluate the angular
momentum symmetries of electronic states with respect to the cluster core region, it will
be useful in identifying the existence and locations of superatomic states.

Let us consider a spherical region within a radius R0, and its origin positioned at the
center of a NC. For a wave function enclosed within the spherical region, one can evaluate
the weight of a projection with respect to a chosen angular quantum number l as [55]

Pl(R0) =
∑
m

∫ R0

0
r2|ψilm(r)|2dr, (2.22)

where
ψilm(r) =

∫
Y ∗lm(r)|φi(r)|d3r, (2.23)

and i is the index of the KS state φ, Ylm is the spherical harmonic basis with angular
quantum number l and magnetic quantum number m.

This type of analysis is also known as the Ylm-analysis, and coupled with the projected
density of states (PDOS), it can display the symmetries of wave functions with respect
to the projection region. Figure 2.2 indicates the Ylm-analysis for [Ag44(SPhF)30]4– ,
using a sphere with a radius of 1.5 nm. One can clearly observe the superatomic shells
1D10|2S2|1F14| around the band edges on both sides. In this manner, one can determine
the associated weight of symmetries by analyzing the angular momentum components of
wave functions.
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Figure 2.2: The angular momentum resolved electronic density of states (PDOS) of
[Ag44(SPhF)30]4– . The HOMO level is positioned at the zero-energy level. Labels indicate
within the graph indicate the locations of superatomic states, and the legend indicates the color
code of resolved angular momentum components.

2.5.2 Bader Charge Analysis
Information of charge localization in NC is important for us to understand the chemical
properties of molecules or atoms. Charge transfer occurs between atoms in a NC complex
and DFT simulation can elucidate this information. However, DFT simulation only
suggest trends in electronic charge transfer instead of assigning an absolute value for
charge with respect to each atom. The partitioning of electronic charge shared among
atoms in a chemical compound is not well defined and several schemes have been proposed
to evaluate atomic charges. For instance, the Mulliken population analysis suggests
dividing the overlap population of wave function equally between the two atoms of a
bond followed by the assignment of charges [96].

In this work, we mainly apply the Quantum Theory of Atoms in Molecules scheme,
simply known as Bader charge analysis, to determine the atomic charges of NCs [97].
Bader method works well for compounds of different chemical elements and it is not
sensitive to the chosen basis set, a drawback faced by the Mulliken population analysis.
Bader method refers to zero-flux surfaces in defining the volume space for each atom. The
zero-flux surface is basically the surface where n(r) reaches a minimum between atoms.
Mathematically speaking, for every unit vector ~v parallel to the surface that is defined by
a point rs, it can be related to n(r) by

∇n(r) · ~v(rs) = 0. (2.24)

Figure 2.3 illustrates the zero-flux surface constructed between two identical atoms
based on Eq. (2.24). The atomic charge of an atom is evaluated based on the sum
of electron and atomic core density within the assigned volume space. In this thesis,
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a positive Bader charge is used to indicate the depletion of electronic charge, while a
negative Bader charge is associated to the accumulation of electronic charge.

Surface of charge 
density minimum 
(zero-flux surface)

Maximum on 
charge density 
surface

Figure 2.3: Zero-flux surface between two identical atoms. For a system having atoms of
different elements, the zero-flux surface is not necessary the perpendicular bisector of the line
joining the two atoms.

2.5.3 Optical Absorption Analysis
Optical absorption is a fundamental physical process of a material. For instance, the
non-absorbed visible light of a material determines the color observed for that material.
Optical absorption relates the response of a material toward the incoming electromagnetic
field (incident light). Hence, the spectral features of optical absorption measurement can
be useful in distinguishing NCs of different sizes and ligands [41].

The DFT formalism presented in section 2.2 is sufficient for calculation of physical
properties such as the ground state energy, lattice constants, and equilibrium geometries.
However, optical absorption response is related to the excited states of a system, and thus,
additional treatments need to be considered for this calculation. The linear response time-
dependent density functional theory (LrTDDFT) has been implemented in the GPAW
package for optical absorption calculation [98]. For the details of the time-dependent
density functional theory formalism and LrTDDFT, readers can consult Ref [99]. In the
following, we present a brief introduction to the optical absorption calculation and its
response wave function analysis.

LrTDDFT is based on the assertion that the first-order correction to the ground state
density must result in the same density for both the interacting and the KS systems
(recall Eq. (2.10)),

δn(r, t) =
∫

dt′
∫

d3r′χ(r, r′, t− t′)δv(r′, t′)

=
∫

dt′
∫

d3r′χKS(r, r′, t− t′)δvKS(r′, t′), (2.25)

where χ and χKS are the linear response functions of the interacting and KS system,
respectively. Due to the time translational invariance, Eq. (2.25) is dependent on a single
frequency ω because it depends on the time difference (t− t′) only. We can express the
first-order variation of the KS potential vKS (Eq. (2.10)) in frequency domain as

δvKS(r, ω) = δvext(r, ω) + e2

4πε0

∫
d3r′

δn(r′, ω)
|r − r′|

+
∫

d3r′fxc(r, r′, ω)δn(r′, ω), (2.26)
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where fxc(r, r′, ω) is the Fourier transform of the time dependent exchange-correlation
kernel

fxc[nGS](r, r′, t− t′) = δvxc[n](r, t)
δn(r′, t′)

∣∣∣∣
n=nGS

. (2.27)

This kernel is the functional derivative of vxc with respect to the density (evaluated for
the ground state density nGS). The functional form allows the kernel to be evaluated
before any response calculation. However, LrTDDFT requires first a ground state DFT
calculation which includes a sufficient number of unoccupied KS orbitals (see below).
Based on the linear perturbation theory and Fourier transformation of Eq. (2.27), we can
connect the linear response functions as

χ(r, r′, ω) = χKS(r, r′, ω) +
∫
d3r′′

∫
d3r′′′χKS(r, r′′, ω)

×
(

e2

4πε0|r′′−r′′′| + fxc(r′′, r′′′, ω)
)
χ(r′′′, r′, ω). (2.28)

Casida’s method [100] has turned the full solution of Eq. (2.28) and the calculation of
excitation energy into an eigenvalue problem as

ΩFI = ω2
IFI , (2.29)

where the eigenvalue ωI is the excitation energy from the ground state to the excited
state I, and the eigenvectors FI can be used to extract the oscillator strength for optical
absorption spectra. The matrix elements of Ω are

Ωij,kl = δi,kδj,lε
2
kl + 2√εijKij,kl

√
εkl, (2.30)

where i and k are the indices of the unoccupied states, and j and l are the indices of the
occupied states. δi,j is the Kronecker delta function. εij = εi − εj denotes the difference
in eigenvalue between i-th and j-th KS states. K is the coupling matrix in Casida’s
equation with elements

Kij,kl(ω) =
∫ ∫

φ∗i (r)φ∗j (r)
(

e2

4πε0|r − r′|
+ fxc(r, r′, ω)

)
φk(r′)φl(r′)d3r d3r′. (2.31)

The oscillator strength can then be evaluated based on the eigenvectors FI as [98]

fI = 2me

~e2

∣∣∣∣ unocc∑
i

occ∑
j

µij
√
εijFI

∣∣∣∣2, (2.32)

where the dipole transition moment µij = −e〈φi|r|φj〉. The oscillator strength considers
dipole transition moments defined by pairs of occupied and unoccupied KS states (electron-
hole transition). An optical absorption spectrum can be expressed using the dipole strength
function as

S(ω) =
∑
I

fIg(ω − ωf ), (2.33)

where g(ω) is a normalized Lorentzian or Gaussian function, and ωf is the excitation
frequency corresponding to the excitation energy, ωI . In this manner, spectra with finite
peak widths are obtained by folding the oscillator strengths using envelope functions (e.g.
Gaussians).

A particular set of KS electron-hole transitions determine the weight of optical ab-
sorption spectral feature at a specific excitation energy. The method of examining the
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contribution of each electron-hole transition with respect to a chosen excitation energy
will scale up significantly with the size of a system and this approach becomes unfeasible
for large NCs. Instead, we can apply the time-dependent density functional perturbation
theory (TD-DFPT) method to analyze spectral features for large systems [101].

TD-DFPT employs a laser field (cosinoidal electric field) with a frequency ω corre-
sponding to the target spectral feature. We can then determine absorption coefficient
Cabs,ω by solving the first order KS response wave function which is a laser direction and
frequency dependent weighted sum of TDDFT transitions [102]. A transition contribution
map (TCM) can be obtained by considering three axes: 1) the eigenvalues of the occupied
KS states , 2) the eigenvalues of the unoccupied KS states, and 3) the squared magnitude
of the absorption coefficient |Cabs,ω|2. For the visualization of TCM, the individual
transitions can be broadened by Gaussians having a spectral width of ∆ε:

TCM(εocc, εunocc) =
occ∑
j

unocc∑
i

|Cabs,ω
ji |2 exp

[
−
(
εocc − εj

∆ε

)2
−
(
εunocc − εi

∆ε

)2
]
. (2.34)

The visualization of TCM can be combined together with the Ylm-analysis introduced
in subsection 2.5.1. In this manner, one can determine whether superatomic states are
involved in contributing to the target feature.



3 Role of the Central Gold Atom in
Biicosahedral Gold Nanoclusters

[Au25(PPh3)10(SC2H4Ph)5Cl2]2+ (NC-2) is a unique NC which has a core framework of
two Au13 icosahedra [64, 103, 104]. This biicosahedral Au NC is an example of cluster-
assembled material that comprises smaller Au13 icosahedral units. Other examples of Au13
icosahedral NCs include [Au13(PMe2Ph)10Cl2]3+ and [Au13(DPPE)5Cl2]3+ (DPPE = 1,2-
bis(diphenylphosphino)ethane) [105, 106]. Based on cluster-assembling materials, Nobu-
sada et al. predicted the existence of triicosahedral mixed phosphine-thiolate protected NC,
[Au37(PH3)10(SCH3)10Cl2]+ [107]. The core structure of this proposed structural model
was later confirmed experimentally by the synthesis of [Au37(PPh3)10(SC2H4Ph)10Cl2]+
[108]. Figure 3.1 illustrates NCs assembled by Au13 icosahedra.

(a) (b) (c)

Figure 3.1: Visualization of NCs with single, double and triple icosahedra within their core
structures: (a) [Au13(PMe2Ph)10Cl2]3+, (b) [Au25(PPh3)10(SC2H4Ph)5Cl2]2+, and (c) core
framework of [Au37(PPh3)10(SC2H4Ph)10Cl2]+ with the side groups omitted. The red atom in
(b) is the central Au atom connecting the two icosahedra. Color code: gold is gold, sulfur yellow,
phosphorus pink, chlorine lime, carbon dim gray, and hydrogen light gray.

According to Eq. (1.4), NC-2 has an effective electron count n∗ = 25− 5− 2− 2 = 16
with triphenylphosphine acting as weak Lewis base ligands, and each Cl ion withdrawing
an electron via ionic bonding. The Mingo’s rule suggests that NC-2 is a dimer of
superatoms, whereby each Au icosahedron is a superatom with n∗ = 8 [65]. A similar NC
was synthesized by Das et al., [Au24(PPh3)10(SC2H4Ph)5Cl2]+ (NC-1), which differs
from NC-2 such that the central Au atom (highlighted by red color in Figure 3.1b) is
absent [63]. Although the central Au atom is missing in NC-1, the change of total charge
state has rendered it a NC with n∗ = 24−5−2−1 = 16 as well. However, the icosahedral
motif in NC-1 is not complete such that one of the vertex atoms of icosahedra (central Au

23
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atom) is missing. Is NC-1 still considered as a dimer of superatoms upon this structural
modification?

3.1 Dimer of Superatoms

The top panel of Figure 3.2a displays the Ylm-analysis for NC-1, using a cutoff radius of
3.5 Å with respect to the center of mass (position of the missing central Au atom, AuC).
NC-1 has no clear superatomic character defined with respect to its center. Even the
projections were performed using cutoff radii such as 5.0 Å and 7.0 Å, the resolved angular
momentum components remain the same as the previous case. However, superatomic
states become notable if the Ylm-analysis is performed with its projection spheres defined
with respect to the centers of icosahedral units (AuI). The bottom panel of Figure 3.2a
demonstrates the 1P and 1D superatomic characters for electronic states nearby the
valence and conduction band edges. Similarly, the Ylm-analysis for NC-2 (Figure 3.2b)
concludes the same finding such that both NC-1 and NC-2 are dimers of superatoms.
One can notice the splitting of the 1P and 1D shells into three and five orbital states,
and this is because of the ligand-field splitting [109].

Figure 3.3 illustrates the HOMO and LUMO states for NC-1 and NC-2. The LUMO
state of NC-2 has a considerable weight for an S-symmetric wave function localized at
the central Au atom, and this does not feature a delocalized superatomic character. This
observation and the Ylm-analysis clearly indicate that NC-1 and NC-2 are superatomic 8
+ 8 dimers; the upper and lower Au icosahedra comprise individual 8-electron superatoms
(1S21P6 electronic configuration). Although the biicosahedral core of NC-1 is missing
the vertex atom, its n∗ is still 16, agreeing with the Mingo’s rule. The change of charge
state from 2+ of NC-2 to 1+ of NC-1 retains the superatomic configuration which is
mainly determined by electronic rather than structural factors (missing of the central Au
atom).

DFT simulations suggest that both NC-1 and NC-2 display pronounced HOMO-
LUMO gaps of 1.46 and 1.17 eV, respectively, implying enhanced chemical stability
due to the electronic shell closures. The optimized AuI –Au bond distances of NC-1
decrease in comparison to those of NC-2. Our PBE results suggest that the decrement is
approximately 1% (see Table 1 of paper I ). Hence, the icosahedral cores are more compact
in NC-1 and this results in the destabilization of the D-symmetric LUMO states, leading
to the larger simulated band gap of NC-1 [110].

In contrast to the simulated band gaps, the experimental HOMO-LUMO gaps for the
NC-1 and NC-2 are determined as ∼1.35 and ∼1.54 eV, respectively via voltammetry
measurements [63, 104]. One should recall that DFT simulations at the level of GGA
systematically underestimate the actual band gap values [111, 112], and thus it is difficult
to attain a quantitative agreement between simulated and experimental band gaps. The
observation of NC-2 having a larger HOMO-LUMO gap in the experiment, while the
computations indicate otherwise, could be related to environmental effects (solution). For
instance, Rojas-Cervellera et al. have performed quantum mechanical/molecular mechan-
ics (QM/MM) simulations to access the solvent effect on [Au25(SR)18]− [113]. The water
solvent can induce electrostatic effect on the electron density of [Au25(SR)18]−, modifying
bond distances and angle distribution of cluster core. The structural modification induced
by the water solvent and the interaction with the electrostatic medium can reduce the
band gap of the cluster in solvent environment as compared to the one simulated in the
gas phase. NC-1 and NC-2 have different nominal charges, hence their different degrees
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Figure 3.2: Ylm-analysis of the electronic density of states for (a) NC-1 and (b) NC-2. The
centers of band gaps are positioned at 0.0 eV. The projections have been performed using a cutoff
radius of 3.5 Å with respect to the cluster center (AuC), and one of the central Au atoms of the
icosahedra (AuI). The band gap values are shown for these clusters and the arrows indicate
the associated transitions contributing to the target features in optical absorption spectra (see
Figure 3.6).
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(a) HOMO of NC-1 (b) LUMO of NC-1

(c) HOMO of NC-2 (d) LUMO of NC-2

Figure 3.3: Visualization of the HOMO and LUMO states for NC1 and NC-2.

of screening effect could contribute to the opposite trend observed in their simulated band
gaps.

The Mingo’s rule has been shown to be valid for both NC-1 and NC-2. Let us
consider next the triicosahedral [Au37(PPh3)10(SC2H4Ph)10Cl2]+ cluster with n∗ = 24.
Do we observe a trimer of superatoms with respect to its individual icosahedral cores?
In order to address this question, Ylm-analysis has been performed with respect to
the individual icosahedral cores of the triicosahedral Au cluster having simplified side
groups, [Au37(PH3)10(SH3)10Cl2]+. Figure 3.4 refers to the results of the Ylm-analysis
and they clearly indicate that the superatomic P and D characters are associated to the
individual icosahedral cores at the valence and conduction band edges. Furthermore, the
visualizations of the occupied states (HOMO-3 to HOMO-1 states, as shown in Figure 3.5)
also support this conclusion. Interestingly, the HOMO state has a predominant weight in
the central icosahedron of the cluster and perhaps this is due to the interaction (overlap)
between the superatoms of icosahedral cores.
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Figure 3.4: Ylm-analysis of the electronic density of states for [Au37(PH3)10(SH3)10Cl2]+. The
centers of band gaps are positioned at 0.0 eV. The top, middle and bottom panels refer to the
analysis performed with respect to the top, middle and bottom icosahedral core of cluster as
shown in Figure 3.5.

3.2 Charge and Optical Analysis

Table 3.1 shows the Bader charge analysis for NC-1 and NC-2. The presence of the
central Au atom in NC-2 does not result in significant changes to the charge distribution
of the core atoms. The central Au atom is almost neutral, and the total charge of Au
atoms are -0.40 e and -0.10 e for NC-1 and NC-2, respectively. Each Cl atom acts as an
electron-withdrawing unit such that it accumulates approximately 0.6 e from the cluster
core.

The charge difference between NC-1 (1+) and NC-2 (2+) can be understood by
analyzing the total charges summed over different side groups. The phosphine groups
have the largest change in their total charges (+3.51 e of NC-1 to +4.00 e of NC-2).
Interestingly, the total charge on the triphenylphosphine rings (C and H atoms) are +3.36
and +4.32 e for NC-1 and NC-2, respectively. This charge difference equals to the
changes of nominal charge states, and thus phosphine ligands can function as buffer agents,
rendering similar total charges for the Au core frameworks and the immediate surrounding
atoms. Our results suggest that it is important to understand the charge distribution
of NCs based on their experimental structures with real ligands, in comparison to the
analysis performed on NCs with simplified side groups (methyl groups).

Figure 3.6 displays the calculated optical absorption spectra of NC-1 and NC-2.
The spectra were computed using the PBE functional based on the LDA optimized
structures, because LDA results in systematically shorter Au–Au bond distances than
PBE, resulting in better agreement with experimental bond distances. This practice can
improve the quality of simulated spectra because the optical absorption is sensitive to the
bond distances of a NC. These spectra have three distinctive target features above 350
nm, and their transitions are labelled in Figure 3.2.

With reference to the Ylm-analysis, the target features are clearly related to the allowed
transitions due to the symmetries with respect to the center of mass (COM) of the clusters.
The first target features refer to the P-to-S type transitions, and the involved orbital
states are shown in the Figure 5 of paper I. The first target features correspond to the
opening of optical gaps around 600 and 700 nm for NC-1 and 2, respectively. The second
target features correspond to D-to-F type transitions. Lastly, the third target features in
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(a) HOMO-3 (b) HOMO-2

(c) HOMO-1 (d) HOMO

Figure 3.5: Visualization of the occupied states at the valence band edge of
[Au37(PH3)10(SH3)10Cl2]+.

the regime of 400 nm are due to several transitions from eigenstates 1.0–1.5 eV below the
centers of band gaps (0.0 eV) to eigenstates of > 1.5 eV. The transition selection rules are
notable based on the symmetries of orbital states evaluated with respect to the COM of
the clusters. Interestingly, NC-1 demonstrates the same transition selection rules as in
NC-2, although the central Au atom is missing. This implies that electronic structures
of the metal cores are mostly similar for both of these closely related NCs.

3.3 Effect of the Central Au Atom on Vibrational Frequencies

In order to investigate the structural and dynamical effects induced by the central gold
atom, vibrational analysis was performed for both NC-1 and NC-2 using the CP2K
software package. The bulky side groups have floppy modes that can cause unimportant
low-frequency modes, which complicate the vibrational analysis. Because of this, the
triphenylphosphine side groups of NCs were replaced by methyl groups in the vibrational
analysis, and these simplified structures have compositions of [Au24(PH3)10(SCH3)5Cl2]+
and [Au25(PH3)10(SH3)5Cl2]2+. Figure 3.7 illustrates the vibrational density of states
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Table 3.1: Average Bader charges of the NC-1 and NC-2. AuC, AuI, and AuV refer to the
central Au atom, central Au atoms of the Au13 icosahedra, and the vertex Au atoms, respectively.
Aua,d refers to the Au atoms of Au5 pentagons bonded to the 10 PPh3 groups. Aub,c refers to
the Au atoms of Au5 pentagons bonded to the thiolates. The total charges of the Au core and
different groups are reported in the lower part.

Atom / group NC-1 NC-2
AuC – 0.03
AuI -0.20 -0.20
AuV 0.02 0.08
Aua,d -0.03 -0.03
Aub,c 0.03 0.04
S -0.19 -0.22
P 0.02 -0.03
Cl -0.60 -0.56
Au24/Au25 -0.40 -0.10
(PPh3)10 3.51 4.00
(SC2H4Ph)5 -0.91 -0.77
Cl2 -1.19 -1.13

for these simplified Au24 and Au25 NCs.

The frequency ranges of important characteristic modes such as the bending of Au–
S–Au, stretching of Au–P, and significant vibration of Au core atoms are observed in
the regime of 50–300 cm−1. The bending of Au–S–Au bonds and vibration of thiolates
are available in the range of 180–240 cm−1. Meanwhile, the Au–P stretching modes are
predominant in the range of 267–280 cm−1. The low frequency range of 50–150 cm−1 is
mainly caused by the Au–Au vibrations of the core atoms.

The absence of the central Au atom results in minor modifications in the vibrational
frequencies. Figure 3.8 illustrates some examples of the vibrational modes that are affected
by the presence of the central Au atom. The Raman active breathing modes of both
NCs agree with the experimental Raman frequency of 110 cm−1 in Au25(CH2CH2Ph) –

18
which also has an Au13 icosahedral motif [114]. The missing of the central Au atom in
NC-1 releases the strain induced by the icosahedra (biicosahedra in NC-2), and thus
increases the Raman active vibrational frequency. Furthermore, the central Au atom
makes the longitudinal vibrational modes of the icosahedral centers harder (along the
cluster axis), because of the additional Au–Au bonds in the Au25 core.

3.4 Concluding Remarks

The Ylm-analysis of the electronic density of states in NC-1 and NC-2 demonstrates
that they are dimers of closed-shell, 8-electron systems with individual superatomic
configurations of 1S21P6. The structural modification due to the existence of the central
Au atom does not change the superatomic features, and this can be related to the
preserved 16 delocalized electron counts (electronic factor). Our analysis supports the
Mingo’s rule for the icosahedral vertex-sharing metal NCs, such that the 8-electron count
is associated to each icosahedron; this result can also be applied to the other systems
having biicosahedral metallic cores, such as Au12Ag12Pt and Au12Ag12Ni [115, 116].
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Figure 3.6: Optical absorption spectra for NC-1 and NC-2 (overall charge, q = 1+ and 2+,
respectively). The intensities of the individual transitions (stick spectrum) have been multiplied
by a factor of 40 and the transitions have been broadened by Gaussians of 0.1 eV full width at
half-maximum.

Figure 3.7: Vibrational density of states of Au24 and Au25 NCs with methyl side groups. The
Raman active breathing modes (a, b) and vibrational modes of the icosahedral centers (c, d) are
labelled by the arrows. The vibrational modes marked by these arrows are shown in Figure 3.8.

Furthermore, optical absorption analysis suggests that the characteristic features of both
NC-1 and NC-2 can be explained by the transition selection rules due to the symmetries
of the electronic states with respect to the cluster center of mass; this highlights the
similarities in the electronic structures of these metal cores, despite the missing central
Au atom in NC-1.

Our charge analysis concludes the role of triphenylphosphine ligands as buffer agents,
which retain the total charges of the Au-core frameworks approximately at the same
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(a) (b) (c) (d)

Figure 3.8: Selected vibrational modes of Au24 and Au25 NCs. Raman active breathing modes
for (a) Au24: 112 cm−1, and (b) Au25: 107 cm−1. Strong vibrational mode of the icosahedral
centers for (c) Au24: 134 cm−1, and (d) Au25: 144 cm−1.

values. The nominal charge difference of the NCs is reflected in their triphenylphosphine
groups. The removal of the central Au atom increases the Raman active breathing mode
frequencies of the cluster cores. This is a structural effect imposed by the release of
icosahedral strain in the biicosahedral cluster.





4 Silver Sulfide Nanoclusters and the
Superatom Model

A wide class of NPs including metal, metal oxide, and metal chalcogenide NCs have been
successfully synthesized and quantum mechanical methods (mainly DFT simulations)
have been employed to examine their electronic structures [21]. The superatom model
has been successfully applied to ligand-protected NCs having pure metal cores, and it
has become a central theoretical concept in the discipline [62]. Recently, ligand-protected
silver NCs have also been shown to exhibit superatomic features [52, 56, 57, 117, 118],
and the example of [Ag44(SPhF)30]4– has been presented in Sec. 1.3.

The presence of superatomic features is due to the delocalized valence electrons
contributed from the free valence electrons of metal atoms. In contrast to the pure
metal clusters, ligand-protected silver or copper chalcogenide NCs have chalcogen atoms
enclosed within the metal cores [66]. For instance, the Ag490S188(StC5H11)114 cluster
has 188 S atoms enclosed within its Ag core [119], and it is an intermediate between the
small molecule-like clusters and Ag2S binary bulk compound. This class of chalcogenide
material has mixed ionic-electronic conductor properties, resembling a different type of
NP as compared to the pure metal clusters. To which extent can the presence of core S
atoms modify the superatomic features associated to pure silver NCs? It will be intriguing
to compare the electronic structures of these different kinds of NPs and understand the
role of core S atoms.

Figure 4.1 illustrates the NCs studied in paper II. Ag14 NCs (NC-3 and NC-4) have
their total numbers of Ag atoms comparable to those of S atoms. NC-3 has a central
S atom coordinated to the octahedral Ag6 kernel while this is absent in NC-4. Besides
having the extra central S atom, NC-3 also differs from NC-4 such that it does not have
F atoms in its side groups. These Ag14 NCs have their octahedral kernels encapsulated
within cubic cages having 8 Ag atoms at the corners and 12 S atoms at the edges. The
AgS cores are co-protected by both phosphine and thiolate ligands, with 8 phosphines
bonded to the Ag8 cage in a radial manner. In contrast to Ag14 NCs, NC-5 and NC-6
have larger weights of Ag atoms as compared to S atoms. The core S and Ag atoms form
a complex network in the sublayers where the atomic coordination is larger than that on
the surface, as shown in Figures 4.1e and 4.1h. NC-5 and NC-6 have 16:70 and 35:123
ratios for their core S atoms with respect to Ag atoms. We simply refer to these systems
as silver sulfide (Ag-S) NCs. Systematic DFT simulations were carried out to investigate
the gradual change of electronic structure in AgNPs due to the presence of core S atoms.

33



34 Chapter 4. Silver Sulfide Nanoclusters and the Superatom Model

(a) (b)

(c) (d) (e)

(f) (g) (h)

Figure 4.1: Visualization of the PBE-optimized NCs published in paper II. (a)
Ag14S(SPh)12(PPh3)8 (NC-3) [120], and (b) Ag14(SC6H3F2)12(PPh3)8 (NC-4) [121]. (c)
Ag70S16(SPh)34(PhCO2)4(triphos)4 (NC-5) with its (d) core framework and (e) inner sub-
layers composed of core Ag and S atoms [122]. (f) [Ag123S35(StBu)50]3+ (NC-6) with its (g)
core framework and (h) inner sublayers composed of core Ag and S atoms [67]. Color code: Core
Ag is orange, surface Ag gray, core S green, surface S yellow, P pink, O red, C dim gray, H light
gray, and F soft green.
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4.1 Superatoms in Ag-S Nanoclusters

The core S atoms are enclosed by outer shells comprising surface Ag and S atoms. Each
core S atom can effectively (nominally) localize two electrons from its neighboring atoms,
behaving as an S2− ion. Hence, NC-3 has zero delocalized electron count (n∗ = 14 - 1 × 2
- 12 = 0), while NC-4 has n∗ = 2, because of the absence of the central core S atom that
localizes two electrons from the Ag14 kernel. Gell et al. has shown that the HOMO states
of NC-4 and Ag16(SC6H3F2)14(DPPE)8 correspond to the 1S2 superatomic configuration
localized at the Ag cores [123]. As with NC-3, NC-5 and NC-6 have total electron
counts of zero according to Eq. (1.4), considering that each benzoate ligand withdraws a
single electronic charge from the metal core. It is intriguing to analyze the symmetries of
the electronic density of states for these zerovalent Ag-S NCs and compare their electronic
configurations to those of pure Ag NCs with non-zero delocalized electrons.

We begin with the Ylm-analysis for the small-sized Ag-S NC. Figure 4.2a indicates
that the occupied states nearby the valence band edge of NC-3 have a superatomic P
character. However, the visualizations of these orbital states (Figures 4.2b and 4.2c)
suggest that an P character is due to the localized p-type orbital of the central S atom,
instead of a delocalized orbital within the whole cluster core. Figures 4.2d and 4.2e
display the unoccupied states which have visible S-symmetric components according to
the Ylm-analysis. However, these unoccupied states have significant weights at the side
groups; they do not qualify as superatomic states because of the strong character of
localized atomic orbitals associated to the ligands. According to the total electron count,
one may speculate that the superatomic states could exist in the conduction band edge
of NC-3 (n∗ = 0). However, the visualization of its LUMO state (Figure S3, supporting
information of paper II ) shows that the orbital mainly localizes at the triphenylphosphine
groups. No superatomic state has been identified in the other orbitals at the conduction
band edge of NC-3 either.

In contrast to the localized atomic states as featured byNC-3, the S and P superatomic
states become visible in NC-5 (Figure 4.3). The LUMO of NC-5 corresponds to an
S-symmetric state, whereas the LUMO+1 features a superatomic P character. In fact,
the LUMO+1, LUMO+2 and LUMO+3 of NC-5 correspond to the 1P6 superatomic
electronic shell (Figure S4, supporting information of paper II ). These superatomic states
fully agree with the sequence of 1S2|1P6| suggested by the Jellium model [44]. This is
an interesting feature in which the familiar examples of the superatomic states from
ligand-protected noble metal clusters [62], are also available in the conduction band of an
Ag-S NC.

In addition to NC-5, NC-6 has 1S and 1P symmetric states at its conduction band
edge as well, as shown in Figure 4.4. These larger-sized Ag-S NCs demonstrate that
superatomic states can exist in their conduction bands, provided that the cluster core
has a significant weight of Ag atoms. The superatomic states of Ag-S NCs are different
from those of pure noble-metal NCs such as [Ag44(SPhF)30]4– , which have superatomic
states in the valence and conduction bands [56, 57]. A 1D superatomic state exists in the
HOMO of [Ag44(SPhF)30]4– , whereas the LUMO features a 2S superatomic state followed
by a 1F shell (Figures 1.3 and 2.2). Figure 4.5 highlights the contrasting difference in
the locations of superatomic states for NC-5 and [Ag44(SPhF)30]4– (pure Ag NC). For
zerovalent clusters, the core S atoms localize (deplete) the s-valence electrons of Ag,
shifting the superatomic states from the valence band to the conduction band.

Let us recall that the Jellium model assumes a uniform positive background charge
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Figure 4.2: (a) Ylm-analysis of the electronic density of states for NC-3. (b) HOMO and (c)
HOMO-1 state of NC-3, which have distinctive p-type orbitals at the central S atom. The
unoccupied states at (d) 2.11 and (e) 2.30 eV, which have a visible S-symmetric component
according to the Ylm-analysis. However, these are not considered as superatomic states because
they demonstrate strong character of localized atomic orbitals in the cluster core and side groups.
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Figure 4.3: (a) Ylm-analysis of the electronic density of states for NC-5. (b) LUMO and (c)
LUMO+1 state of NC-5, which refer to the S-symmetric and P-symmetric states.

(contribution of ionic cores) for a spherical metallic cluster with free delocalized valence
electrons [54]. In the context of the Jellium model, the core S atoms and their arrangement
within the core frameworks (Figures 4.1e and 4.1h) do not effectively localize the valence
electrons of Ag atoms. Superatomic states can become notable in larger Ag-S NCs with
significant concentration of noble metal atoms, in which some delocalized valence electrons
(5s1 of Ag) can contribute to the superatomic characters. Despite the existence of core S
atoms, which is unfavorable (perturbation to the delocalized electrons) for the application
of the superatom model, NC-5 and NC-6 exhibit well-defined superatomic states that
are comparable to those of the superatomic characters observed for ligand-protected pure
noble metal NCs.

The existence of superatomic characters in the conduction band of Ag-S NCs has
inspired us to investigate the possibility of tuning the superatomic states. We performed
a DFT simulation on NC-5 with two of its benzoate ligands subtracted. The removal
of two benzoates renders the system as a superatom with a total electron count of 2
(n∗ = 70− 16× 2− 34− 2 = 2). Figure 4.6 shows the effect of stripping off the ligands
for NC-5. Upon the removal of ligands, NC-5 has a smaller band gap of 0.38 eV, with
its original HOMO level shifted to the other side of the original band gap (∼1.2 eV).
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(a) LUMO (b) LUMO+1

Figure 4.4: (a) LUMO and (b) LUMO+1 states of NC-6, which refer to the S-symmetric and
P-symmetric states.
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Figure 4.5: Locations of the superatomic states in (a) NC-5 and (b) [Ag44(SPhF)30]4– . NC-5
has its superatomic states available in its conduction band only; whereas [Ag44(SPhF)30]4– has
a superatomic configuration of 1S21P61D10, with its superatomic states found in the valence and
conduction bands.

The HOMO and LUMO states of this new system correspond to 1S and 1P superatomic
states, respectively. Such ligand removal can potentially cause Ag-S NCs to be effective
electron-donating agent due to their modified band gaps and superatomic orbitals.

4.2 Charge and Optical Analysis

Table 4.1 shows the effective Bader charges for the Ag14 NCs. In contrast to the
mixed phosphine-thiolate protected NC-1 and NC-2, the thiolates of Ag14 NCs deplete
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Figure 4.6: (a) Electronic density of states of Ag70S16(SPh)34(PhCO2)2(triphos)4. The removal
of two benzoates from the cluster renders the system as a total electron count of 2 and a smaller
band gap of 0.38 eV. The (b) HOMO and (c) LUMO states correspond to superatomic states,
such that the HOMO state resembles the S-symmetric state observed for LUMO.

electronic charge significantly from the Ag cores, while the Bader charges of phosphines
are relatively small. The thiolates of NC-4 differ from those of NC-3 by having F atoms.
In principle, the strong electronegative F atoms make the thiolates of NC-4 stronger
electron withdrawing units than those of NC-3. In the context of charge localizing effects
induced by thiolates on ligand-protected metal NC, earlier DFT analyses have concluded
that electron-withdrawing substituents have negligible effects on the charge distribution
of the icosahedral core of [Au25(SPhX)18]– [124, 125]. The former studies also implied
that the substituents mainly modify the charges of their neighboring atoms (S and C
atoms), but not the Au atoms in the icosahedral core. We presume that the same finding
is applicable to NC-4 having noble metal core protected by thiolates, and thus the Bader
charge distribution of the cluster core is not modified greatly because of the stronger
electron withdrawing units.

In general, the Bader charge distributions are approximately the same for Ag14 NCs,
except for the Ag6 octahedral kernel. If we eliminate the effect of electron-withdrawing
substituents, this charge difference in the Ag6 octahedral kernel appears to be induced
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Table 4.1: The Bader charges of NC-3 and NC-4. The average charge per atom and total
charge (in parentheses) are shown for each element. The total charges of the different groups of
atoms are reported in the lower part.

atom/group NC-3 NC-4
Ag8 0.32±0.01 (2.54) 0.31±0.01 (2.50)
Ag6 (octahedral) 0.33±0.01 (1.97) 0.22±0.02 (1.35)
S -0.45±0.09 (-5.86) -0.47±0.07 (-5.68)
C -0.02±0.12 (-5.15) -0.02±0.09 (-3.90)
H 0.04±0.07 (6.95) 0.05±0.06 (7.83)
P -0.06±0.04 (-0.46) -0.02±0.04 (-0.15)
F – -0.08±0.06 (-1.94)
Thiolates -5.12 -5.53
Phosphines 1.33 1.68
Central S (µ6-S) -0.73 –

Table 4.2: The Bader charges of NC-5 and NC-6. Values as in Table 4.1.

atom / group NC-5 NC-6
Ag (core) 0.30±0.02 (6.07) 0.30±0.01 (12.80)
Ag (surface) 0.35±0.04 (17.75) 0.34±0.01 (27.88)
S (core) -0.66±0.03 (-10.56) -0.65±0.02 (-22.92)
S (surface) -0.39±0.06 (-13.30) -0.38±0.02 (-18.86)
C -0.02±0.11 (-7.13) 0.00±0.08 (-0.03)
H 0.03±0.07 (11.20) 0.01±0.07 (4.13)
P -0.06±0.04 (-0.70) –
O -0.42±0.08 (-3.32) –
Thiolates -12.74 -14.75
Triphos 2.51 –
Benzoates -3.04 –

by the oxidation of the central S atom. Furthermore, the Bader charges for outer Ag
atoms (Ag8) retain the same magnitude in these NCs. This suggests that the introduction
of electron-withdrawing substituents in NC-4 mainly affects the charge transfer in the
surrounding phosphines rather than in the Ag core. Perhaps this is because of the closely
spaced phenyl groups of the phosphines and thiolates in NC-4.

Table 4.2 lists the Bader charges of NC-5 and NC-6, and their results reflect similar
trends with respect to those of Ag14 NCs. For these larger-sized NCs with sublayers
of Ag and S atoms, the charges of the core and surface S atoms were also considered
separately. On average, each S2– ion accumulates approximately 0.7 e as compared to 0.4
e by surface S atom. Therefore, the S2– ions within the Ag core have a greater tendency
to localize electronic charge than the S atoms from thiolates. The core Ag atoms of
these Ag-S NCs are positively charged (0.3 e), and these values differ from those values
(neutral or slightly positively charged ∼0.04 e) determined previously for core Ag or Au
atoms in noble metal NCs [56, 126]. The charge difference is subjected to the effect of
the presence/absence of sulfur in the cluster core.

Figure 4.7 shows the optical and TCM analysis of NC-3 and NC-5. The optical
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absorption profile does not suggest any prominent absorption peak for these NCs, and
this is in contrast to those of metal core AgNPs [56, 121]. The TCM plots display only a
linear contribution profile for the selected features. NC-3 displays few shoulder features
at the regime of 400 nm, and these features are mainly characterized to be transitions
from the core states to the ligand states (for instance, the LUMO state as shown in Figure
S3, supporting information of paper II ). NC-3 does not have an S superatomic state as
in NC-4, and the absence of superatomic state can potentially suppress the absorption
feature observed at 500 nm regime [121]. The TCM analysis of NC-5 indicates that the
superatomic states involve absorption transitions at 680 nm (1S) and 577 nm (1P). These
are characterized as transitions from the ligand states to the unoccupied superatomic
states.

4.3 Concluding Remarks

Ligand-protected pure noble metal NCs have been shown to possess superatomic features
in the literature. Ag-S NCs exhibit distinctive properties as compared to ligand-protected
pure silver NCs in relation to their core compositions, although they have similar protecting
agents such as thiolates and phosphines. In this work, we have extended the application
of the superatom model to Ag-S NCs having mixed metal and non-metal (chalcogen)
atoms. The prerequisite is that a sufficient contribution of 5s1 valence electrons from Ag
atoms is required to render the observed superatomic symmetries, and this criterion is
fulfilled by the silver sulfide NCs with a predominant contribution of Ag atoms in the
cluster core. However, the resulting superatomic states exist in the conduction bands of
these Ag-S NCs with zero delocalized electron counts.

Concerning NC-5, we have shown that a ligand-modification can modify the total
electron count of the cluster and tune its electronic structure and superatomic orbitals.
The scheme of ligand engineering for this kind of NC can suggest new ideas to realize
practical applications (effective electron donating agents).

Our Bader charge analysis for the Ag14 NCs co-protected by thiolates and phosphines
concludes that a significant charge transfer occurs from the Ag-S core to the thiolates
rather than phosphines. Our optical absorption analysis for NC-5 does not suggest
distinctive spectral features despite that the TCM analysis shows the participation of the
superatomic states in few electron-hole transitions.
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Figure 4.7: TCM analysis for the features observed in (a, b, c) NC-3 and (d, e, f) NC-5. The
bright spots of TCM data refer to transitions from the occupied states (bottom left panel) to
unoccupied states (top right panel). A brighter spot indicates a higher weight for the specific
transition pair involved, and the color code of angular momentum component is as in Figure
4.2a.



5 Superatom Model for Ag-S
Nanocluster with Delocalized
Electrons

In Chapter 4, we applied the superatom model to explain the superatomic states associated
to the ligand-protected NCs having mixed metal (predominant weight) and non-metal
atoms within their cores. In contrast to ligand-protected pure metal clusters, the Ag-S
NCs have zero delocalized electron counts and they only exhibit superatomic states in
their conduction bands. This finding inspires us to ask whether is it possible to have
Ag-S NCs with effective delocalized electrons, displaying superatomic characters in their
valence bands?

The nanoscience community has synthesized extensive range of NPs with mixed
metal and non-metal core atoms (chalcogen elements) [66]. However, these NPs have
zero delocalized electron counts according to Eq. (1.4) [62]. There was no relevant
experimental structure available in addressing the proposed question until the first Ag-S
NC with free valence electrons, [Ag62S12(StBu)32]2+ (NC-7) with n∗ = 4, was successfully
synthesized in the year 2014 [68]. Interestingly, this NC differs from a zerovalent Ag-S
NC, [Ag62S13(StBu)32]4+ (NC-8), only with respect to a central S atom [69]. Electronic
structure analysis of these closely related NCs could help us to address the question
concerning the existence of superatomic states in Ag-S NC with delocalized electrons.

The PBE-optimized structures of NC-7 and NC-8 are displayed in Figure 5.1. An
interesting core feature of these NCs is the face-centered cubic (FCC) motif of the
Ag14 kernel (Figure 5.1d). This kernel is surrounded by 12 core S atoms where each
core S atom forms bonds with two edge atoms (Ag8 cube) and one face-centered atom
(Ag6 octahedron). The core S atoms connect the FCC kernel with the external shell of
Ag48(StBu)32, which has 12 Ag atoms at the subsurface while 36 Ag atoms are at the
surface [68]. The core S atoms are nominally S2− ions, similar to those of the NCs studied
in Chapter 4, thus NC-7 has n∗ = 62 - 12 × 2 - 32 - 2 = 4.

The zerovalent cluster NC-8 differs from NC-7 by having an extra S atom placed
at the center of its Ag14 kernel (Figure 5.1b). The central S atom is encapsulated by
the Ag6 octahedral unit and it induces a significant structural effect on the Ag-S cluster
core. For instance, because of the absence of this central S atom, the calculated distances
between the opposing atoms of the Ag6 octahedron shrink significantly by 22% (average
of 4.11 Å) in NC-7 with respect to those of NC-8 (average of 5.25 Å). The simulation
results are consistent with the experimental findings. The experimental bond distances
also suggest that there are no Ag–Ag metallic bonds for the octahedron of NC-8 as
the average value of 3.012 Å is slightly longer than that of bulk Ag metal (∼2.889 Å)
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(a) (b)

(c) (d)

Figure 5.1: Visualization of the PBE-optimized NCs published in paper III (a)
[Ag62S12(StBu)32]2+(NC-7) [68] and (b) [Ag62S13(StBu)32]4+ (NC-8) [69]. NC-8 differs from
NC-7 by having an extra sulfur atom (highlighted by a yellow sphere) at the center of its Ag14
kernel (FCC motif). (c) Ag and S atoms that form the core framework of NC-7. (d) Core Ag
atoms (Ag14 kernel) and its surrounding 12 S atoms. Atomic color code as in Figure 4.1

[68]. The presence of the central S atom results in the elongated Ag–Ag bond distances
for the octahedron of NC-8. NC-8 resembles a zerovalent Ag2S NC similar to those of
zerovalent Ag-S NCs investigated in paper II, and its close proximity to NC-7 can be a
useful reference to compare Ag-S NCs with different delocalized electron counts.

5.1 Superatomic State in the Valence Band of Ag-S
Nanocluster

NC-7 has a spherical, Ag-S cluster core with a significant compositional weight on Ag
atoms. The spherical core favors the electronic shell closure numbers predicted by the
Jellium model (Sec. 1.3). According to the series of n∗ as shown in Figure 1.2 and
Eq. (1.3), the HOMO of NC-7 should have an P character, as it could be an open shell
configuration with a partially filled 1P6 shell (1S2|1P2). In this case, NC-7 could have a
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Figure 5.2: Ylm-analysis of the electronic density of states for NC-7 using different radial
cutoffs of (top) 2 Å, (middle) 4 Å, and (bottom) 7 Å with respect to the COM. The HOMO level
is positioned at the zero-energy level. Atomic color code as in Figure 5.1. Inset figures illustrate
the atoms that are enclosed within the chosen projection spheres.

stable triplet ground state, as suggested by the Hund’s rule. However, our simulation
results indicate otherwise and the singlet ground state is preferred with a 0.12 eV lower
total energy in comparison to the triplet state energy.

The Ylm-analysis of the electronic density of states for NC-7 can elucidate the under-
lying superatomic characters (Figure 5.2). NC-7 has a smaller band gap of 0.20 eV, in
contrast to the band gap of 1.40 eV for NC-8 (see Figure 2 of paper III ). However, a
large energy gap of 1.38 eV is notable between the HOMO and HOMO-1 of NC-7. At
first sight, one might associate the large energy spacing to the electronic gap between the
electronic shells of 1S2 and 1P6. But this is not clearly the case as we look at the angular
momentum resolved electronic states of NC-7.

With reference to the Ylm result using a projection sphere enclosing the whole Ag-S
core, PDOS indicates that both the HOMO and HOMO-1 states have a significant S
character. However, if one has a closer inspection on the visualization of the HOMO-1
state, the S-symmetric component mainly arises from the wave function localized at the
Ag6 octahedron, as shown by Figure 5.3b. Furthermore, the Ylm-analysis using a smaller
projection sphere confirms the predominant weight of the S-like HOMO-1 state in the
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(a) (b)

Figure 5.3: (a) HOMO-1 of NC-7 with its (b) S-symmetric wave function localized at the Ag6
octahedron.

deep core of the cluster. Although HOMO-1 of NC-7 has a strong S character within
the center, its significant weight on the other localized atomic orbital components of the
ligands and core S atoms implies that it is not a superatomic state.

As mentioned previously, the superatomic counting rule predicts that the HOMO of
NC-7 should be a P-symmetric state, with 1S2|1P2 electronic configuration due to its
n∗ of 4. Figure 5.4 displays the superatomic states observed in NC-7. However, the
HOMO state appears as an S-symmetric state with its wave function delocalized over
the whole cluster core (Figure 5.4a). Meanwhile, the P superatomic states have shifted
up in the conduction band edge as a group of nearly degenerate LUMO states (LUMO
to LUMO+2 as shown in Figure 5.4c–e). The existence of D superatomic state in the
LUMO+4 provides a further evidence to explain the superatomic character of NC-7.
The visualization of these delocalized states indicates that NC-7 has superatomic states
in both of its valence and conduction bands.

To further confirm the localized nature of HOMO-1, we have computed the inverse
participation ratio (IPR) values for the electronic states of NC-7 (Figure 5.5). The IPR
of a Kohn–Sham eigenstate α is defined by its basis orbitals ϕα,i as

IPR ≡
∑
i |ϕα,i|4

(
∑
i |ϕα,i|2)2 . (5.1)

Ideally, if an electronic state is equally distributed over all the N atoms of a system, its
IPR value is equal to 1/N . On the other hand, IPR is equal to one for an electronic state
that only localizes on a single atom of the system. Therefore, IPR is useful to characterize
the degree of localization of an electronic state, and a smaller number IPR implies that
the electronic state is more delocalized in nature. The HOMO of NC-7 shares the same
delocalized characteristic of LUMO and LUMO+4 states in the conduction band. In
contrast, HOMO-1 has an enhanced delocalized characteristic with its IPR value being
approximately 3 times larger than those of HOMO and conduction band edge states.
Hence, NC-7 has only one superatomic state (HOMO with S character) in its valence
band, featuring a system with 2 delocalized electrons.

In contrast to NC-7, the zerovalent NC-8 only displays superatomic characters in its
conduction band. Figure 5.6 illustrates the superatomic states of NC-8, and they have
distinctive spherical harmonic symmetries. This provides us further evidence to reaffirm
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Figure 5.4: The Kohn–Sham orbitals of NC-7 which have superatomic S, P and D characters.
Schematic diagrams of (b) s-orbital, (f) p-orbital, and (h) d-orbital are displayed for illustrative
purposes.

the conclusion of our earlier study (Chapter 4) on the superatomic features of zerovalent
Ag-S NCs.

Recall that the series of magic electron numbers (Eq. (1.3)) is predicted based on the
Jellium model, which assumes delocalized valence electrons confined within a spherical
sphere and subjected to an attractive mean field potential from the ionic cores [54]. The
simple electron counting rule suggests that NC-7 has an electronic shell of 1S2|1P2, but
our analysis indicates that it has an electronic shell closure of 1S2 instead. The deviation
from the prediction could be due to the electron localization effects induced by ionic
interactions from the core S atoms, and thus the Jellium model has its limits in accounting
the superatomic features for systems having mixed metal and non-metal core atoms.

5.2 Charge and Optical Analysis

Table 5.1 lists the distributions of Bader charges for NC-7 and NC-8. Overall, the
average charges per atom are consistent for these clusters regardless of their delocalized
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Figure 5.5: Electronic density of states (top panel) and inverse participation ratios of NC-7
nearby the band edges (bottom panel).

(a) 1S (b) 1P (c) 1D

Figure 5.6: (a) LUMO, (b) LUMO+1, and (c) LUMO+4 states of NC-8, which refer to the
S-, P- and D-symmetric states.

electron counts, except that the core Ag atoms of NC-8 lose more electronic charge
because of the central S atom. This central S atom has an effective Bader charge of
-0.71 e, and it depletes more electronic charge from the core Ag atoms than the other
core S atoms (an average of -0.64 e). The existence of the core S atoms results in Ag-S
NCs having varying charges distributed across the whole region. In contrast, the Bader
charges of pure metal NCs mainly locate at the core surfaces of NCs. For example, the
innermost Ag12 shell of [Ag44(SR)30]4− is neutral, while the Ag atoms in the outer shells
are positively charged because of the charge depletion induced by the ligand shell [56].

The optical absorption calculations for NC-7 and NC-8 were simulated using the
PBE functional in the earlier work [68], where Jin et al. reported that there was a
large red-shift of approximately 1.5 eV in the simulated absorption features with respect
to those of the experimental spectra. In order to cross-check whether this depends on
the chosen exchange-correlation functional, we performed optical absorption analysis
using both the PBE and Leeuwen-Baerends (LB94) functionals. The LB94 functional
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Table 5.1: The average charge per atom and total charge (in parentheses) are shown for the
elements of NC-7 and NC-8. For NC-8, the core S atoms exclude the central S atom. The
total charges of thiolates and cluster core are reported in the lower part.

atom/group NC-7 NC-8
Ag (core) 0.23±0.03 (3.26) 0.30±0.01 (4.25)
Ag (surface) 0.31±0.03 (14.78) 0.32±0.03 (15.32)
S (core) -0.64±0.02 (-7.65) -0.64±0.02 (-7.67)
S (surface) -0.36±0.02 (-11.39) -0.36±0.02 (-11.47)
C -0.08±0.05 (-9.69) -0.07±0.05 (-8.60)
H 0.04±0.02 (12.68) 0.04±0.02 (12.87)
thiolates -8.40 -7.20
Ag + S (core) 10.40 11.20

Wavelength [nm]

NC-7, PBE 
NC-7, LB94
NC-8, PBE 
NC-8, LB94
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Figure 5.7: Optical absorption spectra for the clusters NC-7 and NC-8, computed using the
PBE (solid curves) and LB94 (dash curves) functionals in this work. The optical transitions are
broadened by 0.1 eV Gaussians and the stick spectra correspond to those of PBE results.

has an asymptotically correct form at the long-range regime (1/R behavior for large R)
[127], and it can result in more accurate optical absorption results in some cases [123].
Figure 5.7 shows the simulated optical absorption spectra based on the PBE-structures
of NC-7 and NC-8. With reference to the main absorption features, the simulated
results are qualitatively consistent between the functionals, although the LB94 results
are blue-shifted with respect to those of PBE results. In comparison to the experimental
spectra (Figure 6a of paper III ), surprisingly the PBE results have better agreement than
the LBE94 functional in reproducing the main optical absorption features. Our results
suggest that the PBE functional is still a valid option in reproducing the experimental
optical absorption spectra of Ag-S NCs. Previously, it has been shown that optical
absorption simulations using the PBE functional can reproduce reasonably accurate
spectra for ligand-protected pure noble metal (Au and Ag) NCs [56, 128].

In order to investigate the optical transitions that correspond to the main features
of spectra, we apply the TCM analysis with respect to the PBE optical absorption
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results. Figure 5.8 displays the TCM analysis of NC-7 and NC-8. With reference to the
electronic density of states projected onto their atomic orbitals (Figure 2 of paper III ), the
occupied states of both NCs have a predominant weight of Ag(5d), while the unoccupied
states display a predominant weight of Ag(6s)/Ag(6p). The optical transitions of these
NCs belong to the d → sp interband transitions. The target features of both clusters at
the transition regime of 520–530 nm (Figures 5.8a and 5.8d) mainly involve transitions
from the core states to the P superatomic states. These transitions also have partial
contributions involving the S superatomic states, but the S-symmetric states of NC-7
(HOMO) and NC-8 (LUMO) are in the valence and conduction band, respectively. On
the other hand, the absorption features at the transition regime of 410–430 nm (Figures
5.8b and 5.8e) have significant contributions from the core states to the D superatomic
states. A notable difference between these spectra can be observed for the target feature
of NC-8 at 850 nm (5.8c), which corresponds to the HOMO-LUMO transition that was
not observed in the experiment [68].

5.3 Concluding Remarks

Our electronic structure analysis demonstrated the existence of superatomic states in
NC-7 with delocalized electrons. The detailed investigation on its delocalized electrons
showed that the HOMO of NC-7 has a superatomic S character, in contrast to the P
character predicted based on the spherical Jellium model (1S2|1P2). The Ylm-analysis
using different radial cutoffs and IPR analysis suggest that the HOMO-1 of NC-7 is not
a superatomic state as its S-symmetric character is confined only to the innermost Ag6
octahedron rather than over the whole cluster core. The locations of superatomic states
have shifted such that the HOMO of NC-7 is a 1S2 superatomic state, while the 1P6

states manifest themselves in the conduction band edge. This finding could be due to the
ionic core interactions from core S atoms, which confine the HOMO-1 state in the center
of the cluster and thus suppress its delocalized character.

The effective Bader charge analysis suggests that the distribution of electronic charges
remains approximately the same in the presence of effective delocalized electrons. NC-8
displays the superatomic states in its conduction band, and this reaffirms the previous
finding for zerovalent Ag-S nanoclusters with significant weight of metal core atoms
(Chapter 4). The optical absorption analysis suggests that the PBE functional can
reproduce the experimental absorption features of the Ag-S clusters with a good agreement,
in contrast to the earlier simulated spectra with a large red-shift [68]. The main absorption
features of NC-7 and NC-8 are assigned to those transitions to the superatomic states
in the conduction band.
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Figure 5.8: TCM analysis for the features observed in (a, b) NC-7 and (c, d, e) NC-8. Color
code of angular momentum component as in Figure 5.2.





6 Electrooxidation of Di-Superatomic
Nanoclusters

[Au25(PPh3)10(SC2H4Ph)5Cl2]2+ (NC-2) is not the only example of NC having a biicosa-
hedral cluster core. In contrast to the vertex-sharing Au25 biicosahedral core of NC-2,
Au38(SC2H4Ph)24 (NC-9) has a Au23 cluster core composed of two Au13 icosahedra
sharing a facet (face-sharing mode) [129]. Considering the electron localization effect due
to thiolate side groups, NC-9 and NC-2 have biicosahedral cores Au239+ and Au259+,
which have 14 and 16 effective delocalized electrons, respectively. The Au239+ has 1S and
1P superatomic orbitals within individual Au13 icosahedra, which renders the whole cluster
to have an electronic configuration of (1σ)2(1σ∗)2(1π)4(2σ)2(1π∗)4 upon the interaction
of these two superatoms [130]. Correspondingly, the 1S and 1P superatomic orbitals of
NC-2 constitute an electronic configuration of (1σ)2(1σ∗)2(1π)4(2σ)2(1π∗)4(2σ∗)2 [131].
These NCs represent examples of di-superatomic NCs having Au13 units combined in
a manner analogous to the formation of a di-atomic molecule from two atoms. Figure
6.1 illustrates the schematic representation of the bonding scheme for the superatomic
orbitals in NC-9 and NC-2.

Figure 6.1: Schematic diagram of bonding schemes for (a) Au239+ (14 e) and (b) Au259+ (16
e) from their superatomic orbitals. Optical transitions A, B, and C correspond to the peaks
observed in the spectrum (Figure 6.2).

As analogues of dimer molecules, Au239+ and Au259+ cluster cores have bonding natures
corresponding to an F2 molecule and a van der Waals dimer of Ne atoms, respectively.

53
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The bond distance of a molecule is the structural parameter measuring the interaction
between the two atoms. For instance, the F–F bond of F2 decreases from 1.44 to 1.33
Å upon ionization, and this is due to the removal of one electron from the anti-bonding
HOMO state [132]. Meanwhile, the Ne–Ne bond decreases significantly from 3.09 to
1.7 Å upon ionization, and this is because of the charge-resonance stabilization in Ne2+

[133, 134]. Do we observe similar structural changes in NC-9 and NC-2 induced by the
modification of their charge states? This chapter aims to compare the structural changes
of superatomic NCs induced by electrooxidation to the structural effect of diatomic
molecules induced by ionization.

6.1 Redox Behavior of Au38(SC2H4Ph)24

Figure 6.2a displays the experimental optical absorption spectrum of NC-9. The ab-
sorption peaks are positioned at 1.18 eV (peak A), 1.65 eV (peak B), and 1.97 eV (peak
C), agreeing with the earlier finding [135]. These absorption peaks were theoretically
assigned to the electronic transitions of HOMO (1π∗) → LUMO (2π∗), HOMO-1 (2σ) →
LUMO+1 (2σ∗), and HOMO (1π∗) → LUMO+3, respectively (Figure 6.1a) [136].

Figure 6.2: (a) Optical absorption spectrum and (b) CV measurements of NC-9 performed
by our colleagues in paper IV. The arrow in the CV graph indicates the open circuit potential.

Figure 6.2b indicates the cyclic voltammetry (CV) measurement at different scan rates
for NC-9. Two pairs of redox peaks (0/+1 and +1/+2) are coupled at the same voltage
irrespective of the scan rate. The peak-to-peak separations of the two couples are 61 and
58 mV, respectively, at a scan rate of 100 mV/s [137]. The CV measurements suggest
that NC-9 and its oxidized products (1+ and 2+ states) are stable in the electrolyte
solution upon the reversible ramping of voltage. The optical absorption measurement of
the oxidized forms of NC-9 are shown in Figure 6.3a. The positions of absorption peaks
A, B, and C of NC-9 remain the same upon the electrooxidation process. However, the
intensities of these peaks vary with respect to the charge states of NC-9. The reduction
of the peak intensities of A and C upon oxidation to 1+ and 2+ states is due to the
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reduced probability of transition from HOMO (1π∗) orbital (removal of electron(s) in
the HOMO of NC-9). Based on the same reasoning, the intensity of peak B remains
constant because the HOMO (1π∗) orbital is not involved in this transition.

Figure 6.3: (a) Optical absorption spectra of [Au38(SC2H4Ph)24]0+, [Au38(SC2H4Ph)24]1+,
and [Au38(SC2H4Ph)24]2+. The different charge states of NC-9 are labeled as 10, 11+, and
12+ in the graph. (b) Optical absorption spectra of 11+ and 12+ following subtraction of the
spectrum 10. Measurements were performed by our colleagues in paper IV.

Figure 6.3b confirms the stationary positions of absorption peaks upon the electrooxi-
dation of NC-9. This observation indicates that energy levels of the superatomic orbitals
of NC-9 remain the same irrespective of the charge state. Since the electronic structure
of small NCs are sensitive to the slight modification in geometric structure [138], these
experimental absorption results suggest the rigidity of NC-9 against the redox reactions.

Furthermore, structural optimizations of NC-9 and NC-92+ were performed using
the GPAW program to inspect the effect of charge states on the bond distances of core
structures. The PBE-computed structural effect induced by different charge states is
summarized in Figure 6.4 and Table 6.1. The bond distances in the core structure have
negligible changes upon the modification of charge states. Perhaps this is caused by
the consistent symmetry of the HOMO orbitals in these structures, with only one of
the HOMO (1π∗) orbitals in NC-9 getting promoted to become the LUMO orbital of
NC-92+ (Figure 6.5). Therefore, there is no distinctive structural effect induced by
electronic factors. Furthermore, the rigidity of Au239+ can be due to the structural factors
such as the strong protection of the –SR–Au–SR– oligomers that bridge across the
waist of the two Au13 units. The face-sharing mode of biicosahedral core Au239+ can
favor the rigidity of the cluster core in NC-9 as well.
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Figure 6.4: Illustration of the optimized core structure of NC-9q+ (q = 0 or 2). The three Au
atoms (AuF) of face-sharing mode between the two Au13 units are highlighted in khaki color.
The centers of individual Au13 units are highlighted in light-pink color. Color code of the other
atoms: Au, gold and S, yellow. The carbon and hydrogen atoms are omitted for clarity.

Table 6.1: The computed bond distances of the selected group of atoms in the core structures
of NC-9q+ (q = 0 or 2). The three Au atoms of face-sharing mode and the centers of individual
Au13 units are labeled as AuF and AuI, respectively. Structural optimization of NC-9 in these
charge states demonstrates the negligible change in the Au239+ core.

Selected Bond Distances NC-90+ NC-92+

AuI –AuI 4.17 Å 4.14 Å
AuI –neighboring Au atoms 2.870±0.028 Å 2.882±0.028 Å
AuF –AuF 3.443±0.026 Å 3.443±0.034 Å

6.2 Redox Behavior of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+

Figure 6.6a demonstrates the main optical absorption peaks measured at 1.84, 2.98, 3.30,
and 3.76 eV, which agree with those reported in the earlier work [103, 139] and confirm
the synthesis of NC-2 in this work. Figure 6.6b shows the CV measurements of NC-2.
The irreversible waves in both the oxidative and reductive potential regimes suggest that
NC-2 becomes unstable upon the electrooxidation.

Figure 6.7 indicates the time evolution of optical absorption spectra obtained during
the one-electron oxidation of NC-2 at 0.60 V. The spectral profile modifies with time
and three isosbestic points are observed in the spectra during the oxidation process. The
absorption peak at 1.84 eV decreases and the optical gap becomes smaller during the
electrooxidation. These observations suggest that product of other structural form was
formed upon the electrooxidation of NC-2, and this modifies the original profile.

DFT simulations were performed to investigate the structural and optical prop-
erties of the one-electron oxidation product of NC-2. Structural optimization of
[Au25(PPh3)10(SC2H4Ph)5Cl2]3+ (NC-2(+)) starting from the biicosahedral Au25 core
with eclipsed and staggered configurations (Figure S5, supporting information of paper IV )
will result in the eclipsed motif, which is similar to the core of NC-2 (Figure 6.8a). Hence,
the structural optimization results do not imply that a staggered (twisted biicosahedral
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(a) HOMO of NC-9 (b) LUMO of NC-9 (degenerate)

(c) HOMO of NC-92+ (d) LUMO of NC-92+

Figure 6.5: (a) HOMO and (b) LUMO of NC-9. (c) HOMO, and (d) LUMO of NC-92+. Note
that the HOMO and LUMO of NC-92+ share the same 1π∗ symmetry. One of the degenerate
HOMO (1π∗) orbitals in NC-9 has been promoted to become the LUMO of NC-92+. Color
code: Au, gold; S, yellow; and C, dim gray. The hydrogen atoms are omitted for clarity and the
molecular orbital states are displayed using a cutoff value of 0.03 a.u.

core) [140] configuration is preferred as the oxidized product of NC-2.

Previous theoretical simulations suggested that the HOMO of NC-2 has an anti-
bonding character (Figure 6.1b) [107, 141], hence the distance between the two Au13 units
is expected to become smaller upon the oxidation process. Our simulations suggest that
the average distance between the neighboring Au atoms at the waistline of biicosahedral
core are 3.230±0.018 and 3.270±0.015 Å for NC-2 and NC-2(+), respectively (Figure
6.8a). This is contrary to the prediction from the bonding scheme as shown in Figure
6.1b, and the reason is that the HOMO of NC-2 has a bonding character in the present
simulation (Figure 6.9a). The profile of HOMO state suggests that it is constructed
via bonding interaction between 1P superatomic orbitals of the Au13 units. Based on
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Figure 6.6: (a) Optical absorption spectrum and (b) CV measurements of NC-2 at different
scan rates. Measurements were performed by our colleagues in paper IV.

Figure 6.7: Optical absorption spectra of NC-2 following electrolysis at 0.60 V. Arrows
pointing the isosbestic points of spectra. Measurements were performed by our colleagues in
paper IV.

Figure 6.1b, the HOMO of NC-2 refers to a 2σ state, whereas both the HOMO-1 and
HOMO-2 states refer to 1π∗ states; and the HOMO-3 refers to a 2σ∗ state (Figure 6.9).
Therefore, the energetic ordering for the HOMO and HOMO-3 has been interchanged.
This observation can be due to the full-ligand model employed in the present simulation.
The energetically closely-spaced orbitals with superatomic 1P character are sensitive to
the effects of localized p-orbital components from individual sulfur atoms at the cluster
waistline. This ligand effect lowers the energy of the 2σ∗ state.

Figure 6.8 illustrates the simulated optical absorption spectra of NC-2 and NC-2(+)
using the PBE-functional. The characteristic features of the experimental spectra (Figure
6.6a) are reproduced in the simulated spectrum of NC-2. The characteristic peak at ∼1.7
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Figure 6.8: (a) Optimized core structures and (b) simulated optical absorption spectra of
NC-2 and NC-2(+). The individual transitions have been multiplied by a factor of 20. There
is only a slight increment for distances between the nearest neighboring Au atoms of the Au13
upon the electrooxidation process.

eV for NC-2 is still present for NC-2(+), which is inconsistent with the experimental
measurement. This contradiction suggests that the oxidized form NC-2(+) is unstable
in solution and thus it has transformed into a different structure or structures.

The CV measurement and optical absorption analysis suggest that the vertex-sharing
Au259+ core undergoes irreversible structural change upon the electrooxidation process.
On the account of the stability of clusters in relation to protecting-ligands, phosphine-
protected Au NCs such as [Au11(PPh3)8Cl2]2+ are electrochemically unstable [142], while
thiolate-protected Au NCs such as [Au25(SR)18]− are stable upon the electrooxidation
process [142, 143]. The difference in the stability of Au239+ and Au259+ di-superatomic
NCs could be related to the different natures of protecting groups. NC-2 does not
have –SR–Au–SR– oligomers and its mixed phosphine-thiolate ligands do not indicate
exceptional stability.

6.3 Concluding Remarks

The face-sharing Au239+ biicosahedral core protected by Au–SR oligomers retains the
structure upon oxidation process, demonstrating the rigidity of the core structure. Its neg-
ligible electrooxidation-induced structural modification is in contrast to the corresponding
molecule F2 where the diatomic bond length decreases in a distinctive manner. The
rigidity of the Au239+ core in Au38(SC2H4Ph)24 could be associated to the protection of
–SR–Au–SR– staple groups that bridge the two Au13 icosahedra and the face-sharing
mode of its biicosahedral core. The HOMO state of Au38(SC2H4Ph)24 retains its anti-
bonding character upon the electrooxidation, and there is no distinctive structural effect
induced by electronic factors. On the account of the stability of mixed phosphine-thiolate
protected Au259+ core of NC-2, the core structure becomes unstable and undergoes
irreversible structural change. This electrochemical instability is assigned to the bonding
nature of the protecting phosphine ligands. Clearly, di-superatomic NCs have different
structural behaviors than diatomic molecules upon oxidation, indicating that the sophis-
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(a) HOMO, -7.075 eV (b) HOMO-1, -7.321 eV

(c) HOMO-2, -7.329 eV (d) HOMO-3, -7.379 eV

Figure 6.9: (a) HOMO, (b) HOMO-1, (c) HOMO-2, and (d) HOMO-3 of NC-2 determined
using the PBE functional. The eigenvalues demonstrate that these states are close to each other
and their energetic ordering can be sensitive to external factors such as neighboring localized
orbital components. Color code: Au, gold; P, pink; S, yellow; Cl, light green; C, dim gray. The
hydrogen atoms are omitted for clarity.

ticated interplay between structural (sharing mode of icosahedra, nature of ligands) and
electronic factors is important to determine the stability of NCs.



7 Conclusion

Ligand-protected NCs have been widely studied owing to their unique properties for
real-life applications. Among the huge number of candidate clusters, this thesis focuses on
investigating those ligand-protected NCs featuring superatomic properties. The Jellium
model has been applied to account the superatomic features of clusters having core metal
atoms with delocalized valence electrons, and a classic example was demonstrated by the
discovery of magic numbers (n∗ = 8, 20, 40, 58, . . .) in Na clusters. The Jellium model is
based on the assumption of having delocalized valence electrons moving in an attractive
mean field potential due to the ionic cores, and this has been a simple yet useful model
used to explain the electronic shell closures and symmetries of superatomic states. Taking
into account the charge localizing effect of ligands, ligand-protected Au or Ag NCs have
demonstrated the success of superatom model.

Our study of the biicosahedral Au24 and Au25 clusters indicates that they are ex-
amples of di-superatomic NCs. Although the vertex-sharing Au atom (the central
Au atom) is absent in the biicosahedral Au24 core of [Au24(PPh3)10(SC2H4Ph)5Cl2]+,
the total delocalized electron count of cluster remains the same as the case of
[Au25(PPh3)10(SC2H4Ph)5Cl2]2+. The consistent electron count n∗ = 16 in these NCs
result in a superatomic configuration of 1S21P6 in each individual icosahedra. The missing
central Au atom does not impose significant changes in the electronic structure of the
di-superatomic NC, implying the similarity of electronic structures for these cluster cores.
Nevertheless, the absence of the central Au atom poses structural effects such as reduced
distances between the Au5 interplanes and hardening of the Raman-active breathing
mode.

Intuitively, one can understand that the superatom model favors NCs having pure metal
core atoms that contribute to the delocalized valence electrons. Our electronic structure
analysis on the ligand-protected Ag-S NCs has demonstrated that the application of
superatom model is not limited to clusters with pure metal core. Ag-S NCs, which have
mixed metal and non-metal (chalcogen) core atoms, can display superatomic characters
provided the metal atoms form the majority in the cluster core. For the Ag-S NCs with
zero effective delocalized electron counts, superatomic states exist in their conduction
bands and these delocalized states arise from the atomic 5s1 orbitals of Ag atoms.

The unique Ag-S NC, [Ag62S12(StBu)32]2+ (NC-7), with non-zero effective delocalized
electrons has allowed us to compare its superatomic features with those of Ag-S NCs
having zero effective delocalized electrons. The Jellium model predicts that NC-7 should
possess a HOMO state of superatomic P character, because of its four delocalized electrons
(1S2|1P2). However, a detailed electronic structure analysis indicates that the HOMO
state features a 1S2 superatomic state, while the LUMO state is of a superatomic P
character. The shifting of the energetic levels is ascribed to the charge localizing effect of
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the core S atoms despite the component is marginal. Nevertheless, superatomic states
exist in both the valence and conduction bands of NC-7, and this has not been observed
in the other Ag-S NCs before.

Au38(SC2H4Ph)24 and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ are analogous di-superatomic
NCs corresponding to F2 and Ne2 molecules, based on their delocalized electron counts.
The bond distances of the di-atomic molecules F2 and Ne2 decrease substantially
upon oxidation. However, the experimental and DFT results suggest the rigidity of
the core-framework in Au38(SC2H4Ph)24 during the electrooxidation process. This
stable core structure is related to the face-sharing mode of biicosahedral core and
bridging of icosahedra by the –SR–Au–SR– oligomers. Concerning the stability of
[Au25(PPh3)10(SC2H4Ph)5Cl2]2+ upon electrooxidation, experimental and DFT simu-
lation suggest that the cluster undergoes an irreversible structural modification. The
redox behaviors of these NCs cannot be simply predicted based on the bonding scheme
as suggested by the interaction of superatomic units (individual icosahedra).

As a summary, the superatom model is robust in explaining the characters of delocalized
orbitals for ligand-protected NCs. The prerequisite is that the major component of a
cluster core needs to be a metallic element having delocalized valence electrons. However,
the superatom model has its limitations to be generalized for NCs with mixed metal and
non-metal core atoms. The locations of superatomic states are sensitive to the other
structural factors such as the arrangement of non-metal core atoms and the nature of
protecting-ligands. This work does not detail the exact mechanism of how do the locations
of superatomic states get modified in relation to those factors. Further systematic tests
are required to demonstrate the sophisticated interplay between structural and electronic
factors in featuring the superatomic characters of NCs.
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ABSTRACT: The crystal structures of the ligand-protected
c l u s t e r s [ A u 2 4 ( P P h 3 ) 1 0 ( SC 2H 4 P h ) 5C l 2 ]

+ a n d
[Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ have been elucidated re-
cently, and they comprise the same biicosahedral structural
motif for the Au core. The only difference is the central Au
atom joining two icosahedra which is absent in the Au24
cluster. On the basis of density functional simulations, we have
evaluated the structural, electronic, optical, and vibrational
properties of the clusters in question with a full presentation
for the thiolate and phosphine side groups. Our spherical
harmonics analysis of the electronic structure shows that the chemical stability of both clusters can be understood based on an
8 + 8 electron superatom model, where each icosahedron represents a closed-shell superatom of its own with a 1S21P6 electronic
configuration. Similar optical absorption and circular dichroism spectra are computed for the two cluster sizes. The hollow site in
Au24 makes the cluster more rigid as the associated icosahedral strain in the Au core is released. This results in a significant
shortening of interplanar Au−Au distances and increases the breathing mode frequencies of the individual Au icosahedra.

■ INTRODUCTION

There is widespread interest in using gold nanoparticles for site-
specific bioconjugate labeling and sensing, drug delivery,
medical therapy, molecular recognition, molecular electronics,
and catalysis.1−3 In recent years, the various modifications to
the seminal Brust−Schiffrin synthesis4 have yielded a precise
control of size and composition of thiol and thiol/phosphine
stabilized gold clusters.5 Clusters with less than about 2 nm in
diameter exhibit several interesting electronic, magnetic, optical,
and chemical properties arising from the quantized states of the
confined electrons in the metal core.
The ultrasmall gold nanocluster, [Au25(PPh3)10-

(SC2H5)5Cl2]
2+, with two icosahedral Au13 units connected

by a single vertex atom was first synthesized by Shichibu et al.6

A similar biicosahedral Au25 cluster, [Au25(PPh3)10-
(SC2H4Ph)5Cl2]

2+, with the same core framework but having
different thiolate side groups was reported by Qian et al. later.7

Most recently, a Au24 cluster with the absence of the single Au
atom that previously connected the two icosahedral Au13 units
has also been synthesized and structurally resolved by X-ray
diffraction.8

The geometrical and electronic structures are important key
factors ensuring the stability of selected nanoclusters. Small
ligand-protected gold nanoclusters favor a highly symmetrical
core (such as an icosahedral core) with staple motifs such as
[RS(AuSR)x] (x = 1 − 3) oligomers or phosphine/thiolate
ligands.9−11 The electronic stability of ligand-protected gold
clusters can be inferred based on the electron counting rule,12,13

which has its origin in the quantized shell structure of valence
electron density, described conveniently by the jellium model.14

The jellium model has been applied to a metal cluster where
the valence electron density can be considered as fully
delocalized, and it suggests that the exceptional stability of
particular cluster sizes is associated with a shell-closing electron
count n* of

* =n 2, 8, 18, (20), 34, (40), 58, 92, 138, ... (1)

These numbers correspond to electron shell closures in an
anharmonic mean-field potential derived for a spherical (3D)
quantum dot. Other stable electron counts are also possible
depending on the mean-field potential profile used for systems
with different symmetries (e.g., octupole deformed).15

Recently, it was demonstrated for several ligand-protected
gold clusters that they can be considered as superatom
complexes formulated as (LS·ANXM)

z.12,13 Here, the ligands X
withdraw electrons from the core metal atoms A, whereas the
weak Lewis base ligands L connect to A without causing any
charge transfer. The binding of X and L to A of the gold cluster
affects the electron count derived from the Au-6s electrons by
including electron transfer and localization effects. Correspond-
ingly, the shell-closing electron count n* for a superatom
complex is given as
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= − −n Nv M zA (2)

where N is the total number of A; vA is the atomic valence
(here, 1 for Au); M is the total number of X (assuming a
withdrawal of one electron per X); and z is the overall charge of
the complex in units of |e|. For the systems considered in this
study, phosphines play the role of L and thiolates and halides
the role of X. n is an important parameter describing the
″metallicity″ of the cluster complex since the number of free sp-
type electrons in the metal core determines the character of
low-lying optical excitations and chemical response. For
approximately spherical systems, exceptional stability can be
expected when the condition n = n* is fulfilled as discussed
above, and for nonspherical clusters other “magic” electron
numbers may be found.16,17

Let us now consider the electron count for the
[Au24(PPh3) 1 0(SC2H5)5Cl 2]

+ and [Au25(PPh3)1 0 -
(SC2H5)5Cl2]

2+ clusters. Each Au atom contributes a single
valence electron from its 6s shell to the electron count n*. Both
systems have 5 electron-localizing thiolate side groups and 10
phosphine ligands acting as Lewis bases. Furthermore, one has
to take into account the total charge of the system and that the
Cl ions withdraw two electrons via ionic bonds. Hence, eq 2
suggests that the resulting number of ″free″ valence electrons
equals to 16 for both clusters (Au24: 24 - 5 - 1 - 2, Au25: 25 - 5 -
2 - 2). The electron count 16 does not match with the
superatom shell-closing numbers of eq 1. One should note here
that the cluster shape is strongly prolate, while the shell-closing
electron count has been discussed in the context of a spherical
potential. In addition, the biicosahedral structure of the clusters
makes it tempting to speculate with a ″dimer″ model where the
cluster comprises two building units both electronically and
geometrically, as originally discussed by Shichibu et al. based on
the optical absorption analysis.6 We note that a similar dimer
model has been recently proposed for the electronic structure
of Au40(SR)24 based on a predicted structure which has also 16
″free″ valence electrons.18

In this article, we study the structural, electronic, optical, and
vibrational properties of the biicosahedral Au24 and Au25
clusters by performing density functional simulations for
these compounds with full thiolate and phosphine side groups.
We pay special attention to the role of the central Au atom in
Au25 which does not appear crucial for the cluster’s stability as
the same structure can be achieved for Au24 without this atom.
We also show that one can explain the stability of these clusters
by applying the superatom picture, when one considers the two
icosahedral parts of the cluster as 8-electron superatoms of their
own; i.e., the clusters themselves comprise 8 + 8 electron
superatom dimers.

■ METHODS

We have computed Au clusters with the same compositions and
structures as those reported in refs 6 and 8, and we refer to the
clusters [Au24(PPh3)10(SC2H4Ph)5Cl2]

+ and [Au24(PPh3)10-
(SC2H5)5Cl2]

+ as 1 and 2, respectively. The clusters with the
Au25 core framework (and central Au atom) are denoted with a
prime, ′. An important aspect of this work is that we consider
the full phosphine and thiolate side groups of the synthesized
clusters without replacing them with smaller analogues, and this
enables us to perform more accurate analysis of the electronic
structure (in particular charges). Naturally, this means also
increased computational cost, and for example, the cluster 1′,
[Au25(PPh3)10(SC2H4Ph)5Cl2]

2+, comprises 457 atoms in total.

The cluster geometries were optimized in the gas phase by
using the Car−Parrinello molecular dynamics (CPMD)
package19 which is based on the density functional theory
(DFT) of electronic structure. The electron−ion interaction is
described by using the norm-conserving and scalar-relativistic
Troullier−Martins pseudopotentials with a 5d106s1 valence for
Au,20 and the kinetic energy cutoff for the plane wave basis was
set to 70 Ry. The periodic boundary conditions were switched
off by using a Hockney-type Poisson solver21 in a cubic
simulation box of 30 Å sides. The exchange-correlation energies
Exc were approximated with the PBE and TPSS functionals.
PBE is based on the generalized gradient-corrected approx-
imation (GGA) scheme which considers the electronic density
and its gradient,22 and TPSS is a meta-GGA scheme which also
takes into account the kinetic energy density of orbitals by
applying the generalized Kohn−Sham scheme.23 TPSS is more
expensive than PBE in terms of computational cost; however, it
can improve the calculated bond distances and energetics in
molecules,23 and this has been demonstrated earlier for
Au25(SR)18

− compounds.24

The Bader method of ″atoms in molecules″ was used for
computing atomic effective charges.25 For the analysis of
electronic structure we used DFT and for optical absorption
and circular dichroism (CD) spectra Casida’s formulation of
the linear response time-dependent DFT as implemented in the
real-space grid program GPAW.26 The optical absorption and
the CD spectra were computed using the local density
approximation (LDA) exchange-correlation functional for
initial structural relaxation and the PBE functional to calculate
the spectra (LDA results in systematically shorter Au−Au
bonds than PBE in better agreement with experiment).
Structural relaxation was done with a 0.20 Å grid spacing and
calculations of the optical absorption and CD spectra with 0.25
Å. We performed the superatom electron state analysis by
projecting the Kohn−Sham wave functions onto the spherical
harmonics (Ylm), both with respect to the center of mass and
with respect to the center of the icosahedral ends by using a 3.5
Å cutoff distance.12

In the gas phase, floppy modes of the bulky side groups can
cause numerous unimportant low-frequency modes which
make the vibrational analysis difficult. To simplify our
calculations for vibrational properties, we replaced the
triphenylphosphine and alkanethiolate side groups in 1 and 2
with simple phosphines and methanethiolates, and the resulting
systems have compositions of [Au24(PH3)10(SCH3)5Cl2]

+ and
[Au25(PH3)10(SCH3)5Cl2]

2+. We denote the Au24 and Au25
clusters with this composition as 3 and 3′. The composition of
3′ is the same as the cluster analyzed by Nobusada et al.
previously.27 The vibrational frequencies and eigenmodes were
determined using a finite difference method with atomic
displacements of 0.01 Å in each Cartesian direction by using
the program CP2K (further details are provided in the
Supporting Information).28

■ RESULTS
Structural Analysis. We refer to the clusters with

compositions and structures the same as those reported in
refs 6 and 8 as 1/1′ and 2/2′, respectively. Figure 1 illustrates
the structures of the clusters 1 and 2′ and their Au core
frameworks. The absence of the central Au atom in 1 is visible
as a hollow site in the cluster core region, and the cluster side
groups differ only with respect to the five thiolate groups on the
cluster waistline as indicated by the white arrow in Figure 1.
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Unlike for several thiolate-passivated Au clusters,12,13 the
presence of thiolates does not involve Au atoms in the ligand
layer, and the core comprises all (24/25) gold atoms in a
biicosahedral arrangement with a D5h symmetry. The central Au
atom itself resides in a center of a decahedron with 12 nearest
neighbors, where the associated 5-fold symmetry results in
strain. The removal of the central Au causes a noticeable
decrease in the Au−Au distances between the planes b and c
(Figure 1(d,e)) as the hollow site is formed and the structure
releases strain. A similar effect was reported recently for the
icosahedral model structure of Au144(SR)60 where it was
energetically favorable to remove the central atom from the
initial 145 atom geometry.29

The structural parameters of the clusters 1 and 1′ are
summarized in Table 1. The results show that PBE and TPSS

functionals overestimate the Au−Au bond distances with
respect to their experimental results by 2.5−2.7% and 1.5−
1.7%, respectively. This is particularly clear for the Au−Au
distances between the planes b and c, where the experimental
values are systematically 0.09−0.15 Å shorter. Our PBE results
for the Au−Au bonds of 1 are very similar to the calculations of
3 in ref 8, with a hybrid exchange functional (PBE0). The TPSS
functional provides us more accurate estimations for the Au−
Au distances. However, the PBE functional offers a slightly
better estimation for the Au−P and Au−S bond distances
although the improvement is not significant.
One should note that the experimental structural parameters

are based on the crystal structures, whereas the computations
have been performed in the gas phase without charge balancing
counterions. For example, the balancing counterion for the
Au25 clusters is [SbF6]

− as reported in refs 6 and 7. The
[SbF6]

− anion exists in the region adjacent to the thiolates, and
it has a comparable size. The electrostatic interaction between
anions and thiolates can result in a shorter Au−S bond distance.
For example, we have reanalyzed the geometry of Au25(SR)18

−

in the crystal structure and gas phase (published initially in ref
24) and notice that the presence of counterions reduces Au−S
bonds by 1% (from 2.430 to 2.407 Å), while the Au−Au bonds
increase by 1−2%. The counterion effect (environment) should
also been taken into account for the discrepancies in calculated
bond distances.
The Au−Au distances between the planes b and c (Figure

1(d)) are found to be considerably shorter for cluster 1 than
cluster 1′ (3.015/3.160 Å), and this finding agrees with the
conclusion reported in ref 8. The bond angles determined are
close to the experimental results within a tolerance of 3°. The
structural parameters of the clusters 2 and 2′ are available in the
Supporting Information. Our structural analysis indicates that
the differences in the thiolate/phosphine side groups do not
result in considerable changes in cluster geometries. The
computed Au−Cl distances are 2.47 and 2.42 Å for 1 and 1′,
respectively, for both PBE and TPSS, and they reflect the
changes in cluster charge as there is obviously stronger
interaction for the more positive cluster 1′.
The effective charges of Bader type have been listed in Table

2 for the clusters 1 and 1′, and they are also visualized in Figure
2. Despite the difference in the nominal charge of the clusters

Figure 1. Structural visualization of the clusters 1 and 2′. (a) Full
structure of 1. (b) Full structure of 2′ with an arrow pointing to a
thiolate side group. (c) Top view of 2′. (d) Core framework of 1. (e)
Core framework of 2′. The Au cores differ by the central Au atom
(red), and the resulting strain release in 1 brings the planes b and c
closer. Gold is orange, sulfur yellow, chlorine green, phosphorus pink,
carbon gray, and hydrogen white.

Table 1. Structural Parameters of the Au24 and Au25 Clusters 1 and 1′, Respectivelya

cluster 1 cluster 1′

PBE TPSS ref 8 PBE TPSS ref 7

distance (Å)
Au−Au 2.938 (0.108) 2.912 (0.101) 2.862 (0.097) 2.960 (0.103) 2.932 (0.097) 2.888 (0.085)
Aub−Auc 3.066 (0.007) 3.015 (0.012) 2.925 (0.010) 3.208 (0.003) 3.160 (0.011) 3.054 (0.031)
AuC−Au − − − 2.969 (0.017) 2.937 (0.097) 2.894 (0.032)
AuI−Au 2.809 (0.019) 2.786 (0.010) 2.741 (0.021) 2.841 (0.052) 2.815 (0.046) 2.773 (0.046)
Au−P 2.400 (0.000) 2.410 (0.000) 2.292 (0.008) 2.409 (0.030) 2.413 (0.005) 2.314 (0.067)
Au−S 2.413 (0.005) 2.420 (0.005) 2.375 (0.005) 2.414 (0.005) 2.419 (0.006) 2.348 (0.180)
S−C 1.850 (0.000) 1.860 (0.000) 1.852 (0.027) 1.852 (0.004) 1.860 (0.000) −

angle (degree)
Au−S−Au 78.9 (0.3) 77.1 (0.5) 76.0 (0.4) 83.3 (0.1) 81.6 (0.4) 80.9 (2.8)
Au−S−C 104.9 (1.9) 104.5 (2.2) 103.2 (1.7) 104.6 (1.8) 104.6 (2.0) −
Au−P−C 115.0 (2.2) 115.3 (2.4) 114.0 (1.8) 114.6 (2.2) 114.0 (2.5) −
S−C−C 113.1 (0.3) 113.0 (0.3) 113.9 (2.5) 112.7 (0.2) 112.7 (0.2) −

aAuC refers to the central Au atom of the Au25 clusters. AuI refers to the central Au atoms of the icosahedral units. Aub and Auc refer to the gold
atoms positioned in the planes b and c, as shown in Figure 1(d). Standard deviations are reported in parentheses.
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(+1 and +2), there are no significant changes within the Au
cores. The individual Au atoms are close to neutral with the
two icosahedrally coordinated atoms being exceptions and
having negative values of −0.20 e for both clusters. The central
Au atom in 1′ is almost neutral. The total charge of the Au core
is −0.40 e and −0.10 e for 1 and 1′, respectively. The Cl ions
act as electron-withdrawing units, and their individual charges
are around −0.6 e; however, the Au−S bonds are not as
polarized.
The total charges summed over different groups show the

largest changes on the phosphine groups as the corresponding
charge increases from +3.51 to +4.00 e between 1 and 1′. A
further interesting detail is that the total charge on the
phosphine triphenyl rings (C and H atoms) is +3.36 e and
+4.32 e, respectively; i.e. the change in these peripheral atoms
equals to the change in the nominal charge of the cluster. We
conclude that the changes in the total charge states of the
clusters 1 and 1′ are mainly reflected in the phosphine ligands,
and they function as buffer agents such that the total charge of
the Au core framework and its immediate surroundings remains
around the same magnitude.
We have also included the effective charges of the clusters 2

and 2′ in the Supporting Information, and they show consistent
results. Similarly, the total Bader charges are +3.5 e and +4.0 e
for the clusters 2 and 2′, respectively. The difference in the total
charge of Au atoms in the Au24 and Au25 clusters is around 0.3

e, for both cluster types 1/1′ and 2/2′ with different side
groups, and the summed overall change in the thiolate groups
(S, C, and H atoms) is around 0.13 e in each case.

Electronic Structure Analysis. The electronic density of
states (eDOS) is displayed in Figure 3 for 1 and 1′. Both
clusters display a pronounced HOMO−LUMO gap of 1.46 and
1.17 eV, respectively, indicating enhanced chemical stability.
The icosahedral units in the Au24 cluster have shorter AuI−Au
bonds than those in Au25 (see Table 1). Hence, the compact
metal core causes a destabilization effect on the LUMO states,
and this explains the larger calculated HOMO−LUMO gap of
cluster 1.24 Cyclic voltammetry measurements have suggested
that the HOMO−LUMO gap is ∼1.35 and ∼1.54 eV for the
biicosahedral Au24 and Au25 cluster, respectively.

8,30 It is well-
known that DFT calculations at this level of theory (local
density approximation and gradient-corrected functionals)
systematically underestimate band gaps, and we do not expect
a quantitative agreement. Nobusada et al. have calculated a
HOMO−LUMO gap of 2.13 eV for 3′ (simplified side
groups)27 using the Becke three-parameter hybrid exchange
functional with the Lee−Yang−Parr correlation functional
(B3LYP).31,32 This functional form should be better for
HOMO−LUMO gaps, but the B3LYP value overestimates
the experimental value suggesting that there are also other
contributing factors which should reduce the band gap.
One should note that the clusters have different nominal

charges, and they have been computed in the gas phase, while
the experiments have been performed in solution. The fact that
1′ has a larger HOMO−LUMO gap in the experiments,8 while

Table 2. Average Bader Charges of the Clusters 1 and 1′a

atom/group 1 1′
AuC − 0.03
AuI −0.20 −0.20
AuV 0.02 0.08
Aua,d −0.03 −0.03
Aub,c 0.03 0.04
S −0.19 −0.22
P 0.02 −0.03
Cl −0.60 −0.56
Au24/Au25 −0.40 −0.10
(Ph3)10 3.51 4.00
(SC2H4Ph)5 −0.91 −0.77
Cl2 −1.19 −1.13

aLabels as in Table 1; AuV refers to the vertex Au atoms. The total
charges of the Au core and different groups are reported in the lower
part.

Figure 2. Effective Bader charges for clusters 1 and 1′ (aromatic and
alkane side groups are omitted for clarity). The color scale ranges from
red (positive charge) to blue (negative charge). For numerical values,
see Table 2

Figure 3. Electronic density of states and Ylm analysis of the HOMO
and LUMO orbitals for the clusters (a) 1 and (b) 1′. The projections
have been performed with respect to (1) the cluster center (position of
AuC) and (2) one of the central Au atoms of the icosahedra (position
of AuI).
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the computations suggest the reverse, may be related to the
screening effect of the solvent counterions (experiment), and
we think that the effect of the environment should be taken
into account to improve the theoretical description. For
example, this could be achieved by including a classical
electrostatic field representing the surrounding solvent.
We have performed an Ylm analysis of the Kohn−Sham

orbitals, where we projected the orbitals onto spherical
harmonics basis sets, and the origin and radius of the projection
sphere are variable parameters. We have performed the
projection (a) with respect to the central (missing) Au atom
and (b) with respect to the center of the icosahedral ends
(Figure 3). In the first case, the results are not conclusive, but
the latter analysis shows a clear trend where the HOMO
orbitals are of 1P character, while the LUMO orbitals display
1D character. This results in a clear validation of the superatom
picture, and in this particular case the outcome points to a
superatomic 8 + 8 dimer, where the upper and lower Au
icosahedra comprise individual 8-electron superatoms with an
electronic 1S21P6 configuration, each. This interpretation
points to the famous Mingos rule,27,33,34 which states that for
a cluster comprising vertex-sharing icosahedra the total number
of valence electrons is n = 8Np, where Np is the number of
icosahedra.
Optical absorption spectra of 1 and 1′ are shown in Figure 4.

The spectra are in a qualitative agreement with the previously

measured and calculated spectra.6,8 Both spectra display three
identifiable features above 350 nm. Related to the electronic
states shown in Ylm analysis of Figure 3 the most important
transitions clearly correlate with the allowed transitions due to
the symmetries with respect to the center of mass (COM) of
the cluster. The first feature is located at the opening of the
optical gap around 600 and 700 nm for 1 and 1′, respectively,
and is related to the P-to-S type transitions (COM) that are
visualized in Figure 5. The relative contributions of different
states to the intensities of the observed first featured transitions
are also provided in the Supporting Information. The second
feature just below 500 nm can be explained similarly as it is
caused by the allowed D-to-F type transition with respect to the
state symmetries and COM. The third most intensive feature
close to 400 nm is a combination of several transitions from
states 1.0−1.5 eV below the Fermi energy to states >1.5 eV

above the Fermi energy. It is also interesting to note that the
cluster 1, having no central atom, shows selection rules similar
to cluster 1′ with respect to COM, which highlights that the
electronic structure of the metal core is similar in the two
clusters.
Because of the symmetrical order of the ligands in both

clusters it is interesting to check if any part of the structure
causes a circular dichroism (CD) signal, although the D5h
symmetric core structure itself is not chiral. CD spectra of 1
and 1′ clusters are represented in Figure 6 and show that the

clusters give similar CD signals with only a minor difference in
the peak intensities. There are four maxima and four minima in
both spectra above 300 nm from which the minimum around
500 nm is a combination of two adjacent minima. Absolute
intensities of the peaks decrease slightly on average as
comparing 1 to 1′, but the differences are not sufficient for a
characteristic identification between the two clusters. We
conclude that the changes in the Au core bond lengths are
not altering the ligand orientations between the two clusters 1
and 1′, and hence, the core itself is not responsible for the CD
signal. The source for the CD signal in these clusters is
presumably hidden in very delicate changes in the ligand

Figure 4. Optical absorption spectra for the clusters 1 and 1′ (overall
charge, q = +1 and +2, respectively). The individual oscillator strengths
have been smoothed by a Gaussian with 0.1 eV full width at half-
maximum. The intensities of the stick spectrum representing
individual transitions have been multiplied by a factor of 40.

Figure 5. Kohn−Sham orbitals that correspond to the first absorption
transitions (calculated using the PBE functional) for the spectra of the
clusters 1 and 1′. (a) HOMO−1 state for 1. (b) LUMO+2 state for 1.
(c) HOMO−3 state for 1′. (d) LUMO state for 1′.

Figure 6. Calculated CD spectra for the clusters 1 and 1′ (overall
charge, q = +1 and +2, respectively).
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orientation and binding as well as the corresponding binding
site coordination.
Vibrational Analysis of the Clusters. The vibrational

density of states (vDOS) for the clusters 3 and 3′ are shown in
Figure 7. Some special vibrational frequencies are highlighted in

the figure, and their corresponding modes are illustrated in
Figure 8. The bending of Au−S−Au bonds and vibration of
thiolates are observed in the range of 180−240 cm−1, and Au−
P stretching modes are dominant in the range of 267−280
cm−1. Meanwhile, the vibrational modes which involve strong

vibrations of the Au core atoms are mainly found in the low-
frequency range of 50−150 cm−1.
Despite the missing Au atom in the center, the frequency of

the Raman active breathing mode of the Au icosahedra is larger
for 3 (Figure 8(a,b)). This is related to the absence of the
central Au atom which releases icosahedral (and decahedral)
strain with respect to the Au25 cluster. These vibrational
frequencies agree with the experimental Raman measurement
of 110 cm−1 for the Au25(CH2CH2Ph)18

− anion which has a
single icosahedral Au13 core bearing a clear analogue with the
two icosahedral units.35 On the other hand, the longitudinal
vibrational mode of the icosahedral centers along the cluster
axis are softened in 3 (Figure 8(c,d)). Here, the presence of the
central Au atom hardens the vibrational modes along the
longitudinal axis of the cluster due to the additional Au−Au
bonds. Finally, we observe that the vibrational frequencies of
the Cl terminals are softened in 3 (≈245 cm−1) compared to 3′
(≈290 cm−1), and it is related to the weakened Coulomb
interaction between the (positive) cluster and Cl anions as the
nominal charge of the system changes.

■ CONCLUSION
We have analyzed the geometries and electronic structures of
two closely related phosphine-thiolate stabilized biicosahedral
gold clusters (Au24 and Au25) that both feature a 16-electron
free valence. Within the superatom picture of Au nanoclusters,
we interpret these as dimers of closed-shell, 8-electron systems
with individual 1S21P6 electronic configurations. This finding
provides further validation for the Mingos rule of the
icosahedral vertex-sharing metal clusters, where the 8-electron
count per icosahedron has been concluded.33,34 Our results can
be applied also for other systems as the biicosahedral geometry
of 25 atoms has been observed in several cases for phosphine-
protected metal clusters, such as Au13Ag12, Au12Ag13,
Au12Ag12Pt, and Au12Ag12Ni,

6,36 and we expect that their
electronic structures display similar characteristics.
It is intriguing that both biicosahedral Au24 and Au25 clusters

are chemically stable despite the hollow site in the former.
Actually, the removal of the central Au atom from Au25 releases
strain induced by the 5-fold symmetry of the biicosahedral
geometry, which can be seen in the reduced distances between
the Au5 interplanes and in the increased Raman active
breathing mode frequency of the icosahedral units. Charge
analysis indicates that the phosphine ligands act as buffers to
keep the total charges of the Au-core frameworks at about the
same magnitude. Here, the inclusion of the full side groups
appears crucial for the charge analysis as it is observed that the
change in the nominal charge of Au24 and Au25 (from +1 to +2)
is reflected in the triphenyl phosphine groups and, in particular,
in the peripheral atoms in the phenyl rings. Furthermore, the
characteristic features of the optical absorption spectra can be
explained by the selection rules due to symmetries of the
electron states with respect to the cluster center of mass (i.e.,
not with respect to the individual icosahedra). Similarity in the
binding properties of the ligands in both clusters is reflected in
the CD signals, for which the removal of the central Au atom
makes no identifiable change.

■ ASSOCIATED CONTENT
*S Supporting Information
Further details of the DFT simulations, structural parameters
and effective charges of the clusters 2/2′, and relative
contributions of the first optical transitions of the clusters 1/

Figure 7. Vibrational density of states of clusters 3 and 3′. The arrows
indicate Raman active breathing modes (a,b) and vibrational modes of
the icosahedral centers (c,d) of the clusters 3 and 3′. The labels refer
to the figure items in Figure 8.

Figure 8. Vibrational modes of clusters 3 and 3′. (a,b) Raman active
breathing mode at 112 and 107 cm−1 for 3 and 3′, respectively. (c,d)
Vibrational mode of the icosahedral centers at 134 and 144 cm−1 for 3
and 3′, respectively.
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1′ in Figure 5. Includes supporting Tables S1−S4 and Figure
S1. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Computational Methods - CP2K, CPMD, GPAW

The preliminary geometry optimization of all clusters and the vibrational analysis of the clusters 3

and 3’ have been performed using the CP2K program package.S1,S2 This method uses two repre-

sentations of the electron density: localized Gaussian and plane wave (GPW) basis sets. The Gaus-

sian functions are used for the Kohn-Sham orbitals while the plane waves describe electron density

only enabling more efficient treatment of molecular systems than traditional plane wave codes. The

valence electron-ion interaction is based on the norm-conserving and separable pseudopotentials of

the analytical form derived by Goedecker, Teter, and Hutter (GTH).S3 We considered the 5d106s1

valence configuration for Au, and the optimized pseudopotential includes scalar relativistic correc-

tions via an averaged potential. For the Gaussian-based (localized) expansion of the Kohn-Sham

orbitals we used a library of contracted m-DZVP basis sets,S4 and the complementary plane wave

basis set has a cut-off of 400 Ry for electron density. The generalized gradient-corrected approx-

imation of Perdew, Burke, and Ernzerhof (PBE) is adopted for the exchange-correlation energy

functional.S5

The structural parameters and effective charges of clusters 2/2’ are displayed in Tables S1 and

S2. See also Figure S1 for the visualization of charges. On average, the Au−Au distances are

4.1% larger than in the experiments (compare 2.5-2.7% for CPMD with the same functional), and

the interplanar b-c distance is 0.22 Å larger. Part of this deviation can be ascribed to the m-DZVP

basis set in CP2K, and we decided to re-optimize the structures with the CPMD method for a more

accurate description of structural parameters in the main text.

For the CPMD calculations, we use the TPSS exchange-correlation functional in addition

to PBE in order to obtain an improved structural description of the nanoclusters in comparison

with the experimental results. The CPMD simulations employ the norm-conserving and scalar-

relativistic pseudopotentials by Troullier and Martins (Ref.S6). The valence configurations and

local components are: Au, 5d106s1 (s local, cutoff 2.20 a0); S, 3s23p4 (p local, 1.45 a0); P, 3s23p3

(p local, 1.50 a0); Cl, 3s23p5 (p local, 1.45 a0); C, 2s22p2 (p local, 1.23 a0); and H, 1s1 (s local,

0.50 a0). In addition to valence states, we have included the nonlocal 6p- and 5f-channels (cutoff

S2



2.60 a0 and 1.60 a0, respectively) for the Au pseudopotential based on an excited atomic configura-

tion 5d96s0.86p0.15f0.1, where it is important to avoid so-called "ghost states” referring to unbound

orbitals by removing charge from lower lying orbitals (here: 5d-shell). We also used the nonlinear

core corrections for the Au pseudopotential with a cutoff distance 1.90 a0 for the core charge.S7

The GPAW method is used for the analysis of superatomic electronic states (projection of the

Kohn-Sham wavefunctions to the spherical harmonics), and for the calculations of the optical ab-

sorption and circular dichroism spectra, because GPAW contains the necessary options and tools

for these purposes. Here, we first optimized the structures using the local density approxima-

tion (LDA) exchange-correlation functional to obtain better structural agreement with the reported

experimental structures (in particular shorter Au−Au bond distances), as the optical spectra are

sensitive to this detail. The following GPAW calculations are performed with the PBE exchange-

correlation functional for fixed geometries.

Table S1: Structural parameters of the clusters 2 and 2’, respectively. Labels as in Table 1 of
main text. Note that the experimental structural result is not available for the cluster 2. The
geometry optimizations were performed with the CP2K program using the PBE functional.

Cluster 2 Cluster 2’
PBE PBE Exp. RefS8

Distances (Å)
Au–Au 2.962 (0.107) 2.985 (0.105) 2.868 (0.084)
Aub–Auc 3.074 (0.046) 3.232 (0.062) 3.015 (0.059)
AuC–Au — 2.994 (0.025) 2.87 (0.030)
AuI–Au 2.834 (0.014) 2.865 (0.052) 2.759 (0.038)
Au–P 2.364 (0.005) 2.372 (0.004) 2.311 (0.024)
Au–S 2.435 (0.008) 2.432 (0.080) 2.388 (0.024)
S–C 1.854 (0.004) 1.854 (0.005) 1.824 (0.102)

Angles (deg)
Au–S–Au 78.3 (1.8) 83.2 (2.3) 78.3 (2.1)
Au–S–C 105.0 (1.2) 105.0 (1.2) 103.5 (2.5)
Au–P–C 114.3 (1.6) 114.0 (1.6) 112.4 (2.9)
S–C–C 110.7 (0.6) 111.0 (0.6) 108.8 (5.9)
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Table S2: Average Bader charges of the clusters 2 and 2’. Labels as in Table S1 and AuV
refers to the vertex Au atoms. The total charges of the Au core and different groups are
reported in the lower part.

Atom 2 2’

AuC — 0.03
AuI -0.21 -0.20
AuV 0.02 0.09
Aua,d -0.03 -0.03
Aub,c 0.03 0.04
S -0.21 (0.06) -0.18
P -0.03 (0.10) -0.02
Cl -0.60 (0.00) -0.57
Au24 / Au25 (total) -0.38 -0.07
(Ph3)10 3.48 3.98
(SC2H5)5 -0.88 -0.76
Cl2 -1.21 -1.15

Figure S1: Visualization of Bader charge distribution for the clusters 2 and 2’ (aromatic and alkane
side groups are omitted). The color scale ranges from red (positive charge) to blue (negative
charge).
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Table S3: Table of relative contributions of different states to total intensity of the 1st feature
around 620 nm in the absorption spectrum of the cluster 1 (Au24). Contribution percentage
of transitions from/to specific occupied (Occ.) and unoccupied (Unocc.) Kohn-Sham states
around Fermi energy are listed separately with the center of mass (COM) symmetry (projec-
tion with respect to AuC) assignments shown in the Fig 3 of main text.

Occ. COM symmetry Contribution (%) Unocc. COM symmetry Contribution %

HOMO S 1.60 LUMO D 1.87
HOMO-1 P 86.86 LUMO+1 D 1.62
HOMO-2 D 1.32 LUMO+2 S 87.16
HOMO-3 D 1.76 LUMO+3 F 0.17
HOMO-4 F 0.86 LUMO+4 F 0.20
rest 7.60 rest 8.98
Total 100.00 Total 100.00

Table S4: Table of relative contributions of different states to total intensity of the 1st feature
around 680 nm in the absorption spectrum of the cluster 1’ (Au25). Contribution percentage
of transitions from/to specific occupied (Occ.) and unoccupied (Unocc.) Kohn-Sham states
around Fermi energy are listed separately with the center of mass (COM) symmetry (projec-
tion with respect to AuC) assignments shown in the Fig 3 of main text.

Occ. COM symmetry Contribution (%) Unocc. COM symmetry Contribution %

HOMO S 0.27 LUMO S 93.65
HOMO-1 D 1.36 LUMO+1 D 0.67
HOMO-2 D 1.44 LUMO+2 D 0.59
HOMO-3 P 66.57 LUMO+3 F 0.09
HOMO-4 F 3.93 LUMO+4 F 0.07
rest 26.43 rest 4.93
Total 100.00 Total 100.00
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ABSTRACT: The superatom model of electron-shell closings
has been widely used to explain the stability of noble-metal
nanoclusters of few nanometers, including thiolate-protected Au
and Ag nanoclusters. The presence of core sulfur atoms in silver
sulfide (Ag−S) nanoclusters renders them a class of clusters
with distinctive properties as compared to typical noble-metal
clusters. Here, it is natural to ask whether the superatom model
is still applicable for the Ag−S nanoclusters with mixed metal
and nonmetal core atoms. To address this question, we applied
density functional simulations to analyze a series of Ag−S
nanoclusters: Ag14S(SPh)12(PPh3)8, Ag14(SC6H3F2)12(PPh3)8,
Ag70S16(SPh)34(PhCO2)4(triphos)4, and [Ag123S35(StBu)50]

3+.
We observed that superatomic orbitals are still present in the conduction band of these Ag−S clusters where the cluster
cores comprise mostly silver atoms. Our Bader charge analysis illustrates that thiolates play a significant role in withdrawing
charge (electron density) from the core Ag atoms. The simulated optical absorption properties of the selected Ag−S clusters
reflect the substantial band gaps associated with typical molecular orbitals on both sides. Apart from Ag14S(SPh)12(PPh3)8, which
has a central sulfur atom in the cluster core, superatomic orbitals of the Ag−S clusters can have contributions for individual
transitions in the conduction band.

■ INTRODUCTION

Ligand-protected gold nanoparticles (AuNPs) have been
actively studied during recent decades owing to their
quantum-size effects, by virtue of which AuNPs can realize
practical applications in catalysis, biological sensing, and
nanoscale optoelectronics.1−3 For a noble gold atom, relativistic
effects induce an s−d hybridization that promotes bonding to
neighboring atoms, supporting the formation of ligands and
thus stabilizing the cores of Au nanoparticles against
coalescence.4 Similarly to AuNPs, silver nanoparticles
(AgNPs) can offer desired physical properties that depend on
the nanoparticle size,5 while silver has a relatively higher
abundance (lower price) than gold as a raw material. Recently,
scientists have successfully synthesized and resolved the atomic
structure of a highly stable thiolate-protected Ag44 nano-
cluster.6,7 This marks a milestone in solving the well-known
stability issue of AgNPs and provides the basis of realistic
applications utilizing size-selected silver clusters.8,9

The stability of ligand-protected noble-metal nanoclusters
can be explained using the superatom model, which suggests
the Aufbau rule describing the delocalized states of metallic
cluster cores: 1S2|1P6|1D10|2S21F14|2P61G18|2D103S21H22|···,
where S, P, D, F, G, H, and so on represent the angular-
momentum characters of the delocalized states with respect to
the cluster center of mass. These “delocalized superatomic
states” arise from the single valence s electrons of noble-metal

atoms;10 the vertical lines denote the electronic shell closures,
which determine the magic numbers associated with stable
cluster sizes. Exceptionally stable clusters have a total electron
count, n*, that matches the following set of magic numbers11,12

* =n 2, 8, 18, 34, 58, 92, ... (1)

The electron count n* of a noble-metal cluster can be inferred
from the equation13

* = − −n Nv Mv zA M (2)

where N is the total number of noble-metal atoms, vA is the
atomic valence (here, 1 for Au or Ag), M is the number of
anionic ligands, vM is the number of electrons depleted per
ligand, and z is the overall charge of the cluster. It has been
shown in practice that several spherical noble-metal clusters
have total electron counts that agree with the series of magic
numbers in eq 1.6,7,13

Ligand-protected AuNPs have pure metal cores stabilized by
organic ligands and “oxidized” gold atoms at the interface. In
contrast, ligand-protected silver or copper chalcogenide nano-
particles have chalcogen atoms enclosed within the metal
cores.14 For example, the Ag490S188(StC5H11)114 cluster has 188
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sulfur atoms enclosed within the Ag core, and it resembles the
Ag2S binary compound while exhibiting nonstoichiometry due
to the disordered structure.15 The relatively large Ag−S
nanocluster is an intermediate between the small molecule-
like clusters and the binary bulk compound. The presence of
both core S and Ag atoms results in Ag2S nanostructures having
mixed ionic−electronic conductor properties, and this feature is
beneficial for resistive random access memory applications
where energy-efficient charge transportation (migration of
ions) can be controlled by modifying the sintering conditions
with a bias voltage.16,17

To the best of our knowledge, no systematic electronic
structure analysis has been performed to investigate the gradual
change of electronic structure in AgNPs due to the presence of
core sulfur atoms. Here, a comparison between the electronic
structures of these two groups of clusters, AgNPs with and
without core S atoms, provides new physical/chemical insight
into the structural and composition effects. We begin with
a n a l y z i n g A g 1 4 S ( S P h ) 1 2 ( P P h 3 ) 8 ( 1 ) a n d
Ag14(SC6H3F2)12(PPh3)8 (2) nanoclusters, where only 1 has
a central S atom within the cluster core.18,19 Furthermore,
A g 7 0 S 1 6 ( S P h ) 3 4 ( P h CO 2 ) 4 ( t r i p h o s ) 4 ( 3 ) a n d
[Ag123S35(StBu)50]

3+ (4) nanoclusters including ∼15% core S
atoms are considered in this work.20,21 In the following analysis,
we pay particular attention to the role of sulfur in these Ag−S
nanoparticles.
According to eq 2, clusters 1, 3, and 4 have total electron

counts of zero, provided that each core S atom behaves as an
S2− ion withdrawing two valence electrons and each benzoate
ligand withdraws a single electronic charge from the metal core.
Meanwhile, cluster 2 has a nonzero valence for electronic shell
closure, where the highest occupied molecular orbital
(HOMO) corresponds to 1S2 symmetry.22 Furthermore, the
[Ag44(SPhF)30]

4− cluster has a total electron count of 18, which
points to 1D10 and 2S2 superatomic symmetries for the HOMO
and the lowest unoccupied molecular orbital (LUMO).6 The
highly luminescent [Ag16(SG)9]

− cluster has a total electron
count of 8 (valence 1S21P6) and exhibits a high stability in the
water phase.9 Obviously, these clusters contain delocalized
electrons with superatomic states, and it is intriguing to
compare them to the zerovalent Ag−S clusters. In this work, we

also show that zerovalent Ag−S nanoclusters can display the
superatomic orbitals familiar from the ligand-protected
AuNPs,13 but these are unoccupied states above the band gap
and they are typically mixed with the other molecular orbitals in
the same energy range. Correspondingly, we suggest that one
can tune these nanoparticles as superatoms of only a few
electrons (quantum dots) by stripping off some of the surface
groups.

■ METHODS

The electronic structure calculations are based on density
functional theory (DFT) and were performed using the CP2K/
Quickstep program, which employs two different representa-
tions to describe the electron density: localized Gaussian and
plane wave basis sets.23,24 This feature allows efficient
computation for systems having large molecular components
such as nanoclusters with protecting side groups. For structural
optimizations, a library of contracted m-DZVP (variant of less
diffusive) basis sets was chosen for the localized Gaussian basis,
and a cutoff of 320 Ry was used for the plane wave basis set. A
larger cutoff of 600 Ry was used for systems with F atoms and
calculations concerning energetics. All simulations were
performed using the generalized gradient-corrected exchange-
correlation functional developed by Perdew, Burke, and
Ernzerhof (PBE).25 The valence electron−ion interaction was
based on the norm-conserving and separable pseudopotentials
that include scalar-relativistic corrections for Ag developed by
Goedecker, Teter, and Hutter (GTH).26

The initial atomic coordinates and chemical compositions of
the clusters were based on the experimental crystal structures,
with corrections for the effect of disorder. The full ligands of
the experimental clusters were considered without replacing
them with simplified structures, as it was previously
demonstrated that a ligand replacement can impose changes
on the observed superatomic character.27 The clusters were
optimized in a cubic box with periodic boundary conditions
switched off using the wavelet Poisson solver,28 until all of the
forces acting on individual atoms were below 0.005 eV/Å. The
optimized structures were further tested by performing another
set of geometric optimization using the conjugate gradient
algorithm instead of the Broyden−Fletcher−Goldfarb−Shanno

Figure 1. Optimized structures of (a) 1 and (b) 2. Color code: Ag, gray; S, yellow; P, pink; C, dim gray; H, light gray; and F, soft green. The central
S atom in 1 with 6-fold coordination is highlighted in green.
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(BFGS) algorithm. For clusters having large numbers of atoms,
this is a practical method to cross-check whether the optimized
structures are local minima.
The effective charges of atoms were analyzed using the Bader

method of atomic charges and volumes.29 For the optical
absorption analysis, we employed Casida’s formulation of linear
response time-dependent DFT (LR-TDDFT), which is
available in the real-space grid program, GPAW.30,31 Transition
contribution map (TCM) analysis based on DFT perturbation
theory was employed to analyze the contributions from
individual particle-hole transitions to the spectral features.32

We projected the Kohn−Sham wave functions of the clusters
onto the spherical harmonic (Ylm) basis to analyze the
superatomic electron states. The projection was performed
within a spherical region with its origin positioned at the center
of the AgNP core, using a radial cutoff that was sufficient to
enclose the whole cluster. A grid spacing of 0.2 Å was used in
GPAW ground-state calculations, whereas a grid spacing of 0.25
Å was used in GPAW LR-TDDFT calculations because of the
high computational cost.

■ RESULTS

Structural Analysis. Figure 1 illustrates the optimized
structures of clusters 1 and 2. They have similar core
frameworks except that the central 6-fold-coordinated S atom
within the core of 1 is absent in 2. For both cases, the core

framework is otherwise composed of an octahedral Ag6
arrangement encapsulated in a cubic cage having eight Ag
atoms at the corners and 12 S atoms (from thiolates) at the
edges. The cores of 1 and 2 are protected by both phosphine
and thiolate ligands, with eight phosphines bonded to the Ag8
cage in a radial manner.
The optimized structures of clusters 3 and 4 are shown in

Figure 2a,d. Referring to the surface S and Ag atoms, most of
them do not resemble the structural motif of RS(AgSR)x
oligomers (“staples”) that correspond to that most commonly
found in AuNPs.33 A few RS(AgSR) monomers can be
identified in cluster 4, and they are highlighted by the ellipses in
Figure 2e. The core S and Ag atoms form a complex network in
the sublayers, where the atomic coordination is higher than that
on the surface, as shown in Figure 2c,f. The surface S atoms of
Ag−S clusters mainly behave as adatoms bonded to cluster
facets formed by Ag atoms (highlighted by the triangle in
Figure 2b). A recent finding of the Au68 nanocluster suggests
that various metal−thiolate motifs other than RS(AuSR)x
oligomers are possible even for AuNPs with nonspherical
cores.34

The core S atoms have coordination numbers of 4−7 when
they bind with neighboring Ag atoms.20,21 Those sulfur atoms
with 7-fold coordination have mainly uniform Ag−S bond
distances of ∼2.6 Å. This bonding mode differs from the case of
bulk Ag2S binary compound, where the S atoms are located at

Figure 2. (a) Optimized structure and (b) core framework of 3. (d) Optimized structure and (e) core framework of 4. (c,f) Core Ag and S atoms
forming the sublayers. Color code as in Figure 1 with two modifications: Core Ag and S atoms are orange and green, respectively. The cluster cores
are not spherically symmetric, and they display S atoms in all sublayers. The black triangle highlights the surface S atom bonded to the cluster facets
formed by Ag atoms, and the black ellipses highlight the RS(AgSR) monomers.
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either octahedral or tetrahedral sites around the Ag atoms and
the bond distances are not uniform.35

Table 1 reports selected bond lengths (distances) of the
analyzed clusters. The Ag−Ag bond lengths of 1 and 2 consider
only the distances within the octahedral Ag6 cores, and they
change considerably upon the removal of the central S atom
from 1. For the Ag14 clusters, the computed Ag−S bond
distances within the cores are overestimated by 2.5%. Notice
that the Ag−(μ6-S) and Ag−Ag bond distances of cluster 1
differ from those of the crystal structure by approximately 10%,
due to the distortion of the cluster cores. It should be
emphasized that the DFT simulations were performed in the
gas phase and that the changing environment is presumably the
cause for the large deviation in distances observed for 1. On the
other hand, there is no great discrepancy between the
computed bond lengths for the larger clusters 3 and 4, as
compared to their crystal structures. This is related to the Ag−S
(core) bond distances, as the core atoms are always surrounded
by the atoms of the outer shell in 3 and 4, regardless of the
chosen simulation environment. The PBE-relaxed structures of
all clusters demonstrate that the core−ligand interface bond
lengths, such as S−C and Ag−P, are overestimated compared
to those of crystal structures. In addition to the differences in
the cluster environment, the approximations within the PBE
functional should also result in some error, and this typically
gives rise to slightly longer bond lengths.
Table 2 reports the effective charges (Bader method) for

clusters 1 and 2. A positive (negative) Bader charge implies that
the associated group depletes (accumulates) electronic charge.
The results reveal that the thiolate side groups play a major role

in charge transfer by depleting electronic charge from the Ag
core. Furthermore, the thiolate groups of 2 have F atoms, which
makes them stronger electron-withdrawing units than those of
1. Previously, DFT analysis was used to conclude that electron-
withdrawing substituents have a negligible effect on the charge
distribution of the icosahedral core of [Au25(SPhX)18]

−.36,37

The earlier studies demonstrated that the substituents mainly
affect the charges of their neighboring atoms (S and C atoms)
instead of modifying the charges of Au atoms in the icosahedral
core and ligands. We presume that this finding is applicable to 2
having its noble-metal core protected by thiolates, and the
difference between the charge distribution of the Ag6
octahedron in 1 and 2 appears to be coupled with the
oxidation of the central S atom. Together with the charge for
outer Ag atoms (Ag8), this implies that the introduction of
electron-withdrawing substituents in 2 mainly affects the charge
transfer in the surrounding phosphines rather than in the Ag
core. This result could be due to the closely spaced phenyl
groups of the phosphines and thiolates in 2.
The Bader charge distributions of clusters 3 and 4 reflect

trends similar to those of 1 and 2, with their numerical values
reported in Table 3. The charges of the core and surface S

atoms were also evaluated separately. The average charges per
atom suggest that S2− ions within the Ag core have a greater
tendency to localize electronic charge than the thiolate S atoms.
On average, each S2− ion accumulates 0.7e, whereas the surface
S atoms have an average of 0.4e. The core Ag atoms are
positively charged (0.3e), and these values differ from those
values (neutral or slightly positively charged, ∼0.04e) obtained
for core Ag or Au atoms of noble-metal nanoclusters in other

Table 1. Average Bond Lengths of Clusters 1−4a

Ag−S (core) Ag−S (surface) Ag−Ag Ag−P S−C

1 (DFT, PBE) 2.637 (0.009) 2.730 (0.116) 3.712 (0.374) 2.550 (0.012) 1.788 (0.004)
1 (crystal, ref 18) 2.910 (0.037) 2.656 (0.039) 4.108 (0.117) 2.465 (0.011) 1.763 (0.021)
2 (DFT, PBE) − 2.715 (0.017) 2.889 (0.010) 2.528 (0.016) 1.782 (0.004)
2 (crystal, ref 19) − 2.648 (0.019) 2.837 (0.012) 2.480 (0.017) 1.778 (0.011)
3 (DFT, PBE) 2.572 (0.142) 2.592 (0.113) 3.165 (0.210) 2.459 (0.024) 1.789 (0.004)
3 (crystal, ref 20) 2.573 (0.169) 2.575 (0.125) 3.216 (0.198) 2.428 (0.024) 1.781 (0.027)
4 (DFT, PBE) 2.599 (0.149) 2.496 (0.100) 3.196 (0.202) − 1.888 (0.004)
4 (crystal, ref 21) 2.592 (0.178) 2.487 (0.169) 3.180 (0.198) − 1.858 (0.021)

aBond lengths determined based on DFT-optimized structures using the PBE functional and experimental crystal structures as input. For clusters 1
and 2, the Ag−S (surface) distances consider only the Ag atoms in the cubic framework. The Ag−S (core) distances of cluster 1 consider only the 6-
fold-coordinated central S atom (μ6-S) and the corresponding Ag atoms (octahedron). Values are reported in angstroms, and standard deviations are
listed in parentheses.

Table 2. Bader Charges of Clusters 1 and 2a

atom/group 1 2

Ag8 0.32 ± 0.01 (2.54) 0.31 ± 0.01 (2.50)
Ag6 (octahedral) 0.33 ± 0.01 (1.97) 0.22 ± 0.02 (1.35)
S −0.45 ± 0.09 (−5.86) −0.47 ± 0.07 (−5.68)
C −0.02 ± 0.12 (−5.15) −0.02 ± 0.09 (−3.90)
H 0.04 ± 0.07 (6.95) 0.05 ± 0.06 (7.83)
P −0.06 ± 0.04 (−0.46) −0.02 ± 0.04 (−0.15)
F − −0.08 ± 0.06 (−1.94)
thiolates −5.12 −5.53
phosphines 1.33 1.68
central S (μ6-S) −0.73 −

aAverage charge per atom and total charge (in parentheses) reported
for each element. Total charges of different groups of atoms reported
in the lower part.

Table 3. Bader Charges of Clusters 3 and 4a

atom/group 3 4

Ag (core) 0.30 ± 0.02 (6.07) 0.30 ± 0.01 (12.80)
Ag (surface) 0.35 ± 0.04 (17.75) 0.34 ± 0.01 (27.88)
S (core) −0.66 ± 0.03 (−10.56) −0.65 ± 0.02 (−22.92)
S (surface) −0.39 ± 0.06 (−13.30) −0.38 ± 0.02 (−18.86)
C −0.02 ± 0.11 (−7.13) −0.00 ± 0.08 (−0.03)
H 0.03 ± 0.07 (11.20) 0.01 ± 0.07 (4.13)
P −0.06 ± 0.04 (−0.70) −
O −0.42 ± 0.08 (−3.32) −
thiolates −12.74 −14.75
triphos 2.51 −
benzoates −3.04 −

aValues as in Table 2.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp511037x
J. Phys. Chem. C 2015, 119, 1583−1590

1586



studies.6,38 The underlying reason for this discrepancy is the
presence/absence of sulfur in the cluster core.
Electronic Structure Analysis. The electronic densities of

states (eDOS) of the clusters are shown with projections onto
atomic orbitals in Figures S1 and S2 (Supporting Information).
The occupied states near the valence band edges display a
major contribution from the Ag−S binding with a hybridization
of Ag d and S p states. However, the frontier unoccupied states
of the clusters have the largest contribution in C atoms, with an
exception of cluster 4. This suggests that most of the
unoccupied states are mainly related to the cluster side groups.
For instance, the LUMO and the nearest states mainly localize
at the protecting triphenylphosphine groups of clusters 1 and 2
(Figure S3 of the Supporting Information). The band gaps
determined for clusters 1 and 2 were both ∼2.08 eV, whereas
the band gaps were found to be 1.25 and 1.02 eV for clusters 3
and 4, respectively. The smaller-sized clusters 1 and 2 have
larger band gaps as compared to the larger clusters; this
indicates their molecule-like nature and stronger quantum-
confinement effect. The values for the larger clusters can be
compared with the experimentally measured band gap of bulk
Ag2S of 1.0 eV,39 although one must remember that the PBE
functional typically underestimates experimentally measured
band gaps.
Figure 3 displays the angular-momentum-resolved projec-

tions (Ylm analysis) of the eDOS for cluster 1. The Ylm analysis
is not able to distinguish any superatomic electron states in the
conduction band edge. This can further be illustrated by the
unoccupied orbitals, which mainly have significant weights at
the side groups (examples shown in Figure 3). Meanwhile, the
absence of the central S atom in cluster 2 makes it a two-
electron superatom.22 This is due to the presence of the
delocalized electrons within the cluster core, which are not
subjected to the localization effect due to the central S atom.
Interestingly, the S and P superatomic states become visible

in 3, as shown for LUMO and LUMO + 1 in Figure 4. This
demonstrates that superatomic states can exist in the
conduction band edge, even for a cluster having a zero valence
electron count and a nonspherical core that consists of mixed
Ag and S atoms. The states with a superatomic P character are
closely spaced, and further visualizations are available in Figure
S4 (LUMO + 2 and LUMO + 3, Supporting Information).
These S- and P-character states result in the sequence of 1S2

and 1P6, as predicted by the jellium model.11 Similarly, Figure 5
illustrates the S and P superatomic states in the conduction
band edge of cluster 4. This finding is different from the pure
noble-metal cluster such as [Ag44(SPhF)30]

4−, which was
previously shown to display superatomic 1D states also in the
valence band, whereas the LUMO orbital is of 2S character
followed by 1F states.6 Figures 6 and S5 (Supporting
Information) indicate the findings of our previous publication
on the locations of the superatomic states and the Ylm analysis
for [Ag44(SPhF)30]

4−, respectively. Figure 6 highlights the
contrasting difference in the locations of the superatomic states
for Ag−S and pure Ag nanoclusters, meanwhile Figures 4 and
S5 (Supporting Information) illustrate their corresponding
superatomic states. The examples for 3 and [Ag44(SPhF)30]

4−

show nicely the effect of core S atoms, which move out the
superatomic states from the valence band by localizing
(depleting) Ag s electrons (eq 2), whereas the corresponding
orbitals can still be found in the conduction band.
To further investigate the role of ligands in the superatomic

model, a separate calculation was performed for cluster 3 with

two of its benzoate groups removed (with facing COO−). The
removal of two benzoates results in that a total electron count
for the system of 2. Figure S6 (Supporting Information)
illustrates the change in eDOS as an overall shift where the
HOMO level is now at the other side of the band gap and
visible as an individual energy level. Correspondingly, the
cluster has a smaller HOMO−LUMO gap of 0.38 eV. The
visualizations of the HOMO and LUMO states (Figure S7,
Supporting Information) confirm that the shift in energy levels
is also visible in the character of the electronic states, as they
appear now as superatomic 1S and 1P states, respectively; the
cluster has thus been rendered a 2-electron superatom. In
general, this suggests that ligand removal can potentially allow
Ag−S clusters to be effective electron-donating agents on
account of their modified band gaps. The effective electron-
donating process can potentially activate the molecules
adsorbed on the clusters and thus catalyze the reaction process,
and this has a potential application similar to the oxidation of
CO catalyzed by partially protected gold clusters.40

The jellium model is applicable to metallic systems with
freely delocalized valence electrons, and it assumes a uniform
positive background charge (contribution of ionic cores) for a
spherical cluster.12 Here, the superatomic states become visible
for larger Ag−S nanoclusters 3 and 4, where the Ag
concentration in the core is greater. The core S atoms and

Figure 3. (a) Angular-momentum-resolved eDOS of cluster 1. The
HOMO level is positioned at the zero-energy level. Also shown are the
unoccupied orbitals of 1 at (b) 2.11 and (c) 2.30 eV, which have a
visible S-symmetric component according to the Ylm analysis. These
orbitals do not qualify as superatomic states because they display a
strong character of localized atomic orbitals. Atomic color code as in
Figure 1. Hydrogen atoms are omitted for clarity.
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their arrangements within the core frameworks (Figure 2c,f) do
not effectively localize all of the contribution from the 5s1

valence electrons of Ag atoms. Hence, there might exist some
freely delocalized valence electrons (depending on the ligand
coverage) that can contribute to the observed superatomic
characters. The perturbation of the core S atoms on the
background potential profile and the ligand field effects from
the side groups might also be significant for observing
delocalized states. Despite the factors that are unfavorable for
the superatom model in the context of Ag−S clusters, we have
shown here that these clusters exhibit well-defined symmetric

states that are comparable to those observed for pure noble-
metal clusters.

Optical Analysis. The optical absorption and TCM analysis
of clusters 1 and 3 are shown in Figures S8 (Supporting
Information) and 7, respectively. Our analysis suggests that
there are no prominent optical absorption peaks to be
determined for these Ag−S nanoclusters, as compared to
AgNPs.6,19 All clusters have clear band gaps, which affects the
range of the absorption spectra.
The optical absorption curve of cluster 1 exhibits a few

shoulder features near the 400-nm range. The transitions are
mainly characterized to be from the core states (valence band)
to the ligand states (conduction states). In comparison with
cluster 2, the absence of the superatomic S state in 1 suppresses
the feature observed at 500 nm.22 For cluster 3, optical
absorption transitions that involve the superatomic states are
determined at 680 nm (1S) and 577 nm (1P). The transitions
are mainly from the ligand states (valence band) to the
unoccupied superatomic states (conduction band). The optical
response of 3 does not have distinctive peaks in the UV−vis
region, as compared to those of cluster [Ag44(SR)30]

4−.6 The
TCM plots of 3 indicate only a linear contribution profile for
the identified transitions.

■ CONCLUSIONS
Silver sulfide nanoclusters and ligand-protected pure silver
clusters exhibit distinct properties in relation to their core
compositions, although they share similar protecting ligands,
such as thiolates and phosphines. Nevertheless, clusters 3 and 4
clearly exhibit (unoccupied) superatomic states in the
conduction band, and this suggests that the superatom model
can also be applied to nanoclusters having mixed metal and
nonmetal (chalcogen) atoms. The prerequisite is that the
content of metal atoms has to be predominant in the core,
given that the metal atoms are the source of delocalized
electrons, as pointed out in eq 2 for electron-shell closings.
The effective charge analysis of the phosphine-thiolate-

protected clusters suggests that there is a significant charge
transfer from the Ag−S core to the thiolates, whereas there is

Figure 4. (a) Angular-momentum-resolved eDOS of cluster 3. The
HOMO level is positioned at the zero-energy level. (b) LUMO
corresponds to the S-symmetric state, whereas (c) LUMO + 1
corresponds to the P-symmetric state. Atomic color code as in Figure
2. Hydrogen atoms are omitted for clarity.

Figure 5. (Left) LUMO and (right) LUMO + 1 orbitals of cluster 4.
The superatomic states have 1S and 1P symmetry, respectively.
Atomic color code as in Figure 2. Hydrogen atoms are omitted for
clarity.

Figure 6. Locations of the superatomic states for (a) 3 and (b)
[Ag44(SPhF)30]

4−. Cluster 3 has the character of the 1S-symmetric
superatomic state in the LUMO level and the 1P-symmetric state in
the LUMO + 1 level. [Ag44(SPhF)30]

4− has the character of the 1D-
symmetric superatomic state in the HOMO level and the 2S-
symmetric state in its LUMO level.
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less effect on phosphines. The charge analysis suggests that core
S atoms have a greater tendency to localize the electronic
charge from Ag atoms. Our study provides examples of
superatomic states in nonspherical Ag−S clusters, and this
suggests that superatomic features will still be visible for

nanoclusters having mainly noble-metal atoms even if they are
subjected to the oxidation of nonmetal core atoms.
Furthermore, our opt ical absorpt ion analys is of
Ag70S16(SPh)34(PhCO2)4(triphos)4 (cluster 3) shows no
prominent spectral features despite the visible participation of
the superatomic states in the electron−hole transitions
according to the TCM analysis.
Importantly, we also demonstrated for cluster 3 that a zero-

electron count can be modified by stripping off benzoate
l i g a nd s [ r e s u l t i n g i n two - e l e c t r on coun t f o r
Ag70S16(SPh)34(PhCO2)2(triphos)4]. Based on the LUMO
and LUMO + 1 of [Ag123S35(StBu)50]

3+ (cluster 4), we have
good reason to believe that similar effects can also be observed
for larger Ag−S clusters, which gives these systems potential for
applications as few-electron quantum dots and catalyst
nanoparticles.40,41 Correspondingly, there is room for future
work for further testing of the superatom model for Ag−S
clusters having nonzero electron counts. Most recently, it has
been observed that [Ag62S12(SBu

t)32]
2+ cluster has a free

valence electron count of 4 and contrasting optical properties
with the zerovalent [Ag62S13(SBu

t)32]
4+ cluster.42 One could

also consider replacing sulfur by heavier chalcogens in similar
clusters (selenium, tellurium)14 and investigate the roles of
chalcogens in the manifested electronic structures. Ligand
engineering of this class of nanoclusters having mixed metal and
nonmetal core atoms can provide new ideas to realize practical
applications.
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Figure S1: eDOS of clusters (top) 1 and (bottom) 2. The top panels show the decomposed
orbital states for Ag and S, with the symmetries of states listed in parentheses. The HOMO
levels are positioned at the zero-energy levels. Inset figures show the decomposed states
nearby the band edges.
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Figure S2: eDOS of clusters (top) 3 and (bottom) 4. Labels as in Figure S1.
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Figure S3: LUMO states of clusters (left) 1 and (right) 2. They mainly localize at the
triphenylphosphines of these clusters. Color code: Ag, gray; S, yellow; P, pink; C, dim gray;
F, soft green. The central sulfur atom is highlighted in green. Hydrogen atoms are omitted
for clarity.

Figure S4: (left) LUMO+2 state and (right) LUMO+3 state of cluster 3. Color code: surface
Ag, gray; surface S, yellow; core Ag, orange; core S, green; P, pink; C, dim gray; and O, red.
Hydrogen atoms are omitted for clarity.
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Figure S5: (a) The angular-momentum-resolved eDOS of the cluster [Ag44(SPhF)30]
4–. (b)

The HOMO level is positioned at the zero-energy level, and it has the character of the
1D-symmetric superatomic state. (c) The LUMO level corresponds to the 2S state. The
superatomic states are positioned both in the valence and conduction bands. Color code:
surface Ag, gray; surface S, yellow; core Ag, orange; C, dim gray; and F, soft green. Hydrogen
atoms are omitted for clarity.
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Figure S6: eDOS of Ag70S16(SPh)34(PhCO2)2(triphos)4. The removal of two benzoates from
the nanocluster renders the system a total electron count of +2 and a smaller HOMO-LUMO
gap of 0.38 eV. The energy gap between the HOMO level and the underlying occupied state
is 1.13 eV. Labels as in Figure S1.
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Figure S7: (left) HOMO state and (right) LUMO state of cluster
Ag70S16(SPh)34(PhCO2)2(triphos)4. Note that the HOMO state resembles the super-
atomic S-state as illustrated by the LUMO state of cluster 3. Atomic color code as in
Figure S4 and the hydrogen atoms are omitted for clarity.
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Figure S8: Transition contribution map (TCM), electron state analysis, and particle-holds
densities of the prominent absorption features determined for cluster 1. Color code of angular
momentum component as in Figure 3 with gray indicating states of symmetries beyond I
character. Transitions of (a) 2.84, (b) 3.15, (c) 3.46 eV.
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ABSTRACT: Several Ag−S nanoclusters where the cluster
core comprises mixed metal (main component) and sulfur
atoms show superatomic orbitals in the conduction band edge.
However, there are no superatomic states, i.e., delocalized
electrons, in the valence band, and the clusters in question can
be labeled as “zerovalent”. We show here an example of an
Ag−S cluster which fulfills the superatom model and has
delocalized electrons: The recently synthesized and charac-
terized [Ag62S12(StBu)32]

2+ cluster has four delocalized valence
electrons based on a simple counting rule, and we compare it
to the zerovalent cluster [Ag62S13(StBu)32]

4+. Our electronic
structure analysis confirms the existence of superatomic states
in the valence and conduction bands, but the locations of these
states do not agree completely with the conventional prediction based on the spherical Jellium model. [Ag62S12(StBu)32]

2+

displays the 1S2 electronic shell closure at the Fermi energy instead of the 1S21P2 configuration as suggested by its electron count.
This shift of energy levels and electron shell closing has been introduced by the core−shell structure of the cluster. Our optical
absorption simulation can reproduce the features observed in the experiments, and we assign these features to the transitions
involving superatomic states within the conduction band.

■ INTRODUCTION

The superatom model has been widely used to explain the
electronic shell closure properties of simple metal clusters.1

Knight et al. observed distinctive peaks in the mass spectra of
Na clusters having 2, 8, 20, 40, ..., atoms which provided the
primary evidence suggesting the enhanced stability associated
with this series of “magic number” (electronic shell closure)
clusters.2 Superatom model relates the shell closure numbers to
the delocalized states of valence electrons described by the
Aufbau rule: 1S2|1P6|1D10|2S2|1F14|2P6|1G18|..., where S, P, D, F,
and G represent the angular-momentum characters of
delocalized states with respect to a cluster center-of-mass.
These delocalized states give rise to a set of magic numbers 2, 8,
18, 20, 34, 40, 58, ..., which correspond to exceptional stable
cluster sizes.3,4

Ligand-protected noble metal nanoclusters, in particular gold
nanoclusters, have received considerable attention recently
owing to their unique electrochemical5 and optical properties6

that can realize practical applications ranging from catalysis to
biological sensing.7 Apart from its original context involving
simple metal clusters, the superatom model is applicable to
ligand-protected noble metal nanoclusters as well.8 By
considering the electron-localizing effect of ligands, the total
free valence electron count, n*, of a noble-metal cluster can be
inferred as9

* = − −n Nv Mv zA M (1)

where N is the total number of noble metal atoms, vA the
atomic valence (here, 1 for Au or Ag),M the number of anionic
ligands, vM the number of electron depleted per ligand, and z
the overall charge of the cluster.
Some notable examples of Au and Ag clusters, which agree

with the prediction suggested by the superatom model, include
Au25(SR)18

−, Ag44(SR)30
4−, and Au102(SR)44 with n* = 8, 18,

and 58, respectively.10−13 However, it is also possible to have
exceptionally stable clusters in which n* deviates from the
series of magic numbers. For instance, Au36(SR)24 and
Au20(PP3)4

4+ have n* = 12 and 16, respectively, and this is
ascribed to their nonspherical shape of metal cores.14,15 Most
recently, the atomic structure of Au133(SR)52 was successfully
resolved, and the stability of this hitherto largest ligand-
protected gold nanocluster is ascribed to its geometrical effect
instead of electronic shell closure (n* = 81 does not agree with
any magic number).16,17

Previously, we demonstrated that Ag−S nanoclusters having
mixed metal and nonmetal atoms within their cores can display
superatomic characters provided they comprise mainly metallic
core atoms.18 For instance, superatomic states appear in the
conduction band of [Ag123S35(StBu)50]

3+ that has ∼15% core S
atoms. The electron-localizing effect of core S atoms needs to
be considered in determining the total electron count of such
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nanocluster, whereby each core S atom behaves as an S2− ion
withdrawing two valence electrons from the metal core. Hence,
[Ag123S35(StBu)50]

3+ has a zero count for free valence electrons
(123 − 50 − 35 × 2 − 3 = 0). This prompted us to ask whether
the superatomic model is still valid for Ag−S nanoclusters
having free valence electrons based on the simple counting rule
of eq 1. However, it was not until recently than the first Ag−S
nanocluster with free valence electrons, [Ag62S12(StBu)32]

2+

with n* = 4, was successfully synthesized.19 Interestingly, this
cluster differs from the zerovalent cluster [Ag62S13(StBu)32]

4+

only with respect to a central sulfur atom.20

In this work, we apply the density functional theory (DFT)
of electronic structure to analyze these two closely related Ag−
S nanoclusters. We refer to the clusters [Ag62S12(StBu)32]

2+ and
[Ag62S13(StBu)32]

4+ as 1 and 2, respectively. We demonstrate
the existence of free valence electrons in the valence band of 1
and the connection with superatomic characters. Our results
confirm that the superatom model is still valid for the Ag−S
nanocluster 1 with free valence electrons, although the
energetic location of superatomic states is modified from the
conventional prediction. Furthermore, our computed optical
absorption spectra suggest that superatomic states are involved
in the transitions contributing to the main features observed in
the experimental spectra of 1 and 2.

■ METHODS

The GPAW program is a projector-augmented wave (PAW)
and real-space grid based DFT simulation package,21 and it was
used to investigate the structural, electronic, and optical
properties of 1 and 2. We employed the generalized gradient-
corrected exchange-correlation functional developed by Per-

dew, Burke and Ernzerhof (PBE)22 for the structural
optimization and analysis of the superatomic electron states.
The clusters were optimized by considering the full-ligand
models from the experimental crystal structures. The structural
optimizations were performed in the gas phase environment by
using a simulation box with nonperiodic boundary conditions,
until the residual forces acting on the atoms reached a
convergence criterion of 0.05 eV/Å.
All calculations consider a real-space grid spacing of 0.2 Å,

and the PAW setups for atomic valence are Ag(4p64d105s1),
S(3s23p4), C(2s22p2), and H(1s1). The scalar relativistic effect
for Ag atom is considered in the chosen PAW setup. In order to
analyze the character of superatomic electron states, a spherical
region with its origin positioned at the center-of-mass of the
cluster was chosen such that one can project the enclosed
Kohn−Sham wave functions onto the spherical harmonic
functions (Ylm).

9 Unless specifically mentioned, the visual-
ization of Kohn−Sham states uses an isosurface cutoff of 0.02
(atomic units). The effective charges of atoms were evaluated
using the Bader method of atomic charges and volumes.23

Casida’s formulation of the linear response time-dependent
DFT (LR-TDDFT)24 was employed to analyze the optical
absorption spectra of the clusters. In addition to the PBE
functional, we employed LB94 functional for the optical
absorption calculation as this functional has asymptotically
correct form at the long-range regime.25 Transition contribu-
tion map (TCM) analysis based on the DFT perturbation
theory was employed to analyze the contributions from
individual particle−hole transitions to the spectral features.26

Figure 1. DFT-optimized structures of (a) 1 and (b) 2 using the PBE functional. 2 differs from 1 by having an extra sulfur atom (highlighted by a
yellow sphere) at the center of its Ag14 kernel (FCC motif). (c) Ag and S atoms forming the core framework of 1. (d) Core Ag atoms (Ag14 kernel)
and the surrounding 12 S atoms. Color code: surface Ag, gray; surface S, yellow; core Ag, orange; core S, green; C, dim gray; and H, light gray.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b05824
J. Phys. Chem. C 2015, 119, 21165−21172

21166



■ RESULTS
Structural Analysis. Figure 1 illustrates the optimized

structures of the full-ligand models and core frameworks of 1

and 2. The clusters have a core−shell geometry where the core
Ag atoms form a complete face-centered-cubic (FCC) Ag14
kernel which is interconnected to an external shell of
Ag48(StBu)32 by 12 core S atoms (see Figure 1c, d).19 Each
of the core S atoms is anchored to the Ag14 kernel by forming
bonds with two edge atoms (Ag8 cube) and one face-centered
atom (Ag6 octahedron). The Ag and S atoms of both clusters
constitute a spherical and centrosymmetric metal sulfide core
framework. Cluster 2 differs from 1 by having an additional
sulfur atom placed at the center of its expanded Ag14 kernel
with 6-fold coordination. Furthermore, the difference in the
cationic charge state results in that 1 has four free valence
electrons based on the superatomic counting rule, while 2 has
no free valence electrons at all.
Table 1 reports the selected bond distances of 1 and 2, and

the DFT results are compared to those of experimental crystal
structures. In general, the computed bond lengths for Ag and S
atoms of 1 are overestimated by 2.1−2.9% in comparison with
those of the experimental structures. However, the bond
lengths between the core and surface shells of 1 are
underestimated by 1.9−2.4%. Cluster 2 has its computed
bond lengths overestimated by 1.3−1.9%, except that the Ag−

Ag bonds involving core atoms are underestimated by 1.2−
4.0%, and there is no significant change in the Ag−Ag bonds in
the surface layer. The presence of the central S atom poses this
structural effect, and the simulation results are consistent with
the experimental findings such that the computed distances
(average of 4.11 Å) between the opposing atoms of the Ag6
octahedron in 1 shrink significantly by 22% with respect to
those of 2 (average of 5.25 Å).
Table 2 reports the effective Bader charges for clusters 1 and

2. The distributions of average charge per atom are consistent
for the two clusters, except the core Ag atoms of cluster 2
having more depletion of electronic charge due to the central
sulfur atom. The central sulfur of 2 has an effective Bader
charge of −0.71e, and it depletes more electronic charge from
the core Ag atoms than the other core S atoms (an average of
−0.64e) within the compact Ag14 kernel. Furthermore, the
values for average charge per atom agree with those of our
previously analyzed Ag−S nanoclusters.18 This suggests that
Ag−S nanoclusters have the same distribution of average charge
per atom, irrespective of their total electron count numbers.
The core S atoms have strong electron localization effect on

the adjacent Ag atoms. For instance, the average charge per
atom for the Ag8 cube is 0.25e as compared to 0.21e for the Ag6
octahedron in 1, and this difference is due to their different
numbers of neighboring S atoms. The existence of (negatively
charged) core S atoms allows Ag−S nanoclusters to have
charges distributed across the whole core region. This is

Table 1. Average Bond Lengths of Clusters 1 and 2a

cluster 1 crystal, ref 19 cluster 2 crystal, ref 20

Ag (core)−Ag
(core)

3.02 (0.10) 2.96 (0.08) 3.03 (0.09) 3.16 (0.26)

Ag (core)−S
(core)

2.66 (0.08) 2.58 (0.05) 2.61 (0.38) 2.58 (0.03)

Ag (surface)−
Ag (surface)

3.29 (0.22) 3.29 (0.19) 3.29 (0.23) 3.29 (0.19)

Ag (surface)−
S (surface)

2.49 (0.09) 2.44 (0.10) 2.48 (0.08) 2.45 (0.07)

Ag (core)−Ag
(surface)

3.19 (0.16) 3.27 (0.17) 3.19 (0.17) 3.22 (0.21)

S (core)−Ag
(surface)

2.73 (0.22) 2.79 (0.25) 2.78 (0.24) 2.73 (0.22)

S−C 1.89 (0.01) 1.82 (0.05) 1.90 (0.01) 1.86 (0.02)
S (central)−
Ag (core)

2.63 (0.01) 2.55 (0.01)

aBond lengths are determined based on the DFT-optimized structures
in the gas phase by using the PBE functional. The units are reported in
Å, and standard deviations are listed in parentheses.

Table 2. Bader Charges of Clusters 1 and 2a

atom/group 1 2

Ag (core) 0.23 ± 0.03 (3.26) 0.30 ± 0.01 (4.25)
Ag (surface) 0.31 ± 0.03 (14.78) 0.32 ± 0.03 (15.32)
S (core) −0.64 ± 0.02 (−7.65) −0.64 ± 0.02 (−7.67)
S (surface) −0.36 ± 0.02 (−11.39) −0.36 ± 0.02 (−11.47)
C −0.08 ± 0.05 (−9.69) −0.07 ± 0.05 (−8.60)
H 0.04 ± 0.02 (12.68) 0.04 ± 0.02 (12.87)
thiolates −8.40 −7.20
Ag + S (core) 10.40 11.20

aThe average charge per atom and total charge (in parentheses) are
shown for each element. A positive (negative) Bader charge indicates
the depletion (accumulation) of electronic charge. For 2, the core S
atoms exclude the central S atom. The total charges of thiolates and
the core are reported in the lower part.

Figure 2. Electronic densities of state (eDOS) of clusters (a) 1 and
(b) 2. The top panels show the decomposed orbital states for Ag and
S, with the symmetries of atomic orbital states listed in parentheses.
The bottom panels show the total eDOS of clusters with respect to
elemental composition. The HOMO level is positioned at the zero-
energy level.
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different in the case of pure metal nanoclusters in which the
distribution of charges mainly locate at the core surfaces,
agreeing with the prediction from classical electrostatics.27 For
instance, the innermost Ag12 shell of Ag44(SR)30

4− is neutral,
and the outer shells have positively charged Ag atoms due to
the depletion by the ligand shell.11

Electronic Structure Analysis. According to the electron
counting rule (eq 1) where each core S atom behaves as an S2−

ion withdrawing two valence electrons and each thiolate group
localizes one electron, 1 has four free valence electrons and 2
has a zero-electron count. Previously, we demonstrated that
superatomic states exist in the conduction band of Ag−S
nanocluster having zero-electron count.18 Indeed, this is the
case for 2 also where 1S, 1P, and 1D superatomic can be
observed in the conduction band edge (see Figure S1,
Supporting Information). Meanwhile, superatomic states are
also expected to exist in the valence band for noble metal
clusters having free valence electrons.9

Figure 2 displays the eDOS of the clusters with projections
onto their atomic orbitals. The band gaps determined for
clusters 1 and 2 are 0.20 and 1.40 eV, respectively. Our PBE
results agree with the previous finding; a large energy spacing of
1.38 eV is notable between the highest occupied molecular
orbital (HOMO) and HOMO−1 of 1.19 At first sight, one
might assume that the large energy spacing between HOMO−1
and HOMO can be understood as the shell closure of 1S2, but

this is not the case (see below). Furthermore, the superatom
counting rule suggests that 1 has an open shell configuration
with a partially filled 1P6 shell, and one might speculate that the
ground state of 1 can be a triplet state rather than a singlet
state. However, our simulation results show that the singlet
state is still the ground state with 0.12 eV lower total energy
than that of the triplet.
Angular-momentum-resolved projections (Ylm analysis) of

electronic densities of states (eDOS) clarifies the associated
symmetries of the superatomic states in 1. Figure 3 illustrates
the Ylm analysis performed on cluster 1 using different radial
cutoffs. The projected densities of states (PDOS) of 1 indicate
that both the HOMO and HOMO−1 states have a significant S
character, and Figure 4 presents the visualizations of HOMO−
1 and HOMO. Both the Ylm analysis and visualization clearly
indicate that the S-symmetric wave function of HOMO−1 only
localizes in the deep core of the cluster within the Ag6
octahedron. This behavior is different from the HOMO of 1
or S-symmetric (unoccupied) state of 2 in which the
superatomic state is delocalized over the whole cluster core
(Figure S1). Although HOMO−1 has a strong S character
within the center, it has also a significant weight on localized
atomic orbital components at the ligands and core S atoms, and
thus it cannot be classified as a superatomic state.
The superatomic counting rule predicts that the HOMO of 1

should have a P character (1S21P2) due to its total electron
count of four. However, the P superatomic states have shifted
up in the conduction band edge as a group of nearly degenerate
lowest unoccupied molecular orbitals (LUMO to LUMO+2,
see Figures 3 and 5). HOMO is delocalized over the whole
cluster core and appears as an S-symmetric state (Figure 4c),
while an example of the LUMO+4 manifold displays a strong D

Figure 3. Angular-momentum-resolved eDOS (projected density of
states, PDOS) of cluster 1 using different radial cutoffs of (top) 2 Å,
(middle) 4 Å, and (bottom) 7 Å with respect to the center-of-mass.
The HOMO level is positioned at the zero-energy level. Atomic color
code as in Figure 1. Inset figures illustrate the atoms that are enclosed
within the chosen projection spheres.

Figure 4. (a) HOMO−1 of 1 with its (b) S-symmetric wave function
localized at the Ag6 octahedron (isosurface cutoff of 0.04 au). (c)
HOMO of 1 corresponds to 1S state such that the superatomic state is
delocalized over the whole cluster core. (d) Schematic diagram of s-
orbital is shown for illustrative purposes. Atomic color code as in
Figure 1. Hydrogen atoms are omitted for clarity.
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superatomic character (Figure 5e). Similar orbitals can be
assigned in the conduction band of 2, as demonstrated in
Figure S1.
To confirm the localized nature of HOMO−1, we have

computed the inverse participation ratio (IPR) values for the
electronic states of 1, and the results are available in Figure S2
(Supporting Information). Ideally, if an electronic state is
equally distributed over all the N atoms of a system, its IPR
number is equal to 1/N. In contrast, if an electronic state only
localizes at a single atom of a system, its IPR number is equal to
one. The degree of localization of an electronic state can be
quantified by IPR, and a smaller number IPR implies that the
electronic state is more delocalized in nature. HOMO shares

the same delocalization characteristic as the superatomic
LUMO and LUMO+4 states in the conduction band.
Meanwhile, HOMO−1 displays a stronger localization effect
(its IPR number is approximately 3 times larger than those of
HOMO and conduction band edge states), and hence, cluster 1
has only one spin-degenerate superatomic state (HOMO) in its
valence band.
Note that the series of magic electron numbers is predicted

based on the Jellium model, which assumes free valence
electrons confined in a spherical region and subjected to the
interaction of an attractive mean field potential from the ionic
cores.4 For Ag−S nanocluster, the electron localization effects
due to core S atoms and shell-like geometry are not negligible.

Figure 5. (a, b, c) Nearly degenerate unoccupied states of 1 which correspond to the 1P6 manifold. The (e) LUMO+4 of 1 corresponds to D-
symmetric (1D) state. Schematic diagrams of (d) p-orbital and (f) d-orbital are shown for illustrative purposes. Atomic color code as in Figure 1.
Hydrogen atoms are omitted for clarity.

Figure 6. (a) Experimental UV−vis absorption spectra for the clusters 1 (NC-I) and 2 (NC-II). Reproduced with permission from ref 19. (b)
Optical absorption spectra for the clusters 1 and 2, computed using the PBE (solid curves) and LB94 (dash curves) functionals in this work. The
optical transitions are broadened by 0.1 eV Gaussians, and the stick spectra correspond to those of PBE results.
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The electron counting rule indicates that superatomic
electronic states can exist in the valence band of 1. However,
our findings show that 1 is a system having electronic shell
closure of 1S2, and this deviation from the prediction can be
assigned to the ionic interactions of the core S atoms. In
general, the applicability of the superatom model for Ag−S
nanoclusters having free valence electrons requires investiga-
tions where the details of the core composition and geometry
are taken into account.
Optical Analysis. The previous study by Jin et al. reported

optical absorption calculations for 1 and 2 using the PBE
functional and suggested that there was a large red-shift of
approximately 1.5 eV in comparison to the experimental
spectra.19 In order to cross-check the effect of exchange-

correlation functionals, we have performed optical absorption
calculations using both the PBE and LB94 functionals based on
the PBE structure. Figure 6 displays the computed optical
absorption spectra for these clusters with full ligands. The main

Figure 7. Transition contribution map (TCM) for the (a) 520 and (b)
430 nm features in cluster 1. The bright spots of TCM data correlate
to transitions from the occupied states (bottom left panel) to
unoccupied states (top right panel). A brighter spot correlates to a
higher weight of the specific transition pair involved. Color code of
angular momentum component and labels as in Figure 3.

Figure 8. TCM for the (a) 850, (b) 530, and (c) 410 nm features in
cluster 2. Labels as in Figure 7.
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absorption features observed in the LB94 results are blue-
shifted with respect to those of PBE results, but the results are
qualitatively consistent with each other. The PBE results agree
well with the experimental spectra reproducing its main
features, and the agreement is better than those of LB94
functional. This suggests that PBE is a valid choice for the
optical absorption calculations of Ag−S nanoclusters in order
to reproduce the experimental spectra, similarly as concluded
for other simulations performed for ligand-protected pure
noble metal clusters.11,28 We have no clear explanation why
PBE performs better for optical spectra than LB94, but this may
be related to error cancellation with respect to bond distances
(geometry). In the following, we apply the TCM analysis of the
PBE results to study the optical transitions involved that
correspond to the main spectral features.
Figures 7 and 8 display the TCM analysis of 1 and 2,

respectively. Figure 2 suggests that the occupied states have
predominant contribution from atomic Ag(4d) orbitals while
the unoccupied states display weight on Ag(5s)/Ag(5p).
Hence, these transitions belong to the d → sp interband
transitions. The main features of both clusters at the transition
regime of 520−530 nm (Figures 7a and 8b) mainly involve
transitions from the core states to the P-symmetric states.
These transitions also have partial contributions involving the
S-symmetry states. The main difference is that the S-symmetric
states of 1 (HOMO) and 2 (LUMO) are in the valence and
conduction band, respectively. For the absorption features
observed at 410−430 nm (Figures 7b and 8c), the main
contributions are transitions from the core states to the D-
symmetry superatomic states. The absorption spectra show a
visible difference at lower energy as 2 exhibits a feature at 850
nm (Figure 8a). This peak corresponds to the HOMO−LUMO
transition which was not observed in the experiment.19

■ CONCLUSION
We have performed DFT simulations for two closely related
Ag−S nanoclusters in order to elucidate the applicability of the
superatomic model of metal clusters in a wider context. Cluster
1 has interesting core-shell geometry where the innermost core
comprises a pure Ag14 kernel and the outer shell is composed of
mixed Ag and S atoms. Our electronic structure analysis
provides a detailed investigation on the delocalized character of
the free valence electrons. For 1 with delocalized electrons,
HOMO has a superatomic S character, and this deviates from
the simple prediction of the spherical Jellium model (1S21P2),
which indicates that HOMO should be a P-symmetric
superatom orbital instead. Ylm analysis with respect to different
radial cutoffs and IPR weights suggests that the HOMO−1 of 1
is not a superatomic state as its S-symmetric character is
confined to the innermost Ag6 octahedron only rather than the
whole cluster core. Correspondingly, the locations of
superatomic states have shifted, and the HOMO of 1
corresponds to the first spin-degenerate superatomic state
(1S2). We assign this observation to the significant influence of
core S atoms (ionic core interactions) which trap HOMO−1 in
the center of the cluster with suppressed delocalization.
The earlier study assigned the HOMO → LUMO transition

in 1 as the electron migration from the outer Ag−S shell to the
Ag14 kernel.19 Our analysis suggests that this transition is
actually a superatomic transition 1S → 1P with no change in
the delocalized nature of the states (similar IPR weights). The
effective charge analysis of 1 and 2 suggests that the distribution
of electronic charges is not significantly affected by the

existence of few delocalized electrons. The electronic structure
analysis of 2 reaffirms our previous finding, demonstrating that
superatomic states can exist in the conduction band of
zerovalent Ag−S nanoclusters with predominant contribution
of metal atoms in the core.18 The optical absorption analysis
demonstrates that the PBE functional reproduces the
experimental absorption features of the Ag−S clusters with
good agreement, in contrast to the earlier simulated spectra
with a large red-shift.19 The notable features in the
experimental absorption spectra of 1 and 2 mainly involve
transitions to the superatomic states in the conduction band.
Our results clearly demonstrate the existence of a

superatomic 1S2 state in the valence band of an Ag−S
nanocluster, and this finding may turn out applicable to other
nanoclusters having mixed metal and nonmetal (chalcogen)
atoms with delocalized electrons. Based on these results, the
details of the atomic structure within the cluster core (mixing,
segregation) play an important role for the locations of energy
levels and provide possibilities for tuning the superatom model.
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Figure S1: (a) LUMO, (b) LUMO+1 and (c) LUMO+4 states of 2 correspond to S-, P- and
D-symmetric states. Color code: Surface Ag, gray; surface S, yellow; core Ag, orange; core
S, green; and C, dim gray. Hydrogen atoms are omitted for clarity.
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Figure S2: (top panel) eDOS and (bottom panel) inverse participation ratio (IPR) of cluster
1 nearby the band edges.

S2





Publication IV

S. Matsuo, S. Yamazoe, J.-Q. Goh, J. Akola, and T. Tsukuda.
The Electrooxidation-induced Structural Changes of Gold Di-Superatomic Molecules:
Au23. vs. Au25.

Phys. Chem. Chem. Phys., 2016, 18, 4822–4827. Reproduced by permission of
The Royal Society of Chemistry.



4822 | Phys. Chem. Chem. Phys., 2016, 18, 4822--4827 This journal is© the Owner Societies 2016

Cite this:Phys.Chem.Chem.Phys.,

2016, 18, 4822

The electrooxidation-induced structural changes
of gold di-superatomic molecules: Au23 vs. Au25†

Shota Matsuo,a Seiji Yamazoe,ab Jing-Qiang Goh,cd Jaakko Akolacd and
Tatsuya Tsukuda*ab

The gold cluster compounds Au38(SC2H4Ph)24 and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ are known to possess

bi-icosahedral Au23 and Au25 cores, respectively, inside their ligand shells. These Au cores can be viewed

as quasi-molecules composed of two Au13 superatoms sharing three and one Au+ atoms, respectively.

In the present work, we studied the structural changes of these gold di-superatomic molecules upon

electrooxidation via spectroelectrochemical techniques, X-ray absorption fine structure analysis, and density

functional theory calculations. The Au23 core was electrochemically stable, but the Au25 core underwent

irreversible structural change. This marked difference in the stability of the oxidized states is ascribed to

differences in the bonding scheme of Au13 units and/or the bonding nature of the protecting ligands.

Introduction

The Au13 icosahedron is a ubiquitous structural motif that can
be found in a variety of ligand-protected gold clusters, such as
[Au13(PMe2Ph)10Cl2]3+,1 [Au25(SC2H4Ph)18]�,2,3 [Au13(PPh2C2H4-
PPh2)5Cl2]3+,4 [Au19(CRCPh)9(PPh2NHPPh2)3]2+,5 and [Au13-
(PPh2C2H4PPh2)5(CRCPh)2]3+.6 All of these Au13 cores formally
accommodate eight valence electrons with a closed (1S)2(1P)6

electronic configuration, where S and P represent orbitals with
angular momentum values of 0 and 1, respectively (Scheme 1).7,8

Thus, the Au13
5+(8e) core can be viewed as a stable, rare gas-like

superatom.8

The Au13 core serves as the building unit for a new class of
quasi-molecules known as superatomic molecules9,10 in a
manner analogous to the formation of molecules from atoms.
To date, two different bonding modes have been revealed by
single-crystal X-ray crystallographic studies. One is a face-
sharing mode found in the Au23

9+(14e) core of Au38(SR)24.11

The other is a vertex-sharing mode found in the Au25
9+(16e),

Au37
13+(24e), and Au60

20+(40e) cores of [Au25(PR3)10(SR0)5Cl2]2+,12

[Au37(PR3)10(SR0)10Cl2]+,13 and [Au60Se2(PR3)10(SeR0)15]+,14 respec-
tively. A recent computational study suggests that the Au23

9+ core

can be viewed as a dimer of halogen-like Au13
6+(7e) superatoms

formed by sharing three Au+ atoms (Scheme 1a):9

Au23
9+(14e) = 2 � Au13

6+(7e) � 3Au+ (1)

The electronic configuration of Au23
9+(14e) may be described

as (1s)2(1s*)2(1p)4(2s)2(1p*)4. The 1s and 1s* orbitals are
constructed from the 1S superatomic orbitals of Au13

6+(7e),

Scheme 1 Schematic representation of the bonding scheme for (a)
Au23

9+(14e) and (b) Au25
9+(16e) from their superatomic units (ref. 18 and 19).

The energy scales are arbitrary and the energy splitting of superatomic orbitals
(ref. 20 and 21) is ignored. Optical transitions A, B, and C correspond to the
peaks in the optical spectrum (Fig. 1a).
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whereas the 1p, 2s, and 1p* orbitals result from the 1P
superatomic orbitals of Au13

6+(7e). This super valence bond model
can also be applied to bonding in the vertex-sharing Au25

9+, which
may be considered as a dimer generated by rare gas-like Au13

5+(8e)
superatoms sharing an Au+ atom (Scheme 1b):12,15–17

Au25
9+(16e) = 2 � Au13

5+(8e) � Au+. (2)

The formal bond orders in Au23
9+ and Au25

9+ can be calculated
to be one and zero, respectively.

In terms of the bonding scheme, the Au23
9+(14e) and Au25

9+(16e)
cores correspond to an F2 molecule and a van der Waals dimer of
Ne, respectively. These di-superatomic molecules, thus, provide
an interesting opportunity to study similarities and differences of
the fundamental properties between conventional molecules and
superatomic molecules. This study aims to compare the structural
changes of superatomic molecules induced by electrooxidation
with those of conventional molecules by ionization. In the case of
molecules, the bond distance is the unique structure parameter
that can be changed. For example, the F–F bond of F2 is shortened
from 1.44 to 1.33 Å upon ionization owing to the removal of an
electron from the highest occupied molecular orbital (HOMO) of
anti-bonding nature.22 The internuclear distance of Ne2 is signifi-
cantly reduced from 3.09 to 1.7 Å upon ionization owing to the
charge-resonance stabilization in Ne2

+.23 In the case of superatomic
molecules, the structural change of superatomic units themselves
may be induced in addition to the elongation/reduction of their
distance. In the present study, we investigated how the geometric
structures of the Au23

9+ and Au25
9+ cores are altered upon electro-

oxidation using spectroelectrochemical methods,24 X-ray absorp-
tion fine structure (XAFS) analysis and density functional theory
(DFT) calculations.

Experimental and
computational methods
Synthesis of samples

All of the chemicals used in this study were commercially available.
Samples of Au38(SC2H4Ph)24 (10) and [Au25(PPh3)10(SC2H4Ph)5Cl2]2+

(22+) were synthesized according to literature procedures, but with
slight modifications.12,25,26 The details of the syntheses are
described in the ESI.† Successful synthesis of both compounds
was confirmed by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry and optical absorption spectroscopy.

Electrochemical measurements

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
of 1 and 2 were performed using an electrochemical analyzer
(BAS, ALS720B) at room temperature under an Ar atmosphere.
The electrolyte solution used for these measurements was
0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6) in
1,2-dichloroethane (DCE) purged with Ar. The working, reference,
and counter electrodes were a 1 mm glassy carbon disk, Ag/AgNO3

(�0.21 V vs. Fc/Fc+), and a Pt wire, respectively. The potential
scan was initiated at open circuit potential (0.01 and �0.27 V
for 1 and 2, respectively) in the negative direction.

The optical absorption spectra of 1 and 2 in the UV-vis-NIR
region were recorded under electrochemical redox conditions.
These spectroelectrochemical measurements were conducted
in a DCE solution containing 0.1 M NBu4PF6 that was purged
with Ar prior to measurements using an electrochemical analyzer
(BAS, ALS720B) and two spectrophotometers (Jasco, V-670 for
1 and Agilent, Agilent 8453 for 2). A quartz cell (1 mm width)
was used for spectroelectrochemistry. The working, reference,
and counter electrodes were an optically transparent Pt mesh
electrode, an Ag/AgNO3 electrode, and a Pt wire electrode,
respectively. The Pt mesh electrode was set in the light path
of the spectroelectrochemical cell.

Bulk electrolysis

The bulk electrolysis of 2 was carried out in a spectroelectro-
chemical 10 mm quartz cell (HX-701Y, Hokuto Denko) with an
electrochemical analyzer (BAS, ALS720B). The working, reference,
and counter electrodes were a Pt mesh electrode, an Ag/AgNO3

electrode, and a Pt coil electrode, respectively. The electrolysis
was conducted in a DCE solution containing 0.1 M NBu4PF6,
which was purged with Ar prior to measurements. The comple-
tion of the bulk electrolysis was established by optical absorption
spectroscopy.

XAFS spectroscopy

Au L3-edge XAFS measurements were performed on the BL01B1
beamline at the SPring-8 facility of the Japan Synchrotron
Radiation Institute (proposal nos. 2012B1986, 2014B1430, and
2014A1680). A Si(311) two-crystal monochromator was used for
the incident beam and all spectra were recorded in transmission
mode using ion chambers as the I0 and I detectors. Samples of 2
diluted with boron nitride and 2 electrolyzed and diluted with
NBu4PF6 were placed in the cryostat for measurements at 8 or
10 K. Energy scale was calibrated using Cu foil and data analysis
was carried out employing the REX2000 Ver. 2.5.92 software
package (Rigaku Co.). The k3-weighted w spectra in the k range of
3.0–16.0 Å�1 were Fourier-transformed (FT) into r-space. The
curve fitting analysis was performed for Au–S (P, Cl) and Au–Au
bonds over the r range of 1.5–3.2 Å. In the curve fitting analysis,
the phase shifts and back-scattering amplitude functions for the
Au–S and Au–Au bonds were extracted from Au2S (ICSD#78718) and
Au metal (ICSD#44362), respectively, using the FEFF8 program.27

The phase shifts and back-scattering amplitude functions of Au–S
were used for those of Au–P and Au–Cl because the electron
densities of P and Cl atoms are close to that of S atom.

Transmission electron microscopy

Transmission electron microscopy (TEM) images were recorded
by using a Hitachi HF-2000 microscope operated at 200 kV.
A dispersion of the electrooxidized sample of 2 was dropped
onto a carbon-coated copper grid. The sample grid was dried at
room temperature in air.

Computational methods

The GPAW software,28 a projector-augmented wave (PAW) and
real-space grid DFT package, was employed to inspect the redox
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behavior of 1 and 2. Structural optimizations were performed
in the gas phase environment with consideration of the full
ligands, until the residual forces acting on the atoms reached
0.05 eV Å�1 or below. The spin-polarized DFT simulations were
performed with a real-space grid spacing of 0.2 Å and included
the scalar relativistic effect for PAW setups. Linear response
time-dependent DFT based on Casida’s formulation29 was
employed to analyze the optical absorption spectra of 22+ and
23+. All the calculations in this work adopted the generalized
gradient-corrected exchange–correlation functional developed
by Perdew, Burke and Ernzerhof (PBE).30

Results and discussion
Redox behavior of Au38(SC2H4Ph)24

The successful synthesis of Au38(SC2H4Ph)24 (10) was confirmed
by MALDI mass spectrometry (Fig. S1, ESI†). An intense peak at
m/z = 1.078 � 104 was assigned to intact Au38(SC2H4Ph)24,
whereas a smaller peak at m/z = 9.33 � 103 was attributed to
a fragment with the formula Au34(SC2H4Ph)19S.25 The optical
absorption spectrum of 10 (Fig. 1a) shows distinct peaks at
1.18 (peak A), 1.65 (peak B), 1.97 (peak C), 2.39, and 2.57 eV, in
agreement with previously reported data.31 The peaks A, B and
C have been theoretically assigned to the electronic transitions
HOMO(1p*) - LUMO(2p*), HOMO�1(2s) - LUMO+1(2s*),
and HOMO(1p*) - LUMO+3, respectively (Scheme 1a).18

Fig. 1b shows the CV curves of 10 recorded at different scan
rates; an arrow indicates the open circuit potential. These plots
exhibit two pairs of redox peaks for the 0/+1 and +1/+2 couples at
the same voltages, regardless of the scan rates. The peak-to-peak
separations of the two couples are 58 and 61 mV, respectively, at a
scan rate of 100 mV s�1.32 This reversible behavior indicates that 1
and its oxidized forms 11+ and 12+ are stable in the electrolyte
solution. The formal potentials of the redox couples 10/1+ and 11+/2+

were determined to be 0.07 and 0.32 V, respectively. These values
are smaller by several tens of meV than reported values obtained

from CV using acetonitrile : benzene (1 : 1) as a solvent of the
electrolyte solution.33 Based on these results, it is evident that
11+ and 12+ can be synthesized by the electrolysis of 10 at 0.20 and
0.60 V, respectively.

The optical absorption spectra of 10, 11+, and 12+ are displayed
in Fig. 2a. The positions of peaks A, B, and C of 10 (Fig. 1a) are
unchanged following electrolysis whereas the intensities of these
peaks change depending on the charge states of 1. The intensities
of peaks A and C decreased with oxidation. The reduction of the
peak intensities upon oxidation to +1 and +2 is ascribed to the
reduced probability of transition from the HOMO(1p*) orbital
from which the electron(s) is/are removed. In contrast, the
intensity of peak B did not change upon oxidation. This behavior
can be understood by considering that the HOMO(1p*) orbital is
not involved in the optical transition. Interestingly, the absorbance
of the valley between peaks B and C increased upon oxidation,
suggesting that a new optical transition became accessible in the
oxidized state. According to a previously reported theoretical
study,18 the increased absorbance at 1.8 eV can be attributed to
an optical transition to the HOMO(1p*) orbital, in which one or
more holes are created by oxidation.

Fig. 2b shows the spectra obtained by subtracting the spec-
trum of 10 from those of 11+ and 12+. The peak positions evidently
did not change upon oxidation, indicating that the energy levels
of the superatomic orbitals of 1 do not change regardless of the
charge state. Given that the electronic structures of small clusters
are sensitive to slight difference in the geometric structure,34 this
result indicates that the geometric structure of 1 is not changed
appreciably by the redox reactions. Namely, the bond length
between the Au13 units within 1 was not changed even after the
formal bond order is increased from 1 to 2. This behavior is in
sharp contrast to that of F2, a molecular analogue of Au23

9+, since
it is known that the F–F bond length in F2

+ (1.33 Å) is shorter than
that in F2 (1.44 Å).22 The negligible structural change of Au23

9+,

Fig. 1 (a) Optical absorption spectrum and (b) CV curves of 10.
Fig. 2 (a) Optical absorption spectra of 10, 11+, and 12+ and (b) spectra of
11+ and 12+ following subtraction of the spectrum of 10.
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even after 2-electron oxidation, thus demonstrates the structural
rigidity of the face-sharing bi-icosahedral Au23.

Furthermore, the DFT structural optimizations of 10 and 12+

support this finding showing that the bond distances of core
atoms do not change significantly at different charge states
(Fig. S3 and Table S1, ESI†). One of the HOMO(1p*) orbitals in
10 is promoted to the LUMO orbital in 12+, but the HOMO
orbitals of these structures still retain the same symmetry of
1p* (Fig. S4, ESI†). Hence, there is no distinctive structural
effect induced by the electronic factor. The rigidity of Au23

9+ may
partly arise from the protection by the rigid Au–SR oligomers
with different lengths: especially three –SR–Au–SR– ‘‘staples’’
bridge across the waist of two Au13 icosahedra.35

Redox behavior of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+

The synthesis of [Au25(PPh3)10(SC2H4Ph)5Cl2]2+ (22+) was con-
firmed by optical spectroscopy (Fig. 3a). The spectrum shows
distinct peaks at 1.84, 2.98, 3.30, and 3.76 eV, which reproduces
the reported data.12,36 The CV curves of 22+ shown in Fig. 3b
exhibit irreversible waves in both the oxidative and reductive
potential ranges. This result indicates that cluster 22+ is unstable
upon one-electron oxidation.

Fig. 4a presents the optical absorption spectra obtained
during one-electron oxidation of 22+ at 0.60 V. The spectral
profile changes with time while exhibiting three isosbestic
points, as indicated by arrows. The peak at 1.84 eV drops in
intensity and the optical gap is reduced during the electro-
oxidation reactions. This result implies that the electrooxidation
of 22+ yielded a certain product having less structured absorption
spectrum than 22+.

In order to gain insight into the electronic structures of the
one-electron oxidation product, we attempted to extract its
optical spectrum by assuming that 22+ is converted to a single
species upon electrooxidation. Namely, we assume that the
spectra in Fig. 4a represent a linear combination of the spectra of
unoxidized 22+ and the oxidation product. Because the population

of unoxidized 22+ at a certain time is unknown, we further assume
that the oxidation product does not have sharp peaks at the same
position with those of 22+. The optical spectra of the oxidation
product extracted based on these assumptions are shown in
Fig. 4b. Although there is an ambiguity in the spectral profile
depending on the assumed concentration of unoxidized 22+, we
can conclude that the oxidation product is less structured as
compared to 22+ and optical onset is shifted to lower energy.

DFT calculations were carried out to study the geometric
structure and optical properties of the one-electron oxidation
product. Structural optimization of 23+ starting from vertex-
sharing biicosahedral cores with eclipsed and staggered con-
figurations (Fig. S5, ESI†) both yielded the eclipsed motif,
which is similar to that of 22+ (Fig. 5a). The optimization results
do not suggest that a staggered (twisted bi-icosahedral core)37

configuration is preferred for 23+, upon oxidation of 22+. Since
the HOMO of 22+ has anti-bonding nature according to the pre-
vious theoretical calculations (Scheme 1b),15,17 one would expect
that the distance between the two Au13 units to become smaller
upon oxidation. In contrast to the prediction from Scheme 1b,
the distance between the two Au13 units is slightly increased
upon oxidation: the average distance between the nearest neigh-
boring Au atoms between the Au13 units are 3.23 � 0.018 and
3.27 � 0.015 Å for 22+ and 23+, respectively (Fig. 5a). This
unexpected trend is due to the fact that the HOMO of 22+ obtained
by the present calculation has bonding nature (Fig. S6, ESI†).
Inspection of the shape of the HOMO suggests that it is con-
structed via bonding interaction between 1P superatomic orbitals
of Au13 moieties. Based on Scheme 1b, the HOMO of 22+ corre-
sponds now to a 2s state. Meanwhile, both the HOMO�1 and
HOMO�2 correspond to 1p* states; and the HOMO�3 refers to a
2s* state (Fig. S6, ESI†). Therefore, the ordering of the energeticFig. 3 (a) Optical absorption spectrum and (b) CV curves of 22+.

Fig. 4 (a) Optical absorption spectra of 22+ following electrolysis at
0.60 V. (b) Deconvoluted spectra of oxidized species assuming that the
spectrum after 40 min contains 20% (red) and 24% (blue) of 22+. The black
curve shows the spectrum of 22+ for reference.

Paper PCCP



4826 | Phys. Chem. Chem. Phys., 2016, 18, 4822--4827 This journal is© the Owner Societies 2016

states of HOMO and HOMO�3 has been interchanged. We
consider this as a ligand effect: the energetically closely spaced
orbitals, which are of superatomic 1P character, are sensitive to
the influence of localized p-orbital states of individual sulfur
atoms at the cluster waistline, and this lowers the energy of the
2s* state.

Fig. 5b shows the calculated optical absorption spectra of
22+ and 23+. The calculated spectrum of 22+ reproduces well

characteristic features of the experimental spectra (Fig. 3a).
The spectrum of 23+ appears to be similar to that of 22+. Especially,
the characteristic peak at B1.7 eV for 22+ is still present for 23+ (odd
number of electrons, with spin-polarization), which is inconsistent
with the experimental observation (Fig. 5b). This contradiction
suggests that oxidized form 23+ is not stable in solution and is
transformed into another structure or structures.

The electrooxidation sample of 22+ was examined by TEM. In
the TEM images (Fig. S8, ESI†), only Au clusters smaller than
2 nm were observed although the sample contained unoxidized
22+. This observation and the absence of a surface plasmon
resonance band in the oxidized sample (Fig. 4b) suggest that
aggregation of 22+ is not induced upon oxidation. The oxidation
product obtained after bulk electrolysis of 22+ was further
examined using XAFS. Fig. 6 shows the Au L3-edge extended
X-ray absorption fine structure (EXAFS) oscillations and FT-EXAFS
spectra of 22+ and the oxidation product. The results of the EXAFS
analysis are summarized in Table 1. From these data, it is evident
that the coordination numbers of the Au–Au and Au–ligand bonds
did not change appreciably upon electrooxidation.

The experimental and theoretical results reported above suggest
that Au25

9+ with the vertex-sharing biicosahedral motif undergoes
irreversible structural change upon oxidation. It is reported that
phosphine-protected Au clusters such as [Au11(PPh3)8Cl2]+ are
electrochemically unstable,38 whereas thiolate-protected Au clusters
such as [Au25(SR)18]� are electrochemically stable.38,39 Thus,
difference in the electrochemical instability between Au23

9+ and
Au25

9+ superatomic molecules may be associated with that in
the protecting ligands. The Au23

9+ core is protected by three
–SR–Au–SR– and six –SR–(Au–SR)2– oligomers, whereas the Au25

9+

core is protected by five RS, ten PR3 and two halides. One possible
pathway is the isomerization of the Au25 core induced by the
release of the phosphine ligand upon electrooxidation. Such
electrochemically irreversible structural isomerization has been
observed in [Au8(Ph2P(CH2)3PPh2)4]n+ (n = 2 and 4).40

Conclusions

The structural changes of Au38(SC2H4Ph)24 and [Au25(PPh3)10-
(SC2H4Ph)5Cl2]2+ upon electrooxidation were studied by spectro-
electrochemical and XAFS measurements and DFT calculations.
The face-sharing Au23

9+ biicosahedron protected by Au–SR
oligomers retains the structure upon oxidation, indicating that
oxidation-induced geometric relaxation is negligibly small in

Fig. 6 (a) Au L3-edge EXAFS oscillations and (b) FT spectra of 22+ (blue) and
the one-electron oxidation product (red).

Fig. 5 (a) Optimized core structures and (b) optical absorption spectra of
22+ and 23+. For simplicity, the ligands are omitted. The individual transition
values have been multiplied by a factor of 20, and the full range of optical
absorption spectra are available in Fig. S7 (ESI†). There is no significant
change between the core structures optimized in different charge states, with
a slight increment for distances between the nearest neighboring Au atoms of
the Au13 moieties.

Table 1 Fitted EXAFS parameters for the electrooxidation product

Sample Atoma C.N.b rc (Å) D.W.d Re (%)

22+ S (P, Cl) 1.1(2) 2.324(11) 0.0061(27) 9.9
Au1 2.4(1.2) 2.744(3) 0.0045(7)
Au2 4.2(7) 2.875(3) 0.0050(5)

One-electron oxidation product S (P, Cl) 0.9(1) 2.306(4) 0.0040(15) 8.9
Au1 1.5(2) 2.727(20) 0.0040(10)
Au2 4.4(5) 2.860(22) 0.0076(12)

a Bonding atom. b Coordination number. c Bond length. d Debye–Waller factor. e R factor.
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contrast to the corresponding molecule F2. In contrast, the
vertex-sharing Au25

9+ biicosahedron protected by thiolates,
phosphines and halides underwent irreversible structural change.
This electrochemical instability is ascribed to the bonding scheme
between two Au13 units and/or the bonding nature of the protect-
ing ligands.
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H. Häkkinen, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 9157.

9 L. Cheng, C. Ren, J. Zhang and X. Yang, Nanoscale, 2013,
5, 1475.

10 J. Nishigaki, K. Koyasu and T. Tsukuda, Chem. Rec., 2014,
14, 897.

11 H. Qian, W. T. Eckenhoff, Y. Zhu, T. Pintauer and R. Jin,
J. Am. Chem. Soc., 2010, 132, 8280.

12 Y. Shichibu, Y. Negishi, T. Watanabe, N. K. Chaki,
H. Kawaguchi and T. Tsukuda, J. Phys. Chem. C, 2007,
111, 7845.

13 R. Jin, C. Liu, S. Zhao, A. Das, H. Xing, C. Gayathri, Y. Xing,
N. L. Rosi, R. R. Gil and R. Jin, ACS Nano, 2015, 9, 8530.

14 Y. Song, F. Fu, J. Zhang, J. Chai, X. Kang, P. Li, S. Li, H. Zhou
and M. Zhu, Angew. Chem., Int. Ed., 2015, 54, 8430.

15 K. Nobusada and T. Iwasa, J. Phys. Chem. C, 2007,
111, 14279.

16 J.-Q. Goh, S. Malola, H. Häkkinen and J. Akola, J. Phys.
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The	  electrooxidation-‐induced	  structural	  changes	  of	  gold	  
di-‐superatomic	  molecules:	  Au23	  vs.	  Au25	  
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1.	  Experimental	  
A.	  Chemicals	  
Milli-‐Q	   grade	  water	  was	   employed	   exclusively	   in	   the	  present	   study.	  All	   reagents	   and	   solvents	  
were	  commercially	  available	  and	  were	  used	  as	  received	  without	  further	  purification.	  

B.	  Synthesis	  

	  Au38(SC2H4Ph)24	  
Au38(SC2H4Ph)24	   was	   synthesized	   using	   a	   previously	   reported	  method.1	   Briefly,	   a	   mixture	   of	  
HAuCl4·4H2O	   (2.0	   mmol)	   and	   reduced	   form	   glutathione	   (1.0	   mmol)	   in	   acetone	   (80	   mL)	   was	  
stirred	  for	  20	  min	  at	  room	  temperature.	  The	  mixture	  was	  subsequently	  stirred	  for	  an	  additional	  
20	  min	  in	  an	  ice	  bath,	  after	  which	  a	  solution	  of	  NaBH4	  (20	  mmol,	  dissolved	  in	  20	  mL	  of	  water)	  
was	   rapidly	   added	   with	   vigorous	   stirring.	   After	   20	   min,	   the	   supernatant	   was	   removed	   by	  
decanting,	  and	  the	  remaining	  black	  solid	  was	  dried	  under	  vacuum.	  One	  fourth	  of	   the	  resulting	  
solid	  product	  was	  added	  to	  a	  mixture	  of	  water	  (6	  mL),	  ethanol	  (0.3	  mL),	  toluene	  (2	  mL),	  and	  2-‐
phenylthanethiol	  (2	  mL)	  and	  the	  biphasic	  solution	  was	  stirred	  at	  80	  °C.	  After	  approximately	  15	  
h,	   the	   organic	   layer	   was	   thoroughly	   washed	   with	   water	   and	   evaporated.	   Then	   the	   residual	  
sample	  was	  washed	  with	   a	  mixture	  of	  water	   and	  methanol	   (1:4),	   followed	  by	  pure	  methanol.	  
Finally,	  the	  crude	  Au38(SC2H4Ph)24	  was	  extracted	  with	  toluene	  and	  pure	  Au38(SC2H4Ph)24	  was	  
obtained	  by	  high	  pressure	  liquid	  chromatography	  (HPLC,	  Japan	  Analytical	  Industry	  Co.,	  Ltd.,	  LC-‐
908)	  with	   gel	   permeation	   chromatography	   (GPC)	   column	   (Japan	  Analytical	   Industry	   Co.,	   Ltd.,	  
JAIGEL-‐W253).	  Toluene	  was	  used	  as	  the	  mobile	  phase	  at	  a	  flow	  rate	  of	  3.5	  mL/min.	  	  

[Au25(PPh3)10(SC2H4Ph)5Cl2]Cl2	  
[Au25(PPh3)10(SC2H4Ph)5Cl2]Cl2	   was	   prepared	   using	   a	   previously	   reported	   method	   with	   some	  
modifications.2–5	  NaBH4	  (0.50	  mmol)	  was	  slowly	  added	  to	  a	  solution	  of	  AuCl(PPh3)	  (0.51	  mmol)	  
in	  absolute	  ethanol	  (12	  mL)	  over	  7	  min.	  After	  stirring	  at	  room	  temperature	  for	  2	  h,	  the	  mixture	  
was	  poured	  into	  hexane	  (200	  mL).	  Filtration	  using	  a	  membrane	  filter	  (pore	  diameter:	  0.2	  μm)	  
was	   used	   to	   collect	   the	   brown	   solid	   product,	   which	   was	   then	   washed	   with	   hexane,	  
CH2Cl2/hexane	  (1:1,	  15	  mL),	  and	  CH2Cl2/hexane	  (3:1,	  2.5	  mL).	  The	  resulting	  solid	  was	  dissolved	  
in	  CH2Cl2	  and	  the	  solution	  was	  filtered.	  After	  evaporation	  of	  the	  solvent,	  phosphine-‐stabilized	  Au	  
clusters	   were	   obtained	   as	   a	   dark	   brown	   solid.	   A	   20	   mg	   quantity	   of	   the	   obtained	   solid	   was	  
subsequently	   reacted	  with	  2-‐phenylethanethiol	   (37μL)	   in	   chloroform	  (30	  mL)	  with	   stirring	  at	  
55	   °C.	   After	   1	   h,	   the	   organic	   layer	   was	   evaporated	   and	   washed	   with	   hexane,	   toluene,	   ethyl	  
acetate,	   and	   diethyl	   ether.	   Finally,	   pure	   [Au25(PPh3)10(SC2H4Ph)5Cl2]Cl2	   was	   extracted	   with	  
ethanol.	  
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C.	  Characterization	  

UV-‐Visible-‐NIR	  optical	  spectrometry	  
UV-‐vis-‐NIR	   absorption	   spectra	   were	   recorded	   on	   V-‐670	   (JASCO,	   Japan)	   and	   Agilent	   8453	  
(Agilent,	  Japan)	  spectrophotometer.	  	  

Matrix-‐assisted	  laser	  desorption	  ionization	  (MALDI)	  mass	  spectrometry	  
MALDI-‐time-‐of-‐flight	  (TOF)	  mass	  spectra	  were	  acquired	  using	  a	  mass	  spectrometer	  (Shimadzu	  
Axima-‐CFR)	  coupled	  with	  a	  N2	  laser	  (337	  nm).	  Samples	  for	  mass	  analysis	  were	  prepared	  using	  
trans-‐2-‐[3-‐(4-‐tert-‐butylphenyl)-‐2-‐methyl-‐2-‐propenylidene]-‐malononitrile	  (DCTB)	  as	  a	  matrix.	  

	  

2.	  Results	  

A.	  Characterization	  of	  Au38(SC2H4Ph)24	  
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Figure	   S1.	   (a)	   MALDI-‐TOF	   mass	   spectrum	   and	   (b)	   differential	   pulse	   voltammogram	   (peak	  
amplitude	  of	  0.05	  V,	  pulse	  width	  of	  0.05	  s,	  increment	  potential	  of	  4	  mV,	  and	  pulse	  period	  of	  0.1	  
s).	  

(a) 

(b) 
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B.	  Characterization	  of	  [Au25(PPh3)10(SC2H4Ph)5Cl2]Cl2	  
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Figure	   S2.	   (a)	   Cyclic	   voltammogram	   (scan	   rate:	   0.2	   V/s),	   (b)	   differential	   pulse	  
voltammogram	  (peak	  amplitude	  of	  0.05	  V,	  pulse	  width	  of	  0.05	  s,	  increment	  potential	  of	  4	  mV,	  
and	  pulse	  period	  of	  0.1	  s)	  and	  (c)	  optical	  absorption	  spectra	  during	  electrolysis	  at	  0.35	  V.	  

(a) 

(b) 

(c) 
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C.	  Theoretical	  calculations	  of	  [Au38(SC2H4Ph)24]0+/2+	  

	  

Figure	  S3.	   Illustration	  of	  the	  optimized	  core	  structure	  of	  1q+	  (q=0	  or	  2).	  The	  three	  Au	  
atoms	  (AuF)	  of	  face-‐sharing	  mode	  between	  the	  two	  Au13	  units	  are	  highlighted	  in	  khaki	  
color.	  The	  centers	  (AuI)	  of	  individual	  Au13	  units	  are	  highlighted	  in	  light-‐pink	  color.	  Color	  
code	  of	   the	   other	   atoms:	  Au,	   gold	   and	   S,	   yellow.	  The	   carbon	   and	  hydrogen	   atoms	   are	  
omitted	  for	  clarity.	  

	  

Table	   S1.	   The	   computed	   bond	   distances	   of	   the	   chosen	   group	   of	   atoms	   in	   the	   core	  
structure	  of	  1q+	  (q=0	  or	  2).	  	  The	  three	  Au	  atoms	  of	  face-‐sharing	  mode	  and	  the	  centers	  of	  
individual	  Au13	  units	  are	  labeled	  as	  AuF	  and	  AuI,	  respectively.	  Geometric	  optimizations	  
of	  1	  in	  these	  two	  different	  charge	  states	  indicate	  that	  the	  structural	  change	  of	  Au239+	  is	  
negligible.	  	  

	   	  

Selected Bond Distances 10+ 12+ 

AuI-‐AuI 4.17Å 4.14Å 

AuI-‐neighboring	  Au	  atoms	   2.870±0.028 Å 2.882±0.028 Å 

AuF-‐AuF 3.443±0.026 Å 3.443±0.034 Å 
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	   	  	  	  	  	  	  	  	  	  	  	  (a)	  LUMO	  of	  10+	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  HOMO	  of	  10+	  (degenerate)	  

	  

	  	  	  	   	  	  	  	  	  	  	  	   	  

	   	  	  	  	  	  	  	  	  	  	  	  (c)	  LUMO	  of	  12+	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (d)	  HOMO	  of	  12+	  

Figure	   S4.	   (a)	   LUMO	   of	  10+,	   (b)	   HOMO	   of	  10+,	   (c)	   LUMO	   of	  12+,	   and	   (d)	   HOMO	   of	  12+	  
obtained	  by	  the	  program	  GPAW	  and	  PBE	  functional.	  Notice	  that	  the	  LUMO	  and	  HOMO	  of	  
12+	  share	   the	  same	  symmetry	  of	  1π*.	  One	  of	   the	  degenerate	  HOMO(1π*)	  orbitals	   in	  10	  
has	  been	  promoted	  to	  become	  the	  LUMO	  of	  12+.	  Color	  code:	  Au,	  gold;	  S,	  yellow;	  C,	  dim	  
gray.	   The	   hydrogen	   atoms	   are	   omitted	   for	   clarity	   and	   the	   visualization	   of	   molecular	  
orbital	  states	  are	  displayed	  using	  a	  cutoff	  value	  of	  0.03	  a.u.	  
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D.	  Theoretical	  calculations	  of	  [Au25(PPh3)10(SC2H4Ph)5Cl2]2+/3+	  

(a)	   	  	  	  	  (b)	   	  

Figure	   S5.	   Initial	   structures	   for	   23+	   with	   (a)	   eclipsed	   and	   (b)	   staggered	   configuration,	  
respectively.	   Geometry	   optimizations	   based	   on	   these	   initial	   structures	   result	   in	   the	  
ordinary	  core	  framework	  of	  22+.	  Color	  code:	  Au,	  gold;	  P,	  pink;	  S,	  yellow;	  Cl,	  light	  green;	  C,	  
dim	  gray.	  The	  hydrogen	  atoms	  are	  omitted	  for	  clarity.	  
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	   	   (a)	  HOMO,	  -‐7.075	  eV	  	   	   	  	  	  	  	  	  	  	  	  	  	  (b)	  HOMO-‐1,	  -‐7.321	  eV	  

	  	  	  	  	   	  	  	  	  	  	  	  	   	  

	   	  	  	  	  	  	  	  	  	  	  	  (c)	  HOMO-‐2,	  -‐7.329	  eV	   	   	  	  	  	  	  	  	  	  	  	  	  (d)	  HOMO-‐3,	  -‐7.379	  eV	  

	  

Figure	  S6.	  (a)	  HOMO,	  (b)	  HOMO-‐1,	  (c)	  HOMO-‐2,	  and	  (d)	  HOMO-‐3	  of	  22+	  obtained	  by	  the	  
program	  GPAW	  and	  PBE	  functional.	  The	  eigenvalues	  demonstrate	  that	  these	  states	  are	  
close	  to	  each	  other	  and	  their	  energetic	  ordering	  can	  be	  sensitive	  to	  external	  factors	  such	  
as	  neighboring	  localized	  orbital	  states.	  Color	  code:	  Au,	  gold;	  P,	  pink;	  S,	  yellow;	  Cl,	   light	  
green;	  C,	  dim	  gray.	  The	  hydrogen	  atoms	  are	  omitted	  for	  clarity	  and	  the	  visualization	  of	  
molecular	  orbital	  states	  are	  displayed	  using	  a	  cutoff	  value	  of	  0.03	  a.u.	  
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Figure	   S7.	   Simulated	   optical	   absorption	   spectra	   of	   22+	   and	   23+	   in	   full	   scale.	   The	  
individual	   transition	   values	   have	   been	  multiplied	   by	   a	   factor	   of	   20.	   Spin-‐polarization	  
effects	  of	  23+	  (odd	  number	  of	  electrons)	  are	  included	  in	  the	  calculation.	  
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E.	  TEM	  observation	  of	  electrooxidation	  sample	  of	  [Au25(PPh3)10(SC2H4Ph)5Cl2]2+	  

	  
	  

	  
	  
Figure	   S8.	  TEM	   images	  of	  one-‐electron	  oxidation	  sample	  of	  22+.	  The	  sample	   included	  
~30%	  of	  unoxidized	  22+	   because	   the	   initial	   sample	   included	  ~0.15	  mg	  of	  22+	   and	   the	  
amount	   of	   generated	   oxidation	   product	   was	   estimated	   to	   be	   0.10	   mg	   from	   the	  
transferred	  charge	  amount	  of	  1.15	  mC.	  
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