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Supramolecular chemistry is defined as chemistry beyond the molecule. The supramolecular
chemistry of gold and, in particular, of gold metalloligands leads to fascinating structural motifs with
enhanced optical properties, as well as innovative catalytic activity. [1] The formation of a gold-sulfur
bond is the driving force for the anchoring of thiol ligands on gold surfaces, as exemplified from
self-assembled monolayers to nanoclusters (NCs) and nanoparticles (NPs) [2].

The chemistry of the gold—sulfur bond is extremely rich and leads to hybrid materials.
Such materials encompass gold thiolate coordination oligomers, for instance [Au(I)(SR)]n, where
SR stands for a chemical group containing a sulfur atom, and atomically well-defined clusters
[Au,SRp], or supramolecular assemblies like Au(I)(SR) coordination polymers. While the majority of
gold atoms in the nanoparticles are in the Au(0) state, under strong reducing conditions, gold atoms
in supramolecular assemblies, like Au(I)(SR) coordination polymeric NPs, are in the gold(I) state.
In atomically well-defined clusters of [Au,SRm] stoichiometry, the subtle balance between the Au(0)
core and the Au(I)-SR shell leads to fascinating material properties and, in particular, to highly tunable
optical properties.

The aim of this Special Issue on “Supramolecular Gold Chemistry” was to provide a unique
international forum aimed at covering a broad description of results involving the supramolecular
chemistry of gold with a special focus on the gold—sulfur interface leading to hybrid materials, ranging
from gold-thiolate complexes, [3] to thiolate-protected gold nanoclusters [4-11] and gold-thiolate
supramolecular assemblies or nanoparticles. [12-14] The role of thiolates on the structure and optical
features of gold nanohybrid systems (ranging from plasmonic gold nanoparticles and fluorescent gold
nanoclusters to self-assembled Au-containing thiolated coordination polymers) has been highlighted
in the review article by Csap6 and coworkers [14].

For gold-thiolate complexes and thiolate-protected gold nanoclusters, the atomically precise
nature of their structures enables the elucidation of structure—property relationships, an essential step
in their rational design for enhanced performances. From a theoretical point of view, the geometry of
the clusters must be determined by quantum chemistry methods, and the optical responses described
in terms of molecular transitions whose positions and intensities are predicted by sophisticated
calculations of quantum mechanics. Bona¢i¢-Koutecky and coworkers pioneered this concept and
reported, in the early 1990s, the absorption spectra obtained with first-principle methods for the most
stable structures of small bare metal clusters and nicely illustrated the molecular-like behavior of
clusters, leading to an electronic energy quantization and changes in the leading features of the patterns
as functions of the cluster sizes [15].

Structural characterization of nanoclusters is an active area of research and X-ray single-crystal
diffraction has been the most straightforward and important technique in the structural determination
of nanocluster nanomaterials in order to understand their structure-property relationships [16].
Notalways applicable for nanoclusters, alternative approaches are to be explored. Separation techniques
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(liquid chromatography, gas phase ion mobility) can help in discriminating and characterizing structures.
In this Special Issue, Antoine and coworkers combine an ion mobility-mass spectrometry approach
with density functional theory (DFT) calculations for the determination of the structural and optical
properties of gold thiolate oligomers (Auyo(TGA)p with TGA: thioglycolic acid) [3]. Whetten and
coworkers combine electrospray ionization with high-performance liquid chromatography mass
spectrometry (HPLC-MS) to separate and identify 3-MBA (MBA: mercaptobenzoic acid) protected gold
nanoclusters, spanning a narrow size range from 13.4 to 18.1 kDa [5]. Theoretical investigations are also
useful for structural characterization. Cheng and coworkers theoretically investigate AuySy(PPhs)12
using density functional theory calculations. The electronic and geometric structure of AuyySa(PPhs)12
is further addressed based on the popular divide and protect concept and the superatom network
model [7].

The discrete electronic states of nanoclusters cause molecular-like behavior, leading to fascinating
physical-chemical properties, such as luminescence, magnetism, and catalysis, etc. Jin and coworkers
highlight this molecular-like behavior by thoroughly exploring the differences in the photophysical
properties of small organic molecules, gold-thiolate complexes, nanoclusters, and metallic-state
nanoparticles [8]. The luminescence properties of 6-aza-2-thio-thymine stabilized gold nanoclusters [9]
and gold thiolate coordination polymers [12] demonstrate the high potential of such nanomaterials for
bio-sensing or lighting devices. However, in such nanosystems, the origin of photoluminescence (PL)
is still not fully understood. Zhang and coworkers review some general PL mechanisms, from the
pure metal-centered quantum confinement mechanism to the ligand-to-metal charge mechanism, as
well as introducing a new paradigm, such as the ligand-centered p band intermediate state model [11].
On the other hand, gold nanoclusters have been proposed as a new, promising class of model
catalyst [17]. Li and cowokers [6] and Negishi and coworkers [10] nicely review some interesting
aspects of nanocluster catalysis for heterogeneous cross-coupling and for energy conversion.

Finally, synthetic routes are at the heart of supramolecular gold chemistry. Innovative strategies
include a metal exchange reaction that leads to a new cluster compound in particular alloy nanoclusters.
Zhu and coworkers describe a new type of metal exchange: self-alloying induced by intramolecular
metal exchange, to produce the Agy,Aups_(SR)13~ nanocluster [4]. Moreover, new synthetic routes,
beyond wet chemistry using a reducing agent, are being explored. Pulsed laser ablation in liquids is
such a new method, in which a solid target immersed in liquid is irradiated with a suitable pulsed
laser beam. Kalarikkal and coworkers use this approach for the generation of 2D nanocomposites
composed by gold nanoparticles and graphene oxide nanosheets [13]. Such new nanocomposites
present remarkable chemical sensing for thiolates.

To conclude this overview on the papers published in the Special Issue “Supramolecular
Gold Chemistry: From Atomically Precise Thiolate-Protected Gold Nanoclusters to Gold-Thiolate
Nanostructures”, I am confident that the readers will enjoy these contributions and may be able to find
inspiration for their own research within this Special Issue.
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Abstract: In this review, the presentation of the synthetic routes of plasmonic gold nanoparticles
(Au NPs), fluorescent gold nanoclusters (Au NCs), as well as self-assembled Au-containing thiolated
coordination polymers (Au CPs) was highlighted. We exclusively emphasize the gold products that
are synthesized by the spontaneous interaction of tetrachloroaurate(Ill) ions (AuCly ") with bioligands
using amine and thiolate derivatives, including mainly amino acids. The dominant role of the
nature of the applied reducing molecules as well as the experimental conditions (concentration of the
precursor metal ion, molar ratio of the AuCly™ ions and biomolecules; pH, temperature, etc.) of the
syntheses on the size and structure-dependent optical properties of these gold nanohybrid materials
have been summarized. While using the same reducing and stabilizing biomolecules, the main
differences on the preparation conditions of Au NPs, Au NCs, and Au CPs have been interpreted
and the reducing capabilities of various amino acids and thiolates have been compared. Moreover,
various fabrication routes of thiol-stabilized plasmonic Au NPs, as well as fluorescent Au NCs and
self-assembled Au CPs have been presented via the formation of -(Au(I)-SR),— periodic structures
as intermediates.

Keywords: gold nanoparticles; gold nanoclusters; coordination polymer structure; amino acids;
template-assisted synthesis; fluorescence; Au(l)-thiolate; gold nanohybrid materials

1. Introduction

Nowadays, the development of diverse nanostructured materials have a dominant role in several
physical, chemical, medical, etc. fields from the electronics to the food industries [1,2]. The noble
metal nanoparticles are extremely investigated nano-objects due to their electric, magnetic and
unique morphology, size, and composition-dependent optical features [3,4]. This optical property
originates from the so-called localized surface plasmon resonance (LSPR) phenomena, which results
in the appearance of a characteristic plasmon band in the 400-800 nm range of the electromagnetic
spectra [5,6]. In the last two-three decades, gold nanoparticles (Au NPs) have became increasingly the
focus of interests in the material and medical sciences thanks to the advantageous physicochemical
properties, such as large specific area, chemical inertness, and tunable optical particularity [7]. Several
methods for fabrication of nano-sized Au NPs are known in the literature, including the physical
(e.g., physical vapor deposition (PVD), microwave (MW) or ultraviolet (UV) radiation, ball milling or
photoreductive routes, etc. [8,9]) and chemical approaches [3,4,10]. In the latter case, depending on
the applied reducing and stabilizing agents (e.g., sodium borohydride [11,12], sodium citrate [13-15],
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surfactants [16,17], various amines [18], peptides [19,20], or biological organisms [21-23]), particles
of different shapes and sizes can be produced. In the last decade, the sub-nanometer sized gold
nanoclusters (Au NCs) have also became increasingly dominant. Beside the AuNPs, the AuNCs are also
in the focus of researches. These ultra-small metal objects consist of only a few of few tens’ gold atoms,
and generally the oxidation number of the Au is < 1 and Au-Au bonds can be found in the clusters.
By the mentioned structure, the Au NCs show unique size-tunable photoluminescence (PL) due to
the well-defined molecular structure and discrete electronic transitions [24-26]. The blue-emitting Au
NCs usually only contain a few atoms, thus the emission band depends only on the number of atoms
in the cluster and the PL lifetime occurs in the nanosecond range. Nevertheless, if the size of the Au
NCs achieves the few-nanometer range (d ~1.5-2.0 nm), the characteristic emission band is detected in
the orange and in the red visible region. In this case, the surface ligand effect and the oxidation state
of the surface metal atoms both influence the location of the emission maximum and the PL lifetime
reaches the microsecond range. The larger colloidal Au NPs (d ~2-10 nm) possess weak PL, which
is regulated by the surface roughness and the grain size effect [27]. Based on the above-mentioned
structure-depending optical features, the sub-nanometer Au NCs can potentially be used as optical
probes for biosensing, bio-labelling, and bioimaging applications [24,26,27].

The biomedical applications (cancer therapy, diagnostics, and bioimaging, etc.) of nano-sized
functionalized Au particles/clusters require biocompatible preparation routes with mild reaction
conditions. Nowadays, the practical one-step “green” preparation protocols of several water-soluble
Au NPs/NCs are extremely preferred [21,28-30]. During these processes, mainly the template-assisted
preparation approaches are used, where dominant amines, like simple amino acids [31], peptides or
proteins [32,33], dendrimers [34,35], and nucleotides [36-39], are applied, which have simultaneously
a dual role as reducing and stabilizing ligand. The amines are a crucial class of the possible reducing
agents, because they can be found in biological and chemical atmospheres. Main advantages of
this relatively simple template-directed reduction technique are that no additional reducing agent is
required and based on the well-defined structure of polypeptides and proteins uniform NPs/NCs with
tunable optical features can be synthesized. Besides amines, the thiol group-containing molecules
(e.g., thiolates) can coordinate and reduce the Au ions at the same time to form periodic ~(Au(I)-SR)n—
structures/complexes having partially reduced Au(I) ions, which are a well-known intermediates in
the fabrication route of thiol-covered gold nanohybrid systems [40-43]. Several researches focus on
the better understanding of the unknown structures of so-called atomically precise thiolate-protected
Au NCs or the possible utilization of the thiolate-stabilized Au NPs/NCs [43-45]. In addition to the
thiol-protected Au NPs/NCs, the study of the formation of Au-thiolate so-called “coordination polymer
structure”, having Au’ or mostly Au(l) is in focus of interest. These coordination polymers (CPs) are
inorganic-organic hybrid materials, which consist of periodic metal ions/atoms and ligand moieties
and possess ordered structure. The self-assembly of this structure results in the formation of lamellar
multilayers or helical structures with unique optical properties [41,46,47].

In recent work, we aim to provide an overview that is focused on the summary of the preparation
routes, the unique structure, as well as the structure-dependent optical features of AuNPs, AuNCs, and
Au CP structures that are synthesized by template-assisted synthesis exclusively using amines (mainly
simple amino acids) and thiol-group containing molecules (e.g., thiolates) as possible reducing and
stabilizing molecules. We mainly emphasize the formation of Au NPs, Au NCs, and Au CPs, which are
fabricated by the direct interaction of tetrachloroaurate(IIl) ions (AuCly") with amino acids and alkyl-
and arylthiolates in the absence of other reducing agents. We clearly summarize the dominant effect
of the metal ion concentration, the molar ratio of the precursor aurate ions and reducing bioligands,
as well as the experimental conditions (e.g., reaction time, temperature, pH, etc.) on the tunable,
structure-dependent optical properties (plasmonic or fluorescence) of the Au nano-objects.
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2. Preparation of Amino Acid-Reduced Colloidal Au NPs Having Plasmonic Property

There are several publications all around the world that describe the possible chemical synthesis
routes of AuNPs in aqueous or in organic media. The well-known Brust method provides uniform alkyl
or arylthiol-protected Au NPs (d = 1-5 nm) reduced by sodium borohydride (NaBHy,) in toluene [11],
while in aqueous medium the conventional method is the Turkevich process, which results in the
formation of water-soluble Au NPs in the range of 5-50 nm reduced and stabilized by sodium citrate [13].
In the last decade, various other reduction and caption possibilities were examined, where bacteria
and microorganisms [48,49], plant extracts [50,51], inorganic reagents [52], metal complexes [53,54],
organic and physiological molecules [55,56], polymers [57,58], liposomes [59], etc. have been tested.
Due to the biocompatible nature, easy accessibility, and remarkable reducing capabilities, the amino
acids and their derivatives are used dominantly [60] to produce biocompatible noble metal NPs. As
far as we know, to date, all the twenty naturally occurring amino acids were investigated. In 2002,
Mandal et al. published firstly the formation of Au NPs having spherical shape and monodisperse
size distribution (d = 25 nm) by spontaneous interaction of AuCly” with L-aspartic acid (Asp) under
boiling condition while using AuCl;:Asp ca. 1:11 molar ratio [61]. Under the same experimental
conditions, the synthesis was carried out with L-valine (Val) and L-lysine (Lys), but no reduction of
AuCly” was observed and during preparation, the role of the pH was not mentioned. Next year, the
reduction capability of Lys was studied again [62], but Au NPs in the range of 6-7 nm could only be
prepared at room temperature by the application of extra NaBH, reductant as well. The hydrogen
bonds between the surface-bound Lys molecules of the adjacent Au NPs was confirmed by NMR
studies. Through the researches of Mandal, Selvakannan, and Sastry [63], L-tryptophan (Trp)-stabilized
gold colloids was also efficiently fabricated. The synthesis was carried out at 50 °C while using
AuCly~Trp ca. 1:100 molar ratio. "H NMR studies clearly indicated the indole-based polymerization
of Trp, which contributed to the better understanding of the reduction process of Trp with AuCly~
forming Au NPs under mild reaction conditions without application of other harsh reducing agents
like NaBHj. In 2005, Bhargava et al. summarized the successful fabrication of Au NPs by spontaneous
interaction of potassium tetrabromoaurate(Ill) precursor (KAuBry) with L-tyrosine (Tyr) and L-arginine
(Arg) at room temperature while using ca. 1:4 metal ion to amino acid molar ratios under alkaline
medium [64]. For Tyr-reduced Au NPs having 5-40 nm in size, a slightly polydisperse distribution
and coagulations of the NPs were observed. The Arg-produced colloidal NPs have larger size than the
average diameter of Tyr-reduced particles, but the size distribution showed much narrower shape.
The cyclic voltammetry (CV) studies of Blanchard et al. provided important information regarding the
reduction abilities of various amines, including amino acids L-glycine (Gly) and Trp, as well as the
proposed reduction mechanism between metal ions and bioligands [65]. Presumably, the reduction of
aurate ions occurs thanks to the electron transfer from amines to the metal ions resulting in Au atoms
with zero oxidation state and finally the nucleation and growth steps eventuates the formation of
NPs. This redox reaction results in the appearance of short chain amine oligomers, which is confirmed
by NMR studies. Moreover, the oxidation potential of amines, which are used for the reduction of
gold ions, has outstanding impact on the formation of Au NPs considering the reduction potential of
AuCly~. Amines that have redox potential between the oxidation of Au’ to gold(I) and the reduction of
tetrachloroaurate(IIl) to Au’ can be suitable used as reducing agents. L-Glutamic acid (Glu)-reduced
Au colloids were also previously fabricated, having a particle size of d = 40 nm, but the synthesis was
carried out under refluxing [66]. In 2010, the hydrothermal synthesis of the L-histidine (His)-reduced
spherical AuNPs. The average diameter was 11.5 nm reported by Liu et al., where the AuCl,:His/1:2.5
molar ratio was used at 150 °C in alkaline (pH 11.50) medium [67]. The structural characterization
of His-protected Au NPs supported that the terminal COO~ group of His was not attached of the
particle surface, while the imidazole as well as the amino groups were adsorbed on the Au surface.
The construction of His-stabilized Au NPs did not occur at room temperature, but the hydrothermal
conditions (e.g., high temperature and pressure) facilitate the formation of Au crystals. Besides the
above-mentioned amino acids (Asp, Lys, Trp, Tyr, Glu, His), the reduction capabilities of L-aspartate
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(Asp), Gly, L-leucine (Leu), Lys, and L-serine (Ser) were also published by the work of Cai et al.
in 2014 [68], but they used extra UV irradiation during the synthesis. The different Au NPs have
diameters of 15-47 nm and the synthesis was carried out at pH 10.0 while using 1:10/AuCl;:amino
acid molar ratios. Maruyama et al. studied the spontaneous interaction of each natural amino acids
with aurate ions using high bioligand excess (metal ion to ligand ca. 1:100) at 80 °C, and they obtained
that L-cysteine (Cys) and L-threonine (Thr) did not provide gold colloids. However, for L-methionine
(Met) and L-phenylalanine (Phe), Au NPs were formed, but these colloids were easily precipitated.
In 2014, L. Courrol and R. Almeida de Matos summarized their results in a book Chapter [69], where
the formation of plasmonic Au colloids was confirmed by spontaneous interaction of aurate ions with
Asp, Arg, Thr, Trp and Val using electromagnetic radiation (xenon lamp) at different pH using ca.
1:5 metal ion to amino acid molar ratios. However, the reduction capability of Trp was previously
identified [70], but E. Csap¢ et al. clearly confirmed that the ratio of the precursor AuCly™ and the
bioligand greatly influences the optical feature of the formed colloids [71]. Using AuCly™:Trp/1:0.4 molar
ratio in alkaline medium (pH = 12.0), plasmonic Trp-Au NPs (A,ps = 530 nm) were formed (Figure 1B).
Based on the best of our belief, this work supported firstly that high ligand excess is no necessary for
synthesizing Trp-reduced Au NPs at mild (37 °C) temperature. The presence of stable monodisperse
Au NPs was confirmed by DLS (dprs = 8.8 + 1.0 nm) and HRTEM (dygrrem = 7.8 + 0.3 nm) studies.
Moreover, depending on the applied molar ratios of the AuCly™:Trp, structure-dependent tunable
optical property was also obtained. Namely, at acidic conditions (pH = 1.0), in the case of the mixing
of Trp and AuCly™ solutions, the intensive yellow color of the solution changed to dark yellow after
a few minutes. Below 1:1 ratio, unstable Au colloids was formed, but the application of molar ratio
between AuCly:Trp/1:1 and 1:15 resulted in luminescent products. The appearance of the emission
peak depends of the ligand excess, namely the maximum value can be detected at Aery = 497 nm
(AuCly~:Trp/1:1), Aem = 486 nm (AuCly":Trp/1:5), and Aem = 472 nm (AuCly~:Trp/1:15). The larger
Trp amount causes the decrease of the PL intensities (Figure 1A). This characteristic PL originates
from sub-nanometer sized Au nanoclusters (NCs). In the last 8-10 years, the Au NCs, which were
synthesized by using template-assisted preparation routes, are in focus of extensive researches. A short
summary of only the amino acid-reduced Au NCs is presented in the next chapter.

1.2 4

(A) 1:15 1:1 (B) X

14 0.3 4 =530 nm
z.
Z
=
208
£
=
- 0.6
8 . I
- | 'HyN—CH-C—OH
E 04 CHy
E
=
Z02

0 A

400 500 600 b =378 nm 3 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 1. (A) The normalized fluorescence spectra (Aex = 378 nm) of L-tryptophan gold nanoclusters
(Trp-Au NCs) with the photos of aqueous dispersions under UV-light. (B) Absorbance spectrum
of L-tryptophan gold nanoparticles (Trp-Au NPs) with the HRTEM image. c(AuCly") = 1.0 mM.
Reproduced with permission from [71]. Elsevier, 2017.

3. Synthetic Routes of Amino Acid-Reduced Fluorescent Au NCs

Several preparation protocols for Au NCs having sizes less than 2 nm have been established
in the last two decades, including both the “top-down” and “bottom-up” approaches, as Figure 2
summarizes [25,72,73].
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Figure 2. Preparation protocols of Au NCs by “top-down” and “bottom-up” approaches.

For the “top-down” process, the larger colloidal particles undergo so-called “etching” in order to
produce smaller clusters, while in case of “bottom-up” methods, the clusters are formed via a reduction
of the precursor ions by assembling individual atoms one-by-one [34,74]. The ultra-facile, one-step
synthetic processes are in focus of interest, where the execution of the reactions is very convenient,
rapid, and mild, exempted from the application of harsh reducing agent, special ambience and media,
and high pressure. However, numerous articles were published for the preparation of biocompatible
Au NCs that were synthesized by template-assisted preparation protocols while using proteins and
peptides [75,76], polymers [77], DNA [78], dendrimers [79], etc., but only a few publications present
the possible applicability of simple amino acids as reducing and stabilizing agents.

In this chapter, we clearly focus on the summary of the amino acid-directed fabrication of Au
NCs having size-and structure-dependent intense PL features [80,81]. Table 1 clearly summarizes the
experimental conditions of amino acid-reduced Au NCs and other Au-based nanohybrid structures.
As it can be shown, His, Tyr, Pro, Trp, Cys, and Met amino acids were previously studied. Except for Cys
and Met having thiol and thioether side chains, blue-emitting Auz-Au;g NCs can be synthesized by the
spontaneous interaction of AuCl,~ with His, Tyr, Pro, and Trp bioligands, depending on the temperature
as well as on the ratio of reactant partners. In case of His, Aujy NCs with relatively high QY(%) are
formed by using AuCly:amino acid/1:30 molar ratio at room temperature [82]. As Table 1 summarizes,
various research groups fabricated His-reduced Aujy NCs while using almost the same experimental
conditions, where the His-protected Au NCs have been applied for glutathione detection and selective
cancer cell imaging [83], while Liu et al. also successfully used the His-Au NCs as ultrasensitive
iodide detector system [84]. It can be concluded that, at room temperature, the application of high
ligand excess (30-fold excess) results the formation of His-stabilized blue-emitting NCs. Moreover,
E.Csapd etal. clearly confirmed that the pH is also a decisive factor during the synthesis in the
case of the His/AuCly~ system. However, Yang et al. [82] claimed that the emission intensity of the
His-stabilized Aujp NCs was continually decreased with the increase of pH (from pH = 1.0 to 13.0)
and the extreme acidic condition (pH = 1-2) is optimal for these NCs. In contrast with their results, E.
Csap6 et al. found that (Figure 3A), if the pH is smaller than pH = 5.0 no emission could be detected,
but a characteristic emission peak with continually decreasing intensity to pH = 12.0 was evolved at
475 nm at above pH > 6 [71]. The emission maximum values show an interesting correlation with the
concentration distribution curves of His. Namely, the emission maximum can be observed in that pH,
where the deprotonation of the imidazolium moiety of His eventuates (pK, = 6.04) [85].
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Figure 3. The photoluminescence (c) spectra as a function of the initial pH of the (A) AuCl;:His/1:30 and
(B) AuCly™:Trp/1:5 systems with representative photos of the samples under UV-light. (Aex = 378 nm,
cau. = 1.00 mM, T = 37 °C). Published in [71], Elsevier, 2017.

Most probably, the primary coordination of the gold ions to the His occurs via the imidazole-N
atoms and this aromatic group plays a dominant role in the formation of the fluorescent Au products.
Furthermore, it was found that, through the decrease in the concentration of the AuCly™ ions from
cAu = 2.50 mM to cpy = 1.00 mM, instead of clusters, the presence of blue-emitting polynuclear Au(I)
complexes having a well-ordered structure is certifiable by several analytical methods [71].

For Tyr, no high ligand excess is necessary, but at room temperature, the spontaneous interaction
of the Tyr with AuCly™ ions does not result in the fabrication of Tyr-reduced Au NCs. At higher
concentrations (ca, = 2.50 mM), the lower temperature is enough (37 °C), but the boiling condition is
essential as the concentration decreases (ca, = 0.07 mM). In the case of Pro, which does not contain an
aromatic group in the side chain, the use of extreme high ligand excess (more 100-fold excess) and
boiling can result in the production of Au NCs having a few gold atoms. For Trp, the 37 °C and the
100 °C is optimal for the synthesis using from 1:1 to 1:5 AuCly™:Trp molar ratio at acidic condition,
as in Figure 3B, and the previously mentioned tunable optical feature was found, depending on the
reactants ratio, which was summarized in chapter 2 in Figure 1A.

Table 1. Experimental conditions of amino acid-reduced Au NCs and Au nanostructures.

Amino C, AuCly:Amino o Aem (nm)

Acid @M AcdRatio 1O Product Aex (nm) QY (%) Ref.
His 2.50 1:30 25 Auyg NCs 386 490 (8.78%) [82]
His 2.50 1:30 25 Auyg-Auyy NCs 370 475 (no inf.) [86]
His 2.50 1:30 25 AuNCs * 386 475 (no inf.) [83]
His 2.50 1:30 25 Au NCs * 365 450 (4.60%) [84]
His 2.50 145 25 Au NCs * 386 498 (8.96%) [87]
His 1.00 1:30 37 Au(I)-His CP 378 475 (3.60%) [71]
Tyr 2.50 1:1.8 37 AuNCs* 385 470 (2.50%) [88]
Tyr 0.07 1:0.76 100 Auyg NCs 383 498 (1.68%) [89]
Pro 2.40 1:830 100 Auy NCs 365 440 (2.94%) [90]
Trp 0.43 127 100 Aug NCs 365 450 (no inf.) [91]

0.50 1:1 37 Auz-Aug NCs 378 497 (1.10%) [71]
Trp 0.50 1:5 37 Auz—Aug NCs 378 486 (1.30%) [71]
0.50 1:15 37 Auz-Aug NCs 378 472 (1.70%) [71]

Met 4.06 1:20 37 AuNCs * 420 530 (2.80%) [92]
Cys 1.00 1:10 37 Au(I)-Cys CP 395 620 (no inf.) [93]
Cys 5.00 1:10 25 Au(I)-Cys CP 365 630 (1.10%) [94]

*no data are available for the number of gold atoms in the clusters.

In case of Met and Cys amino acids, which have thiol and thioether moieties in the side chain, the
characteristic PL emission band was detected at higher (in the yellow and orange regions between
520-630 nm) wavelengths. However, for Met, the formation of Au NCs having AU cores was
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confirmed, but the pH and the temperature were extremely changed during the two-step preparation
route. The spontaneous interaction of thiol-group containing Cys with AuCly~ does not result in
clusters. Instead, a periodic Au(l) CPs was identified at pH = 3.0 by Soptei et al. measurements [94].
This nanohybrid system has a multilayered construction with 1.3 nm of distance and show characteristic
fluorescence thanks to the (-S-Au(I)-S-Au(I)-S-), cyclical structure, which was verified by previously
published similar Au(I)-thiolate systems [95,96]. In conclusion, the application of simple amino acids
having aromatic groups (imidazole, indole, benzene) in the side chains dominantly results in the
formation of fluorescent Au NCs. In contrast with the larger polypeptides or proteins, which mainly
form red-emitting NCs [97], by the utilization of amino acids as reducing agents, only blue-emitting
sub-nanometer sized NCs that consist of a few atoms can be synthesized. At lower synthesis
temperature (e.g., room temperature), the application of higher ligand excess (ca. 30-fold excess) is
advantageous, but, by increasing of the temperature (~40-50 °C), the use of high ligand excess can
be reduced. The bioligands like Cys or Cys-containing small peptides, do not produce fluorescent
NCs having A, but the formation of partially reduced —(Au(I)-SR),— periodic structures is especially
preferred. The preparation possibilities of -(Au(I)-SR),— structures as well as the synthesis routes of
thiolate-stabilized Au NPs/NCs and CPs through the —(Au(I)-SR),— are summarized in the next chapter.

4. Fabrication Protocols of Thiolate-Protected Au Nanohybrid Systems

Various publications can be found in the literature, relating to Au nanostructures that are
synthesized by the interaction of AuCly™ ions with thiolate molecules as Cys amino acid, peptides
having Cys residue or alkyl- and arylthiolates. Depending on the applied fabrication parameters
(e.g., chemical structure of the reducing ligand, temperature, molar ratio, pH), decisively three different
types of gold-thiol nanohybrid systems, such as plasmonic Au NPs or fluorescent Au CPs and Au
NCs, as in Figure 4, can be fabricated. Nevertheless, the presence of similar bond (e.g., covalent
bond) between the gold and the sulphur atom(s) of the applied bioligands was confirmed for all
the nanostructures.
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Figure 4. Schematic illustration on the formation mechanisms of different Au nanohybrid systems via
interaction of tetrachloroaurate(III) ions with thiolate ligands.

As mentioned in chapter (2.), one of the most commonly used synthesis is the two-phase Brust
method for the formation of thiol-protected plasmonic Au NPs [11]. To simplify this method, C. K. Yee
etal. developed a protocol, where only tetrahydrofuran was applied as individual solvent [98]. In both
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methods, several functionalized colloidal particles have been synthesized, which are functionalized
by different alkyl- or arylthiols. The size of these Au NPs can be tuned by the molar ratio of the
AuCly":thiol-containing molecule, but the one-phase synthesis eventuates larger plasmonic particles [99].
For the exact understanding of these syntheses, Perala and Kumar presented a new synthetic route [100],
where the formation of the particle consists of a two-step reduction mechanism, as demonstrated by
the Equations (1) and (2).

AuCly” + 4RSH — -(Au(I)-SR)- + RSSR + 4CI" + 3H* 1)

~(Au(T)-SR)n- + BH,™ + RSH + RSSR — Aux(SR)y @)

Based on the proposed mechanism, the first two equivalents alkyl- or arylthiol partially reduces
the AuCly~ ions to Au(I), while next two equivalents involve in the formation of a periodic —(Au(I)-SR)n—
polymer [101]. The final Au(I) —» Au’ reduction is carried out by a borohydride salt, which results
in the formation of Aux(SR)y. After reduction, the nucleation, as well as the crystal growth and the
particle functionalization, are simultaneously occurred.

As it can be seen, the formation of thiol-protected Au nanohybrid systems occurs through the
appearance of a periodic -(Au(I)-SR),— polymer structure. These periodic polymers can simply be
further transformed into new gold-containing products having different structure and optical properties
(Figure 4). (i) On one hand, the utilization of strong reducing agents (e.g., NaBHy) results in colloidal
Au NPs having plasmonic feature; (ii) by the application of a large excess of bioligand having thiol
group in the side chain, such as Cys amino acid [40] or glutathione (GSH) tripeptide [102], the formation
of Au CPs structures, including self-assembly structure at acidic conditions, is preferred; and, (iii) for
the presence of peptide or protein reducing agents excess, fluorescent Au NCs can be synthesized.

These mentioned nanostructures (especially the NCs and CPs) possess intense structure-dependent
PL mostly in the orange and red visible or the near infrared (NIR) region. The hybrid electronic states
are formed between the sulphur atoms of the ligands and the gold atoms, which results in the emission
from the sp to d band transitions [81]. These hybrid bands are below the d band states of Au(I) ions
and the excitation wavelength-dependent fluorescence lifetime suggests that the triplet and singlet
states are degenerated. In contrast, the hybrid orbitals are above the d band states of gold in case of
NIR emission and the microsecond fluorescence lifetime refers to the strong involvement of the Au(I)-S
charge transfer in the emission process (Figure 5A,B). In this chapter, the preparation protocols of Au
CPs as well as the Au NCs systems were mainly interpreted.

In the case of earlier reports, the pH was not really regulated in the initial stage of the “green”
synthesis as well as quite small GSH, Cys, or another thiolates excess was applied. Whereupon, NaBH,
was usually necessary to supplement the reduction process. As a result of the simple reaction of
GSH and HAuCly, T. G. Schaaff and R. L. Whetten identified three different GSH-Au(I) polymers.
The AuCl;:GSH/1:3 molar ratio, ca. 0.3 mM of HAuCl, concentration and ten-fold excess of NaBH,
in methanol:water solvent mixture were applied at room temperature, which prevent the polymer
from the uncontrolled reduction [103]. The separation of the dark brown products was carried out by
polyacrylamide gel filtration (PAGE) and the average sizes of the polymers were 4.3, 5.6, and 8.2 kDa.
These nanohybrid systems show strong structure-dependent optical properties in the NIR, visible and
UV-region, while the unseparated mixture nor. Y. Negeshi et al. also investigated the effect of the GSH
and homo-GSH on the HAuCly in two articles. In contrast to the previous result, AuCl;:GSH/1:4 molar
ratio and 4 mM of tetrachloroaurate(IIl) concentration were adjusted with a large excess of NaBHy
at 0 °C [104,105]. The identification of the dark-brown powder was accomplished after the PAGE
and ultracentrifugation. The nine different Au(I)-polymer structures were recognized by Electrospray
ITonization Mass Spectrometry (ESI-MS), optical absorption, and PL spectroscopy (Figure 5C).
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Figure 5. The scheme of the sp and d transitions in case of the (A) NIR- and (B) visible-emitting
thiolate-protected Au nanohybrid systems. Reproduced with permission from [81], RSC, 2012. (C)
The relationship between the Au atoms and glutathione (GSH) ligands in the most dominant (®) and
secondary (o) products. Reproduced with permission from [105], ACS, 2005.

This article presented firstly that, the smaller structures have rather polymeric properties such
as the larger emission wavelength and larger binding energy (Au 4f;;, ~85 eV), which refers to the
decisive presence of Au(I). On the other hand, the systems having larger sizes show cluster-like
characteristics with higher emission energy and the binding energy was detected at 84-85 eV. Thereby,
the relationship was clearly pointed out between the size, the structure, and the optical behavior of the
Au nanohybrid systems.

Neglecting of further reducing agents, R. E. Bachman et al. applied a phenylthiolate to synthesize
a fluorescent and self-assembly gold(I) polymeric structure via decomposition of isonitrilegold(I)
complex [106]. For the formation of supramolecular system, the dimer units aggregated in an
antiparallel fashion at 255 °C, which can be described as a “crinkled tape” motif. It has strong PL in
the red region at Aem = 660 nm due to the weak aurophilic interaction in the supramolecular system. I.
Odriozola et al. also examined the direct interaction of GSH and AuCly~ while using 1:3/gold: ligand
molar ratio without the utilization of any further reducing chemicals at room temperature [107]. In their
publication, the sol-gel transition was demonstrated, by which the prominent role of the pH on the
gold(I)-thiolate structure was discussed. The possible chemical structures of the sol and the gel state
were also suggested. H. Nie et al. 3-mercaptopropionic acid, thioglycolic acid, 1-thiogliycerol, and GSH
were used to synthesize Au CPs with metal ion: ligand/1:1 stoichiometry [108]. As several CPs have
great UV-Vis absorptions that originate from the ligand to metal and the metal-centered charge transfers,
thereby the prepared nanohybrids are suitable for the in-situ checking the self-assembly of thiol-Au(I)
CPs. The synergic effects of the weak interactions were identified with applying different analytical
methods (e.g., time-resolved UV-Vis spectrophotometry, HRTEM, X-ray diffraction/XRD, and X-ray
photoelectron spectroscopy/XPS). Consequently, it has been proved that the H-bonding, aurophilic and
static interactions, and coordination bonding facilitate the evolution of the order structure for Au(I) CPs.
C. Lavenn et al. also used phenylthiolate to prepare Au CPs by the development of a hydrothermal
method at 120 °C [41]. The formed double helical Au CPs are also stabilized by C-H-m and aurophilic
bonds. The product has red emission (Aey, = 684 nm) and great quantum yield (~5%). Furthermore,
a thermally induced crystallization was presented in solid-state, which rarely occurred in gold(I)
polymers. A. T. Royappa et al. applied two different water soluble ethanol-based thiolate molecules
to produce of Au(I) CPs while using AuCl,:thiol/1:3 molar ratios [109]. The synthesis had a nearly
quantitative yield and an amorphous colored gel-like solid was identified as periodic coordination
polymer structure, which contains significant aurophilic interactions between the gold atoms.

Besides the previously mentioned, mainly thiolate-based Au CPs, the possible use of biocompatible
amino acid Cys is in the focus of interest, especially in the last five years. P. S. Capellari et al. synthesized
of ~0.6 nm ultra-small Cys-capped plasmonic Au NPs by precise growth controlling in mild conditions
while using pH switching [110]. For understanding the formation mechanism, both acidic and
alkaline conditions were examined. The applied molar ratio was ca. AuCly:Cys/1:1 with 5 mM of
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HAuCly concentration at room temperature. Thanks to their experiments, two very stable polymeric
gold(I)-thiolate structure were discerned at the two edges of the pH range and a rather reactive pH
interval was identified between 4 < pH < 9. Based on several X-ray analytical methods, the structure
of the Cys-Au(I) polymer show strong pH-dependence due to the zwitterionic nature of the Cys.
The reactive state was suitable for controlled synthesizing of the plasmonic particle from the stable
polymeric structures by pH switching and the adding of NaBH,. For the structural characterization, B.
Soptei et al. examined the pale-yellow solid powder by small- and wide-angle X-ray scattering (SWAXS),
which was formed by the direct reduction process between the Cys and AuCly". For the preparation,
AuCly":Cys/1:10 molar ratio with 5 mM of gold concentration and three different temperature were
tested without any regulation of the pH [94]. In their publication, a periodic lamellar structure
was presented based on the SWAXS measurements, where the average distance of the lamellas was
1.3 nm. Beside these, the primary coordination bonds were defined by FT-IR spectroscopy. In the IR
spectrum of the lamellar structure, the band corresponding to the S-H vibrations was disappeared,
while a band was observed at the C = O stretching vibrations. These referred to the Au-S bond in
the polymer structure, which were stabilized by strong H-bonds and electrostatic interactions due
to the zwitterionic behavior of the Cys amino acid. E. Csap¢ et al. also examined the spontaneous
reaction of the Cys and two cysteine-containing peptides with AuCly~ ions while using 1.0 mM of gold
concentration at 37 °C in aqueous medium [93]. Depending on the applied pH, the molar ratios and
the chemical structure of the Cys and Cys-containing peptides (Cys-Trp, GSH), diverse nanohybrid
systems were formed, as in Figure 6. For understanding the ligand-dependent structures of these
produced systems, two-dimensional (2D) techniques (surface plasmon resonance and quartz crystal
microbalance) were additionally applied. In both cases, orange-emitting products (Aem = 620 and
590 nm) were confirmed while using AuCl;:Cys/1:10 and AuCl;:GSH/1:15 ratios, respectively. Under
acidic conditions (pH 3.0), the coordination polymers were identified and the lamellar architecture
with 1.3 nm distance of the Cys-Au(I) CPs is also certified by XRD. Nevertheless, the ordered structure
of GSH-Au(I) CPs was not verified, probably for the larger space-filling of the side chain. Under basic
conditions, the orange emission was not observed in the GSH-Au system, but a new blue emission band
was involved at 445 nm. The XPS studies of this system supposed the formation of ultra-small Au®
clusters. In contrast of Cys, the redox potential of GSH shows a strong pH-dependent property, thus
the tripeptide has stronger reduction capability against the Au(III) ions. Next to the redox feature of the
GSH, the hydrolytic process of the aurate(III) ions also influences the structure of final gold products.
The presence of AuCly” is dominant between pH = 1-3, but, at basic conditions, the appearance of
various hydroxo species (e.g., AuCI(OH)s™ or Au(OH)y") is exclusive.

The amine and thiol-containing dipeptide, named cysteinyl-tryptophan (Cys-Trp), showed mainly
amino acid behavior against the AuCly~. Depending on the applied ligand amount, the optical properties
of the formed gold systems can be tuned. With a small quantity of the Cys-Trp (1:0.5/AuCl,":ligand
ratio) under basic conditions, plasmonic Au NPs were synthesized with ca. 8-9 nm. In contrast, while
using 20-fold dipeptide excess two-coordinated Au(I)-complexes with blue emission (Aem = 470 nm)
were identified by the MS techniques. The supramolecular self-assembly of these complexes was not
observed, presumably also due to the large size of the ligand. The thioether Met amino acid was
used for synthesizing Au NCs by H. H. Deng and co-workers [92]. For the preparation of Met-Au
NCs, extreme large Met excess and a two-step thermostated reaction were applied in alkaline medium.
The identified cluster shows yellow emission at 530 nm and the quantum yield was 2.9% with two
dominant fluorescence lifetimes (181 ns and 1.6 ps). The XPS spectrum suggested that the cluster
decisively built up from Au®. Based on the FT-IR studies, the functional groups of -NH;, and -COOH
take part in the formation of the coordinative bonds on the cluster surface, but not on the sulphur atom.
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Figure 6. Schematic illustration of the binding of Cys and Cys-containing peptides on gold surface with
the corresponding cross-sectional area (above) and the formation of Cys-, Cys-Trp-, and GSH-reduced
Au NPs, Au NCs, and Au CPs by spontaneous interaction of the mentioned molecules with AuCly~
with some representative images. Published in [93], Elsevier, 2016.

As it can be seen, the application of simple (bio)thiolates as simultaneous reducing and stabilizing
agent results Au(I)-containing periodic polymer products in most cases.
thiol-reduced Au NCs, either other reducing agents (e.g., borohydride salts) or proteins are usually
required. Forasmuch, this article is limited to detailed descriptions of the direct interaction between
small amines and thiols, only the brief introduction of the mechanism of the protein-tetrachloroaurate(III)
reaction is as follows, because the peptides can be considered as large-sized biocompatible thiolates and
amines. Several articles can be found on the syntheses of protein-stabilized Au NCs while using the
BSA [111-113], HSA [114,115], LYZ [116-120], trypsin [121], pepsin [122], or immunoglobulin [76]. The
typically red-emitting cluster synthesis is carried out under basic conditions (~pH 12) and 10-20-fold
protein excess is applied at ca. 40 °C for 24 h. The purification can be done by dialysis or PAGE
techniques. The synthesized Auys NCs contain a core having icosahedral Auy3, which are covered
by an Auy, shell and they are stabilized by 18 thiolate ligands based on the X-ray crystallographic
analysis [123]. Nevertheless, the general accepted mechanism of the cluster formation is the follows.
The complete reduction of the Au(III) to Au® also occurred via a precious presented two-steps process.
The primary Au(lll) — Au(l) progress occurs along the side chain of Trp and Tyr residues. Following a
“chain migration”, the gold(l) ions are coordinated by the sulphur-containing molecules, where the
further reduction is realized by the nearby and suitable amino acids. On one hand, the used extreme
basic conditions serve to improve the reduction capability of the Tyr and Trp amino acids. On the other
hand, the unfolding of the protein chain is also contributed by applying of alkaline medium, which
facilitates easier migration of the partially reduced metal ions along the chain. Based on the above
considerations, the presence of the adequate Tyr and Trp beside the thiol-containing amino acids is
definitely an important criterion for the success of Au NCs syntheses [124-126]. It can be regarded that
the proteins are a great bridge between the biocompatible amine and thiolate ligands.

For the synthesis of

5. Conclusions

The gold nanoparticles, the ultra-small Au nanoclusters consisting a few or few tens of gold atoms,
and the Au-containing self-assembled coordination polymers are in focus of extensive researches thanks
to their several excellent properties. Due to the low toxicity as well as their unique, structure-dependent
optical feature, they can be used in several fields of medical applications, like as the controlled
drug delivery, cancer treatment, fluorescence imaging, diagnostic, and sensing. One of the most
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important requirements in these medical utilizations is the biocompatibility and the synthesis of these
nanostructures under mild reaction conditions in aqueous medium using biocompatible capping
agents and avoiding the harsh reducing agents or organic solvents, etc. Based on these expectations,
in this review we decisively focused on the short summary of the possible synthetic routes of the
formation of colloidal Au NPs, Au NCs, and Au CPs via template-assisted preparation protocol while
using amino acids and thiolates as reducing and stabilizing molecules.

For amino acids we can conclude that, almost all amino acids, except Cys, are able to reduce
the precursor AuCly~ ions at mostly high temperature (T = 50-100 °C), and the formation of stable
colloidal Au NPs is preferred. Besides the higher temperature, the high pressure, as well as the
extra conditions, like alkaline medium, the high ligand excess or the application of UV light further
facilitate the appearance of Au NPs, having sizes larger than 2 nm. In the case of fluorescent amino
acids-reduced Au NCs, only the possible utilization of His, Trp, Pro, and Tyr having aromatic residues
in the side chain was confirmed to date. At lower synthesis temperature (e.g., room temperature),
the application of higher ligand excess (ca. 30-fold excess) is advantageous, but, by increasing of the
temperature (~40-50 °C), the use of high ligand excess can be reduced.

The Cys or Cys-containing peptides do not produce fluorescent NCs, but the formation of
Au(I)-containing polymers having an ordered structure is especially preferred. The preparation
possibilities of these structures through the periodic —(Au(I)-SR)n- as well as the characteristic features
of thiolate-stabilized Au NPs/NCs and CPs were also summarized. As presented, the detailed
examination of the relationship between the reaction conditions and the optical/structural features of
the formed Au-containing nanohybrid systems is extremely important for future applications. Due
to the effective PL quenching of Au NCs and Au CPs or the LSPR phenomena of Au NPs, these
nanostructures are potential candidates for Photodynamic therapy (PDT), Photothermal therapy (PTT),
and X-ray imaging. Moreover, these nanosized noble metal-based nanohybrid structures play a decisive
role as possible nanosized controlled drug delivery systems in pharmaceutical applications. Moreover,
the sub-nanometer sized fluorescent NCs are excellent nanosensors for rapid and selective detection of
essential (Fe(III), Cu(Il)) and toxic (Hg(II), Cd(II)) metal ions, anions (e.g., CN™), or biological molecules
(e.g., glucose, folic acid, glutathione, toxins, drugs, etc.)
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Abstract: Thiolate-protected metal nanoclusters have highly size- and structure-dependent
physicochemical properties and are a promising class of nanomaterials. As a consequence, for the
rationalization of their synthesis and for the design of new clusters with tailored properties, a precise
characterization of their composition and structure at the atomic level is required. We report
a combined ion mobility-mass spectrometry approach with density functional theory (DFT)
calculations for determination of the structural and optical properties of ultra-small gold nanoclusters
protected by thioglycolic acid (TGA) as ligand molecules, Aujo(TGA)g. Collision cross-section (CCS)
measurements are reported for two charge states. DFT optimized geometrical structures are used to
compute CCSs. The comparison of the experimentally- and theoretically-determined CCSs allows
concluding that such nanoclusters have catenane structures.

Keywords: gold nanoclusters; thiolate; catenane; ion mobility; DFT calculations

1. Introduction

Thiolate-protected metal nanoclusters (NCs) are a promising class of nanomaterials due to
fascinating molecular-like properties along with well-defined molecular structures [1-3]. However,
their physicochemical properties are highly size- and structure-dependent. As a consequence, for the
rationalization of their synthesis and for the design of new clusters with tailored properties, a precise
characterization of their composition and structure at the atomic level is required.

The structural features of stoichiometric Au,(SR), gold nanoclusters (SR:thiolate ligand) was
predicted to change from single rings to interlocked ring motifs (i.e., catenane structures) when
n > 10 [4]. The interlocked ring motif is a unique feature of homoleptic [Au(I)-SR]x complexes
found in Auo(SR)10, Au11(SR)11, and Auyz(SR)12 [5-7]. More importantly, the catenane-like staple
motifs predicted for Au;5(SR)13 and Aupy(SR)yg suggest that, at a Au/SR ratio approaching 1/1,
the interlocked staple motifs may become a widespread conformation in thiolate-protected metal
nanoclusters [8-10]. Moreover, the Aujo(SR)1o catenane structure was recently identified as the
best structural candidate for the Au local structure in bovine serum albumin protein-stabilized
gold nanoclusters [11]. We reported in a recent work, a “one-pot-one-size” synthesis of Au(5G)19
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NCs (SG:glutathione:y-L-glutamyl-L-cysteinylglycine) characterized by electrospray MS. The X-ray
diffraction pattern of Au;o(SG)jp was utilized as fingerprints for homoleptic gold-glutathione
catenanes [7]. Regarding optical properties, enhanced second harmonic response and circular dichroism
signals in the spectral region of 250-400 nm were observed due to this catenane structure exhibiting
a centrosymmetry-broken structure [7]. Recently, Chevrier et al. confirmed the catenane structure by
using synchrotron-based X-ray absorption fine structure (XAFS) spectroscopy [11]. As a complement
to these powder-based structural characterization techniques requiring X-ray beams or synchrotron
facilities, mass spectrometry-based techniques performed on gas phase nanoclusters ions may provide
information on 3D molecular structures. In particular, ion mobility spectrometry (IMS) has been used
for the characterization of gas-phase ligand-protected metal nanoclusters [12-19]. IMS separation
is based on the different velocities adopted by ions travelling in an inert gas under a low electric
field. The drift time of the ions through the IMS tube depends on the ratio between their collision
cross-section (CCS) with the gas and their charge, thus allowing isomer discrimination. Our groups
showed how IMS studies can provide insight into the size of glutathione-protected gold nanoclusters,
as well as in the structural determination of inorganic nanoclusters [16,18,19].

In a previous recent work, we reported an ion mobility-mass spectrometry (IM-MS) approach for
the analysis of homoleptic Auy.12(SG)10-12 nanoclusters. CCS measurements were reported for different
charge states for Auy(5G)19, Auy1(SG)11, and Aui(SG)12 nanoclusters [18]. Strong charge-state effects
on experimental CCS values were observed and attributed to charge-induced glutathione unfolding.
However, the importance of core structure and the ligand conformations on the total CCS was difficult
to disentangle due to conformational effects of such a flexible peptide ligand. The IMS technique was
not sufficient to discriminate between different possible structures (in particular catenane structures)
for the core.

This discrimination could be easier if smaller and more rigid ligands are used for protection,
where charge-induced ligand unfolding effects will be minimized. In this case, the structural
characterization of clusters may thus be possible by comparing the arrival time distribution profiles
recorded by ion mobility mass spectrometry with theoretical calculations using molecular modelling
(density functional theory, DFT) and subsequent collision cross-section calculations using projection
approximation. Here, we report a combined ion mobility and spectrometry approach with DFT
calculations for the analysis of a stoichiometric gold nanocluster ligated by thioglycolic acid
Auyo(TGA)1o (TGA; see Figure S1 in the Supplementary Materials) as ligand molecules. Collision
cross-section (CCS) measurements are reported for two charge states. DFT calculations have been
performed to optimize different candidate structures for which CCSs were computed. The comparison
of the experimentally- and theoretically-determined CCSs allows concluding about the catenane
structures of such nanoclusters.

2. Materials and Methods

Materials and synthesis protocol: All the chemicals were commercially available and were used
without purification. HAuCly-3H,O, trifluoroacetic acid (TFA), and methanol (HPLC grade) were
purchased from Carl Roth (Lauterbourg, France). Thioglycolic acid (TGA), NaOH, and NH,OH were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Milli-Q water with a resistivity of
18.2 MQ cm ! was used for all experiments. Auyg(TGA);g NC was prepared as described in [7] with
TGA as the ligand instead of glutathione. Briefly, 70 mg of TGA (~53 uL) were diluted in 35 mL of
methanol and 2 mL of triethylamine. Then, 100 mg of HAuCly-3H,0 in 15 mL of water were added,
and the solution was stirred overnight at ambient temperature. To induce precipitation, 2 mL of 1 M
NaOH solution were added, and the solution was centrifuged (10 min at 11,000 rpm).

Ion mobility-mass spectrometry: Ion mobility measurements were performed using an ion
mobility spectrometer as described in [20]. Measurements were done using a fresh mixture of
Au;o(TGA)p, prepared in an aqueous solution to a concentration of about 50 uM and directly
electrosprayed using a syringe pump. Mobility measurements were done by injecting ion bunches
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in the drift tube filled with 4.0 Torr helium, in which a constant drift field was maintained through
the controlled voltage drop across the tube. The temperature of the whole instrument was kept at
296 K. After their drift, ions were transferred to a reflector time-of-flight mass spectrometer. Mass
spectra were finally recorded as a function of the IMS drift time, allowing for extraction of arrival time
distributions (ATDs) for ions with any desired mass-to-charge ratio. Collision cross-sections (CCS)
were extracted from ATDs as described in [21]. Using this method, the error of the experimental CCS
was estimated to be 2%.

Computational: The structural and absorption properties of Auyo(TGA);o were determined using
the DFT and its time-dependent version TD-DFT approach [22,23]. For gold atoms, a 19-electron
relativistic effective core potential (19e-RECP) was employed [24]. The structural and spectroscopic
properties of Aujo(TGA);o were obtained at the PBEO/Def2-SVP level of theory [25,26].

3. Results and Discussion

3.1. Characterization of Auy9(TGA)19

The formation of Au;p(TGA);9 NCs as the product was confirmed by electrospray ionization-mass
spectrometry (ESI-MS) in negative mode (see the inset in Figure 1). A charge state distribution of the
general formula [M—nH*]"~ (2 < n < 4) was observed for the Au;o(TGA);o. The additional peaks
observed in MS spectra were due to smaller stoichiometric (AuTGA),, complexes (1 < 6) originating
from the “in-source” fragmentation of the Au;o(TGA);( clusters (as evidenced by collision-induced
dissociation experiments; see Figure S2 in the Supplementary Materials).
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Figure 1. Experimental absorption spectra of Auj(SR);9 nanoclusters (NCs) (with SR = thioglycolic
acid (TGA)and SG (see [7]). (Inset) Electrospray ionization ESI mass spectrum of the as-synthesized
Aulo(TGA)lo NCs.

Concerning the optical properties, the one-photon absorption spectrum of the as-synthesized
Auy(TGA)19 NCs showed a monotonic increase of intensity below 390 nm and a shoulder at ~310 nm.
There was similarity with the absorption spectrum of the previously-reported Au;o(SG);9 NCs
(see Figure 1) [7].
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3.2. Theoretical Investigation of the Structural and Optical Properties of Au19(TGA)19

The DFT method has been used to determine the structures of the Auj((SR);9 NCs based on the
results obtained by a genetic algorithm search method [4]. The [5,5] catenane structure containing
two interpenetrating —AuSR— pentagons was found to be the most stable structure (Figure 2a).
The [6,4] structure containing four- and six-membered Au rings interpenetrating each other (Figure 2b)
and the crown-like structure (Figure 2c) was higher in energy. The structure of these three isomers
is shown in Figure 2. Interestingly, the size of TGA ligand along with the size of the crown and the
Au-Sbond length allowed for a rich hydrogen-bonding network within the TGA ligands, leading to
a “ball-like” shape for the crown-like structure.
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Figure 2. TD-DFT absorption spectrum and structure for three lowest energy isomers of Au;o(TGA)o
shown in (a—c) respectively. Leading excitations responsible for the characteristic features of absorption
are illustrated on the right side. HOMO-LUMO for isomers I, II, and 1II are 4.54, 4.62, and
5.55 eV, respectively.

The absorption spectra calculated using a TD-DFT approach for the three isomers with catenane
structures are also shown in Figure 2. For the [5,5] and [6,4] catenane structures, the first excited states
were located between 320 and 350 nm. The leading excitations responsible for S; and S, excited states
shown also in Figure 2 involved Au-Au aurophilic subunits bound to neighboring sulfur atoms and
arose from the penetration of the two rings into each other. The absorption spectrum for the crown-like
structure obtained from the TD-DFT approach differed considerably from those of other two isomers.
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3.3. Catenane Structures of Homoleptic Auq9(TGA)q9 Evidenced by Ion Mobility-Mass Spectrometry
and DFT Calculations

In order to characterize the structural properties of Aujo(TGA);9 NCs, we conducted ion
mobility-mass spectrometry (IM-MS) measurements. The extracted arrival time distributions (ATDs)
were mainly monomodal for the two- and three-charge states of Auyo(TGA)y, indicating that the
corresponding clusters presented essentially a single structural type, and the width of the peaks was
compatible with a single structural type being present (see Figures S3 and S4 in the Supplementary
Materials). In addition, Figure S4 in the Supplementary Materials shows that the arrival time
distributions (ATDs) for [Aujo(TGA);9—2H]?>~ and [Au;o(TGA)9—3H]*>~ were very close to the
predicted ATDs by the Fick law. The observed ATDs peaks were thus limited by the experimental
instrumental resolution. This means that the observed single peaks in ATDs corresponded to single
structures, and other possible effects (conformational freedom and especially motion around the
Au-Sbond in the TGA ligand and possible interconversions between ligand conformations) cannot
be resolved.

The experimental CCSs determined for different charge states for Aujo(TGA);g nanoclusters are
given in Table 1. The collision cross-section for the three-charge state was only slightly higher by ~4%
than that for the two-charge state. This finding is in contrast with Au;¢(SG)1o, where a charge-induced
unfolding due to Coulomb repulsion between charged moieties was observed, producing more
dramatic effects on the CCS [18]. Indeed, for Auyo(SG)y, the increase in the collision cross-section as
a function of charge was more important (by ~6.5%). Furthermore, the size of the glutathione ligand
was in the same order as the size of the metallic core. This indicates that the charging of the TGA
ligand molecule played a minor role in the total collision cross-section of Auo(TGA);g. This means
that the overall structure of the NCs was not significantly modified by the charge, as confirmed by
DFT structures obtained for neutral Auyo(TGA)qo and [Aug(TGA)1g—2H]?>~ (see Figure S5 in the
Supplementary Materials). For the two charge state, the CCS value calculated from the [5,5] and
[6,4] catenane structures matched the experimental CCS value, confirming that core geometry was
consistent with a catenane-like form for Auyo(TGA)q¢ nanoclusters.

Table 1. Experimental and calculated collision cross-section (CCS) values for three isomers of
Auyo(TGA)j9 NCs are given. The influence of charge has been experimentally determined (error bars
are in brackets). For this purpose, the trajectory method has been used [27]. The DFT structures obtained
for [Aujp(TGA)19—2H]?~ are given in Figure S5 in the Supplementary Materials.

CCS of Auqo(TGA)qp (AZ) Auy9(TGA)qg neutral [Aulg(TGA)lg—ZH]Z_ [Auyg (TGA)10—3H]3_

Exp. 225 (5) 235 (5)
[5,5] catenane 212 220
[6,4] catenane 228 230
Crown-like 196 196

4. Conclusions

The chemistry of the sulfur—gold bond is extremely rich and leads to hybrid materials.
Such materials encompass gold thiolate coordination oligomers, for instance Au,(SR),; and atomically
well-defined clusters Au,(SR),;, or supramolecular assemblies like -(AuSR)e—. The catenane-like
structure is a unique feature of Au,(SR), complexes, but certainly also in thiolate-protected metal
nanoclusters at a low Au/SR ratio limit (i.e., approaching 1:1). Unraveling the total structure of gold
nanoclusters is of paramount importance for their characterization. Unfortunately, the use of X-ray
crystallography is problematic for homoleptic thiolate-protected metal nanoclusters, because sample
crystallization requires extremely high purity and stability. Additional characterization tools able to
distinguish structural isomers are thus highly desirable. The DFT approach provides information
about catenane-like structures for the two lowest energy isomers. The TDDFT absorption features
allows for the structural assignment to experimental data, as well. Ion mobility-mass spectrometry
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(IM-MS) has proven to be a useful complement to MS due to its ability to separate ions based on
their “shape”. In this work, we used this coupling and additionally reported collision cross-sections
(CCS) for selected gas phase charge states of Aujo(TGA)g cluster ions. Charge effects on the CCS
were found negligible for a simple and small thiolated ligand (thioglycolic acid (TGA)). Furthermore,
the comparison of CCS values from different structural isomers of Au;o(TGA)g obtained at the DFT
level of theory has permitted confirming the catenane structure for such nanoclusters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3 /457 /s1:
Figure S1: Chemical structure of thioglycolic acid (TGA). Figure S2: Collision-induced dissociation spectra of
(Aug(TGA)10)*~. Figure S3: ATDs recorded for two charge states of Aujo(TGA)o in negative mode. Figure S4:
ATDs recorded for two charge states of Auyg(TGA);g compared to the fick law. Figure S5: DFT structures obtained
for [Auyo(TGA)o—2H]>~.
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Abstract: Gold clusters protected by 3-MBA ligands (MBA = mercaptobenzoic acid, -SPhCO,H) have
attracted recent interest due to their unusual structures and their advantageous ligand-exchange and
bioconjugation properties. Azubel et al. first determined the core structure of an Augg-complex, which
was estimated to have 32 ligands (3-MBA groups). To explain the exceptional structure-composition
and reaction properties of this complex, and its larger homologs, Tero et al. proposed a “dynamic
stabilization” via carboxyl O-H—Au interactions. Herein, we report the first results of an integrated
liquid chromatography/mass spectrometer (LC/MS) analysis of unfractionated samples of gold/3-MBA
clusters, spanning a narrow size range 13.4 to 18.1 kDa. Using high-throughput procedures adapted from
bio-macromolecule analyses, we show that integrated capillary high performance liquid chromatography
electrospray ionization mass spectrometer (HPLC-ESI-MS), based on aqueous-methanol mobile phases
and ion-pairing reverse-phase chromatography, can separate several major components from the
nanoclusters mixture that may be difficult to resolve by standard native gel electrophoresis due to their
similar size and charge. For each component, one obtains a well-resolved mass spectrum, nearly free of
adducts or signs of fragmentation. A consistent set of molecular mass determinations is calculated from
detected charge-states tunable from 3— (or lower), to 2+ (or higher). One thus arrives at a series of new
compositions (1, p) specific to the Au/3-MBA system. The smallest major component is assigned to the
previously unknown (48, 26); the largest one is evidently (67, 30), vs. the anticipated (68, 32). Various
explanations for this discrepancy are considered. A prospective is given for the various members of
this novel series, along with a summary of the advantages and present limitations of the micro-scale
integrated LC/MS approach in characterizing such metallic-core macro-molecules, and their derivatives.

Keywords: 3-MBA/Au MPCs; TEA-HFIP; ESI-MS; HPLC-MS; bidentate binding

1. Introduction

This work on the 3-MBA protected gold clusters, or cluster compounds, has, in brief, been
motivated by the following circumstances:

(i) A Science paper from 2014 identified a medium-sized (68, 32) 3-MBA gold cluster and determined
its structure through an HREM-based statistical algorithm [1].

Nanomaterials 2019, 9, 1303; doi:10.3390/nan09091303 29 www.mdpi.com/journal/nanomaterials
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(i) It has been proposed [2—4] that this ligand has a different ‘binding mode’ than its sister 4-MBA
(pPMBA), which is better understood thanks in particular to Vergara et al.’s recent subatomic resolution
of the (146, 57) compound [5].

(iif) Previous attempts by the Tsukuda group to analyze these by ESI-MS are limited in scope,
as the obtained spectra are “too broad” (unresolved), i.e., inadequate to establish the composition, e.g.,
is it truly Augg (as the HREM reconstruction indicates)? What is the true ligand count (supplied by
computational modeling)?

(iv) According to our best evidence, the main component is (67, 30), rather than the previously
published (68, 32), and the smaller main component is (48, 26). These unusual numbers, and indeed
the entire graph of the observed composition number (p vs. 1), are consistent with the theoretical and
experimental (nuclear magnetic resonance, NMR) proposition of a special (bidentate) mode of 3-MBA
binding. This trend-line (dependency) is in accord with the idea that as the size increases, the decreasing
curvature (of the core’s surface) increases the propensity for the bidentate mode. Asymptotically,
flat surfaces (self-assembled monolayers, SAMS) may be dominated by this binding mode.

Noble metal clusters, especially of gold and its intermetallic compounds, form highly stable
complexes with thiolate and other pseudo-halide ligands. These are often called “monolayer protected
clusters” (MPCs), because of their relation to the analogous self-assembled monolayers (SAMs) on
planar or extended electrodes [6-8]. They have attracted special attention because of their nobility [9]
(tolerance to air, moisture, and light; bio-compatibility, etc.); their facile modification via ligand
exchange reactions [10-12]; a high-contrast detection, whether visual/optical or in X-ray and electron
scattering [13]; and the fascination and potential utility of their strongly size-dependent optical,
electrical and structure-bonding properties [14-16].

By now, much evidence has accumulated to suggest that many of these MPCs may be obtained in
high yield as pure macromolecular substances of definite composition [17,18] and structure-bonding
characteristics [19-21], as opposed to the more usual metal colloidal or nanoparticle [9] substances that
often show heterogeneity. Such a proven structural uniformity of MPCs is essential to precision-intensive
applications, as well as to all fundamental physicochemical understanding. The most compelling
demonstrations are the cases of a total structure determination by single crystal X-ray [22] or electron
diffraction methods [23], which for gold-thiolates have recently been extended to MPCs as large as
Auya6(pMBA)s7 (aqueous) [5] and Auyyo(TBBT)gs (nonaqueous) [24].

Azubel et al. [1] determined the core structure of an Augg-complex via cryo-TEM, which was
estimated to have 32 ligands (3-MBA groups). Tero et al. [4] proposed a “dynamic stabilization”
mechanism via carboxyl O-H—-Au interactions to explain its structure, composition and reaction
properties, as well as those of its larger homologs [2,3].

Many reports have discussed the challenge of adequately characterizing samples of novel MPCs,
particularly in the early stages of identifying the main compounds or components of a mixture,
as discussed elsewhere [25,26]. Our approach here has been to adapt a method—electrospray
ionization (ESI)-coupled high performance liquid chromatography mass spectrometry (HPLC-MS)—
established earlier for bio-macromolecules of a similar size (or mass) and surface chemistry as the MPCs
under investigation [27]. Specifically, the larger Au/MBA clusters have many (~24-60) acid-terminated
ligands [3], and so are presumed to existin an aqueous solution at anormal (or higher) pH as poly-anions
(plus respective counter-cations). For this case, a long experience with oligonucleotides (DNA or RNA),
composed of a similar number, ~24-60 base-sugar-phosphate repeats), seems most instructive.

Our aims in the present work have been (i) to determine whether the unusual solution-phase
characteristics of the Au/3-MBA clusters will permit them to yield to be analyzed by the ESI-coupled
LC-MS methods that have recently improved the analysis of Au-pMBA clusters ranging from small
oligomers and clusters (25, 18) and (36, 24) to the larger species (102, 44), (130, 50) and (144, 60) [27];
(ii) to examine whether ion-pairing agents will work similarly to enable both high-resolution LC
separations and reduced-fragmentation ESI-ToF (time-of-flight) mass spectra; (iii) to provide some
insight into the powerful selection principles underlying the results in refs. [1-4]; (iv) to search for
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minor or hidden components (new compositions) as semi-stable or transition MPCs; and (v) to provide
additional evidence pertaining to the ‘bidentate’ or dynamical carboxyl-gold interactions described in
reference [4].

Herein, we report the first results of an ESI-coupled LC-MS analysis of unfractionated samples of
Au/3-MBA clusters that span a narrow mass range, 13.4-18.2 kDa. Using procedures adapted from
oligonucleotide analyses, we show that integrated capillary HPLC-ESI-MS, based on aqueous-methanol
mobile phases and ion-pairing reverse-phase chromatography, can separate at least two major
components (and several minor ones) that are present in all sources. For each component, a well-resolved
mass spectrum, nearly free of adducts or signs of fragmentation, allows the determination of a consistent
assignment of molecular masses, as calculated from detected charge-states tunable from 3— (or lower),
to 2+ (or higher). One thus arrives at a set of proposed compositions (1, p), as characteristic of the
Au/3-MBA system. The smaller major component is assigned to the previously unknown (48, 26);
the larger one is assigned to (67, 30), vs. the anticipated (68, 32).

2. Materials and Methods

2.1. Synthesis

The size-uniform samples prepared at the University of Texas at San Antonio by German
Placencia-Villa (GPV) for this work are synthesized according to a modified Brust-Schiffrin approach
described elsewhere [1]. In brief, a stirred solution of 3:1 molar ratio of 3-MBA—HAuCl, (Sigma
Aldrich, Saint Louis, MO, USA) was allowed to equilibrate for 16 h under basic conditions in 30%
methanol (Fisher Scientific, Hampton, NH, USA) solution prior to the cluster-forming reduction
reaction initiated by the addition of sodium borohydride (Sigma Aldrich, Saint Louis, MO, USA).
This altered method has been shown to produce uniformly sized clusters, as opposed to the production
of many discretely sized particles.

2.2. 3-MBA/Au System Characterization

The characterization of molecular nanoparticle preparations is carried out by a variety of methods
for the characterization of the system of interest. Size-exclusion [28], gel-permeation [29], thin-layer
chromatography [30], gel-electrophoresis [31], reversed-phase [32], and hydrophobic interaction [33]
liquid chromatography has all been extensively used as essential analytical tools for the characterization
of such nanoclusters. These methods separate the various components of a mixture according to
one or more physical and/or chemical attributes, including differences in size, polarity, hydrophobic
character, and electrophoretic mobility (related the size-to-charge ratio). Ion-pairing can be combined
with reversed-phase LC for the analysis of acidic and basic clusters [34]. Separation methods may be
used alone for sample fractionation or in conjunction with various detectors.

The analysis of nanoclusters through these methods is only possible for those samples exhibiting
a certain degree of modal- or multi-modal distribution—with each mode showing a minimal variance.
Samples that exhibit a continual distribution, as is the case of nanoparticles exceeding an approximately
3-nm core diameter, are not amenable to LC or MS analysis. ‘Magic-number” nanocluster preparations
are good candidates for a characterization by liquid chromatography and mass spectrometry because
these clusters form in a multi-modal fashion, with only a few compositions exhibiting a high degree of
stability. The LC-MS data acquired from these samples may be used to assign a specific cluster identity
as well as for the semi-quantitative determination of each of the components present in a sample.
Aqueous nanoparticles, like those investigated here, are of interest because of their potential application
in medical and life sciences [2,3].

2.2.1. Coupled Chromatography—ESI-MS

In the present work, efforts were focused to determine whether the 3-MBA/Au systems were
amenable to analysis by HPLC-ESI-MS in the same way as previously observed for the analogous
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4-MBA/Au systems (aka p-MBA/Au). Specifically of interest was the possibility of ion-pairing
with triethylammonium cations (TEAH+) [27] for the retention and separation of these poly-acid
clusters via reversed phase chromatography. Additionally, of interest was an understanding on the
effectiveness of this ion-pairing strategy for electrospray ionization (ESI) and if the necessary conditions
could be implemented for a supported determination of cluster compositions with some degree of
clarity by minimizing fragmentation. The successful implementation of HPLC-MS to these systems
may help reveal ‘hidden components’ [35]—not otherwise known or detectable by native PAGE
gel-electrophoresis. Any evidence to support or refute the proposed ‘bidentate” bonding (H-bonding
of carboxyl to Au) is also of interest in these studies.

Although gel-electrophoresis is a standard technique for the analysis of nanoparticle preparations,
it is a relatively coarse size separation method. An exact determination of size and uniformity requires
confirmation by a secondary analytical technique, since it is possible for the components having
different sizes, shapes, or charges to share the same, or similar, electrophoretic mobilities.

2.2.2. HP-LC-ESI-MS Sample Preparation

The obtained Au/3-MBA samples were either re-dispersed or diluted—if a solid or solution,
respectively—approximately 10x in the appropriate solution. LC separation was performed with
coupled electrospray time-of-flight mass spectrometry detection (ToF-MS). The separations were
carried out on a Cjg stationary phase using gradient methods, whereby the initial mobile phase
composition was replaced with a higher organic concentration in a linear fashion over a period of
twenty minutes. The instrumental procedures, i.e., mass spectrometer, HPLC columns used in this work,
are described elsewhere [36] in the HPLC-MS and UV —Vis Method Conditions section. The mobile
phases were prepared containing 400 mM hexfluoroisopropanol (HFIP)-15 mM triethylamine (TEA),
TEA-HFIP or 10 mM triethylammonium acetate (TEAA) in ddHO (mobile phase A) and methanol
(mobile phase B). The separation behavior of the nanoclusters predominantly depends on the selected
combination of the stationary phase, mobile phase, gradient, and mobile phase modifier. Starting
from the conditions used to obtain a satisfactory separation and ionization of our previous report of
larger p-MBA/Au MPCs [27], the gradient and modifier selection were varied to find the conditions
for the satisfactory separations for this current 3-MBA (aka m-MBA)/Au MPCs work. In this work,
10-40% MeOH (mobile phase B) gradient over 20 min at ambient temperature were used for the
efficient separation of the clusters, though the selection of the modifier (ion-paring agent) plays the
vital rules as demonstrated in our results. The near-baseline separation of the various components is
crucial for providing a differentiation and correlation between the various MS signals observed, which
aids the MS interpretation and reduces the possibilities for ion-suppression artifacts. The gradient
method can be adapted to produce a greater separation between components, and the mobile phase
modifier is essential for a good chromatographic performance compatible with acceptable electrospray
ionization. Solution phase ion-pairing effectively neutralizes the MBA’s carboxylate (-COO™) group
by association with TEAH", enhancing the interaction of the mercaptobenzoic acid ligands with the
Cg stationary phase.

3. Results

Recent reports have demonstrated the possibility of producing uniformly-sized batches of
3-mercaptobenzoic acid (MBA) protected nanoparticles [1-4]. Smaller nanoparticles, or nanoclusters,
are noteworthy for their interesting properties, and because certain stoichiometries (i.e., gold-to-ligand
ratios) form in abundance due to their relatively higher thermodynamic stability [4,37]. This phenomenon
makes it possible to produce specific nanomolecular particles in abundance. However, because there
exist various “magic-number” sizes (e.g., Aups, Ausg, Augg, Auygp, Aujas, etc.), nanocluster preparations
may still exhibit heterogeneity or mixtures varying from one batch to the next. These improved synthetic
procedures make it possible to produce size-focused preparations of nanoparticles, thus enabling the
production of a higher-quality product.
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Synthetic procedures such as these, in tandem with analytical methods that can be used to characterize
these preparations, may provide the needed capabilities for the development of various nanoparticle
applications. The 3-MBA/Au systems demonstrate ‘certain advantages’ over other thiolates (organic or
hydrophobic) for the purposes of ligand exchange and conjugation, as well as for bio-applications.

Figure 1 shows negative-ionization (-ESI) LC-MS mode data acquired following the sample
(prepared by the size-uniform synthesis procedure) provided by M. Azubel, as prepared at Stanford
University. Two dominant components are readily identified: (67, 30; 17.8 kDa) and (48, 26; 13.4 kDa).
These appear at the short (long) retention times and high (low) mass ends of the spectrum.
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Figure 1. ESI-coupled LC-MS analysis of Au/3-MBA clusters from the Azubel-preparation. Detection
is set for negative ions, under conditions that generate mainly 3— and 4~ charge states. The top frame
shows the chromatograms, i.e., the base peak chromatogram (im/z 100-10,000), and an extracted-ion
chromatogram (EIC) for each identified component. The color-coded EIC chromatographic peaks
track with the coded and numbered mass spectra listed herein with compositions assigned as follows:
(1, Red) (67, 30), 17.8 kDa; (2, Black) (60, 31), 16.6 kDa; (3, Green) (58, 30), 16.0 kDa; (4, Blue) (60, 30),
16.4 kDa; and (5, Purple) (48, 26), 13.4 kDa. The fine-structure of the (67, 30)3~ complexes is presented
in Figure S1.

Figure 2 shows the results from the analysis of the same sample, obtained in the positive-ionization
(+ESI) LC-MS mode. The mass spectra are shown for each of the 5 major components: (67, 30; 18.1 Da),
(60, 31; 16.9 kDa), (58, 30; 16.2 kDa), (60, 30; 16.6 kDa), and (48, 26; 13.6 kDa). These are also considered

33



Nanomaterials 2019, 9, 1303

when assigning the compositions listed in Figure 1. In both cases, 10 mM TEAA was used as the
ion-pairing agent to facilitate the ionization process.
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Figure 2. As in Figure 1, but with a positive (ESI+) mode for detection. This analysis shows mainly
2+ charge-states. The black trace corresponds to the base peak chromatogram (mm/z 100-10,000).
The color-coded EIC chromatographic peaks track with the coded and numbered mass spectra listed
herein, with compositions assigned as follows: (1, Red) (67, 30), 18.1 kDa; (2, Black) (60, 31), 16.9 kDa;
(3, Green) (58, 30), 16.2 kDa; (4, Blue) (60, 30), 16.6 kDa; and (5, Purple) (48, 26), 13.6 kDa. The fine
structures of the (67, 30)2* complexes are presented in Figure S2.

Figures 3 and 4 show two analyses with two different ion-pairing agents TEAA and TEA-HFIP,
respectively of a separate preparation (GPV) of 3-MBA clusters.
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Figure 3. The analysis of a second preparation (GPV) of Au/3-MBA clusters. Negative ionization mode
(-ESI) detection shows mainly 3— & 4— charge-states. The black trace corresponds to the base peak
chromatogram (1n/z 100-8,000). The color-coded EIC chromatographic peaks track with the coded and
numbered mass spectra listed herein, with compositions assigned as follows: (1, Red) (67, 30), 17.8 kDa;
(2, Black) (53, 28), 14.7 kDa; (3, Blue) (59, 31), 16.3 kDa; (4, Green) (58, 30), 16.0 kDa; (5, Light Blue)
(60, 30), 16.4 kDa; and (6, Purple) (48, 26), 13.4 kDa. For the singly charged (z = 1-) of the same sample,
see Figures S3 and S4. The polyacrylamide gel-electrophoresis (PAGE) analysis and corresponding
HPLC-ESI-MS chromatogram are presented in Figure S4.
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Figure 4. The analysis of the second preparation of 3-MBA clusters using the TEA-HFIP mobile
phase buffer composition. The negative ionization mode was used for the analysis, mainly 3— and
4~ charge-states. The black trace corresponds to the base peak chromatogram (1/z 1000-10,000).
The color-coded EIC chromatographic peaks track with coded and numbered mass spectra listed, and the
compositions are assigned as follows: (1, Dark green) (25, 18), 7.7 kDa; (2, Dark Blue) (38, 24), 11.1 kDa;
(3, Blue) (46, 26), 13.0 kDa; (4, Purple) (48, 26), 13.4 kDa; (5, Black) (53, 28), 14.7 kDa; and (6, Red) (67, 30),
17.8 kDa.

Besides the main components, (67, 30; 17.8 kDa) and (48, 26; 13.4 kDa), identified in Figures 1 and 2
(Azubel’s sample), several other minor ones, (25, 18; 7.7 kDa), (38, 24; 11.1 kDa), are identified with our
ESI-MS method, especially at a smaller mass. Figure 4 shows results for the same sample analyzed
using a combination of a more volatile weak acid HFIP than acetic, and TEA. Interestingly, while the
components observed in each analysis are essentially identical, the order of elution is significantly
altered for the two modifiers. The TEAA modifier produces a chromatography whereby the larger
clusters generally elute first, followed by smaller ones. The TEA-HFIP reverses this general trend,
so that smaller clusters elute first, followed by larger ones.
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Figure 5 contains a comparison among the mass spectra above (Figures 1-4), as they pertain to
the putative “Augg(3-MBA)3;” compound (calculated mass of 18.3 kDa), and also to an extract from
the mass spectrum provided in reference [1]. In negative-ion detection, as appropriate to polyacids,
the evidence all points toward 17.8 kDa, the mass of (67, 30). In positive-ion detection, where TEAH+
adducts provide the charge, the mass of 18.1 kDa also agrees with (67,30), assuming triple-adduction,
i.e., 3 TEAH+, in which case the (67, 30) complex carries an intrinsic (core) charge of 1—.

3-
4-
- ok
3-
3-
17 17.5 18 18.5 19

Mass(kDa)

Figure 5. A comparison of the deconvoluted mass spectra in the region of the 17.8 kDa compound,
putatively “Augg(3-MBA)3,”, vs. the ESI-MS of reference [1] (blue curve at top). Selected portions of
the ESI mass spectra of gold cluster samples are depicted, in which the independent variable has been
converted from the (1m/z) scale to the total mass (kDa), using the charge (z) assignments indicated in
Figure 2 (red), Figure 4 (pink and purple), Figure 1 (orange and black), and Figure 3 (dark green). Note
that in the case of the positive ion mode (z = 2+), the peak is shifted higher by ~ +0.3 kDa, consistent
with three (3) TEAH* adducts, to the (67,30)!~ complex. [Mass of TEAH* = 101 Da.].

Figure 6 shows plots of the various chemical compositions observed for each of the different
samples analyzed here. Although a number of different compositions were observed for each sample,
a clear difference between the size-uniformity of the two samples can be observed. When a long
equilibration prior to reduction is carried out, a much narrower range of cluster sizes is formed. If the
procedure is varied—-even slightly—-to reduce this time period, a wider range of cluster sizes is
formed, and this is supported by the recent reported “captamino”, a base side, thiolated gold clusters
in the size range of 25-144 numbers of Au, or even larger ones [17,18]. In Figure 3, cluster compositions
ranging from (47, 26) to (71, 34) are observed; whereas in Figure 4, compositions ranging from (25, 18)
to (67, 30) are observed.
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Figure 6. The number of ligands (p) vs. the number of Au atoms (1) found in this work on the
Auy(3-MBA)y, (n = 48-67, p = 26-30) and reported in the literature are shown to see the trends. Legend:
symbols designate whether the component identified was detected prominently (colored large square)
and for both samples under all ESI-coupled LC/MS conditions, or not (small hollow red circle); a red
cross represents the expected (68, 32) clusters, a grey large square represents 3-MBA thiolated larger
(144, 40) clusters, whereas small grey circles (filled) represent reported different compositions of other
thiolated clusters, for example 4-MBA (a sister molecule of 3-MBA) thiolated Auj45(4-MBA)s;.

4. Discussion

4.1. General Remarks

As mentioned in the Introduction, our general objective in this research has been to advance
the analytical chemistry of thiolate-protected gold clusters. Specifically, we have aimed to adapt the
standard HPLC-ESI-MS methodology, as applied for example to oligonucleotides, which are acidic
(poly-anionic), developing optimized strategies for gold clusters protected by a monolayer of thiolate
ligands with terminal (solution-exposed) acidic groups. The recent progress reported by Black et al.
includes the HPLC-ESI-MS identification of a long series of Au-pMBA clusters as large as (146, 57) [5],
or as small as (25, 18) and (36, 24). Through the use of a suitable ion-pairing agent (TEA+), well
resolved mass spectra could be obtained under gentler conditions (to reduce poly-anion fragmentation
in electrospray ionization) and nearly free from alkali-ion and solvent adducts [27]. In a related
work, silver-lipoate clusters (29, 12)>~ have been effectively resolved, where lipoate acts as a bidentate
(di-thiolate) ligand with a terminal carboxylate (“thioctic acid”) [36,38].

4.2. Contrasting 3-MBA (or Meta-MBA) and 4-MBA (Aka Para-MBA)

In turning from the 4-MBA (pMBA) to 3-MBA (or “mMBA”) ligands, one faces a more challenging
analytical situation, as described most recently in a 2017 ACS Nano report by Tero et al. [4], as well as in
the earlier reports of Azubel et al. [1-3], dating to the 2014 Science article:
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e There has been no total-structure determination of any 3-MBA protected gold clusters.

e  There has been no adequately resolved ESI-MS identification of any of these: no composition-
determination by any standard analytical method.

e  Electron microscopy (or diffraction) provides the gold structure and atom count, in both (2)
reported cases. (Ligands/S-atoms are not located by this method). Models are then constructed,
which include the ligands, and these are tested (refined) by DFT computations.

e  The compositions arrived at by these procedures, (68, 32) and (144, ~40), are respectively distinctly
and strikingly different from those determined previously for aliphatic ligands, i.e., (67, 35)
and (144, 60), or from the more directly relevant water-soluble aromatic pMBA ligand (146, 57).
[Figure 6 presents these compositions in a graphical format.]

In practice, (via the same HPLC-ESI-MS optimized procedures) we were able to readily obtain
clear results on the samples believed to be dominated by the (68, 32), but not on the samples labeled
as larger compounds (144, ~40). This is not particularly surprising, for large polyanionic assemblies
have a reputation for presenting a difficult ESI-MS analysis. For the same reason, the presence of
readily detectable smaller components, such as the major one assigned to (48, 26), or even the minor
one (25, 18) in one instance, is unsurprising, as their signal levels may be disproportionate to their
concentration in solution.

Perhaps the major positive result of our work is the greatly improved (vs. 2014 Science report')
quality of ESI mass spectra (Figure 5) that led us to identify (67, 30) as the composition of the compound
previously assigned to (68, 32). This is only a minor difference, amounting to a single gold atom and
two (2) 3-MBA ligands, but could suggest a reinterpretation of its structure and bonding.

However, one should note that this suggested revision (reducing the ligand-count to 30 from 32)
only serves to increase its distinctiveness, as compared to the reference (aliphatic) case, i.e., (67, 35) vs.
(67, 30). Now, the ‘ligand deficiency’ (below) is five (5) rather than two (2), as indicated in Figure 6.
The other components, and specifically the one identified as (48, 26), may also be interpreted within this
same context of ‘ligand deficiency’. Figure 6 shows that, for gold clusters protected by thiophenol-class
thiolates, the important compositions (36, 24) and (44, 28) lie on a distinct ‘curve’. Yet the smallest (minor)
compound identified here as (25, 18) is the same regardless of the thiolate.

Below, we suggest how the ‘dynamical stabilization” model—a form of bidentate ligation—of
Tero et al. [4] can be generalized, from the two cases {(68, 32), (144, ~40)} investigated by them, to account
for the entire range of compositions identified and presented in Figure 6. The dynamic-stabilization
model (DSM) [4] was reported to account for the optical (FTIR) spectra as well as other analytical
observations, in a way that also explains the ligand-count deficiency and the lability of these two
compounds when exposed to other (non-3-MBA) thiolates in solution. In particular, the basis for this
model is described as follows:

e In the carbonyl (C=0) stretching region, the vibrational FTIR spectra show “distinct peak[s]
around 1730 cm ™!, observable only in 3-MBA-passivated clusters, and interpreted as the signal of
the O=C—OH---Au interaction.” [4].

e Molecular dynamic (MD) simulations were based on structure models for each cluster. “Visual
inspection of MD trajectories revealed several weak interactions in the ligand layer and at the
ligand—gold interface, such as formation of inter-ligand hydrogen bonds, inter-ligand 7 stacking
(aromatic contacts), T—Au interaction where the aromatic ring lies “flat” on the gold core, and
hydrogen bonding-like O=C—OH---Au interaction when the hydroxyl group is rotated toward
the gold core.” “We thus assigned the highest frequency observed for both Aui144(3-MBA)~yy and
Augg(3-MBA)3; to the O=C—OH---Au interaction visualized ... This interaction at the ligand—metal
interface has not been reported before for any thiolate protected gold nanocluster.” [4].

In the report, we have referred to any such interaction involving a second functional group (other
than thiolate sulfur) as a “bidentate” bonding mode, whether the carboxyl group is protonated or
de-protonated (as is more typical in solution-phase conditions, pH neutral or > 7).
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First, the ligand-deficiency count, which ranges from 15-20 in the case of (144, ~40), amounts to
five (~5) for (67, 30), to perhaps a couple (2) in the case of (48, 26), and finally to zero (0) in (25, 18),
is taken to represent the number of ligands bound in a bidentate fashion. It is represented as a fraction of the
whole: In the extreme case of (144, ~40), more than one-third of the ligands are bound in the bidentate
mode. In the special case of (67, 30), one-sixth (5/30) are bidentate, and for (48, 26) only one-twelfth
(2/26) are so indicated.

Second, as usual the key step is to relate these fractions to the estimated curvature (1/R) of the
structure as measured at its surface, where R is the radial distance at which the Au-S or Au-X bonds lie.
A high curvature removes the driving force for bidentate coordination, because the steric constraints are
greatly reduced (the position meta to sulfur should be well exposed to the solvent and counter-cation).

For now, we leave this as a semiquantitative argument suitable for guiding further work on
both the larger, or previously identified compounds, as well as the ones newly identified in this
report. The need for this was well predicted in the closing remarks of reference [4]: “Several currently
unknown compositions and sizes of 3-MBA-protected gold nanoclusters will undoubtedly be found by
variations of the known syntheses, which will open unexplored possibilities for applications of these
materials in biolabeling, catalyzing biochemical reactions, imaging, detection, and theranostics.”

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1303/s1;
Figures 51-54, fine-structure in the electrospray negative ionization mode mass spectrometric analysis of the
(67, 30), complex (67, 30)*~ in solution, electrospray positive ionization (ESI+) mass spectrometric analysis of the
component identified as (67, 30), by HPLC-ESI-MS as in Figure 2, ESI-MS Analysis of GPV sample preparation,
under conditions wherein mainly the singly charged (z = 1-) ions are detected, and the polyacrylamide gel
electrophoresis (PAGE) and HPLC analyses of GPV sample preparation.
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Abstract: In order to increase the understanding of the recently synthesized AuySyo(PPh3);; cluster,
we used the divide and protect concept and superatom network model (SAN) to study the electronic
and geometric of the cluster. According to the experimental coordinates of the cluster, the study of
AuySy(PPh3)q; cluster was carried out using density functional theory calculations. Based on the
superatom complex (SAC) model, the number of the valence electrons of the cluster is 30. It is not
the number of valence electrons satisfied for a magic cluster. According to the concept of divide
and protect, Auy(Syo(PPhs);, cluster can be viewed as Au-core protected by various staple motifs.
On the basis of SAN model, the Au-core is composed of a union of 2e-superatoms, and 2e-superatoms
can be Aug, Auy, Aus, or Aug. AuySy(PPhs)qs cluster should contain fifteen 2e-superatoms on the
basis of SAN model. On analyzing the chemical bonding features of AuySy(PPhs);2, we showed
that the electronic structure of it has a network of fifteen 2e-superatoms, abbreviated as 15 x 2e
SAN. On the basis of the divide and protect concept, AuypSyo(PPhs)qy cluster can be viewed as
Auge ' [Aug(113-S)103 12[PPhslio. The Auyg'®* core is composed of one Aug, %+
ten surrounding 2e-Auy superatoms. The Auy, 12+

innermost core and
innermost core can either be viewed as a network
of five 2e-Aug superatoms, or be considered as a 10e-superatomic molecule. This new segmentation
method can properly explain the structure and stability of AuypSy(PPhs); cluster. A novel extended
staple motif [Auio(u3-S)191®~ was discovered, which is a half-cage with ten p3-S units and six
teeth. The six teeth staple motif enriches the family of staple motifs in ligand-protected Au clusters.
AuyoSy0(PPhs)ip cluster derives its stability from SAN model and aurophilic interactions. Inspired by
the half-cage motif, we design three core-in-cage clusters with cage staple motifs, Cug@Au;>(u3-S)s,
Age@Auiy(u3-S)s and Aug@Auiy(p3-S)g, which exhibit high thermostability and may be synthesized
in future.

Keywords:  AuySyo(PPh3)ip cluster; superatom network model; electronic structure;
geometric structure

1. Introduction

Due to the applications in catalysis, optoelectronics, and photoluminescence, ligand-protected
gold (Au-L) nanoclusters have drew much attention in both experiment [1-6] and theory [7-11].
The synthesis of Au-L clusters contributes much to many areas of science and technology because
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they have interesting structures [12,13]. In the past few years, the metalloid thiolate-protected
Au nanoclusters with u3-S atoms have extended the family and potential applications of Au-L
clusters. The experimentally determined metalloid Au-L clusters containing one or two uz-S
include Au21S(SR)15 [14], Au3OS(SR)13 [15,16], Aug,gSz(SR)z() [17], and Au10382(SR)41 clusters [18],
while AuzpS;(SR)1g cluster is a structure from theoretical prediction [19]. A large metalloid
Auq08Sp4(PPh3)¢ cluster with 24 p3-S has been revealed, which consists of an octahedral Auyy
core, an AuygSyy shell and 16 Au(PPhg) elements [20]. Very recently, Kenzler et al. has synthesized an
intermediate size metalloid gold cluster AuyySyo(PPhs)1, revealing an Auy, core surrounded by the
AuygSyo(PPhs)q; shell [21]. According to their report, AusSy unit is a central structural motif in the
shell and they suggest that they could not elucidate a definite superatom character or distinct shell
structure in the cluster. Thus, it is necessary to give a detailed study for the cluster, which may help to
deeply understand the stability and structural nature of the cluster.

Hékkinen et al. proposed the divide-and-protect concept [22], and Au-L clusters are composed
of Au-core and staple motifs; Au-core is protected by staple motifs. The concept has been widely
used to predict and analyze the structures of Au-L clusters [23-32]. The idea of staple motif has been
introduced since the synthesis of Auyp2(SR)44 cluster, and Jadzinsky et al. termed it [1]. To date, various
forms of staple motifs (-SR-(AuSR)x-) present in experimentally determined and theoretically predicted
Au-L clusters. Monomer and dimer staple motifs present in Auypp(SR)44 cluster [1]. Dimer staple
motif also presents in Augs(SR)p4 cluster [33]. Bridging -SR ligand and trimer staple motif exist
in Aup3(SR)j6- cluster [4]. In addition, gold-thiolate rings present in Auyy(SR)16 and Aupy(SR)1s
clusters [8,34]. The protecting motifs include Au and SR, or only SR; moreover, they have two legs.
We have predicted a tridentate staple motif with three S legs in the synthesized AuzS(SR);g cluster
before [19]. According to the superatom complex (SAC) concept proposed by Hékkinen et al [35],
the number of valence electrons (V) for AumSn(SR)p4 cluster is computed as bellow: V =m —2n —p -
q, in which m, n and p are the numbers of Au, S and SR, respectively, whereas g is the charge of the
cluster. The super shells for spherical Au clusters is [1S2[1P°|1D10|2521F1412P01GS) ... (S-P-D-F-G-H-
denote angular-momentum characters), corresponded to magic numbers 2, 8, 18, 34, 58, ... . According
to SAC model, clusters with valence electrons 2, 8, 18, 34, 58, ... present special stability and they are
magic number clusters. The theoretically predicted Aujp(SR)9* and Aug(SR), are 2e magic clusters.
Aur5(SR)15~, Augs(SR)28%~ and Auygr(SR)4y4 are 8e, 18e and 58 magic number clusters, respectively.
Cheng et al. introduced the superatom-network (SAN) model, which has been used to explore the
stability of Auyg(SR)14, Aupg(SR)16, Atpa(SR)20, Auss(SR)8 and Aupy(SR)qg clusters [8,36,37]. Based on
the concept of SAN model, the Au-core of Au-L cluster can be viewed as a network of 2e Auy, (1 =3, 4,
5 or 6) superatoms. The interactions between the superatoms are main non-bond interactions.

Here, we investigate the electronic and geometric structure of Auy(Syy(PPhs)i2 to obtain deep
understanding of it. Based on the superatom complex (SAC) model, this cluster is a 30e compound [35].
The number of valence electrons for AuypSy(PCHj3)1, cluster does not satisfy the magic number
electrons of SAC model. Kenzler et al. reported that the Au core of Auy(Syo(PPhg)is cluster is Aupy,
and the protecting tetrahedral shell is composed of four AuySs units, four S atoms and 32 gold
atoms, and no staple motif presents [21]. We are interested in the synthesized AuySy(PPh3)q2 cluster,
which has 20 p3-S atoms. Now that the number of the valence electrons does not satisfy the SAC model,
why it is stable? How do the 20 p3-S atoms protect the Au-core? What are the protecting motifs of the
cluster? With these questions in mind, we tried to analyze the electronic and geometric structure of the
cluster using existing theories and models. This work attempts to explain the structure and properties
from a new perspective.

2. Materials and Methods

We start from the experimental structure of Auy(Syo(PPhs);; determined as reported by Kenzler
et al [21] and the total charge is set to zero. Considering the calculation amount, we used CHj3 instead
of all the Ph ligands, and the structure was then relaxed using the Gaussian 09 software (Revision B 01;
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Gaussian, Inc., Wallingford, CT, USA) [38]. Density-functional theory (DFT) calculations were employed
to optimize the geometric structure using Perdew-Burke-Ernzerhof (PBEO) functional [39]. The basis
set of Au element is Lanl2dz, while 6-31G * is used for S, P, C, H elements. The molecular orbital
(MO) and natural bond orbital (NBO) calculations of Au cores were also carried out at the same level,
whereas the basis set of Au element was Lanl2mb. The adaptive natural density partitioning (AdNDP)
method was used to analyze the chemical bonding patterns [40]. MOLEKEL software (version 5.4.0.8,
Swiss National Supercomputing Centre, Manno, Switzerland) [41] was used to view the chemical
bonding patterns. The superatom-network (SAN) model was taken to analyze the chemical bonds in
Auy(Sy0(PPhj3)1, cluster [36].

3. Results and Discussion

3.1. Geometric Structure

The structure of the relaxed AuySyo(PCHj3)q; cluster is given in Figure 1b, which is in D, symmetry.
The structural parameters computed here reproduce well with the experimental results.
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Figure 1. (a) Single crystal XRD structure of AuySyo(PPhs)i, from [21], reproduced with permission,
Royal Society of Chemistry, 2017; (b) The optimized structure of Auy(Syo(PCHj3)q; cluster. The cluster
is obtained at the PBEO/LanL2dz(Au) and 6-31G *(S, C, P, H) level of theory. Au, yellow, S, purple; P,
orange; C, gray, H, white.

Based on the divide-and-protect concept [22], different building blocks were tried to find the proper
segmentation mode. The cluster can be viewed as Au-core and protecting motifs. Through analysis
on the structure, the protecting motifs include twelve separate PCHz and (Au-S), motifs. According
to the segmentation analysis in Supplementary Materials, Auy(Sy(PCHj)12 cluster is divided into
three parts as Figures 2 and 3 show. AuySy0(PCHj3);2 cluster can be written as AuypSy0(PCH3)12 =
[Augg ®* [[Auin(13-S)103~ ]2[PCH;3l12. The core of the cluster is Augg 0" with two new [Auq(uuz-S)10]8~
staple motifs and 12 PCHj protecting it. The [Auiz(p3-S)1018~ staple motif containing ten p3-S atoms is
observed for the first time in Au-L clusters. As shown in Figures 2c and 3c, [Aup(p3-S)19]®~ motif
can be easily identified from the cluster. Worth noting is that [Aug2(p3-S)10]8~ motif has six branches,
which is obviously different from common staple motif and it is unprecedented in Aum(SR), clusters.
Each S atom is triply coordinated to the neighboring Au atoms in a p3 bridging form. [Auiz(u3-S)1018~
motif has six S legs, thus we term it six-tooth staple motif. According to the theoretical studies by Jiang
et al., other motifs than common staple motifs may exist [42]. Moreover, AuxSy unit is theoretically
predicted existing in core-shell structures of AumSy, clusters [43,44]. [Auy,Sg]* anion presented in the
synthesized crystal thioaurate [PhyAs]s[Aui,Sg]. The framework of [Au12Sg]*™ anion is a distorted
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cube, moreover, sulfur, and gold atoms locate at the corners and edge midpoints of the cubic structure,
respectively [45].

(a) (b) () (d)
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Figure 2. (a) Structural model of AuzySyo(PCHj3)15. The [Aus(u3-S)19]8~ and PCHj protecting motifs
are given as ball-and-stick models (Au, yellow; P, orange; S, pink; C, gray; H, white). The Au cores
are shown as polyhedra. (b) Model of Auyg'* core, () Two [Auya(p3-S)10]®~ six-tooth staple motifs,
(d) Model of twelve PCHj protecting motif, (e) 6 x 2e SAN of Aup,'2* core, (f) Augg'2* core, (g) Auyg !0+
core, (h) Two views of [Aup,(113-S)118~ staple motif.

The Auz(u3-S) unit has been proposed as an elementary block and used to design a group of
quasi-fullerence hollow-cage [Augn (13-S)on]"~ clusters with high stability [46]. [Auis(13-S)1]3~ motif
can be viewed as a part of [Auis(13-S)11°~ cluster, which is a half cage. Here, [Auiz(uz-S)10]8 six-tooth
staple motif as a whole protects Auyggl® core. The configuration of the vertex-sharing Auy core in
Auyg'®* core resembles those in Auyg(SR),g and Auyg(SR)4 clusters [34,47]. From Figure 2, Augglot
core is composed of five edge-sharing Aug, four vertex-sharing Auy and two Auy superatoms. The five
Aug superatoms compose an Aupn'?* kernel. The valence electrons of Auy,'2* core is 10e, which is
also a 10e superatomic molecule (Figures 1c and 3).

From Figure 2, we can see that the 12 terminal S legs in two [Auin(uz-S)1018~ staple motifs connect
to the neighboring Auy cores. The two [Auiz(p3-S)118~ motifs protect Augg'6* core from both top and
bottom sides stabilizing the cluster. The average bond length of Au-S in [Auio(uz-S)1018~ is 2.39 A
suggesting a covalent single bond. The average bond angle of ZAu-S-Au is 94.7° and thus deviate only
slightly from the ideal 90° expected for bonding involving the sulfur 3p orbitals. Gold attempts to
maintain linearity with average bond angle of /S-Au-S being 171.4°.
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Figure 3. (a) Structural model of AuyS(PCH3)12. The [Auga(113-S)10]%~ and PCHj protecting motifs
are given as ball-and-stick models (Au, yellow; P, orange; S, pink; C, gray; H, white). The Au cores are
shown as polyhedra. (b) Model of Augg'®* core, (c) Two [Aupa(u3-S)10]°~ staple motifs, (d) Model of
twelve PCHj protecting motif, (e) Aup,'2* 12+ core, (g) Augg'0*

superatomic molecule, (f) Auyg core.

Figure S1 gives Au-Au contacts in the optimized structure of Auy(Syo(PCHj3)1, cluster: (a) Aup
innermost core is 5 X 2e SAN, (b) Auy; innermost core is a 10e-superatomic molecule. Also given are the
aurophilic contacts between motifs and superatoms and the aurophilic contacts between superatoms.
Noticeable gold—gold interactions (baby blue and black lines in Figure Sla,b, Supporting Materials)
between the Au atoms in [Auyp(13-S)10]®~ and neighboring gold cores are present. The Au-Au
aurophilic distances range from 2.82-3.01 A, with the average Au-Au distance being 2.91 A smaller
than the Au—Au van der Waals radii (3.32 A) [48,49]. The blue lines in Figure Sla label the aurophilic
interactions between Aug and Auy cores, and the interactions between Auy cores. The green lines in
Figure S1b label the aurophilic interactions between Aup; and neighboring Auy cores. The Au-Au
distances range from 2.86-3.01 A, and the average Au-Au distance is 2.93 A. The short bond distance
between Au and Au indicates strong aurophilic interactions. Thus, the interaction mode between
six-tooth staple motifs and Au cores includes clamping and aurophilic interactions, which stabilize the
AuySy(PCH3)1 cluster. Here, the staple motif can extend to six-tooth mode. The staple motif only
includes Au and S elements, which is obviously different from previous staple motifs. From above
analysis, we can see that both the position of the six-tooth staple motifs and Au—Au contacts in the
cluster dedicate to the stability of AuyySy0(PCH3)q, cluster.
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3.2. Chemical Bonding Analysis

In order to verify the electronic structure of Auy(Sy)(PCHs)qp cluster, we carried out chemical
bonding analysis. The electronic structure of the cluster followed the SAN model, that is, it had a
network of fifteen 2e-superatoms, abbreviated as 15 x 2e SAN, which contained five 2e-Aug and
ten 2e-Auy superatoms. We took the Auye'®* core out of the cluster separately while keeping the
structure identical to that in Auy(Syo(PCHgz)q, cluster to analyze the chemical bonds. As expected,
AdNDP analysis in Figure 4 indicated that there are 10 four-center-two-electron (4c—2e) bonds with
occupancy numbers (ON) = 1.54-1.56 [e], five 6c—2e bonds with ONs = 1.63—1.68 |e|. Vertex-sharing Auy
superatoms were present in the experimentally determined Auy(SR)16 and Auszs(SR)24 clusters [33,34].

£ 2 x 4c-2¢ bonds 6¢-2¢ bond
ON = 1.54 ¢| ON=1.63 [¢|

2 x 4c¢-2¢ bonds
ON=1.54]¢|

6¢-2¢ bond
ON=1.63[¢|

2 x 4c¢-2¢ bonds

6¢-2¢ bond

ON = 1.56 e ON =1.68 e|
° O \6 o © d -0
2 x 4c¢-2¢ bonds 2 x 4c-2¢ bonds 6¢-2¢ bond 6¢-2¢ bond
ON =1.54¢| ON =154 ]¢| ON =164 |¢| ON =1.64 |¢|

Figure 4. Structures, superatom-network models and adaptive natural density partitioning (AdNDP)
localized natural bonding orbitals of (a) 4c-2e bonds (side view), (b) 6c-2e bonds (top view) in Auyg !0+

core of AuyySyo(PCHs)qo cluster.

For purposes of confirming the segmentation scheme, the difference of Au—Au distances inside
the Auyg core and those between Auyg core and two six-tooth staple motifs were recorded. Figure S2
(Supporting Materials) displays all the Au-Au distances, which include the distances between Auyg
core and two six-tooth staple motifs (black dots), the Au—Au distances in Auy, core (red dots), in two
Auy superatoms on top and bottom of the cluster (blue dots), in the four pairs of vertex-sharing Auy
superatoms (purple dots). The average Au-Au distances of the above four groups were 2.90, 2.91, 2.82,
and 2.86 A, respectively. From the figure, we can see that, the Au-Au distances between Auyg core
and two six-tooth staple motifs and distances in the Au,, core were relatively bigger than other two
groups. The Auy, core was consistent with the former report [21]. The reason for the Au-Au distances
in Aup, core being relatively bigger are probably that the repulsive interactions of Au atoms can be
reduced in this way. Lower repulsion is helpful to form a Auy, core. The Au-Au distances in the ten
Auy superatoms were shorter than those between the Au-core and staple motifs, which follow the
concept of SAN model. The shorter Au-Au distances were helpful to the formation of Auy superatoms.
In short, the existence of ten Auy superatoms were reasonable, which has been supported from the
viewpoint of Au-Au distances.

Further analysis of the innermost Auyy'?* core was performed and the structure of Auyy'?* core
stayed the same as that in Au4616+ core. The results are given in Figure 5. From Figure 5a, we can see
that Auy,!?* core can be viewed as five edge-sharing Aug superatoms. AANDP analysis confirms that
there are five 6¢—2e bonds. ON is 1.83 |e| for the middle 6¢—2e bond, while ONs are all 1.77 e for the
marginal 6¢c-2e bonds. The Aug kernel in Au;g(SR)14 cluster consists of two Aug superatoms [50,51].
Auy,'?* core has 10 valence electrons which is identical to a N, molecule, and it can be viewed as a
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super-N, molecule. From Figure 5b, AANDP analysis demonstrates that Auy,'2* has two 11c-2e super
1S lone pairs with ONs being 1.91 |e|, one 22c—2e super-o bond and two 22c—2e super 7 bonds with
ON s being 2.00 [e].

Super N, two LPs (S)

2 x 1e-2¢ bonds
ON = 1.91¢|
one o bond two 7 bonds

Auy'¥ (Dy)

Figure 5. (a) Structure, superatom-network model and AdNDP localized natural bonding orbitals

of Aupy 2+ core. (b) Structure, superatomic molecular model and AANDP localized natural bonding
12+

4% 6e-2¢ bonds 6¢-2¢ bond
ON=177¢| ON=183c| 3 x 22¢-2¢ bonds
ON =200 f¢|

orbitals of Aup,'“* superatomic molecule.

3.3. Aromatic Analysis

NICS-scan method is proposed by Stanger, which is similar to the screen method of aromatic
center and has been used to predict the aromatic properties of molecules and clusters [52-54]. Here,
we use NICS-scan method to further verify the existence of Auy superatoms and we have demonstrated
the existence of Auy superatoms in Auy(SR)16, Aug(SR)2g and AugzpS;(SR)g clusters in our former
work [19,36]. Figure 6 is the NICS-scan curve of Auyg'®t core along the centers of two neighboring Auy
superatoms in the range of —6.0-6.0 A. The position of NICS(0) is set at the midpoint of the geometric
centers of two Auy superatoms. Two views of the scan in Aug'®* have been given in the figure.
Considering the symmetry of Aus'®*, we only give one scan curve of the cluster. It is obvious that
there are two dotted ovals in the figure, indicating two non-conjugate Auy superatoms, which further
support the SAN model. The NICS(0) values of the two Auy superatoms are both —32.2 ppm much
smaller than benzene molecule (—9.7 ppm), indicating strong aromaticity. The NICS-scan method is
applied to verify Auy superatoms in Augg'®* core, thus the Auy superatoms are further verified from

the aromatic view.

NICS/ppm

distance from center/A

Figure 6. NICScc-scan curve of the Auyg'®* core, which is the scan along the centers of the neighboring
Auy superatoms in the range of —6.0-6.0 A. The red dotted ovals in the figure signal the presence of
Auy superatoms. The structures labeled in (a) and (b) indicate two views of the scan.
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3.4. Cug@Auqy(u3-S)s, Ag6@Au15(u3-S)g, and Aug@Augy(u3-S)g Clusters

Worth noting is that [Auin(uz-S)g]*~ was experimentally crystallized earlier [45]. Meanwhile,
the structure of [Auyy(p3-S)s]*~ was theoretically studied [46]. We obtained the optimized structure
and harmonic frequencies of [Aupo(uz-S)g]*~ cluster at the level of PBEO/Lanl2dz(Au), 6-31G *(S).
The optimized structure presented a cubic structure in Op, symmetry and the Au-S bond length is
2.38 A. It was found that the harmonic vibrational frequencies of [Aupn(uz-S)g]*~ were all positive.
The HOMO-LUMO gap was 2.90 eV, further indicating its high stability.

Jiang et al. have predicted several core-in-cage gold sulfide AuySy~ clusters observed in MALDI
fragmentation of Aups5(SR)1g™ cluster theoretically [42]. They stated that the Au core in the core-in-cage
cluster may catalyze reactions. Inspired by the half-cage [Auga(1t3-S)19]®~ staple motif, the cubic
[Augo(13-S)g]*~ cluster can be regarded as a cage staple motif. Thus, we designed three core-in-cage
clusters, Cug@Auz(u3-S)s, Age@Augz(u3-S)g, and Aug@Augr(uz-S)g. The structures, models and
AdNDP analysis of the three designed clusters are collected in Figure 7. The core-in-cage clusters
can keep Oy, symmetry after relaxation. The harmonic vibrational frequencies of the three clusters
are all positive, indicating they are real local minima on potential energy surfaces. The infrared
spectrograms (IR) of them are given in Figure S3. The HOMO-LUMO gaps of Cus@Auis(13-S)s,
Ags@Auyr(u3-S)g, and Aug@Auygy(us-S)g clusters are 3.59, 2.97, and 2.87 eV, suggesting their high
stability. Cug@Au;s(u3-S)g is more stable than other two clusters because Agg and Aug are too large.
The Cu-Au, Ag-Au and Au-Au distances between the atoms in core and cage of the three clusters are
2.63,2.74 and 2.74 A (Figure 7), respectively. All of them are smaller than the sum of their van der Waals
radii (3.12, 3.38, and 3.32 A) [55], demonstrating that Cu-Au, Ag-Au, and Au-Au interactions play a
dominant role in stabilizing the clusters. The cores of the designed clusters are all-metal, which are
reminiscent of all-metal aromatic. Thus it is necessary to calculate the NICS(0) values to evaluate the
stabilities. The NICS(0) values of Cug@Auiy(13-S)s, Ags@Augz(13-S)g, and Aug@Aur(us-S)g are —19.6,
-17.0, and —17.9 ppm, respectively. The largely negative NICS(0) values of the cores exhibit that they
are aromatic and stable. The aromaticity of the centers contributes to the stabilities of the clusters.

Cug@Auy,S, (0,) Ag@Au,.S, (0;) Au@Au,;S, (0,)

Fewca= 250 A Frpag= 280 A Fuu core= 280 A
Feunueorecagey = 263 A =274A =274A

T Ag-Au(core-cage) T Au-Au(core-cage)

Faus=240 A Frus =246 A Fags =2.46 A

- -0
6¢-2¢ bond 6¢-2e bond 6¢-2¢ bond
ON =190 [e| ON =178 |e| ON =179 |e|

Figure 7. Structures, superatom models and AANDP localized natural bonding orbitals of 6¢c-2e bonds
in (a) Cug@Aujy(u3-S)s, (b) Age@Auiy(13-S)g, and (¢) Aug@Auiy(113-S)g clusters. Cu, green; Ag, blue;
Au, yellow; S, brown.
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In order to study the thermodynamic stability of the Cug@Aui;(13-S)s, Ags@Auz(u3-S)g and
Aug@Auyr(us-S)g clusters, Cug@Auyy(us-S)g cluster is taken as a test case. The thermodynamic
stabilities of Cug@Auy,(13-S)g cluster is further confirmed by ab initio molecular dynamics (AIMD)
simulations. The AIMD studies of the cluster is carried out using Vienna ab initio simulation package
(VASP) with PBEO method [39,56]. Four different temperatures at 300, 500, 700, and 1000 K with a
simulation time of 8ps have been performed. The AIMD simulations of Cug@Au;,(p3-S)s cluster are
plotted in Figure S4. From the figure, it is obvious that the structure of Cus@Auy(u3-S)g cluster can
keep after simulation in the temperature range of 300-1000 K, indicating its high thermostability.

The chemical bonding patterns of the three clusters have been analyzed. According to the results
of AANDP analysis (see Figure S5), each Mg@Auj;(u3-S)gs (M = Cu, Ag, and Au) cluster has 24 2c-2e
Au-S o bonds with ONs being 1.85, 1.83 and 1.82 |e|, respectively. From Figure 7, each cluster has one
6¢c—2e bond, and occupancy numbers of the three 6c—2e bonds in Cug@Au;,(u3-S)s, Age@Aup(13-S)g
and Aug@Auy(u3-S)g are 1.90, 1.78, and 1.79 |e|, respectively.

4. Conclusions

In conclusion, we have explored the electronic and geometric structure of the recently determined
AuypSy0(PPhg);; cluster on the basis of the divide-and-protect concept and SAN model. AuyySyo(PPhs)q2
cluster is a 30e-compound, which does not satisfy the magic number of SAC concept. Based on SAN
model, the cluster has fifteen 2e-superatoms. The Augglo* core is composed of one Aup,'?* innermost
core and ten surrounding 2e-Auy superatoms. The Aupn'?* innermost core can either be viewed as a
network of five 2e-Aug superatoms, or be considered as a 10e-superatomic molecule. When Auy, !+
innermost core is viewed as a network of five 2e-Aug superatoms, the Au461(’+core can be described
as a 15 x 2e SAN consisting of 10 x 2e Auy and 5 X 2e Aug superatoms. The vertex-sharing Auy
core exists in the experimentally determined Auyy(SR)16 and Auszs(SR)4 clusters. A new branching
staple motif, six-tooth staple motif, [Augs(p3-S)10]8~, is discovered in Au-L clusters for the first time.
The six-tooth staple motif is obviously different from common staple motifs, which have six S legs.
Here the newly discovered staple motif enriches the staple motif family. The NICS-san method has been
used to confirm the presence of Auy superatoms. The new segmentation method here can properly
explain the structure and stability of AuypSyo(PPhs)qo cluster. The reason for the stability and the
nature of bonds have been given. Concretely, the six-tooth staple motifs, the superatom network, the
aromatic of the superatoms and Au-Au interactions contribute to the stability of the cluster. We have
designed three core-in-cage Cus@Au;s(u3-S)s, Age@Au;o(u3-S)g, and Aug@Augy(u3-S)g clusters based
on [Aupp(u3-S)g]*~. The three clusters are stable in Oy, symmetry. Each of them has one 6¢-2e bond
in the core. Aromatic analysis reveals that they are aromatic molecules. The [Augs(13-S)g]*~ cluster
has been experimentally synthesized, and the three constructed clusters are stable based on our
computation, thus the three designed clusters may be synthesized in future. Our work will provide
some new perspectives to the electronic structure and stability of AuyySyo(PPh3)q; cluster. The concept
of half-cage and cage staple motif could offer some reference to future synthesis of Au-L clusters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/8/1132/s1,
The segmentation method of Auy(Sy)(PCHj3)1; cluster. Figure S1: The Au-Au contacts in the optimized structure
of AuySy)(PCH3)1 cluster. (a) Aup, innermost core is 5 X 2e SAN, (b) Auy, innermost core is a 10e-superatomic
molecule. The baby blue and black lines in the structure indicate aurophilic contacts between motifs and
superatoms, while blue and green lines show aurophilic contacts between superatoms. Figure S2: (a) The Au-Au
bond distances between Auyg core and staple motifs, (b) the Au-Au distances in Auy, core, (c) the Au-Au distances
in two Auy superatoms on top and bottom of the cluster, (d) the Au—Au distances in the four pairs of vertex-sharing
Auy superatoms. Figure S3: IR spectra of Cug@Auyp(13-S)s, Ags@Aug;(u3-S)g and Aug@Augy(u3-S)g clusters.
Figure S4: Geometric configuration of Cus@Aui,(13-S)g at after 8 ps AIMD simulations at (a) 300 K, (b) 500 K,
(c) 700 K and (d) 1000 K, respectively. Cu, green; Au, yellow; S, brown. Figure S5: Geometries (Cu, green;
Ag, blue; Au, yellow) and AANDP localized natural bonding orbitals of Au-S o-bonds in (a) Cug@Auy(u3-S)s,
(b) Age@Auyy(u3-S)g and (c) Aug@Auiy(113-S)g clusters.
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Abstract: Recent advances in the determination of crystal structures and studies of optical properties of
gold nanoclusters in the size range from tens to hundreds of gold atoms have started to reveal the grand
evolution from gold complexes to nanoclusters and further to plasmonic nanoparticles. However,
a detailed comparison of their photophysical properties is still lacking. Here, we compared the
excited state behaviors of gold complexes, nanolcusters, and plasmonic nanoparticles, as well as small
organic molecules by choosing four typical examples including the Aujg complex, Auys nanocluster
(1 nm metal core), 13 diameter Au nanoparticles, and Rhodamine B. To compare their photophysical
behaviors, we performed steady-state absorption, photoluminescence, and femtosecond transient
absorption spectroscopic measurements. It was found that gold nanoclusters behave somewhat
like small molecules, showing both rapid internal conversion (<1 ps) and long-lived excited state
lifetime (about 100 ns). Unlike the nanocluster form in which metal-metal transitions dominate,
gold complexes showed significant charge transfer between metal atoms and surface ligands.
Plasmonic gold nanoparticles, on the other hand, had electrons being heated and cooled (~100 ps
time scale) after photo-excitation, and the relaxation was dominated by electron—electron scattering,
electron-phonon coupling, and energy dissipation. In both nanoclusters and plasmonic nanoparticles,
one can observe coherent oscillations of the metal core, but with different fundamental origins.
Overall, this work provides some benchmarking features for organic dye molecules, organometallic
complexes, metal nanoclusters, and plasmonic nanoparticles.

Keywords: gold nanomaterials; electron dynamics; phonon dynamics; optical properties

1. Introduction

Gold nanomaterials have attracted great interest in both fundamental science and practical
applications such as sensing, catalysis, and optoelectronics owing to their unique properties [1-9]. For
gold nanoparticles with diameters between 3-100 nm, the strong surface plasmon resonance (SPR)
dominates in the absorption spectrum, which is caused by collective excitation of free electrons. In
contrast, ultra-small gold nanoparticles consisting of tens to hundreds of gold atoms, often called
gold nanoclusters, show multiple absorption bands spanning the UV-visible NIR range because
of discrete energy levels [10,11]. The significant progress in ligand-protected (e.g., thiolate) gold
nanoclusters has allowed atomically precise control of their size and structure [11-13]. The structure of
a thiolate-protected gold nanocluster typically consists of a metal core with Au—Au bonds (~2.8 A)
and surface Au-S staple motifs [11]. The Au(I) complexes, on the other hand, do not have a metal
core, albeit gold aurophilic interactions (Au--Au distance > 3 A) often exist owing to the closed-shell
d [10] configuration of Au(I) [14,15]. Typically, solutions of gold complexes are colorless because their
absorption peaks lie in the ultraviolet (UV) range (shorter than 400 nm).

Plasmonic gold nanoparticles (AuNPs), gold nanoclusters, and Au(I) complexes have distinct
optical features as a result of their differences in size, structure, and bonding. Therefore, understanding

Nanomaterials 2019, 9, 933; doi:10.3390/nan09070933 55 www.mdpi.com/journal/nanomaterials
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the photodynamics will help to deepen the understanding of their electronic structures and optical
properties [2,7,9,12,16-18]. The electron dynamics of plasmonic gold nanoparticles has been intensively
investigated [19,20]. Since the 1990s, El-Sayed and coworkers have probed the size and shape
dependent electron dynamics of metallic AuNPs [21,22]. Hartland and Vallee groups have extensively
investigated the phonon dynamics and electron—phonon coupling of different sized AuNPs [23,24].
In recent years, there has also been research on the excited state dynamics of ligand-protected gold
nanoclusters [1,2,25-27]. The electron and phonon dynamics of the nanoclusters were found to be
dependent on both size and structure [28-30]. Stamplecoskie and Kamat [31] found that the dynamics
of Au(I) complexes are different from that of gold nanoclusters. Despite such progress, a systematic
comparison of the photo-dynamics between them is still lacking.

Here, we chose Rhodamine B (RB), Aujo(SR)19 complex, Aups(SR)18 nanocluster, and 13 nm
diameter AuNPs protected by citrate (Figure 1) as typical examples to compare the photophysics
of small molecules, gold complexes, nanoclusters, and nanoparticles. We employed time-resolved
fluorescence and femtosecond transient absorption spectroscopy to probe their excited state behaviors.
The electron and phonon dynamics are discussed and compared in detail. The obtained results are
of great importance to understand their optical response and further promote their applications in
sensing and optics.

Rhodamine B Au,((SR);, Auy(SR);g 13 nm Au NP

) o
HyC N 0. N.__CHy e
L :
O COOH
v

OrganicDye Complex Nanocluster Nanoparticle

Figure 1. (Upper panel) Photograph of dilute solutions of Rhodamine B, sub-nanometer Au;y(SR)1
complex, 1 nm Auys(SR);g nanocluster, and ~13 nm diameter gold nanoparticles. (Lower panel)
Molecular structures of Rhodamine B, Auyo(SR)1o (where, R: Ph—'Bu), and Auys(SR)1g (where, R:
CH,CH,Ph). Color labels: yellow, S atoms; all other colors are for Au. The R groups and citrate
stabilizers on ~13 nm Au nanoparticles are not shown.

2. Materials and Methods

Sample preparation: Rhodamine B was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used as received. Aujo(SR)jo (Where, SR = 4-tert-butylbenzenethiolate), Auy5(SR)1g (where,
SR = 2-phenylethanethiol), and 13 nm diameter Au nanoparticles protected by trisodium citrate were
prepared according to the literature [32,33].
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Steady state absorption and photoluminescence: UV-vis absorption spectra were measured on a
Shimadzu UV-3600plus spectrometer (Kyoto, Japan). Steady-state photoluminescence was measured
on a Fluorolog-3 spectrofluorometer from Horiba Jobin Yvon (Piscataway, NJ, USA).

Time-resolved luminescence: fluorescence lifetimes were measured with a time-correlated single
photon counting technique from Horiba Jobin Yvon (Piscataway, NJ, USA); a pulsed LED source
(376 nm, 1.1 ns) was used as the excitation source.

Transient absorption spectroscopy: Femtosecond transient absorption spectroscopy was carried
out using a commercial Ti:Sapphire laser system (SpectraPhysics, 800 nm, 100 fs, 3.5 m]J, 1 kHz) (Santa
Clara, CA, USA). A pump pulse was generated using a commercial optical parametric amplifier
(LightConversion, Vilnius, Lithuania). A small portion of the laser fundamental was focused into a
sapphire plate to produce a supercontinuum in the visible region, which overlapped in time and space
with the pump. Multi-wavelength transient spectra were recorded using dual spectrometers (i.e., signal
and reference) (Thorlabs, Newton, NJ, USA) equipped with array detectors whose data rates exceed
the repetition rate of the laser (1 kHz). Solution samples in 1 mm path length cuvettes were excited
by the tunable output of the OPA (pump). Nanosecond transient absorption measurements were
conducted using the same ultrafast pump pulses along with an electronically delayed supercontinuum
light source with a sub-nanosecond pulse duration (EOS, Ultrafast Systems, Sarasota, FL, USA).

3. Results and Discussions

Steady-state absorption and photoluminescence spectra: From the steady-state spectra, one can
clearly observe the differences between small molecules and different-sized gold nanomaterials. The
RB dye showed significant absorption peaks at ~550 nm and a shoulder at ~520 nm (Figure 2A),
which originated from 0-0 and 0-1 vibronic peaks of S; state, respectively. Other absorption peaks
at shorter wavelengths were transitions from the ground state to higher excited states than S;. The
fluorescence spectrum of RB exhibited a mirror image to the Sy—S; absorption band, with a Stokes
shift of 0.1 eV. The Auyy complex, on the other hand, showed absorption in the UV region only, with
a peak at 346 nm and a shoulder at 380 nm (Figure 2B). The higher energy transitions (A < 300 nm)
originated from intraligand (IL) transitions, while the lower energy transitions (346 and 370 nm) should
arise from ligand to metal or metal to ligand charge transfer (LM/MLCT) modified by Au(I)-Au(I)
interactions [34,35]. The Aujg complex showed no observable photoluminescence (PL); however, some
of the other gold complexes were reported to exhibit strong PL [36-38]. Unlike gold complexes, the
Aups nanocluster exhibited multiple absorption bands spanning the entire UV-Vis range (Figure 2C).
Theoretical calculations revealed that the absorption band at 670 nm was from the sp to sp transition
while absorption bands at shorter wavelengths involved both sp to sp and d to sp transitions [10]. The
Auys(SR)15 exhibited weak photoluminescence (QY < 1%) related to the surface [39]. However, one
can observe that the PL peak (centered at 750 nm) overlapped with the lowest absorption band, which
indicates that the emission in the visible region may not be the intrinsic PL of Auys nanoclusters. As
the size of particles further increased, more and more gold atoms contributed to the electronic states,
and finally SPR emerged [8] in the UV-vis spectrum, such as the ~13 nm Au nanoparticles (Figure 2D).
Plasmonic gold nanoparticles had a continuous electronic band (i.e., the conduction band), and only
had a very weak photoluminescence (QY = 107#) [40]. Below, we further discuss the excited state
behaviors of these four species, from which one can find their molecular and plasmonic behaviors.
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Figure 2. Steady-state optical spectra of (A) Rhodamine B; (B) complex Auj((SR);¢; (C) nanocluster
Aups(SR)g, and (D) 13 nm diameter Au nanoparticles.

Organic dyes (Rhodamine B): Before we discuss the photo-dynamics of different sized gold
nanomaterials, we first discuss the excited state behavior of organic dyes such as Rhodamine B (RB)
for an illustration of molecular behavior. The RB has been widely used as a probe in biological and
synthetic polyelectrolyte systems [41]. The excited state behavior of organic dyes has been intensively
investigated ever since the birth of time-resolved spectroscopy [42—44]. An aqueous solution of RB has
strong luminescence (QY = 30%) and the PL lifetime is determined to be 1.7 ns in water (see Figure
S1 in the Supplementary Materials). It is worth noting that the excited state lifetime of RB is highly
dependent on solvent polarity (Figure S1), which has been reported previously [45]. In our current
work, the transient absorption spectroscopic measurement on RB was performed with excitations
at 360 nm and 560 nm, respectively, to excite the sample to the second and first singlet excited state.
Upon photo-excitation, one can observe excited state absorption (ESA) around 450 nm, ground state
bleaching (GSB), and stimulated emission (SE) between 500 nm and 700 nm (Figure 3A,B). With 360 nm
excitation, one can observe an ultrafast decay (~100 fs) in GSB at 520 nm (Figure 3C, blue dip) as well
as a rise in SE at 630 nm (Figure 3C, black). On the other hand, the ultrafast decay component was
absent with excitation at 560 nm (Figure 3D); thus, the 100 fs component was assigned as internal
conversion from S to Sy state. From the kinetic traces, ESA, GSB, and SE decay simultaneously from
1 ps to 3 ns and the transient absorption (TA) lifetime (1.7 ns) matched well with the PL lifetime (Table
S1 in SI). The TA spectra and decay dynamics of RB we observed here matched well with the results of
previous studies [44,45].
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Figure 3. (A,B) Transient absorption spectra of Rhodamine B (dissolved in water) at different time
delays with excitation of 360 nm and 560 nm, respectively. (C,D) Transient absorption decays at
different probe wavelengths.

To sum up, the photophysics of RB and other typical organic dye molecules can be well explained
by the Jablonski diagram and the relaxation follows the Kasha’s rule [46], that is, the excited state
molecules first experience a rapid non-radiative relaxation to the lowest singlet excited state and then
emit photons to relax to the ground state.

Gold complexes (Aujp(SR)1g): Gold complexes are composed of one or a few gold atoms
coordinated by ligands. The Au(SR);¢ complex is composed of two interlocked Aus(SR)s rings and
every gold atom is connected to two S atoms [32]. Upon photoexcitation at A = 365 nm, broad positive
signals were observed (Figure 4A) with no GSB signal, so the transient signal originates solely from
ESA. Such an observation has also been reported in other Au(I) complexes [47]. In the initial 36 ps,
the ESA1 around 780 nm decays to give rise to the ESA2 at 535 nm (Figure 4B). In the following
2.8 ns, ESA at all wavelengths decay dramatically by 90%. Decay associated spectra (DAS) obtained
by global analysis and singular value decomposition (SVD) of the TA data exhibited three decaying
components, 14 ps, 290 ps, and >1 ns (Figure 4C,D). Considering that gold—thiolate complexes show
LM/MLCT characteristics in their steady-state UV-vis spectra, photo-excitation at 365 nm can directly
generate LM/MLCT excited state [35,37,47]. The first 14 ps process can be assigned to the stabilization
and equilibrium of LM/MLCT state. In a previous study, we probed the photodynamics of Aujg
complexes dissolved in toluene and dichloromethane and found that the decay lifetime was dependent
on solvent polarity [48]. Here, we repeated the TA spectra of Aujg dissolved in dichloromethane and
the same processes can be observed with similar time constants to those in the previous study. Upon
photoexcitation, intersystem crossing (ISC) from 'LM/MLCT to 3LM/MLCT occurred in less than 100 fs,
which was not resolved in our TA measurement. The >LM/MLCT state was then stabilized in tens of
picoseconds to form a SLM/MLCT" state, which decayed to the ground state (Figure 5).
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Figure 4. (A) Transient absorption (fs-TA) data of Aujp complex dissolved in dichloromethane.
(B) Transient absorption spectra as a function of time delay from 0.5 ps to 36 ps and that at 2.8 ns.
Scattering due to the laser pulse was excluded around 800 nm for (A,B). (C) Decay associated spectra
(DAS) obtained from the global analysis of the TA data. (D) Kinetic traces (dots) and corresponding fit
(solid line) at selected wavelengths, which shows the quality of the fitting.

LN
ESA1 ESA2
1 -
A $< 100 fS LM/ML CT
SLM/ML-CT
\14 ps
SLM/ML-CT*
290 ps
> 1ns
GS

Figure 5. Diagram for the relaxation dynamics in the Aujg complex. The 290 ps process shows solvent
dependency (dichloromethane in this study versus 350 ps in toluene in a previous study [48]).

Nanoclusters (Aups(SR)1g as the example): Unlike homoleptic gold complexes, thiolate-protected
gold nanoclusters are composed of a well-defined metal core and surface staple motifs (e.g.,
-S5-Au-5S-) [11]. The relaxation dynamics of gold nanoclusters of different structures have been
investigated by several groups and the relaxation model is more complicated as a result of multiple
contributions of both Au and S atoms to the orbitals [27,28,49,50]. Here, Auy5(SR)1g was chosen as an
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example to illustrate the photophysics. The Auys5(SR)qg structure consisted of an icosahedral Auyz core
and six Aup(SR)3 dimeric staple motifs for surface protection (Figure 1) [10]. With excitation at 490 nm,
one can observe broad ESA overlapped with GSB peaks at 510 nm, 550 nm, and 675 nm (Figure 6A),
which is a typical feature of gold nanoclusters [2,50,51]. During the first picosecond, one can observe
a broad ESA band between 500 nm and 620 nm decaying rapidly and the time constant was ~600 fs
(Figure 6B). The rapid relaxation was not observed under excitation of 800 nm (Figure 6C), which
suggests that it should be internal conversion from higher to lower excited states. With excitation
at 800 nm, the TA spectrum at ~0.3 ps was equal to the spectrum with excitation at 490 nm after
2 ps, which indicates that the 800 nm pulse excited Aups directly to the lower excited state. The TA
signal did not decay significantly between 2 ps and 3 ns, indicating a significantly longer excited state
lifetime of Auys than 3 ns. It was also interesting to see that the nanosecond TA and time resolved-PL
give different lifetimes (Figure S2 in the Supplementary Materials). Compared with the dynamics
of the Auyg complex, the excited state dynamics of the Auys nanoclusters behaved more like that of
small molecules.
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Figure 6. (A) Transient absorption data map of Auys(SR);g with excitation at 490 nm; (B) kinetic traces
probed at selected wavelengths with excitation at 490 nm. (C) Transient absorption data map and
spectra probed at 1 ps with 800 nm excitation; (D) kinetic traces probe at 520 nm 650 nm with excitation
at 800 nm.

With excitation at 800 nm, one can also observe coherent oscillations in the first few picoseconds
(Figure 6C,D). Two frequencies (40 cm™! and 80 cm™!) were exhibited at different probe wavelengths
(Figure 6D), which have been reported previously [51]. These oscillations observed in TA decays,
also observed in other nanoclusters [52,53], were assigned to acoustic vibrations of the metal core
and explained as displacive excitation [52,54], similar to that observed in semiconductors and small
molecules [54,55].

Plasmonic nanoparticles (13 nm diameter AuNPs): As the particle size becomes larger, more gold
atoms will contribute to the electronic states, and eventually the bandgap will disappear, giving rise to
a transition from non-metallic to metallic [8]. The TA spectra of 13 nm AuNPs showed a significant
bleaching signal at 520 nm and ESA on two sides (Figure 7A). We found that (i) the GSB became sharper

61



Nanomaterials 2019, 9, 933

from 0.2 ps to 5 ps and (ii) the higher pump fluence gave rise to a broader bleaching signal compared
to that of the lower pump fluence (Figure 7A,B). The broadening of GSB in the initial time delay
(full width at half maximum decreased from 50 nm to 30 nm in Figure 7A) is ascribed to the heating
effect [20]. Upon photo-excitation, electrons in the AuNPs will be heated to a very high temperature
(e.g., 1000 K, depending on the pump power). Heating the nanoparticle will result in broadening of the
SPR peak as well as the GSB in the TA spectra. After the electrons are heated to a very high temperature,
the excited state energy will first reach equilibrium via electron—electron scattering (manifested in
the 100 fs rise of the kinetic traces in Figure 7C). Subsequently, the energy will be transferred from
the electrons to the lattice through electron-phonon coupling (1-5 ps rapid decay in Figure 7C) [3,24].
Accompanied by the rapid decay, the GSB will also be narrowed during the electron-phonon coupling
process (Figure 7A,B). Finally, the energy will dissipate into the environment by phonon—-phonon
relaxation, which is dependent on the surrounding medium (100 ps decay in Figure 7C). As there is
no bandgap in plasmonic Au nanoparticles, there is no electron-hole separation or recombination
process as in nanoclusters. Instead, the relaxation dynamics can be described by a well-established
two-temperature model [21,56]. With the high pump fluence, one can observe a prominent oscillation
with a frequency of 7.5 cm™! (4 ps in periods) in the 13 nm AuNPs (Figure 7D). Unlike that of the gold
nanoclusters, the oscillations in the metallic AuNPs originated from the periodic shift of the SPR band
due to the lattice expansion induced by laser heating [20]. In addition, the oscillations in the metallic
NPs can be well modelled by a classical continuum model (scaling as 1/D, where D is the diameter),
but this model fails in gold nanoclusters.
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Figure 7. (A,B) Transient absorption spectra of 13 nm AuNPs at different time delays with an excitation
of 360 nm under high and low pump fluences; (C) TA decay traces at selected probe wavelengths;
(D) kinetic traces with prominent oscillation features.
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A distinct feature of metallic gold nanoparticles is that the electron-phonon coupling is dependent
on pump fluence [3,19]. When the pump fluence increased from 80 to 1800 uJ/cm?, one can clearly
observe that the electron—-phonon coupling slowed down significantly (Figure 8A). After plotting the
fitted time constants as a function of laser fluence, a linear relationship can be observed (Figure 8B),
which agrees well with previous studies [3,56]. Such a power dependence is only observed in plasmonic
nanoparticles, which can be well explained by the two-temperature model [21]. Compared to the
plasmonic NPs, the TA measurements of RB, Aujg complex, and Auys nanoclusters under different
pump fluences exhibited no differences in the decay dynamics (Figures S3-S5 in the Supplementary
Materials), hence, they were power independent. This serves as a signature of the non-metallic state.
In Table 1, the photophysical features of the four types of materials are summarized. In Scheme 1, the
relaxation processes as well as the time constants are illustrated.
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Figure 8. (A) Kinetic traces probe at 520 nm with different pump fluences; (B) electron—phonon time
constants as a function of pump fluence.

Table 1. Characteristic features of molecules, complexes, nanoclusters, and plasmonic nanoparticles (PL:
photoluminescence; ESA: excited state absorption; GSB: ground-state bleach; SE: stimulated emission;
IC: internal conversion; ISC: intersystem crossing).

Steady-State

Structure Eg abs PL Transient Absorption
Dye molecules Multiple bands ESA + GSB + SE'
IC, ISC, long lifetime
eg., No core >1-2eV (e.g., m-Tr Yes (ns)
Rhodamine B transition) . 4
power independence
Multiple bands ESA (predormr'\ant),
Complexes, ISC, long lifetime
No core >2eV (charge transfer, Yes
e.g., Auyo(SR)1o cT) (us—ns),
power independence
Multiple bands ESA + GSB, acoustic
Nanoclusters, Core + surface (metal vibrations,
e.g., Auys(SR) ’ (staple motifs) ~2.5 eV to zero core-based + Yes IC, ISC, varying
8 A5 18 P metal & ligand lifetime (ns—ps),
CT) power independence
Plasmonic NPs, Single-band G\‘fiBt;rzii[:)L:shc
e.g., 13 nm Core + surface Zero SPR Negligible short lifetime i s)
AuNPs (nanospheres) ps)

power dependence
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<100 fs 1.7 ns
RhB: s, S,

<100 fs 14 ps >1 ns

Au,: 'LM/MLCT SLM/MLCT SLM/MLCT”

G

. . <1 ps . ~100 ns
Au,;: higher excited state ——— lower excited state ———— G

<100 fs 1-5ps > 100 ps
Au NP: e-e scattering — e-ph coupling —— energy dissipation
Scheme 1. Relaxation pathways and time constants of four types of materials. G stands for

ground state, e-e scattering stands for electron—electron scattering, e-ph coupling stands for
electron—phonon coupling.

4. Conclusions

In summary, we have compared the photophysical properties of small organic molecules, gold
complexes (no explicit core), nanoclusters (with a core and surface Au-S staples), and metallic-state
nanoparticles by choosing four examples (Rhodamine B, Au;o(SR)19, Aups(SR)1g, and 13 nm diameter
AuNPs). Femtosecond transient absorption spectroscopy was used to determine their relaxation
time constants and photodynamics. Overall, gold nanoclusters behave similarly to small molecules,
for example, showing a rapid internal conversion (<1 ps) and a long-lived excited state lifetime
(~100 ns). In Au(I) complexes, LM/MLCT charge transfer states dominate the relaxation dynamics
and no sub-picosecond relaxation was observed. On the other hand, the electron dynamics of
plasmonic gold nanoparticles can be well explained by a two-temperature model, with no electron-hole
separation or recombination being observed. Overall, the revealed features in photodynamics of
the four different materials provide some benchmarking features and are expected to be of great
importance for understanding their electronic structures and broadening their applications in various
fields in future work.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/2079-4991/
9/7/933/s1.

Author Contributions: R.J. designed the study; M.Z., C.Z., Q.L. and T.H. performed the experiments and analyzed
the data. All authors discussed the results and commented on the manuscript.

Funding: This research was funded by the National Science Foundation (DMR-1808675).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Yau, S.H.; Varnavski, O.; Goodson, T. An ultrafast look at Au nanoclusters. Acc. Chem. Res. 2013, 46,
1506-1516. [CrossRef] [PubMed]

2. Zhou, M.; Higaki, T.; Hu, G.; Sfeir, M.Y.; Chen, Y.; Jiang, D.; Jin, R. Three-orders-of-magnitude variation of
carrier lifetimes with crystal phase of gold nanoclusters. Science 2019, 364, 279-282. [PubMed]

3. Hartland, G.V. Optical studies of dynamics in noble metal nanostructures. Chem. Rev. 2011, 111, 3858-3887.
[CrossRef] [PubMed]

4. Zhou, M.; Zeng, C.; Song, Y.; Padelford, ].W.; Wang, G.; Sfeir, M.Y.; Higaki, T.; Jin, R. On the non-metallicity
of 2.2 nm Auys6(SR)gp nanoclusters. Angew. Chem. Int. Ed. 2017, 129, 16475-16479. [CrossRef]

5. Bain, D.; Paramanik, B.; Patra, A. Silver(I)-induced conformation change of DNA: Gold nanocluster as a
spectroscopic probe. J. Phys. Chem. C 2017, 121, 4608-4617. [CrossRef]

6.  Paramanik, B.; Bain, D.; Patra, A. Making and breaking of DNA-metal base pairs: Hger and Au nanocluster
based off/on probe. J. Phys. Chem. C 2016, 120, 17127-17135. [CrossRef]

64



Nanomaterials 2019, 9, 933

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Guan, Z.; Gao, N.; Jiang, X.-F; Yuan, P, Han, E; Xu, Q.-H. Huge enhancement in two-photon
photoluminescence of au nanoparticle clusters revealed by single-particle spectroscopy. J. Am. Chem.
Soc. 2013, 135, 7272-7277. [CrossRef]

Higaki, T.; Zhou, M.; Lambright, K.J.; Kirschbaum, K.; Sfeir, M.Y.; Jin, R. Sharp transition from nonmetallic
Aupys to metallic Auyyg with nascent surface plasmon resonance. J. Am. Chem. Soc. 2018, 140, 5691-5695.
[CrossRef]

Russier-Antoine, I.; Bertorelle, F.; Vojkovic, M.; Rayane, D.; Salmon, E.; Jonin, C.; Dugourd, P.; Antoine, R.;
Brevet, P-F. Non-linear optical properties of gold quantum clusters. The smaller the better. Nanoscale 2014, 6,
13572-13578. [CrossRef]

Zhu, M.; Aikens, C.M.; Hollander, EJ.; Schatz, G.C.; Jin, R. Correlating the crystal structure of a thiol-protected
Auyps cluster and optical properties. J. Am. Chem. Soc. 2008, 130, 5883-5885. [CrossRef]

Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Atomically precise colloidal metal nanoclusters and nanoparticles:
Fundamentals and opportunities. Chem. Rev. 2016, 116, 10346-10413. [CrossRef] [PubMed]
Olesiak-Banska, J.; Waszkielewicz, M.; Samoc, M. Two-photon chiro-optical properties of gold Auys
nanoclusters. Phys. Chem. Chem. Phys. 2018, 20, 24523-24526. [CrossRef] [PubMed]

Zeng, C.; Chen, Y,; Kirschbaum, K.; Lambright, K.J.; Jin, R. Emergence of hierarchical structural complexities
in nanoparticles and their assembly. Science 2016, 354, 1580-1584. [CrossRef] [PubMed]

Che, C.-M.; Lai, S.-W. Luminescence and photophysics of gold complexes. In Gold Chemistry;
Wiley-VCH/Verlag GmbH & Co. KGaA: Weinheim, Germany, 2009; pp. 249-281.

Yam, VW.-W.; Au, VK.-M.; Leung, S.Y.-L. Light-emitting self-assembled materials based on d® and 410
transition metal complexes. Chem. Rev. 2015, 115, 7589-7728. [CrossRef] [PubMed]

Yu, K.; You, G.; Polavarapu, L.; Xu, Q.-H. Bimetallic Au/Ag core-shell nanorods studied by ultrafast transient
absorption spectroscopy under selective excitation. J. Phys. Chem. C 2011, 115, 14000-14005. [CrossRef]
Olesiak-Banska, J.; Gordel, M.; Matczyszyn, K.; Shynkar, V.; Zyss, J.; Samoc, M. Gold nanorods as
multifunctional probes in a liquid crystalline DNA matrix. Nanoscale 2013, 5, 10975-10981. [CrossRef]
[PubMed]

Minutella, E.; Schulz, F; Lange, H. Excitation-dependence of plasmon-induced hot electrons in gold
nanoparticles. J. Phys. Chem. Lett. 2017, 4925-4929. [CrossRef]

Link, S.; El-Sayed, M.A. Optical properties and ultrafast dynamics of metallic nanocrystals. Annu. Rev. Phys.
Chem. 2003, 54, 331-366. [CrossRef]

Hartland, G.V. Coherent excitation of vibrational modes in metallic nanoparticles. Annu. Rev. Phys. Chem.
2006, 57, 403-430. [CrossRef]

Link, S.; Beeby, A.; FitzGerald, S.; El-Sayed, M. A.; Schaaff, T.G.; Whetten, R.L. Visible to infrared luminescence
from a 28-atom gold cluster. ]. Phys. Chem. B 2002, 106, 3410-3415. [CrossRef]

Link, S.; El-Sayed, M. A. Spectral properties and relaxation dynamics of surface plasmon electronic oscillations
in gold and silver nanodots and nanorods. J. Phys. Chem. B 1999, 103, 8410-8426. [CrossRef]

Hartland, G.V. Coherent vibrational motion in metal particles: Determination of the vibrational amplitude
and excitation mechanism. J. Chem. Phys. 2002, 116, 8048-8055. [CrossRef]

Del Fatti, N.; Bouffanais, R.; Vallée, E; Flytzanis, C. Nonequilibrium electron interactions in metal films. Phys.
Rev. Lett. 1998, 81, 922-925. [CrossRef]

Kwak, K.; Thanthirige, V.D.; Pyo, K.; Lee, D.; Ramakrishna, G. Energy gap law for exciton dynamics in gold
cluster molecules. |. Phys. Chem. Lett. 2017, 8, 4898-4905. [CrossRef] [PubMed]

Zeng, C.; Chen, Y.; Kirschbaum, K.; Appavoo, K.; Sfeir, M.Y.; Jin, R. Structural patterns at all scales in a
nonmetallic chiral Auy33(SR)s; nanoparticle. Sci. Adv. 2015, 1, e1500045. [CrossRef] [PubMed]

Zhao, T.; Herbert, PJ.; Zheng, H.; Knappenberger, K. State-resolved metal nanoparticle dynamics viewed
through the combined lenses of ultrafast and magneto-optical spectroscopies. Acc. Chem. Res. 2018, 51,
1433-1442. [CrossRef]

Zhou, M.; Zeng, C.; Sfeir, M.Y.; Cotlet, M.; lida, K.; Nobusada, K.; Jin, R. Evolution of excited-state dynamics
in periodic Aupg, Ause, Augs, and Ausp nanoclusters. J. Phys. Chem. Lett. 2017, 8, 4023-4030. [CrossRef]
[PubMed]

Zhou, M.; Zeng, C.; Chen, Y.; Zhao, S.; Sfeir, M.Y.; Zhu, M.; Jin, R. Evolution from the plasmon to exciton
state in ligand-protected atomically precise gold nanoparticles. Nat. Commun. 2016, 7, 13240. [CrossRef]
[PubMed]

65



Nanomaterials 2019, 9, 933

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mustalahti, S.; Myllyperkio, P.; Malola, S.; Lahtinen, T.; Salorinne, K.; Koivisto, J.; Hikkinen, H.; Pettersson, M.
Molecule-like photodynamics of Aujgy(pMBA)y4 nanocluster. ACS Nano 2015, 9, 2328-2335. [CrossRef]
[PubMed]

Stamplecoskie, K.G.; Kamat, P.V. Size-dependent excited state behavior of glutathione-capped gold clusters
and their light-harvesting capacity. J. Am. Chem. Soc. 2014, 136, 11093-11099. [CrossRef]

Wiseman, M.R.; Marsh, P.A.; Bishop, P.T.; Brisdon, B.J.; Mahon, M.E. Homoleptic Gold Thiolate Catenanes.
J. Am. Chem. Soc. 2000, 122, 12598-12599. [CrossRef]

Wu, Z.; Suhan, J.; Jin, R. One-pot synthesis of atomically monodisperse, thiol-functionalized Auys nanoclusters.
J. Mater. Chem. 2009, 19, 622-626. [CrossRef]

Yam, VW.-W.; Cheng, E.C.-C.; Zhou, Z.-Y. A highly soluble luminescent decanuclear gold(I) complex with a
propeller-shaped structure. Angew. Chem. Int. Ed. 2000, 39, 1683-1685. [CrossRef]

Forward, ].M.; Bohmann, D.; Fackler, ].P; Staples, R.J. Luminescence studies of gold(I) thiolate complexes.
Inorg. Chem. 1995, 34, 6330-6336. [CrossRef]

Konishi, K.; Iwasaki, M.; Shichibu, Y. Phosphine-ligated gold clusters with core+exo geometries: Unique
properties and interactions at the ligand—cluster interface. Acc. Chem. Res. 2018, 51, 3125-3133. [CrossRef]
[PubMed]

Wing-Wah Yam, V.; Kam-Wing Lo, K. Luminescent polynuclear d' metal complexes. Chent. Soc. Rev. 1999,
28, 323-334.

Lei, Z.; Pei, X.-L.; Guan, Z.-].; Wang, Q.-M. Full protection of intensely luminescent gold(I)-silver(I) cluster by
phosphine ligands and inorganic anions. Angew. Chem. Int. Ed. 2017, 56, 7117-7120. [CrossRef] [PubMed]
Wu, Z; Jin, R. On the ligand’s role in the fluorescence of gold nanoclusters. Nano Lett. 2010, 10, 2568-2573.
[CrossRef]

Link, S.; El-Sayed, M.A.; Schaaff, T.G.; Whetten, R.L. Transition from nanoparticle to molecular behavior: A
femtosecond transient absorption study of a size-selected 28 atom gold cluster. Chem. Phys. Lett. 2002, 356,
240-246. [CrossRef]

Kim, H.N.; Lee, M.H.; Kim, H.J.; Kim, J.S.; Yoon, ]J. A new trend in rhodamine-based chemosensors:
Application of spirolactam ring-opening to sensing ions. Chem. Soc. Rev. 2008, 37, 1465-1472. [CrossRef]
Sadkowski, PJ.; Fleming, G.R. Photophysics of acid and base forms of rhodamine-B. Chem. Phys. Lett. 1978,
57,526-529. [CrossRef]

Moog, R.S.; Ediger, M.D.; Boxer, S.G.; Fayer, M.D. Viscosity dependence of the rotational reorientation of
rhodamine B in mono- and polyalcohols. Picosecond transient grating experiments. J. Phys. Chem. 1982, 86,
4694-4700. [CrossRef]

Beaumont, P.C.; Johnson, D.G.; Parsons, B.]. Photophysical properties of laser dyes: Picosecond laser flash
photolysis studies of rhodamine 6G, rhodamine B and rhodamine 101. J. Chem. Soc. Faraday Trans. 1993, 89,
4185-4191. [CrossRef]

Zhang, X.F; Zhang, YK.; Liu, L.M. Fluorescence lifetimes and quantum yields of ten thodamine derivatives:
Structural effect on emission mechanism in different solvents. J. Lumin. 2014, 145, 448-453. [CrossRef]
Kasha, M. Characterization of electronic transitions in complex molecules. Discuss. Faraday Soc. 1950, 9,
14-19. [CrossRef]

Zhou, M,; Lei, Z.; Guo, Q.; Wang, Q.-M.; Xia, A. Solvent dependent excited state behaviors of luminescent
gold(I)-silver(I) cluster with hypercoordinated carbon. J. Phys. Chem. C 2015, 119, 14980-14988. [CrossRef]
Zeng, C.Aj.; Zhou, M.; Gayathri, C.; Gil, R.R; Sfeir, M.Y,; Jin, R. Au;o(TBBT);o: The beginning and the end of
aun(tbbt)m nanoclusters. Chin. J. Chem. Phys. 2018, 31, 555-562. [CrossRef]

Devadas, M.S.; Kim, J.; Sinn, E.; Lee, D.; Goodson, T., 3rd; Ramakrishna, G. Unique ultrafast visible
luminescence in monolayer-protected auys clusters. J. Phys. Chem. C 2010, 114, 22417-22423. [CrossRef]
Zhou, M.; Tian, S.; Zeng, C.; Sfeir, M.Y.; Wu, Z.; Jin, R. Ultrafast relaxation dynamics of Ausg(SCoH4Ph)ys
nanoclusters and effects of structural isomerism. J. Phys. Chem. C 2017, 121, 10686-10693. [CrossRef]

Qian, H,; Sfeir, M.Y.; Jin, R. Ultrafast relaxation dynamics of [Auy5(SR)1g]9 nanoclusters: Effects of charge
state. J. Phys. Chem. C 2010, 114, 19935-19940. [CrossRef]

Varnavski, O.; Ramakrishna, G.; Kim, J.; Lee, D.; Goodson, T., IIL. Optically excited acoustic vibrations in
quantum-sized monolayer-protected gold clusters. ACS Nano 2010, 4, 3406-3412. [CrossRef] [PubMed]
Zhou, M; Jin, R.; Sfeir, M.Y.; Chen, Y.; Song, Y.; Jin, R. Electron localization in rod-shaped triicosahedral gold
nanocluster. Proc. Natl. Acad. Sci. USA 2017, 114, E4697-E4705. [CrossRef] [PubMed]

66



Nanomaterials 2019, 9, 933

54. Rafiq, S.; Scholes, G.D. Slow intramolecular vibrational relaxation leads to long-lived excited-state
wavepackets. J. Phys. Chem. A 2016, 120, 6792-6799. [CrossRef] [PubMed]

55. Sagar, D.M.; Cooney, R.R; Sewall, S.L; Dias, E.A_; Barsan, M.M.; Butler, L.S.; Kambhampati, P. Size dependent,
state-resolved studies of exciton-phonon couplings in strongly confined semiconductor quantum dots. Phys.
Rev. B 2008, 77, 235321. [CrossRef]

56. Hodak, J.H.; Henglein, A.; Hartland, G.V. Electron-phonon coupling dynamics in very small (between 2 and
8 nm diameter) Au nanoparticles. J. Chem. Phys. 2000, 112, 5942-5947. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

67



@ nanomaterials ﬁw\p\py

Article
6-Aza-2-Thio-Thymine Stabilized Gold Nanoclusters
as Photoluminescent Probe for Protein Detection

Hao-Hua Deng, Xiao-Qiong Shi, Paramasivam Balasubramanian, Kai-Yuan Huang, Ying-Ying Xu,
Zhong-Nan Huang, Hua-Ping Peng and Wei Chen *

Fujian Key Laboratory of Drug Target Discovery and Structural and Functional Research, School of Pharmacy,
Fujian Medical University, Fuzhou 350004, China; DHH8908@163.com (H.-H.D.);

xiaoqiongshi@163.com (X.-Q.S.); chembala55@gmail.com (P.B.); 15980269577@163.com (K.-Y.H.);
yingyingxu2010@hotmail.com (Y.-Y.X.); hzn651806692@163.com (Z.-N.H.); phpfimu@126.com (H.-P.P.)

* Correspondence: Weichen@fjmu.edu.cn or chenandhu@163.com

Received: 31 December 2019; Accepted: 4 February 2020; Published: 7 February 2020

Abstract: This study puts forward an efficient method for protein detection in virtue of the
tremendous fluorescence enhancement property of 6-aza-2-thio-thymine protected gold nanoclusters
(ATT-AuNCs). In-depth studies of the protein-induced photoluminescence enhancement mechanism
illustrate the mechanism of the interaction between ATT-AuNCs and protein. This new-established
probe enables feasible and sensitive quantification of the concentrations of total protein in real samples,
such as human serum, human plasma, milk, and cell extracts. The results of this proposed method are
in good agreement with those determined by the classical bicinchoninic acid method (BCA method).

Keywords: gold nanocluster; 6-aza-2-thio-thymine; protein; fluorescence

1. Introduction

Proteins are the basic material of living organisms. There have been various methods for the
accurate measurement of protein content, which are indispensable tools for biological researches,
such as proteomics, molecular biology, cell biology, biochemistry, and neuroscience [1-4]. However,
these methods have their own scope of application and limitations. Therefore, the development of
a universal, precise, and rapid quantitative technique will provide a great deal of impetus for the
molecular biology revolution and promote the progress of clinical diagnosis.

Owing to their unique physical and chemical properties caused by quantum confinement effect,
gold nanoclusters (AuNCs) have emerged as an intensely pursued material for nanoscience research
and biological applications in the past decade [5-9]. The molecule-like properties of AuNCs, such
as discrete electronic states and size-dependent photoluminescence, makes them a distinguished
material from larger nanoparticles and bulk metals [10-18]. As a matter of fact, the gradually extensive
application of few-atom metal nanomaterials has promoted a depth exploration of nanotoxicology,
and, correspondingly, highlighted the significance for the biosafety evaluation to be performed.
Investigations of protein-nanoparticle interactions have been reported in several studies [19-23].
However, as far as we know, there has been a smaller number of literatures focusing on protein
determination with the help of fluorescent AuNCs [24,25].

In our previous study, we found that the restriction of ligand motion can enhance the fluorescence
quantum yield of 6-aza-2-thio-thymine protected gold nanoclusters (ATT-AuNCs) [8,26]. Inspired
from this fact, we here test the influence of protein absorption on the fluorescence characteristics of
ATT-AuNCs. The interaction between protein and ATT-AuNCs results in a dramatical enhancement
on the fluorescence intensity of AuNCs. Based on this, we designed a universal method for detecting
total protein (bovine serum albumin) in biological samples.

Nanomaterials 2020, 10, 281; doi:10.3390/nan010020281 68 www.mdpi.com/journal/nanomaterials
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2. Materials and Methods

2.1. Chemical and Reagents

6-Aza-2-thiothymine (ATT) was purchased from Alfa Aesar Chemicals Co. Ltd. (Beijing, China).
HAuCly-3H,0 was obtained from Aladdin Reagent Company (Shanghai, China). Bovine serum
albumin (BSA) and NaOH was bought from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
BCA kit was bought from Solarbio Science and Technology Co. Ltd. (Beijing, China). All chemicals
and solvents were of analytical grade and commercially available. All solutions were prepared with
deionized water (DIW).

2.2. Instruments

UV-2450 UV-Vis spectrophotometer (Shimadzu, Japan) and microplate reader (BioTek Instruments,
Winooski, VT, USA) were used for UV-Vis measurements. The fluorescence spectra were recorded on a
Cary Eclipse fluorescence spectrophotometer (Agilent, Santa Clara, CA, USA).

2.3. Preparation of ATT-AuNCs

Fluorescent ATT-AuNCs were prepared with a facile one-pot strategy as described previously [8].
In short, ATT (15 mL, 80 mM) containing 0.2 M NaOH was added into an aqueous solution of
HAuCly (15 mL, 10 mg/mL), and the mixture was continuously stirred for 1 h at room temperature.
The ATT-AuNCs were purified by ultrafiltration (Millipore, Bedford, MA, USA, 50 kDa) and stored at
4 °C in the dark prior to use.

2.4. Sample Analysis

In a typical experiment, (a) to 200 pL of ATT-AuNCs stock solution (0.5 mg/mL, pH 5), 20 uL of
different concentrations of BSA was added; the mixture was incubated at 33 °C for 25 min; the resulting
reaction solution was measured by using fluorescence spectrometer under the excitation wavelength
of 472 nm. (b) To 200 pL of BCA stock solution, 20 uL of different concentrations of BSA was added;
the mixture was incubated at 37 °C for 25 min; the resulting reaction solution was measured by using a
BioTek Microplate reader at 562 nm absorbance wavelength.

Human plasma and serum samples were donated by the Affiliated First Hospital of Fujian Medical
University (Fuzhou, China). Our project has been approved by the Medical Ethics Committee of Fujian
Medical University. We have obtained informed consent before the experiment, and the information
of the volunteers was kept confidential. Milk samples were purchased from local supermarket.
All samples were directly used for analysis.

HL60 cells were obtained from Shanghai Institute of Cell Biology and Biochemistry (Shanghai,
China) and grown in RPMI 1640 medium (Hyclone) supplemented with 10% fetal calf serum.

For protein determination in plasma and serum samples, the samples were simply diluted by
DIW three times, and determined according to the processes mentioned above. Standard addition
experiments were further conducted by adding three different concentrations of BSA in the real
plasma samples.

For protein determination in milk samples, the samples were simply diluted by DIW about three
times. After completion of the reaction, 3 mM of EDTA was added to each sample to eliminate the
possible interference of Ca?*, and then determined according to the processes mentioned above.

For protein determination in cell extracts, HL60 cells were centrifuged and resuspended in 0.9%
NaCl solution. Then, collected HL 60 cells were lysed by lysing buffer (50 mM Gly-NaOH, 0.15 M
NaCl, 1% Triton X-100, 1 mM EDTA, 0.1% SDS). Cell extracts were collected by centrifugation, and
then simply diluted with DIW three times. Protein content was determined according to the processes
mentioned above. Results of the proposed method were also compared with the classical bicinchoninic
acid (BCA) method.
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3. Results and Discussion

3.1. Interaction between Protein and ATT-AuNCs

AuNCs were prepared via a simple one-pot strategy employing ATT as the reducing-cum-
stabilizing/capping ligand [8]. The ATT-AuNCs in aqueous solution had a fluorescence emission band
centered on 528 nm (photoluminescence quantum yield = 1.8%). As shown in Figure 1, interaction
between BSA and ATT-AuNCs provokes a substantial enhancement (13.8-fold) of fluorescence intensity.
This remarkable fluorescence change can be obviously observed by the naked eye under the irradiation
of UV light (Figure 1 inset). Since BSA has no fluorescence in this spectral region, the enhancement
of fluorescence can be reasonably attributed to the adsorption of ATT-AuNCs on the protein, which
results in the restriction of rotation and vibration of the ligands.
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Figure 1. Fluorescence spectra of 6-aza-2-thio-thymine protected gold nanoclusters (ATT-AuNCs)
(a) before and (b) after introducing bovine serum albumin (BSA). The concentrations of ATT-AuNCs
and BSA were 0.5 mg/mL and 500 pg/mL, respectively. Inset: Photographs of ATT-AuNC and
BSA/ATT-AuNC solutions under UV light.

Fluorescence spectroscopy is a most widely used experimental approach to obtain local
conformational or dynamic changes of protein, in which tryptophan (Trp) and tyrosine (Tyr) are the
main contributors to the endogenous fluorescence [27]. To investigate the interaction between
ATT-AuNCs and BSA, fluorescence quenching of BSA upon the addition of ATT-AuNCs was
performed. The photoemission intensity of BSA at 345 nm was suppressed progressively with
increasing ATT-AuNCs concentration (Figure 2). Data were then analyzed with the Stern—Volmer
equation (Equation (1)).

Fo/F =1+ Kqto[Q] =1 + K5y [Q] )

where Fj and F represent the fluorescence intensities of BSA at 345 nm before and after the addition
of AuNCs, respectively; [Q] is the concentration of AuNCs; Kgy is the Stern—Volmer fluorescence
quenching constant; and Kg is the bimolecular dynamic fluorescence quenching rate constant. Ty is
the lifetime of BSA without the addition of AuNCs, and is known to be approximately 5 x 10~ s.
From linear regression of the plot (r = 0.9987), Kq = 5.05 x 10> L mol~! s~ was obtained. As the
maximum value of Kq for a diffusion-controlled quenching process is about 2.0 x 101° L mol~! s71, we
concluded a static quenching mechanism was responsible for the quenching process of BSA caused by
ATT-AuNCs [28].

The forces of interaction between BSA and ATT-AuNCs were also investigated. Thermodynamic
parameters were obtained from the static quenching equation (Equation (2)) and van "t Hoff equation
(Equation (3))

Ig[(Fy — F)/F] = IgK + nlg[Q] 2)
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AG = —RTInK = AH — TAS ®3)

As can be seen from Table 1, the negative AG values suggest that the interaction between ATT-AuNCs
and BSA is spontaneous. The positive AH and AS values indicate that the interaction between ATT-AuNCs
and BSA is mainly hydrophobic forces. It might be that when ATT-AuNCs are close to the binding
sites of BSA, the hydration layer of BSA around the binding sites are partly destroyed, leading to heat
absorption phenomenon [25]. We also found that the photoluminescence intensity of ATT-AuNCs was
enhanced as the temperature increased in a certain range, which further validated that ATT-AuNCs
approaching the binding sites of target protein is an endothermic reaction (Figure 3).
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Figure 2. (A) Photoemission spectra of BSA (7.5 x 10~/ M, 50 pg/mL) with different concentrations of
ATT-AuNCs (range from 0 to 100 nM) upon excitation at 280 nm at pH 5.0, 33 °C. (B) Stern-Volmer plot
for fluorescence quenching of BSA by ATT-AuNCs. Error bars represent the standard deviations across
three repetitive experiments.

Table 1. Calculated thermodynamic parameters for ATT-AuNCs-BSA composite.

T(Q) K (108 L mol-1) AH (k] mol~1) AG (K]) AS (J mol-1 K1) R SD
21 5.70 17.583 —49.275 227.380 0.9996 0.97
33 7.38 -51.948 0.9978 241
38 8.51 -53.167 0.9997 0.70
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Figure 3. The thermodynamics curve of ATT-AuNCs (8 uM) after introducing BSA (35 pg/mL). Error
bars represent the standard deviations across three repetitive experiments.

3.2. Analytical Performance

Fluorescence spectrophotometer was used to evaluate the BSA concentration in aqueous solution.
In can be seen from Figure 4A, a progressive enhancement of photoluminescence intensity was obtained
with the increased amount of BSA. The value of intensity exhibited a good linear correlation to BSA
concentration in the range from 50 to 400 pg/mL (r = 0.9955). The detection limit of BSA was 0.88 pg/mL
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at an S:N ratio of 3. The relative standard deviation is 2.25% for the determination of 200 ug/mL BSA

(n = 10).
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Figure 4. (A) The plot of the fluorescence intensity of ATT-AuNCs versus the concentration of BSA.
Error bars represent the standard deviations across three repetitive experiments. (B) Fluorescence
response of ATT-AuNCs to different cations. Samples marked 1 to 10 correspond to BSA (250 pug/mL),
Ag*, Cr¥*, K*, Na*, Hg?*, NH*, Fe®*, Cu?*, and Mn?*, respectively. The concentration of each
cation was 2 mM. (C) Fluorescence response of ATT-AuNCs to different cations in the presence of 2.5
mM of EDTA. Samples marked 1 to 8 correspond to BSA (250 pig/mL), Ni?*, Ba?*, Pb%*, Zn2*, Mg2+,
Ca”*, AI**, respectively. The concentration of each cation was 2 mM. (D) Fluorescence response of
ATT-AuNCs to different anions. Samples marked 1 to 16 correspond to BSA (250 pg/mL), HCOO™,
NO,~,NO3;~,CN~, 1037, P03, 50427, Br~, SCN~, 17, BrO3~, ClO,~, F~, CI~, and CO3%", respectively.
The concentration of each anion was 1 mM. (E) The detection results of BSA in the presence of different
reducing sugar (5 M). Error bars represent the standard deviations across three repetitive experiments.
(F) Fluorescence response of ATT-AuNCs to (a) 250 ug/mL BSA, (b) 0.5% SDS, (c) 20 mM creatine,
(d) 0.5% Tween 20, (e) 150 mM urea, (f) 5% ethanol, (g) 20 mM EDTA, and (h) 0.5% TritonX-100.
The normalized fluorescence intensity is calculated by (I - Ip)/(Igsa — Ip), where Iy, I, and Ipgy is the
fluorescence intensity of ATT-AuNCs, ATT-AuNCs + interferent, ATT-AuNCs + BSA, respectively.

In order to examine the selectivity of the established protein assay, interferences from common
ions were investigated. In addition, certain compounds often used during protein purification or cell
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lysis were also investigated. Figure 4B,D reveals that ATT-AuNCs were specific toward BSA over
the tested cations or anions. Some of the tested cations that interfere with the protein assay can be
eliminated to a certain extent by adding the chelator EDTA (Figure 4C). Figure 4E reveals that this
gold nanoprobe based on PL enhancement exhibits the remarkable merits of tolerating reducing sugar,
compared with the BCA method which gives false positive results. Figure 4F reveals that certain
compounds often used during protein purification or cell lysis have little effect on the system.

3.3. Determination of Total Protein in Human Plasma and Serum

In order to elucidate the practical feasibility of the approach, a variety of biological samples were
determined by the proposed method and compared with classical BCA method. As we know, it is of
great importance to make a quick determination of total protein in plasma or serum content which
is closely related to various diseases such as hypoalbuminemia [29] and hypertensive disease [30].
Figure 5 showed that human serum albumin (HSA) can also induce fluorescence enhancement of
ATT-AuNCs and its efficiency is comparable to that of BSA. This result confirms that ATT-AuNC
possesses the capacity to bind HSA. As shown in Tables 2 and 3, the results of total protein content
measured by this method agree well with those obtained by the standard BCA method (Tables 2 and 3).
In addition, we used BSA as a standard agent to conduct recovery experiments in human plasma
samples. It was found that the recoveries were observed to range from 104% to 112%. Therefore, the
proposed protein assay yields satisfactory results for total protein determination in human plasma and
serum samples.
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Figure 5. Fluorescence intensities of (a) 0.5 mg/mL ATT-AuNCs, (b) 0.5 mg/mL ATT-AuNCs + 500 pg/mL
HSA, and (c) 0.5 mg/mL ATT-AuNCs + 500 ug/mL BSA. Error bars represent the standard deviations
across three repetitive experiments.

Table 2. The analytical results of plasma total protein.

Sample Pifﬁ;/:i,h:':};))d (zf;/?nlf,erth:g) F-Test 1 t-Test !
1 62.60 = 1.35 62.84 +1.27 1.13 0.22
2 61.73 £ 0.28 62.20 +1.17 17.46 0.68
3 58.08 + 1.15 58.55 + 1.26 1.21 0.48
4 58.95+0.73 58.05 +0.78 1.14 1.46
5 65.18 +2.62 65.95 + 1.42 3.40 0.45
6 63.26 + 1.88 64.80 + 1.66 1.28 1.07

1 Fo5,2,2 = 19.00, to 05,4 = 2.776.
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Table 3. The results of serum total protein.

Proposed Method BCA Method 1 1
Sample (mg/mL, n = 3) (mg/mL, n = 3) F-Test t-Test
1 59.15 + 0.82 61.25+278 11.49 1.26
2 65.28 +1.63 64.86 +1.96 1.45 0.29
3 64.81 +1.45 65.02 + 0.52 7.78 0.24
4 70.56 + 0.48 71.74 + 1.93 16.17 1.03

1 Fog5,2,2 = 19.00, to 05,4 = 2.776.

3.4. Determination of Proteins in Milk Samples

Food safety problems caused by the melamine incident have affected the entire food industry [31].
It can lead to different degrees of kidney failure or death, and induce bladder stones and urinary system
diseases [32]. Classic food proteins determination (Kjeldahl methods) is cumbersome, time-consuming,
and has a lack of specificity [33]. Thus, the demand for a rapid, accurate milk protein assay has
increased dramatically. In this study, we chose three brands of pure milk in the supermarket randomly
for protein assay. The results of total protein content obtained by the proposed method agree well with
those measured by the BCA method (Table 4).

Table 4. The results of milk total protein.

Proposed Method BCA Method 1 1
Sample (mg/mL, n = 3) (mg/mL, n = 3) F-Test t-Test
1 31.17 £ 0.18 3229 £0.43 5.71 4.16
2 3244 +0.19 32.01 £0.52 7.49 1.34
3 30.01 £0.16 30.05 + 0.50 9.77 0.14

1 Fo05,2,2 = 19.00, to 05,4 = 2.776.

3.5. Determination of Cellular Total Protein Concentration

Various kinds of cell protein factors were involved in complex biochemical processes like
inflammatory responses, tumor growth, cell apoptosis and angiogenesis [34,35]. Thus, assay of cell
total protein is of great significance. In the present study, we monitored cell total protein. HL 60 was
used as a model cell. The results of total protein content obtained by the proposed method agree well
with those measured by the BCA method (Table 5). It implies this method has potential application in
the detection of total cellular protein.

Table 5. The results of cell total protein.

Proposed Method BCA Method 1 1
Sample (mg/mL, n = 3) (mg/mL, n = 3) F-Test t-Test
1 5.52 +0.034 5.51 +0.026 1.71 0.40
2 6.77 + 0.046 6.84 + 0.072 2.45 1.42

! Fo.05,2,2 = 19.00, to.05,4 = 2.776.

4. Conclusions

Herein, we present the BSA induced fluorescence enhancement of ATT-AuNCs through
protein-nanocluster interactions, and it was successfully used to determine the total protein content
of various biological samples. Fluorescence spectroscopy studies shed some light on the underlying
mechanism of fluorescence enhancement of AuNCs upon protein adsorption. It turned out that
the dominating quenching mechanism of protein—nanocluster interactions was the static quenching
process. The experimental results indicate that this new method is better than the traditional BCA
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method in its compatibility with high concentrations of reducing sugar, which proposed an alternative

scheme to determine the total protein content.
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Abstract: The photoluminescence of gold thiolate clusters brings about many potential applications,
but its origin is still elusive because of its complexity. A strategy in understanding the
structure—properties relationship is to study closely related neutral gold thiolate coordination
polymers (CPs). Here, a new CP is reported, [Au(m-SPhCO,H)]n. Its structure is lamellar with
an inorganic layer made of Au-S-Au-S helical chains, similar to the [Au(p-SPhCO,H)], analog.
An in-depth study of its photophysical properties revealed that it is a bright yellow phosphorescent
emitter with a band centered at 615 nm and a quantum yield (QY) of 19% at room temperature and in a
solid state. More importantly, a comparison to the para-analog, which has a weak emission, displayed
a strong effect of the position of the electron withdrawing group (EWG) on the luminescent properties.
In addition, [Au(m-SPhCO,H)], CPs were mixed with organic polymers to generate transparent
and flexible luminescent thin films. The ability to tune the emission position with the appropriate
contents makes these nontoxic polymer composites promising materials for lighting devices.

Keywords: gold thiolate; coordination polymer; lamellar structure; luminescence; polymer composite

1. Introduction

Gold thiolate clusters, Au,(SR)m, are an intriguing family of materials that bridges the gap between
molecular species and functionalized nanoparticles [1-4]. One of their attractive properties is their
photoluminescence, which brings about many potential applications in areas such as chemical sensing,
bioimaging, cell labeling, phototherapy, and drug delivery [5-8]. Nevertheless, the origin of their
photoemission is still elusive, and the structure—properties relationship is difficult to predict. Indeed,
in gold thiolate clusters, different parameters such as the gold core’s composition and geometry, the
functionality of the ligands, the length and organization of the Au(I)-SR shell, their aggregation, their
rigidification, and the scale effect make those systems complicated to study and rationalize in terms
of the effect of each parameter [9-11]. The limited amount of available crystallographic structures of
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luminescent gold thiolate clusters precludes an understanding of the structure—properties relationship.
Our strategy to attempt to rationalize the photoluminescent properties of gold thiolate clusters has
been to study their analogs, neutral gold thiolate coordination polymers (CPs) [Au(SR)],, which are
also highly photoluminescent [12-18]. In crystalline CPs, all atoms are well organized on a micrometer
scale, so their structure—properties relationships appear to be easier to correlate. In addition, gold
thiolate CPs are the synthesis precursors of gold thiolate clusters and are consequently easier to obtain
through their isolation before the addition of a reducing agent.

Even if gold thiolate CPs have been known for a long time, only four crystallographic structures
have been reported so far [19]. Two are 1D CPs made of interpenetrated helical chains of Au-S-Au
chains, and two are lamellar structures. The latter ones are 2D materials: in [Au(p-SPhCO,H)],, the
inorganic layers are made of helical gold—sulfur chains packed together through parallel aurophilic
interactions [14], while in [Au(p-SPhCO,Me)],,, the Au-S chains have a zigzag shape and interact
through perpendicular aurophilic bonds [13] (Figure Sla,b, respectively). This difference is explained
by the presence of catemeric hydrogen bonds between the carboxylic acids of [Au(p-SPhCO,H)],
(which implies highly bent S—~Au-S angles) when such bonds are quasilinear in the ester analog.
Consequently, this change in the lamellar structure induces different photoluminescent properties.
[Au(p-SPhCO,Me)],, exhibits a bright orange emission at 645 nm with a QY of around 70% at room
temperature (RT). [Au(p-SPhCO,H)], has a double emission in blue (490 nm) and red (660 nm) at
260 K andits QY is below 1% at RT. The first emission band originates from the ligand, and the second
one originates from a ligand-to-metal charge transfer (LMCT). Their intensity evolves differently with
temperature and results in thermoluminochromism with good sensitivity for thermometry [14].

In order to evaluate the effect of the position of the substituent on the structure and the
photoluminescent properties, meta-mercaptobenzoic acid (m-HSPhCO,H) was used as a ligand
to isolate [Au(m-SPhCO,H)],. This new gold thiolate CP also has a 2D lamellar structure and exhibits
bright photoemission. In addition, its easy integration into organic polymers shows its great potential
for the fabrication of flexible and transparent luminescent devices.

2. Materials and Methods

2.1. Materials

Tetrachloroauric acid trihydrate (HAuCly-3H,0, >49% Au basis) and tetrahydrofuran (THF) were
purchased from Alfa Aesar (Haverhill, MA, USA), and 3-mercaptobenzoic acid (m-HSPhCO,H) (>97%)
was purchased from TCI (Portland, OR, USA). Ethanol and dimethylformamide (DMF) were purchased
from VWR (Radnor, PA, USA). Polyvinylidene fluoride (PVDEF) and poly(9-vinylcarbazole) (PVK) were
purchased from Alfa Aesar and Sigma Aldrich (St. Louis, MO, USA), respectively. All reagents were
used without further purification.

2.2. Synthesis of [Au(m-SPhCO,H)],

A solution of HAuCly-3H,0O (100 mg, 0.25 mmol, 1 equiv.) in H,O (10 mL) was added to
m-HSPhCO,H (178 mg, 1.15 mmol, 4.6 equiv.). The reaction was allowed to proceed for 18 h at 120 °C
in a 20-mL sealed glass vial. White precipitate was obtained and washed with 40 mL of ethanol 3 times.
The powder was recovered by centrifugation at 4000 rpm. The product was dried in air. The yield was
77% (68 mg); the chemical formula was C;H5AuO,S; the molecular weight was 350.14; and the gold
content from thermogravimetric analysis (TGA) (calculated) wt% was 56.4 (56.3).

2.3. Synthesis of the Polymer Composites

Here, a 0.5 to 15 wt% of CPs was mixed with the organic polymer PVDF or PVK and then dispersed
in a solvent, DMF (8 mL) or THF (5 mL), respectively. The total mass of the polymer composite was
400 mg. The mixture was ultrasonicated until a homogeneous emulsion was obtained. Then it was
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deposited onto a flat substrate (i.e., a glass slide or a Petri dish), and the solvent was evaporated
at 60 °C [20,21].

2.4. Structure Determination

The structural determination of [Au(m-SPhCO,H)], was carried out from high-resolution powder
X-ray diffraction data. They were collected on a CRISTAL beamline at Soleil Synchrotron (Gif-sur-Yvette,
France). A monochromatic beam was extracted from the U20 undulator beam by means of a Si(111)
double monochromator. Its wavelength of 0.79276 A was refined from a LaBg (NIST (National Institute
of Standards and Technology) Standard Reference Material 660a) powder diagram recorded prior to
the experiment. The X-ray beam was attenuated in order to limit radiation damage to the sample.
A high angular resolution was obtained with (in the diffracted beam) a 21 perfect crystals Si(111)
multi-analyzer. The sample was loaded in a 0.7-mm capillary (Borokapillaren, GLAS, Schénwalde,
Germany) mounted on a spinner rotating at about 5 Hz to improve the particles’ statistics. Diffraction
data were collected in continuous scanning mode, and a diffractogram was obtained from the precise
superposition and addition of the 21-channel data.

All calculations of structural investigation were performed with the TOPAS program [22]. The
LSI (Least Squares Iterative) indexing method converged to two possible unit cells, a monoclinic C cell
(a = 6.8749(4), b = 6.5715(3), ¢ = 16.3904(6) A, p = 91.199(7)°, and V = 740.3(5) A3 with My = 57) and a
triclinic one (a = 4.7567(5), b = 4.7632(6), ¢ = 16.3975(5) A, a = 90.780(8)°, B = 89.123(6)°, ¥ = 92.651(4)°,
and V = 371.05(7) A3 with My = 44). The highest symmetry was first logically chosen to solve the
structure. Nevertheless, no structural model could be initiated in the three space groups consistent
with systematic extinctions (C2, Cm, and C2/m). Moreover, a careful examination of the triclinic solution
showed that the unit cell parameters were very close to those of [Au(p-SPhCO,H)],. The atomic
coordinates of the gold and sulfur atoms of [Au(p-SPhCO,H)], were first directly used to initiate a
Rietveld refinement, which did not converge. A structural investigation of [Au(m-SPhCO,H)], was
then initialized in P1 by using the charge flipping method, which allowed for locating two gold atoms.
The direct space strategy was then used to complete the structural model, and two independent organic
moieties were added to the fixed gold atomic coordinates and treated as rigid bodies in the simulated
annealing process. Calculations converged to Rg = 0.054 and Ry, = 0.113. This structural model was
used as the starting model in the Rietveld refinement. In its final stage, this involved the following
structural parameters: 6 atomic coordinates, 6 translation and 6 rotation parameters for organic moieties
as well as 4 distances and 2 torsion angles in the rigid bodies, 2 thermal factors, and 1 scale factor.
The final Rietveld plot (Figure 1) corresponded with a satisfactory model indicator and profile factors
(Table S1). A search for higher symmetry was undertaken by using Platon software [23], and no space
group change was suggested. The crystal structure quoted the depository number CCDC-1952042.

Intensity

PR—

o0 s
20(°)

Figure 1. Final Rietveld plot of [Au(m-SPhCO,H)], showing observed (blue circles), calculated
(red line), and difference (black line) curves. Zoomed-in high angles are shown as an inset.
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2.5. Characterizations

Routine PXRD: Routine powder X-ray diffraction was carried out on a Bruker D8 Advance
A25 diffractometer (Karlsruhe, Germany) using Cu K« radiation equipped with a 1-dimensional
position-sensitive detector (Bruker LynxEye). X-ray scattering was recorded between 4° and 90° (20)
with 0.02° steps and 0.5 s per step (28 min for the scan). A divergence slit was fixed at 0.2°, and the
detector aperture was fixed to 192 channels (2.95°).

SEM: SEM images were obtained with an FEI Quanta 250 FEG (Hillsboro, OR, USA) scanning
electron microscope. Samples were mounted on stainless pads and sputtered with carbon to prevent
charging during observation.

FTIR: Infrared spectra were obtained from a Bruker Vector 22 FTIR spectrometer (Richmond
Scientific Ltd Unit 9; Chorley, UK) with KBr pellets at room temperature and were registered from
4000 cm™! to 400 cm™L.

TGA: Thermogravimetric analyses were performed with a TGA/DSC 1 STARe System from Mettler
Toledo (Columbus, OH, USA). Around 5 mg of the sample was heated at a rate of 10 °C/min in a 70-puL
alumina crucible under air (20 mL/min).

UV-VIS: A UV-VIS absorption spectrum was carried out with a LAMBDA 365 UV/VIS
Spectrophotometer from Perkin Elmer (Waltham, MA, USA) in solid state at room temperature.

Photoluminescence (PL) excitation and emission spectra measurements were performed on a
homemade apparatus. The sample was illuminated by an EQ99X laser-driven light source (Energetiq
Technology Inc.; Woburn, MA, USA) filtered by a Jobin Yvon Gemini 180 monochromator (Paris,
France). The exit slit from the monochromator was then reimaged on the sample by two MgF; lenses
100 m in focal length and 2 inch in diameter. The whole apparatus was calibrated by means of a
Newport 918D (Irvine, CA, USA) Low power-calibrated photodiode sensor over the range 190-1000 nm.
The resolution of the system was 4 nm. The emitted light from the sample was collected by an optical
fiber connected to a Jobin-Yvon TRIAX320 monochromator equipped with a cooled charge coupled
device (CCD) detector (Andor Newton 970; Oxford Instruments; Abingdon, UK). At the entrance of
the monochromator, different long-pass filters could be chosen in order to eliminate the excitation light.
The resolution of the detection system was better than 2 nm.

Temperature control over the sample was regulated with a THMS-600 heating stage with a T95-PE
temperature controller from Linkam Scientific Instruments (Epsom, UK).

Luminescence lifetime measurements: Luminescence lifetime measurements were excited with
a diode-pumped 50-Hz tunable optical parametric oscillator (OPO) laser from EKSPLA (Vilnuis,
Lithuania). The luminescence of the sample was collected with an optical fiber and was afterwards
filtered by a long-pass filter (FEL450 from Thorlabs; Newton, NJ, USA) and the monochromator
described before and fed to an R943-02 photomultiplier tube from Hamamatsu (Hamamatsu,
Japan). Photon arrival times were categorized by an MCS6A multichannel scaler from Fast ComTec
(Munich, Germany).

The collected data cannot be fitted by a sum of simple exponential decays. For this reason, one
stretched exponential decay is often used (Equation (1)) [24]:

—(£)h _x _x
I=a1e """ +aze 2 4aze '3, (1)
with g; and t; being the amplitude and lifetime of a given component i, and 1 = [0, 1].

The distribution of a lifetime with a 8 factor is generally associated with the possibility of energy
transfer toward a distribution of nonradiative centers through dipole-dipole/quadrupole-quadrupole,
etc., interactions. Its value is defined by the types of interactions and the dimensionality of the system.
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The average lifetime of the stretched exponential decay (1) is calculated through Equation (2).
The procedure used for the fitting is described in Reference [25]:

1 1
(1) =11 A r(ﬁl)' @

Determination of the QY with a standard integrating sphere (IS) (shown schematically in
Figure S2a): To illuminate the sample, a stabilized Xenon lamp (Hamamatsu, L.2273) coupled to a
double-grating monochromator (Solar, MSA130; Minsk, Belarus) was used. The excitation beam was
split using a spectrally broad bifurcated fiber (Ocean Optics, BIF600-UV-VIS; Duiven, The Netehrlands),
where one part was used to monitor the fluctuations of the excitation intensity using a power meter
(Ophir Photonics, PD300-UV; Jerusalem, Israel) and the other part was used to excite the sample.
A collimator lens was used to reduce the spot size at the sample position to enable direct excitation
of the sample (F = 1). The powder samples were placed in ethanol solution in a quartz cuvette and
suspended using an aluminum holder in the center of the IS (internal walls made of Spectralon®
(PTFE), Newport, 70672) (with a diameter of 10 cm). The use of this type of holder has been verified
using ray-tracing simulations [26]. Light was detected using a second spectrally broad optical fiber
(Ocean Optics, QP1000-2-VIS-BX) coupled to a spectrometer (Solar, M266) equipped with a CCD
(Hamamatsu, S7031-1108S). The sample (powder) did not dissolve completely in the solvent (ethanol),
so the sample was shaken before the measurement and then measured. This was repeated several times
to ensure reproducibility of the results. All measurements were corrected for the spectral response
of the detection system, which we determined by illuminating the IS via the excitation port with a
tungsten halogen calibration lamp (standard of spectral irradiance, Oriel, 63358; Irvine, CA, USA) for
the visible range and a deuterium lamp (Oriel, 63945) for the UV range (<400 nm). The measured
calibration spectrum was corrected for the spectrometer’s stray-light contribution. Reabsorption effects
were corrected for using the procedure described by Ahn et al. [27] by comparing the measured PL
spectrum to that of a low-concentration sample for which reabsorption was negligible. Error estimates
were obtained following Chung et al. [28]. QY was evaluated using Equation (3), where Ne;;, and N5
are numbers of emitted and absorbed photons, and Ng and N, s are numbers of photons transmitted
through the sample (sample in solvent and cuvette) and reference (just cuvette with solvent) (star
denotes emission spectral range, and no star means excitation spectral range). Is and I, are emission
intensities detected within the sample and reference (Figure S3b), and C is a correction factor for the
spectral response of the detection system:

M _ Ng _N;{ef o fem[IS(/\) _IRef(/\)]C(/\)d/\

Y = = = .
e Nps NRef —-Ng fgxc[IRgf(A) —IS(/\)]C(/\)d/\

3. Results and Discussion

3.1. Synthesis and Characterization

Pure and highly crystalline powder of [Au(m-SPhCO,H)], CP was synthesized under
hydrothermal conditions. The procedure was similar to the one used for the para-substituted
analog, [Au(p-SPhCO,H)],, [14]. The PXRD pattern (Figure 1) showed predominant (00!) reflections
underlining the lamellar structure of this material, with an interlamellar distance of 16.3 A.

The morphology of the crystallites was thin pellets typical of lamellar compounds, as shown
by SEM images (Figure S3). In the FTIR spectroscopy, the CO antisymmetric vibration band of the
carboxylic acid was observed at 1683 cm™!, the same position as for the free ligand, which showed
that the carboxylic acids were not coordinated with the metal atoms. In addition, the broad v(OH)
bands between 2560 and 3065 cm™! were consistent with the presence of hydrogen bonds between the
carboxylic acid functions (Figure S4). The thermogravimetric analyses confirmed the purity of the
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compound with an expected 1:1 metal/organic content. This CP showed good thermal stability up to
300 °C under air (Figure S5), which was comparable to [Au(p-SPhCO,H)], (320 °C) [14].

The synthesis did not result in obtaining single crystals, and thus a structural determination from
the high-resolution PXRD data was carried out.

3.2. Structure

The lamellar structure was triclinic (P1 space group) and was similar to the previously discussed
[Au(p-SPhCO,H)],, [4c]. It consisted of planes made of 1D helices of Au(l) atoms bridged by w-S
atoms (Figure 2). The Au-S distances were between 2.28(2) and 2.36(2) A (Table S2). The Au-S-Au
angles were 85.8(4)° and 90.5(4)°. The S—Au-S angles were 88.2(4)° and 151.1(5)°, far from the linear
angle usually observed in dicoordinated gold atoms.
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Figure 2. Structure representations of [Au(m-SPhCO,H)],. Views of (a) (ac) and (b) (bc) planes. (c) View
of the Au-S chains on the (ab) plane. Pink, Au; yellow, S; red, O; grey, C. Hydrogen atoms are omitted
for clarity. Red and orange dotted lines represent the hydrogen bonds and interchain aurophilic
interactions, respectively.

In the lamellar [Au(p-SPhCO,;Me)],, CP without hydrogen bonds, the S-Au-S angles were close
to linear (177.5(1)°) [13]. Thus, the formation of such unusual S-Au-S angles in [Au(m-SPhCO,H)],
was driven by the formation of both catemeric hydrogen bonds and aurophilic interactions,
similarly to [Au(p-SPhCO,H)], [14]. The interchain Au—Au distances were slightly longer than
in [Au(p-SPhCO,H)], (3.38(2) and 3.61(2) A for the meta vs 3.36(1) and 3.42(1) A for the para), while the
intrachain Au-Au distances were shorter here than in the para-substituted counterpart (3.21(2) and
3.28(2) A for the meta vs 3.59(1) and 3.73(1) A for the para).

3.3. Photophysical Properties

The UV light excitation of the [Au(m-SPhCO,H)], resulted in a very bright yellowish-orange
emission at room temperature.

The maximum absorption of [Au(m-SPhCO,H)], was at 320 nm (the optical band gap was 2.9 eV)
(Figure S6). The absorption edge was red-shifted in comparison to the free ligand. The high-energy
absorption was assigned to a —mt* transition of the phenyl group of the ligand [29].

At room temperature, the emission and excitation maxima were positioned at 615 and 352 nm,
respectively (Figure 3a). Upon a temperature decrease, the emission intensity increased with a soft
refinement of the width and a shift of the emission maximum to 595 nm at 93 K (Figure 3b). Upon a
temperature increase, no important shift of emission relative to RT was observed. Meanwhile, the
excitation maximum slightly shifted to 368 nm at 503 K (Figure S7).
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Figure 3. Luminescent properties of [Au(m-SPhCO,H)],: (a) 2D map of the emission and excitation
spectra conducted in a solid state at room temperature; (b) emission and excitation spectra (Aexc = 352
nm, Aem = 596 nm) in a solid state at varying temperatures.
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Additionally, there was a low-intensity emission shoulder at 475 nm that appeared below
213 K. The free ligand exhibited a large band of emission centered at 507 nm under the same
excitation wavelength. Thus, this high-energy emission could be assigned to a metal-perturbed
intraligand (IL) transition. Similar behavior has been observed before in Au(I) phosphane complexes
containing a 4-nitrophenylthiolate ligand [30] and dinuclear neutral thiolate Au(I) complexes with
phenylene spacers [31].

The luminescence lifetime decay in solid state at room temperature was fitted with a triexponential
curve with components of 0.31 ps (88%), 0.14 ms (10%), and 2.3 ms (2%) (Figures S8 and S9, Table S3).
The lifetime decay study at various temperatures showed a shortening of the lifetime of the major
components upon an increase of the temperature: at 93 K the lifetime was 0.87 ps, and at 503 K it
dropped to 0.04 us (Figure S10). Its contribution at low temperatures stayed at the level of 86%, and it
grew up to 94% at high temperatures. Two smaller components experienced minor changes in lifetime
in the studied temperature range. The contribution of both decreased upon temperature increase. The
lifetime shortening could be attributed to thermal quenching. This results from thermal activation of
the nonradiative decay pathways [32,33].

The long lifetime in the microsecond range and the large Stokes shift of 12,150 cm™! (RT) were
both characteristic of a phosphorescence process. The QY was 18.9% =+ 0.2% in solid state at RT.

The close emission and excitation energies, the lifetime decay behavior, the low-intensity emission
shoulder, and the high QY in solid state made the photophysical properties of [Au(m-SPhCO,H)],, very
similar to [Au(p-SPhCO,;Me)]y, [13]. The overall luminescence process of [Au(p-SPhCO,Me)], was
ascribed to a ligand—-metal-to-ligand charge transfer transition (LMLCT: AuS — PhCO,Me) based on
Density Functional Theory calculations. Strong similarities in the properties of the two CPs suggested the
same luminescence origin for [Au(m-SPhCO,H)], as the one proposed for [Au(p-SPhCO,Me)],~-LMLCT.
This supports the hypothesis that the presence of an electron withdrawing group (EWG) precludes the
possibility of LM(M)CT transitions, which is often ascribed to Au(I) compounds.

It is interesting to note that despite the fact that [Au(m-SPhCO,H)], was structurally related to
[Au(p-SPhCO,H)],, they had different luminescent properties. Moreover, as was shown above, the
properties were closer to the ones of [Au(p-SPhCO,;Me)],, which differs structurally and possesses
disparate Au-S arrangements (helices vs zigzags). The aurophilic interactions and substituents on the
organic ligand are often the main parameters that can help to trace the origin of the photophysical
properties [34]. The presence of aurophilic interactions is known to influence photoluminescent
processes: their length, dimensionality (dimer or chain), and intra/interconnectivity play an intricate
role in the wavelength and intensity of the emission [34,35].
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Considering the Au—Au distances (Table S2), the intrachain Au—Au distances (two gold atoms
bridged by one sulfur atom) were shorter in the meta-compound than in its para-analog: 3.21(2)
and 3.28(2) A versus 3.59(1) and 3.73(1) A. Nevertheless, the interchain Au—Au distances generating
chains in the case of [Au(p-SPhCO,H)],, were slightly shorter (3.36(1) and 3.42(1) A) than the ones
of [Au(m-SPhCO,H)],, for which there was one aurophilic interaction (3.38(2) A) forming dimers,
the second one being too long (3.61(2) A) to be considered. In the case of [Au(p-SPhCO,Me)],, the
intrachain Au-Au distance was rather long (3.51(1) A), and the interchain one was short (3.20(1) A).

In the structural and photophysical data obtained for the three 2D gold thiolate CPs, an
interesting trend could be seen. It appears that the two compounds with the shortest Au-Au
distances, [Au(m-SPhCO,H)], (3.20(2) A, intrachain) and [Au(p-SPhCO,Me)], (3.20(1) A, interchain),
exhibited higher energy emissions at 615 and 645 nm and higher QYs of 19% and 70%, respectively,
than did [Au(p-SPhCO,H)],, which had an Au-Au distance of 3.36(1) A (interchain) and showed an
emission at 665 nm with a QY of less than 1% at RT. Thus, an increase of the shortest Au—Au distances
was followed by a decrease of the QY. In the literature, the effect of aurophilic interactions on the
quantum yield is still under debate. Shorter aurophilic interactions are often associated with better
photophysical properties [36]. However, sometimes the opposite is reported [37].

The difference in photophysical properties might also be explained by the change in substituent
position on the phenyl ring and the stronger effect of the carboxylic acid EWG in the meta-position
compared to the para-analog. EWG groups on the ligand stabilize the sulfur highest occupied molecular
orbital (HOMO), making the ligand more difficult to oxidize, inducing a shift of the emission to
higher energies [34,38]. Finally, it appears that the position change of an EWG for similar structures
could induce different aurophilic interactions and a significant increase of the QY from ~1% for
[Au(p-SPhCO,H)], to 19% for [Au(m-SPhCO,H)]n.

3.4. Polymer Composite Films

In order to integrate this bright luminescent CP in devices for lighting applications, films were
elaborated [20,39]. Thus, the pellet-like crystals of [Au(m-SPhCO,H)], were used for the fabrication
of homogeneous thin films that exhibited a bright luminescent response. Two organic polymers
were chosen: polyvinylidene difluoride (PVDEF), which is nonluminescent, and poly(9-vinylcarbazole)
(PVK), which is blue-emissive.

PVDF films containing 0.5 wt%, 1 wt%, 2.5 wt%, and 5 wt% [Au(m-SPhCO,H)], were prepared.
The PXRD showed that after film preparation, the CPs remained crystalline (Figure S11). SEM images
indicated good dispersion of the CP crystallites in the PVDF following an increase in their density with
an increase in the loading (Figure 4). In addition, the high QY of [Au(m-SPhCO,H)], allowed for the
use of a small quantity of CPs, 0.5 wt%, when obtaining transparent, flexible, and luminescent films
(Figure 5a—c). The intensity of the emission increased gradually with the CP loading (Figure 5d).

’
1%

Figure 4. SEM images of the [Au(m-SPhCO,H)],@ PVDF films with the different wt% loadings of the
CP. The scale bar is 50 um.
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Figure 5. Photographs of (a) 2.5 wt% [Au(m-SPhCO,H)],@PVDF film; and films with 0 wt%,
0.5 wt%, 1 wt%, 2.5 wt%, and 5 wt% [Au(m-SPhCO,H)],@PVDF showing their (b) transparence
and (c) luminescence. (d) Emission spectra (Aex = 380 nm) of these polymer composite films insolid
state at room temperature.

An analogous approach was used for the synthesis of PVK films containing [Au(m-SPhCO,H)]n
(5 wt%, 10 wt%, and 15 wt% of loading). The PXRD patterns showed that the crystallinity of the
CP was maintained in the polymer composites (Figure 512). PVK is a blue-emissive polymer. Thus,
the mixture of PVK with yellowish-orange-emitting CP as [Au(m-SPhCO,;H)];, led to dual emission
at 420 and 620 nm (Figure 6a). This allowed for fine-tuning the emission color from blue to orange
by adjusting the quantity of the CP loading. This variable loading study specifically showed that
flexible films with an emission close to white light could be obtained as shown in CIE 1931 (Comission
Internationale de 1’Eclairage) chromaticity diagram (Figure 6b). Given the very high interest in the
development of white-light phosphors [40], formulating such composite CP/organic polymer films
appears to be a valuable method for tuning the emission wavelength and generating nontoxic materials
with white-light emission.

09

[Au(m-SPhCO,H)].
15 % 08
10 %
—_ 5% 0.7
] 0%
< 06
g 500
2 05
2 v
2 04
£
03
02
T T T - T ot
400 500 600 700 800

Wavelength (nm) o

@ (b)

Figure 6. (a) Emission spectra of [Au(m-SPhCO,H)],@PVK films at variable CP loadings; (b) CIE
1931 chromaticity diagram showing the luminescence color change of the [Au(m-SPhCO,H)],@PVK
films with variable CP loadings. Data were registered under an excitation of 370 nm in a solid state at
room temperature.
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4. Conclusions

Here, we report a new gold thiolate coordination polymer, [Au(m-SPhCO,H)],. Its structure is
lamellar, and its photophysical properties show a bright yellow emission up to 500 K with a QY of 19%
in solid state and at room temperature. While its structure is similar to the analog [Au(p-SPhCO,H)],,
its luminescence is much more intense, displaying the effect of shorter Au—Au distances and the
position of the EWG on the phenyl ring of the ligand. Related to the gold thiolate clusters, this shows
that a subtle change in the structure can lead to tremendous change in the photophysical properties.
Consequently, further studies on these basic CPs should be carried out to understand in-depth the
photoemission of the more complicated clusters. In addition, this gold thiolate CP can be easily used
along with organic polymers to formulate composite transparent, flexible, and luminescent films.
In these latter materials, the emission color can be tuned by adjusting the CP loading. These abilities
and their nontoxicity make gold thiolate CPs a good alternative to quantum dots for lighting devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1408/s1:
Figure S1 Structure representations of (a) [Au(p-SPhCO,H)], [1] and (b) [Au(p-SPhCO,Me)], [2]. Pink, Au;
yellow, S; red, O; grey, C. Hydrogen atoms are omitted for clarity. Red and purple dotted lines represent the
hydrogen bonds and the aurophilic interactions, respectively. Figure S2 A scheme of a used standard integrating
sphere setup was used (a) and a graphical representation of emission intensities detected with sample and
reference (b). Figure S3 SEM image of [Au(m-SPhCO,H)In. Figure S4 FT-IR spectra of the free ligand (black)
and [Au(m-SPhCO,H)]n (red). Figure S5 The TGA conducted under air at 10 °C/min of [Au(m-SPhCO,H)]n.
Figure S6 UV-vis absorption spectra of [Au(m-SPhCO,H)]n (red) and the free ligand (black) conducted in solid
state at the room temperature. Figure S7 Normalized emission-excitation spectra (Aexc = 352 nm, Aem = 596
nm) of [Au(m-SPhCO,H)]n conducted in solid state at variable temperatures. Figure S8 Temperature-dependent
luminescence decay curves (Aexc = 352 nm, Aem = 610 nm) of [Au(m-SPhCO,H)]n conducted in solid state at
variable temperatures. Figure S9 Examples of lifetime decay fit of [Au(m-SPhCO,H)]n at 93 K (a), 293 K (b)
and 503 K (c). Figure S10 Temperature-dependent luminescence decays of [Au(m-SPhCO,H)]n: values of the
lifetime (a) and contributions (b) of different components at various temperatures. Figure S11 PXRD patterns of x
%[Au(m-SPhCO,H)[n@PVDF films. Figure S12 PXRD patterns of x %[Au(m-SPhCO,H)[n@PVK films. Table S1
Crystallographic data and Rietveld refinement parameters for [Au(m-SPhCO,H)]n. Table S2 Comparison of the
main distances and angles in [Au(m-SPhCO,H)[n and other lamellar [Au(SR)]n CPs, [Au(p-SPhCO,H)]n [1] and
[Au(p-SPhCO,Me)]n [2]. Table S3 Luminescence lifetimes (i), their pre-exponential factors (ai), parameters 31,
average lifetimes (<ti>) and contributions of [Au(m-SPhCO,H)]n at 93 to503 K temperature range.
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Abstract: Recently, metal nanoclusters (MNCs) emerged as a new class of luminescent materials
and have attracted tremendous interest in the area of luminescence-related applications due to
their excellent luminous properties (good photostability, large Stokes shift) and inherent good
biocompatibility. However, the origin of photoluminescence (PL) of MNCs is still not fully understood,
which has limited their practical application. In this mini-review, focusing on the origin of the
photoemission emission of MNCs, we simply review the evolution of luminescent mechanism models
of MNCs, from the pure metal-centered quantum confinement mechanics to ligand-centered p band
intermediate state (PBIS) model via a transitional ligand-to-metal charge transfer (LMCT or LMMCT)
mechanism as a compromise model.

Keywords: photoluminescence mechanism; metal nanoclusters; quantum confinement effect; ligand
effect; p band intermediate state (PBIS); interface state; nanocatalysis

1. Introduction

Metal nanoclusters (Au, Ag, Pt, Cu) are a new class of attractive materials owing to their
enhanced quantum confinement effect, which endows them with unusual optical and electronic
properties [1-6]. Auand Ag NCs in particular have attracted tremendous interest because of their wide
applications in single-molecule studies, sensing, biolabeling, catalysis, and biological fluorescence
imaging [7-16]. The physical and chemical properties of metal nanoclusters (MNCs) are highly
dependent on their size, shape, composition, and even assembly architecture [17-20]. These clusters are
composed of a few to hundreds of atoms with a size approaching the Fermi wavelength of an electron
(~0.5 nm for Au and Ag), and they possess discrete molecular-like electronic energy band structures,
resulting in intense light absorption and emission. Luminescent MNCs exhibit outstanding optical
properties including a large Stokes shift (generally large than 100 nm), large two-photon absorption
cross-section, good photostability, good biocompatibility, and the emission wavelength could be easily
adjusted by controlling their size and surface ligands, which are not present in conventional organic
dyes [1,9,11,21]. Their excellent luminous performance is attractive for the applications in biomedicine,
since it provides avenues for designing optical sensors, biolabeling, bioimaging, photosensitizers,
and light-emitting devices. However, the luminous quantum yield of MNCs is still not competitive
when compared to those organic dyes and semiconductor quantum dots (QDs), which always hinder
their practical application. One primary reason is the lack of full understanding of the luminescence
origin of MNCs at the molecular level, since its photoluminescence properties depend on many factors
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including cluster size, surface ligands architecture, cluster assembly structure, etc. The preparation
and application of MNCs have been previously reviewed [2,8,10,14,15,22-25]. Herein, we are mainly
focused on the photoluminescence emission origin of MNCs. It is imperative to clarify the origin of
photoemission of MNCs and thus improve their luminous efficacy. Two major explanations about
the photoluminescence mechanism have become gradually accepted by researchers. One is the pure
metal quantum confinement effect [1,26-28]. That is, as the size of MNCs approaches the Fermi
wavelength of metals (usually <1 nm), the continuous band of energy level becomes discrete, leading
to the emerging of molecule-like properties. The emission of MNCs was originated from intraband
(sp-sp) and interband (sp—d) transitions [29,30]. The other explanation is the charge transfer on
the shell of metal clusters due to the interaction between the functional ligands and the metal core,
i.e., ligand-to-metal charge transfer (LMCT) [31] or ligand-to-metal-metal charge transfer (LMMCT:
emphasize the gold-gold interactions resulted from the relativistic effect) [32] mechanism borrowing
from the concept of PL emission of the transition organometallic complexes. Both of these suggest that
the intraband (sp—sp) and interband (sp—d) transitions from metal NCs probably act an intermediate
state (or dark state) to determine the electron transfer [33]. These two explanations are proposed
to explain the size-dependent and ligand-dependent emission phenomenon respectively, but they
are self-contradicted to illustrate the size-dependent and size-independent emission. In addition,
more and more studies show that nonluminescent groups could serve as chromophores in a certain
solvent condition or confined nanospaces. In addition, more and more strong evidences from recent
studies tend to prove the limitation of metal-centered LMCT and LMMCT models to explain the
photoluminescence (PL) properties of metal NCs.

So far, two main approaches—the bottom—up and top—down strategies—have been developed
for the synthesis of emission wavelength adjustable luminescent MNCs with high quantum yield
(QY) in large quantities, as illustrated in Figure 1 [8-10,14,15,34]. The size effect (including metal
corearchitecture) [35—40], ligand effect (charge-donating capability [33], chirality [41,42], hydrophily [43]),
valance state of surface metals [33,44], and superlattice structures of assembly of metal clusters [45,46]

have been intensively studied.
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Figure 1. Schematic illustration of synthetic strategies of luminescent AuNCs and effect of ligands on
their photoluminescence. Reprinted with permission from Ref. [14]. Copyright (2017) Elsevier.
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It is important to note that especially for the bottom—up synthetic strategy, a common feature of
luminescence metal NCs is that the templates used for the synthesis as protective ligands, such as
nonconjugated polymers, proteins, amino acid molecules, and even small chemical molecules, always
contain electron-rich heteroatoms, including oxygen (O), nitrogen (N), sulfur (S), phosphorus (P), and
others, emphasizing the dominant role of the surface ligand to tune the PL properties. However,
the exact role of the surface ligand and the dynamic and/or kinetic of electron relax at the nanoscale
interface between core-shell structured MNCs was not clarified. In this report, we simply review the
present fundamental understanding of the photoluminescence origin of MNCs, especially our recently
developed the ligand-centered p band intermediate state (PBIS) model to elucidate the abnormal
PL emission phenomena. Finally, we proposed some forward-looking perspectives to the future
developments of MNCs, in particular, for the application of MNCs in the nanocatalysis science.

2. Photoemission Mechanism of Metal Nanoclusters

2.1. Size-Dependent Photoemission

As the saying goes, “gold will glitter forever!” The first experimental observation of
photoluminescence from bulk gold metal can date back to as early as 1969 [29]. Mooradian reported
that bulk gold and copper film could generate photoemission when excited under a high-energy laser.
The emission was arising from the interband transitions between electrons in conduction-band states
below the Fermi level and holes in the d bands generated by optical excitation, as shown in Figure 2.
This is the first proposed energy band structure to explain the photoemission mechanism of transition
bulk metal. The energy gap was elucidated to 2.0 eV for copper and 2.2 eV for gold with the help of
emission spectra. While photoemission was observed from bulk metal, the emission was generated
under an extreme condition, and the quantum yield was very low (10719), which was not suitable for
practical application. Metal nanoparticles with a size range from 2 to 50 nm exhibit intense colors due
to the surface plasmon resonance (SPR); in some cases, photoluminescence was also observed in these
small metal nanoparticles, which contrasts the conclusion that MNCs with SPR effect generally do
not produce fluorescence [2]. In 1998, Wilcoxon et al. observed relatively intense photoluminescence
when the size of the metal nanocluster was sufficiently small [47]. Nonluminescent gold particles can
also become luminescent by partial etching with potassium cyanide (KCN). The photoemission with
large Stokes shift is ascribed to the electron and hole interband recombination process. When the
particle size was further reduced to 2 nm or less, the continuous band structure will be broken down
into discrete energy levels according to quantum confinement mechanics, exhibiting molecular-like
properties and not exhibiting typical plasmonic properties. Indeed, these very small transition metal
clusters with precisely defined architectures are first studied in heterogeneous catalysis [48], which did
not attract much more attention from photochemists and photophysicists. With the rapid development
of synthetic nanochemistry, more and more people focused on the peculiar optoelectronic properties
of these tiny metal clusters, even for still low quantum yield (QY) confined in a gas matrix at low
temperature [49,50]. By combining solid-state principles as well as a molecular model, Link et al.
improved the energy band structure model to explain the electron transition process and subsequent PL
emission, which was attributed to the intraband (sp-sp) and interband (sp-d) transitions as illustrated
in Figure 3 [30].
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Figure 2. Schematic band structure of a noble metal showing the excitation and recombination
transitions. Reprinted with permission from Ref. [29]. Copyright (1969) American Physical Society.
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Figure 3. Solid-state model for the origin of the two luminescence bands: The high-energy band is
proposed to be due to the radiative interband recombination between the sp and d-bands, while the
low-energy band is thought to originate from radiative intraband transitions within the sp-band across
the HOMO-LUMO gap (highest occupied molecular orbital and lowest unoccupied molecular orbital).
Note that intraband recombination has to involve the prior nonradiative recombination of the hole
in the d-band created after excitation with an (unexcited) electron in the sp-band. Reprinted with
permission from Ref. [30]. Copyright (2002) American Chemical Society.

With the progress of wet chemical synthesis strategy, luminescent water-soluble metal nanoclusters
with different sizes were successfully synthesized with improved PL emission efficiency and tunable
colors [26,51-54]. The photoemission wavelength could be varied from the ultraviolet (UV) to
near-infrared (NIR) region by controlling the sizes of metal NCs [1]. In the early 2000s, Dickson et
al. first achieved the preparation of water-soluble Au NCs with high fluorescence in solution using a
biocompatible dendrimer (OH-terminated poly(amidoamine) (PAMAM)) as a capping agent [26,51,52].
The emission wavelength of as-prepared Au NCs could be adjusted from UV to the NIR region by
changing the metal/polymer ratio during the synthesis. Benefiting from the progress of soft-ionization
mass spectrometry (MS) technology, the cluster size could be precisely identified. By ingeniously
creating the linear correlation between the emission intensity at a certain wavelength and the intensity
of mass spectra at a certain cluster size, the emission wavelength of different clusters was determined.
The correlation between the size of Au nanodots and emission energies was established and fit a simple
scaling relation of Efermi/N 13 (where Epepmi is the Fermi energy of bulk gold and N is the number of Au
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atoms) [26], as shown in Figure 4. The size-dependent scaling of excitation and emission energies with
EFermy/N'? confirms the good matching with the jellium model where the gap between the discrete
5d valence band and the 6sp conduction band decreases with the increasing cluster size [1]. If this
model is rational, the coinage metals at the same family with the similar size or the close atom numbers
should show very similar PL emission. However, the size distribution and optical properties of stable
“magic” number Ag NCs were found to be obviously different to the gold NCs. Recently, Udaya
Bhaskara Rao et al. successfully synthesized Ag NCs with very similar particle size (Agy and Agg)
using mercaptosuccinic acid (HyMSA) as capping ligands; they showed distinguished PL emission at
approximately 440 nm and 650 nm for Agy and Agg NCs, respectively. Only one silver atom difference
in cluster structures could lead to such a big change of emission color from blue to red [55]. This could
not be simply exchanged only by a size-dependent quantum confinement effect (QCE).
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Figure 4. (a) Excitation (dashed) and emission (solid) spectra of different sizes of PAMAM-Au NCs.
Excitation and emission maxima shift to longer wavelengths with increasing initial Au concentration,
suggesting that increasing the nanocluster size leads to lower energy emission. (b) Correlation of
the number of Au atoms per cluster (N) with the photoemission energy of Au NCs. Reprinted with
permission from Ref. [26]. Copyright (2004) American Physical Society.

Even though MNCs shows strong size-dependent PL emission properties, the quantum lifetime
and QY calculated by theoretical calculation are much less than the experimental observed values, and
if we are only considering the contribution of metal to PL emission, the wavelength of PL emissions
calculated by the theoretical model should lie in a near-infrared range, instead of the observed visible
wavelength emission. These disagreements between experimental and theoretical data indicate the
invalidity of metal-centered quantum confinement mechanics.

2.2. Size-Independent Photoemission

With sophisticated synthetic techniques, atom-precise MNCs were achieved for a number of metal
nanoclusters (referred to as ML, where n and m are the numbers of metal atoms and ligands in the
cluster). Very recently, Luo and his co-workers synthesized a series of glutathione (GSH) protected
Au NCs with precisely atomic compositions (AuygSGy7, AuzpSGag, AuzeSGsy, AuzgSGas, AugzSGay),
and, to one’s surprise, they all exhibited completely the same emission at approximately 610 nm [56],
which is completely contradictory to the explanation of the classical QCE mechanism. Furthermore,
the emission wavelength could be readily regulated from 600 nm to 810 nm by just fine-tuning the
surface ligands’ coverage [57], suggesting the pivotal role of surface-protective ligands to tune the
PL of AuNCs. In addition, the Au NCs with the same number of core atoms but different protecting
ligands show different PL properties [33,58,59]. These results clearly indicate that the metal core is not
the only determining factor for the photoemission of MNCs. Other components of MNCs including
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the nature of coordinate ligands, valence states of surface metal atoms, and assembly architectures of
nanoclusters also make a significant difference on the emission properties of MNCs.

2.2.1. Ligand Effect

It is well accepted that the organic/inorganic scaffolds and/or surface protective ligands were used
to stabilize the metal nanoclusters, since naked MNCs would strongly interact with each other and
aggregate irreversibly as to reduce their surface energy. Solid matrices including noble gas matrices [60],
glasses [61], and zeolites [62—64] are widely selected for incubating silver nanoclusters with only a
few atoms. However, the large size of solid matrices impedes their further application in biomedicine
science. The organic templates that encapsulated MNCs were first achieved using water-soluble
dendrimer (PAMAM) as the scaffold by Dickson et al. in 2002 [51]. Since then, various synthesis
strategies including the template-assisted method and ligand-induced etching have been developed to
fabricate organic ligands-capped luminescent MNCs [10,14]. The formation of MNCs with different
capping ligands in solution have been accomplished in various ways, as shown in Figure 5 [34]. The
synthesis parameters, such as the reduction method of metal ions, the initial ratio of reactants, and the
reaction temperature have a profound effect on the generation of luminescent MNCs.
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Figure 5. Representative luminescent noble-metal nanoclusters scaled as a function of their emission
wavelength superimposed over the spectrum. Protected molecules show different capabilities to tune
the emission wavelength of metallic nanoclusters from current reports.

Prominently, the emission wavelength of the ligand-protected MNCs exhibits a strong ligand-
dependent effect. For example, the emission wavelength of DNA oligomer-capped Ag NCs could be
varied from the blue to NIR region by playing with the nucleotide sequence [65]. In addition, the
photoluminescence intensity is also dependent on the nucleotide sequence. The photoluminescence of
DNA-AgNCs can be enhanced 500-fold when placed in proximity to guanine-rich DNA sequences.
Based on this discovery, Yeh et al. designed a fluorescent probe to detect specific nucleic acid targets [66].
This fluorescence probe can easily reach high signal-to-background ratios (S/B ratios) (>100) upon target
binding, since it does not rely on Forster energy transfer for quenching. Wu et al. systematically studied
the ligand’s role in the fluorescence of gold nanoclusters [33]. They found that the photoluminescence
intensity was scaled with the electron donation capacity of thiol ligands. The photoluminescence
was attributed to the charge transfer from the ligands to the metal nanoparticle core (i.e., LMNCT)
through the Au-S bonds. These ligands with electron-rich atoms (e.g., N, O) or groups (e.g., -COOH,
NH;) can largely promote fluorescence via surface interactions, as shown in Figure 6. Luo et al.
demonstrated that even only the aggregated Au(I)—thiolate complexes induced by solvents or cations
could generate strong photoluminescence. The formation of aurophilic bonds provided the impetus for
aggregation; then, denser and more rigid aggregates were formed. The emission from the aggregates
was attributed to ligand-to-metal charge transfer (LMCT) or ligand-to-metal-metal charge transfer
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(LMMCT) from the sulfur atom in the thiolate ligands to the Au atoms, and subsequent radiative
relaxation, which was most likely via a metal-centered triplet state. Pyo et al. reported an efficient
strategy to enhance the photoluminescence of gold clusters (Auy,(SG)1g) by rigidifying its gold shell
with bulky tetraoctylammonium (TOA) cations [67]. The luminous quantum yield could improve
up to approximately 60% at room temperature. The luminescence was ascribed to the LMMCT
triplet state from the gold shell, which exhibits a strong rigidifying effect. They conclude that the
inter-complex aurophilic Au(I)---Au(l) interactions are unlikely in the well-separated dimeric gold shell
of the Auys(SG);g cluster encapsulated in dendrimer (PAMAM), since these as-synthesized AuNCs
were well-separated by the cavity of the dendrimer, and the luminescence can be ascribed to the
ligand-to-metal charge transfer (LMCT) effect, rather than the LMMCT effect [26]. Londono-Larrea et
al. successfully synthesized water-soluble naked gold nanoclusters (AuNCpakeq) by using only NaOH
(the reductant) and HAuCly [68]. They found that the nonluminescent AuNC,eq could be transferred
to strong luminescent when passivated with different thiols and adenosine monophosphate. The
photoluminescence of the passivated NCs was clearly attributed to the ligand-AuNC surface interaction.
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Figure 6. (a) Weak fluorescence of [Auy5(SR)g]- with different R groups (-C;HyPh, -C15Hjs, and
—-CgHj3). (b) Possible Interactions of amine and carboxyl groups of glutathione (-SG) ligands to the
gold surface. Reprinted with permission from Ref. [33]. Copyright (2010) American Chemical Society.

These results indicated that the surface ligands of MNCs were also pivotal to their
photoluminescence properties. Ligand-to-metal charge transfer (LMCT) and ligand-to-metal—metal
charge transfer (LMMCT or LMNCT) mechanisms were proposed to understand the principle of the
luminescence process. However, some issues are still difficult to understand. For example, these
MNCs with identical size could be luminescent or nonluminescent, and they are very sensitive to the
delicate change of reaction parameters.

2.2.2. Metal Valence State Correlated Photoemission

In addition to the cluster size and surface-capping ligands, a surface metal valence state was
also a considerable factor for synthesizing highly luminescent MNCs. Zhou et al. observed that the
completely different luminescence properties of glutathione protected gold nanoparticles (GS-Au NPs)
with identical size but different in metal valence states [44]. The luminescent GS-Au NPs with a core
size of approximately 2 nm become nonluminescent after treatment by NaBHy, noting that the core
size was sustained. If this is true (same size), obviously the metal centered quantum confinement
effect (QCE) can not answer this peculiar observation. The authors concluded that the high content
of gold(I) (40-50%) in the luminescent nanoparticles verified by X-ray photoelectron spectroscopy
(XPS) was responsible for the unique optical properties of the luminescent gold nanoparticles. The
luminescence lifetime highly depends on the excitation wavelength; when excited at approximately
420 nm, it emits orange colors with a long lifetime of several microseconds at approximately 565 nm,
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while, if excited at 530 nm, the same color is emitted with a short lifetime with nanoseconds (Figure 7).
This interesting observation of dual PL emissions with different lifetimes indicates the presence of two
completely different chromophores. The authors pointed out that the degeneration in energy of the
triplet and singlet excited states in the luminescent gold nanoparticles led to the same wavelength
emissions due to the change of metal charge valence state. Wu et al. also observed that the fluorescence
of Aups(SC,H4Ph) g could be largely enhanced by increasing their oxidation charge state (from —1
up to +2) using oxidants such as O,, HyO,, Ce(SO4),, etc. [69,70]. In these reports, all the evidence
confirmed the influence of the valence state of a metal ion or core on the PL emissions, and the PL
emission of MNCs was originated from the interband or intraband transitions of the outmost shell
electrons. However, it is important to note that the increasing of the electropositivity of the metal core,
i.e., the high charge state of metals, can also promote the interactions between the surface ligands and
metal core, which cannot completely exclude the role of ligand assembly to tune the PL emission.
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Figure 7. A possible optical transition scheme for orange-emitting GS-AuNPs where the luminescence
originates from transitions between d and sp bands. When the NPs are excited at 420 nm, the electrons
will be relaxed from triplet states in sp bands to some ground states in d bands, leading to microsecond
emission. Once the excitation wavelength is shifted to 530 nm, the electrons will be decayed from singlet
excited states in the sp band to singlet states in ground states and give out a nanosecond emission.
The triplet and singlet excited states in the luminescent gold nanoparticles are degenerate in energy.
Reprinted with permission from Ref. [44]. Copyright (2010) American Chemical Society.

2.2.3. Self-Assembly Governed Photoemission

The intrinsic defect of luminous MNCs was their limited quantum yield, since these ultra-small
clusters with high surface-to-volume ratio easily suffer from the solvent molecules and oxygens,
which could quench their photoluminescence [71]. Many MNCs only exhibit photoluminescence
under low temperature and are nonluminescent at room temperature, which largely limits their
practical application [72]. Aggregation-induced emission (AIE) is an efficient strategy for improving
the photoluminescence performance of lumigens. It has attracted tremendous attention since the first
observation in organic chromophores by Tang’s group in 2001 [73]. Generally, the aggregation of organic
dyes could lead to photoluminescence quenching due to the formation of detrimental species such as
excimers [74,75]. In contrast, the luminescence of (luminigens) AIEgens is conspicuously enhanced
via aggregation due to the strong restriction of the intramolecular vibrations (RIV) and rotations
(RIR) [76]. Recently, this fascinating AIE effect has been regarded as an efficient strategy for optimizing
the photoemission performance of nanoclusters by directing their spatial construction [45,56,77,78].
The alternation of nanoarchitectures greatly influences the charge transfer and energy conduction
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process of MNCs, and thus their photoelectric performance. However, the physical origin of AIE effect
is not clearly addressed. In fact, if we carefully checked the structures and PL properties of AIEgens,
they showed very similar PL properties with MNCs, such as a very strong solvent effect and large
Stock shift. It is possible that their PL origins come from the same physical principle.

Jianping Xie’s group and Erkang Wang’s group first reported that the nonluminescent oligomeric
Au(I)—thiolate complexes and weak luminescent CuNCs in aqueous solution could generate strong
luminescence upon aggregation induced by weak polar solvents or divalent cations [56,79], and their
luminescence enhancement was assigned to the AIE effect. Very recently, Jia et al. demonstrated that
the photophysical features of the thiolated AgNCs were dependent on their morphology, which was
controlled by the solvents-induced aggregation [41]. The ordered structure of AgNCs assemblies was
well defined by XRD and TEM techniques. Subsequently, Benito et al. observed the mechanochromic
luminescence properties in copper iodide clusters [46]. Two kinds of crystalline polymorphs with green
and yellow emission were obtained. Upon mechanical grinding, the green emissive polymorph exhibits
great modification of its emission from green to yellow, as shown in Figure 8. XRD analyses indicated
that the crystalline packing was damaged, and an almost complete amorphous state was formed,
which implies an assembly architecture-dependent emission property of CuNCs. Obviously, the
change of PL properties triggered by simply grounding cannot be simply answered by metal-centered
QCE, since individual CuNCs remains unchanged. The authors suggested that the Cu-Cu interactions
were responsible for the luminescence properties. Upon mechanical stimulation, destruction of the
crystalline structure led to shortening of the Cu—Cu bond in the cluster core and resulting red shift
of emission wavelength from green to yellow. These results definitely established the important role
of cuprophilic interactions in the mechanochromic mechanism of CuNCs. A similar mechanism was
used by Zhang to explain the PL emission of metal nanoclusters (Cu, Au, Ag) self-assemblies with
different assembly morphology [45,78,80-83]. These as-synthesized nonluminescent individual CuNCs
could generate strong photoemission when assembled to a crystalline packing structure, similar to the
AIE effect, noting that the emission wavelength could be easily adjusted by controlling the assembly
structure. As shown in Figure 9, CuNCs exhibit yellow-green emission in nanosheets but blue emission
in nanoribbons. A mechanochromic property was also observed in which the blue emissive nanoribbon
could transfer to yellow emissive with less crystallinity.
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Figure 8. (a) Molecular structure of clusters 1G and 1Y and the mean of selected bond lengths. Hydrogen
atoms have been omitted for clarity. (b) Photos of the ground (left) and intact (right) crystalline powder
of 1G under ambient light and under UV irradiation at 312 nm (UV lamp) at room temperature.
Reprinted with permission from Ref. [46]. Copyright (2014) American Chemical Society.

The relationship between the compactness of assemblies and the emission was summarized
as follows. (1) “High compactness reinforces the cuprophilic Cu(I)--Cu(l) interaction of inter- and
intra-NCs, and meanwhile, it suppresses intramolecular vibration and rotation of the capping ligand
of 1-Dodecanethiol (DT), thus enhancing the emission intensity of Cu NCs. (2) The emission energy
depends on the distance of Cu(I)--Cu(l); the improved compactness increases the average Cu(I)--Cu(I)
distance by inducing additional inter-NCs cuprophilic interaction, and therewith leads to the blue shift
of NCs emission” [45]. Noting that it is counterintuitive for improving the compactness could lead to
the increase of Cu(I)--Cu(I) distance. The authors explain this abnormal phenomenon by inducing
additional inter-NCs cuprophilic interaction between the neighboring NCs. However, it needs to be

97



Nanomaterials 2020, 10, 261

reiterated that cuprophilic interactions could only generate when the adjacent Cu---Cu distances are in
the range of the van der Walls interaction distance (generally less than 3.6 A); however, the distance
between these two neighboring NCs is at a nanometer scale, which is far beyond the effective distance
of metallophilic interactions [32,84,85]. Thus, the rationality of the LMCT and/or LMMCT model was
challenged. However, the fact remains that the change of spacing distance between adjacent surface
ligands in varied morphologies is definitively confirmed, which further evidenced the paramount role
of surface ligand packing to tune the PL properties.
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Figure 9. (a) TEM image of the ribbons from Cu NCs’ self-assembly. (b) HRTEM image of the ribbons.
Inset: the Fourier transform image. (c) Small-angle region of XRD pattern. (d) Steady-state absorption
(black) and emission (red) spectra of the ribbons in chloroform. Inset: the fluorescent image with
365 nm excitation. (a”) TEM image of the sheets from Cu NCs’ self-assembly. (b”) HRTEM image of the
sheets. (¢) Small-angle region of XRD pattern. (d’) Steady-state absorption (black) and emission (red)
spectra of the sheets in chloroform. Inset: the fluorescent image with 365 nm excitation. Reprinted
with permission from Ref. [45]. Copyright (2015) American Chemical Society.

3. Our P Band Intermediate State (PBIS) Model Dominates the Photoluminescence Emission
of MNCs

Even though the metal-centered free-electron model based on the QCE and, subsequent LMCT
and/or LMMCT mechanism, in some sense, explained some important PL emission phenomena,
the elucidation and origin of optoelectronic properties is diverse and contradictory, at every point
inviting inquiry and debate over a decade. Since 2014, this continuous and long-term study in my
group and collaborators has been carried out to understand the nature of the photoluminescence
emission of metal nanoclusters and related quantum nanostructures. We first provided the key
evidences that the distribution of surface-protecting ligands on the metal core played a paramount
role to tune the optoelectronic properties of noble metal NCs. However, the basic chemical principle
hidden behind abnormal optical phenomena has been troubling us, such as its room temperature
phosphorescence enhancement, surface ligand selectivity, unprecedented large Stokes Shift, tunable
optical absorption, newborn electronic band structure, etc. Very recently, using metal NCs as a
model system, by judiciously manipulating the delicate surface ligand interactions at the nanoscale
interface of a single metal nanocluster, superlattice and mesoporous materials, together with a careful
control of the solvophobicity and solvophilicity of the ligands, the resulting interplay of various
noncovalent interactions can lead to the precise modulation of optoelectronic properties of metal NCs.
A completely new p band intermediate state (PBIS) model was proposed to understand the origin of PL
emission of all related quantum nanodots, which completely challenges the metal-centered quantum
mechanics for the elucidation of PL emission of metal NCs. We definitively identify that the PBIS
stems from the overlapping of p orbitals of the paired or more adjacent heteroatoms (O and S) from the
surface-protected ligands on the metal NCs, which can be considered as a dark state at the metal-NCs
interface to activate the triplet site of the surface chromophores.
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In our earlier investigations, in order to fully understand the structure of luminescent MNCs,
we used water-soluble polymers poly(methacrylic acid) (PMAA) as templates to encapsulate AgNCs
with small size (2—5 nm) [86]. By precisely designing the experiments” parameters, we found that
the photoluminescence of AgNCs showed high selectivity on the surface-anchoring ligands and
strong dependence on the valence state of surface metal. That was, the strong fluorescence of
carboxyl-protected AgNCs disappeared when the surface functional ligands were changed to sulfonic
acid groups, even though the metal core was sustained, indicating the key role of ligand type on the
regulation of PL properties. Based on these experimental results, a core-shell structural model was
proposed to understand the nature of photoluminescence of Ag NCs. As shown in Figure 10, the
fluorescence from the AgNCs was attributed to ligand-to-metal-metal charge transfer (LMMCT) from
Ag(I)-carboxylate complexes (the oxygen atom in the carboxylate ligands to the Ag(I) ions) to the
Ag atoms and subsequent radiative relaxation. In this report, we also followed the classical QCE to
elucidate the PL emission of MNCs. However, we highlighted the pivotal role of surface ligands to
regulate the PL properties of MNCs.
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Figure 10. (a) UV—vis absorption of the freshly prepared Ag-carboxylate NCs using PMAA as scaffold at
various radiation times. (b) PL spectra of the Ag-carboxylate NCs. Inset images show the corresponding
photographs of Ag-carboxylate NCs under room and UV light exposure at A = 365 nm. (c) Schematic
illustration of the structures of our luminescent Ag-carboxylate with Ag*-carboxylate complexes
shell. (d) TEM image of freshly prepared Ag-carboxylate NCs (histogram describes the statistical
distribution of the particle size, which is approximately 3.5 nm). Reprinted with permission from
Ref. [86]. Copyright (2014) American Chemical Society.
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To further clarify the emission origin of MNCs, we separately discussed the functions of surface
ligands and metal core to the photoluminescence. Metal-centered emission (MCE) and ligand-centered
emissions (LCE) were simultaneously observed in AgNCs [87]. Luminescent water-soluble AgNCs
protected by sulfydryl ligands with different functional groups (carboxyl, amino, alkyl) were successfully
fabricated using a modified cyclic reduction—decomposition approach. Two distinct photoemissions
with emission peaks at approximately 580 and 665 nm were observed, as shown in Figure 11. The
emission at approximately 580 nm with a small Stokes shift (30 nm), narrow peak width (full width
at half maxima (FWHM) approximately 30 nm), short lifetime (1.6 ns), and low quantum yield (<1%)
was ligand-independent, since it could be observed in all of these as-synthesized AgNCs with different
capping ligands. In contrast, the emission at approximately 665 nm with a large Stokes shift (>200 nm),
broad peak width (FWHM approximately 100 nm), relative longer lifetime (180 ns), and higher quantum
yield (approximately 10%) was ligand-dependent, and it could only be observed in AgNCs protected by
carboxyl. They were attributed to MCE and LCE, respectively. The MCE was highly dependent on the
metal core, and the LCE was highly related to the surface ligands and solvent environment. Accordantly,
the emission at approximately 580 nm was pH independent, and the emission at approximately 665 nm
exhibits a strong pH-dependent effect (Figure 12a—c). Based on these observations, a new ligand synergistic
emission effect was proposed to understand the PL emission of MNCs. That is, the amino-correlated n7t*
state provides a pivot to bridge the carboxyl correlated 7ir* and n7* states to enhance the charge transfer
efficiency between different surface electronic states. Consequently, the photoluminescence quantum
yields were significantly improved (approximately 1% to 10%), as shown in Figure 12. Very recently, our
unpublished results showed that the assignment on the emission at approximately 580 nm is probably
not right. Thus, the ligand synergistic emission mechanism needs further optimization.

(a)d 580 nm (b) 460:nm 665 nm

: 6x10° | 550 nm l wl6ns | 2 5x10°) 1, L t:180ns
~ 5x10°4 @ 1% | = ®: ~10%
= 1% 5 ax10
o 4x1074 @
S axio’] S 3x10
€ 10 FWHM € .
g 2%10° 4 ~30 nm E 2x10

1%10* 4 1x10

R : ; ,
400 500 600 700 800 500 600 700 800
Wavelength / nm Wavelength / nm

10°

) 580 nm
10 1.6 ns

Count / a.u.

o 1w 20 30
Time / ns

180 ns

500 1000 1500 2000 2500
3 nm Time / ns

Figure 11. Excitation and emission spectra of the narrow approximately 580 nm emission (a) and
broad approximately 665 nm emission (b). Inset images show the corresponding photographs of
D-penicillamine-capped silver nanoclusters (DPA-AgNCs) under room and UV light exposure at A =
365 nm. (c) Schematic illustration of the metal-centered and ligand-centered emission mechanisms of
DPA-capped AgNCs. (d) Time-resolved luminescence decay profiles of DPA-AgNCs in water solution
measured at 665 and 580 nm (inset), excited at 400 and 550 nm, respectively. Reprinted with permission
from Ref. [87]. Copyright (2019) American Chemical Society.
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Figure 12. (a) Photoluminescence spectra of as-synthesized DPA-AgNCs in different pH conditions.
(b) PL intensity of DPA-AgNCs upon cyclic switching of the pH between 4.6 and 9.7. (c) PL spectra and PL
intensity (inset) of DPA-AgNCs with changing pH values. PL spectra were excited at 400 nm; pH value
over the range 1.5-12. (d) Schematic illustration of the ligand synergistic effect and pH-induced conical
intersections. Reprinted with permission from Ref. [87]. Copyright (2019) American Chemical Society.

If the metal-centered QCE dominates the PL emission of MNCs, the optical properties should not
be significantly affected by the solvent effect. However, it is not the case. Very recently, we unexpectedly
observed a strong solvent-induced enhancement effect of carboxyl-protected water-soluble AgNCs,
indicating the invalidity of the well-accepted metal centered QCE model [88]. The emission QY of
AgNCs could be largely improved from approximately 1% to 40% by a simple solvent-stimulated
strategy (Figure 13). The fluorescence-phosphorescence dual solvoluminescence (SL) of water-soluble
metal nanoclusters (NCs) at room temperature was observed. The photoluminescence was originated
from the self-assembly of surface ligands, which was induced by solvent stimulation, that is, the
clustering of surface ligands, as illustrated in Figure 14. The clustering of surface carbonyl groups was
promoted in two different ways: (1) the strong interaction between carboxylate ligands and the metal
core, and (2) strong n — 7* interactions between these two adjacent carbonyl groups [89-91]. The
clustering of carbonyl groups could lead to the extension of conjugation and efficient delocalization of
electrons in overlapped C=0 double bonds between neighboring carbonyl groups. In addition, the
molecular conformation becomes more rigid, which could largely restrict the intramolecular vibrations
(RIV) and rotations (RIR). Finally, the photoluminescence was largely enhanced. We first proposed
that the exact chromophore of metal NCs for aggregation-induced emission (AIE) mechanics was
originated from the clustering carbonyl groups. This interpretation gives a completely new insight
into the luminescent principle of MNCs, but we cannot completely preclude the role of the metal core
for the PL emission.

101



Nanomaterials 2020, 10, 261

(a) | f= —100% (b) 530 nm f=—100%
15 ‘ 20 ) | ‘ 90
‘ 80 3 2x10° —¢80
| —70 by
‘ 60 >
2 1.0 — 50 £
< —40 | §
| 20 £ 110’
05 | =2 =
“ [
oo‘ Y . - ; o M P——
300 350 400 450 400 450 500 650 600 650 700
Wavelength / nm Wavelength / nm
(©) (@),
3x10° /' |
3 / 104
© o s o |
s @
22410 ’/ = 10
g : /530 nm 5 10'
£ f increase S8 1¢? : o
= o] d L] (&) 200 400 600 800
= x1 / Time / ys
* 460nm )
—t—a—n—g—u—" 10
[ ] [ ] L} . .
0 20 40 60 80 100 5 10 15 20
R(vol%) Time /ns

Figure 13. (a) UV-vis absorption and (b) photoluminescence spectra of polymethyl vinyl ether-alt-maleic
acid-capped silver nanoclusters (PMVEM-Ag NCs) in the varied volume fraction f4 of DMSO in the
mixed solvent (fq = Vpymso/VDMSO+water)- Photoluminescence was excited at 365 nm. (c) Correlations of
the emission intensities of the two peaks centered at approximately 460 and approximately 530 nm versus
f4- (Inset) Photographs of PMVEM-Ag NCs at different f4 under visible (top row) and UV (bottom row)
light. (d) Time-resolved luminescence decay profiles of PMVEM-Ag NCs in DMSO measured at 460
and 530 nm (inset), respectively. Reprinted with permission from Ref. [88]. Copyright (2017) American
Chemical Society.
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Figure 14. Schematic illustration of the solvent-induced clustering process of Ag NCs (top) depending
on the unique molecular structure of the polymer used as a template for the synthesis of Ag NCs
(bottom-right) and the energy-level structure of Ag NCs in water solution and DMSO solution
(bottom-left). Reprinted with permission from Ref. [88]. Copyright (2017) American Chemical Society.

Very most recently, based on the complimentary characterizations of steady-state absorption,
excitation, and time-resolved PL spectroscopy, we definitively identify that the induced p band
intermediate state (PBIS) stems from the overlapping of p orbitals of the paired or more adjacent
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heteroatoms (O and S) from the surface-protected ligands on the metal NCs, which can be considered
as a dark state at the metal-NCs interface to activate the triplet site of the surface chromophores by
enhancing intersystem crossing [43]. Figure 15 showed that the water-soluble and oil-soluble MNCs
with identical size synthesized by a ligand-exchange strategy (denoted as Au NCs@GSH and Au
NCs@DT, respectively) exhibited the strong solvent-enhanced PL emission behavior, and that it is
very interesting that the number and intensity of PL emission was strongly dependent on the type of
used surface-protective ligands, even though the metal core remains intact. The more convincing and
powerful evidence for the PBIS model comes from the luminescent mesoporous silica nanoparticles
functionalized by nonluminescent organosilanes with amino and carbonyl groups free of any metals,
which bears the same spectroscopic properties as metal NCs. These surface-modified MSNs with
target organic functions showed a very strong and tunable photoluminescence emission due to the
clustering of nonluminescent chromophores in the confined nanospace [92-99]. It is importantly noted
that the selectively used organosilane in the functional groups contains heteroatoms with unpaired
lone electrons, such as oxygen (O), nitrogen (N), and sulfur (S), as used protecting ligand molecules
for the synthesis of metal NCs [100-102]. These nonluminescent functional groups assembled on
a non-metallic surface generated the same photoluminescence emission with MNCs, as shown in
Figure 16. We definitively confirmed that the pairing of surface ligands could serve as an exact
chromophore for PL emission, which has nothing to do with the metal core.
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Figure 15. Solvent-induced ligand-dependent optical absorption and emissions. Photoemission and
excitation spectra of water-soluble Au NCs@GSH (a) and oil-soluble Au NCs@DT (c) in mixed solvents
with different volume fractions of R (Inset, relationship between the luminescence intensity and R
(Reton = Volgion/VolgioH + H20, RH20 = Volmoo/VolgioH + H20), the spectra were recorded at 0.5 h
after the sample preparation). (b) Ultraviolet-visible (UV—vis) absorption spectra of Au NCs@GSH in
mixed solvents with different Rgopy. Inset shows the digital photos of water-soluble Au NCs@GSH
and oil-soluble Au NCs@DT in mixed solvents of ethanol and water with varied volume fractions of
Reton and Rippp under UV light. (d) Time-resolved luminescence decay profiles of solvent-induced
luminescent Au NCs@GSH and Au NCs@DT. Reprinted with permission from Ref. [43]. Copyright
(2019) Springer Nature. GSH: glutathione.
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Figure 16. Ligand assembly in the mesoporous silica nanoparticles (MSNs) free of metals and
their tunable luminescent properties. Scanning electron microscopy (SEM) (a) and TEM (b) images
of as-synthesized fluorescent mesoporous silica nanoparticles. The inset shows the assembly
of amino and carbonyl groups in the confined nanopores. (c) Excitation and emission spectra
of aminopropyl-functionalized MSNs. (d) Absorption and emission spectra of propylsuccinic-
functionalized MSNs. Reprinted with permission from Ref. [43]. Copyright (2019) Springer Nature.

A descriptive ligand-assembly-mediated interfacial p band intermediate state (PBIS) model was
proposed to understand the origin of the PL emission of MNCs, as shown in Figure 17. At the nanoscale
interface of the metal nanocluster core or in the confined nanomesopores, the adjacent ligands locally
interact with each other to form Rydberg matter-like clusters by the overlapping of p-orbitals from
O, N, S, and P on proximal carbonyl/thiol groups with high-energy lone-pair electrons [103,104].
The delocalization of the high-energy electrons in coupled p orbitals in ligand-directed molecular
architectures produces a new overall lower energy state, the so-called PBIS, which acts as an intermediate
(or dark) state to tune PL emissions by intersystem crossing where the energy gap between the singlet
excited state and the intermediate p band state governs the direction and the extent of the electron
transfer. Time-dependent density functional theory (TD-DFT) calculation indicated that the energy
level of the p-band center is very sensitive to the local proximity ligand chromophores at heterogeneous
interfaces, which further confirmed the validity of the PBIS model.

Based on this model, which is shown here as an atypical example, the abnormal polymorph-
dependent emission wavelength phenomenon in anisotropic superlattices could be readily
understood [45]. As illustrated in Figure 18, in the highly compact structure (nanoribbon), due
to the strong intercalation between DT molecules in the layers, the d spacing between two DT molecules
islarger than that in nanosheets; then, the overlapping or the interactions between paired or neighboring
DT molecules are weakened, which answers that the blue-shift emission of the nanoribbons is due to
the declined electron delocalization between adjacent DT molecules.
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Figure 17. Ligand-assembly-mediated p band intermediate state (PBIS) dominates photoluminescence
emission. Schematic illustration of the ligand exchange process and solvent-induced emission (SIE)
properties of Au NCs (inset: the energy-level structure of Au NCs in water and ethanol mixed solution).
The p band formed by the overlapping of p orbitals of electron-rich sulfur and oxygen heteroatoms of
well-organized surface ligands is used as an intermediate state or dark state to tune the optoelectronic
properties. Please see more details on the pioneering conceptual PBIS model. Reprinted with permission
from Ref. [43]. Copyright (2019) Springer Nature.
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Figure 18. (a) Schematic structures of a Cu superlattice with different nanoribbon and nanosheet
morphology. (b) Corresponding emission spectra of Cu NCs with nanoribbon and nanosheet morphology.
The real distance between two thiol groups in the nanoribbon Cu superlattice is larger than that in
the nanosheet Cu superlattice, indicating the loose packing of DT molecules on the metal core. The
emission peak exhibits a blue shift from 550 nm to 490 nm when the morphology of the Cu superlattice
changed from a nanosheet to nanoribbon, which implies a change of the packing model of DT molecules.
Reprinted with permission from Ref. [43]. Copyright (2019) Springer Nature.

The PBIS model was also successful to explain the long-term debated and self-contradictory
size-dependent and size-independent PL phenomena of MNCs: the smaller the metal nanoparticle size,
the more coordinated unsaturated metal atoms are exposed with increased surface-to-volume rations,
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resulting in the strong binding and high surface coverage of surface coating ligands, consequently
emitting enhanced PL intensity with low energy due to the maximum overlapping of p orbitals
from surface ligands, where the MNCs provided an ideal nanoscale interface for the strong binding
interactions of adsorbed molecules, for example, the surface-protective ligands. When the nanoparticle
size is fixed, the intensity and wavelength of PL are dependent on ligand coverage or densities: a high
Au-S coordination number (CN) and high surface coverage results in stronger PL emission at long
wavelengths because of the close packing of surface ligands, whereas a low Au-S CN and a low surface
coverage make weak PL emissions with high energy. Obviously, the PL emission of metal nanoclusters
is strongly dependent on the close packing or self-assembly of targeted surface ligands; thus, the used
template for MNCs must contain electron-rich heteroatoms, including oxygen (O), nitrogen (N), sulfur
(S), and phosphorus (P).

4. Summary and Outlooks

Numerous and complicated superficial factors, such as the size and type of MNCs, the surface
ligands, the valence state of surface metal, the self-assembly, and even the solvent effect affect
the luminescent properties of metal nanoclusters, which interferes with the understanding of the
luminescent nature of metal nanoclusters. Using metal NCs as a model system, by judiciously
manipulating the delicate surface ligand interactions at the nanoscale interface together with a careful
calculation of time-dependent density functional theory (TD-DFT), we proposed a completely new
p band intermediate state (PBIS) model to elucidate the origin of PL emission of MNCs, which
is completely different from the metal-centered quantum confinement mechanics (QCE) for the
elucidation of PL emission of metal NCs. This mechanism could be universal to explain the PL emission
nature of other quantum dot systems, including carbon and graphene nanodots, transition metal
dichalcogenide (TMDC) nanomaterials, luminescent metal organic framework (MOFs), luminescent
perovskites, and even organometallic complexes [105-110], because the overlapping of p orbitals
at the confined nanointerface and nanospace could not be precluded [111]. Even though the PBIS
model could qualitatively describe the PL properties, the exact dynamics and kinetics of electron
transition of the excited state were not clear. In the near future, ultrafast time-resolved technology
such as transient absorption and fluorescence up-conversion at the femtosecond scale will provide
some reliable measurement tools to describe the relaxation and decay pathways of excited electrons.
Most importantly, with respect to the paramount importance and universality of ligand and interface
interaction at the nanoscale interface, the proof of concept of PBIS not only elucidates the fundamental
physical principles driving nanoscale PL emission phenomena, but it also provides completely new
insights to understand the interface-confined nanocatalysis on the molecule level. The presence of a
new interface state with a low energy level could act as an extra channel to promote election transfer,
which reduces the energy barrier of redox reaction, similar to the role of the transition state called in the
heterogeneous catalysis [112,113]. At the same time, if the atomic orbitals of reactants interact with the
PBIS, the binding strength of the reactant with the metal active site could be optimized (the classical
Sabatier principle), which will improve the selectivity and lifetime of catalysts [114]. Of course, PBIS
could be self-spontaneously formed between two adsorbed neighboring reactants at the heterogeneous
nanoscale interface, which will also accelerate the chemical reaction depending the surface coverage.
Hence, this significant conceptual advance will be of immediate interest to a broad readership of
researchers in the nanocatalysis science.
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Abstract: Au clusters with the precise numbers of gold atoms, a novel nanogold material, have
recently attracted increasing interest in the nanoscience because of very unique and unexpected
properties. The unique interaction and electron transfer between gold clusters and reactants make
the clusters promising catalysts during organic transformations. The Au,L;; nanoclusters (where L
represents organic ligands and # and m mean the number of gold atoms and ligands, respectively)
have been well investigated and developed for selective oxidation, hydrogenation, photo-catalysis,
and so on. These gold clusters possess unique frameworks, providing insights into the catalytic
processes and an excellent arena to correlate the atomic frameworks with their intrinsic catalytic
properties and to further investigate the tentative reaction mechanisms. This review comprehensively
summarizes the very latest advances in the catalytic applications of the Au nanoclusters for the
C—C cross-coupling reactions, e.g., Ullmann, Sonogashira, Suzuki cross-couplings, and A3—coupling
reactions. Itis found that the proposed catalytically active sites are associated with the exposure of gold
atoms on the surface of the metal core when partial capping organic ligands are selectively detached
under the reaction conditions. Finally, the tentative catalytic mechanisms over the ligand-capped Au
nanoclusters and the relationship of structure and catalytic performances at the atomic level using
computational methods are explored in detail.

Keywords: gold nanocluster; cross-coupling; Ullmann hetero-coupling; Sonogashira coupling;
Suzuki coupling; A3~coupling; catalytic mechanism; ligand removal

1. Introduction

Since the work of Haruta’s group in the late 1980s [1], supported gold nanoparticles with a
particle size in the range of 3-20 nm have played a central role in a variety of reactions such as
selective oxidation [2-5], hydrogenation [6-8], and photocatalysis [9,10]. These conventional gold
catalysts have been realized via deposition—precipitation and co-precipitation impregnation with
oxides by controlling the pH of the synthetic system. These obtained gold nanoparticles are usually
polydisperse, which is a major issue in fundamental catalysis and investigations [11]. For example,
the size-hierarchy of Au nanoparticles are often averaged out in polydispersion. It is difficult to
correlate the relationship between the catalytic properties and the structure of the nanoparticles.
Therefore, developing nanostructured catalysts with specific morphology (e.g., nanosheet, nanocube,
and nanorod) is highly desirable to overcome this issue, further promoting the development of
crystal-identified model catalysts [12,13].

On the other hand, the remarkable developments in the synthesis of atomically precise
gold nanoclusters have been achieved in recent decades, which opens a new burgeoning area
in nanoscience [14,15]. These gold nanoclusters are comprised of a few dozen to a few hundred gold
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atoms and protecting organic ligands (e.g., thiolate, phosphine, and alkyne), and the size is ultra-small,
usually ca. 0.6-2 nm. Some gold nanoclusters are identifiable by X-ray crystallography technology.
It offers a big opportunity for in-depth understanding of the relationship of the catalytic properties and
the active-site structure at the atomic level [16].

It is observed that these gold nanoclusters exhibit good catalytic performance in heterogeneous
catalysis (e.g., selective oxidation and hydrogenation) [16-18]. Sometime, the gold clusters show better
catalytic behavior (e.g., activity and product selectivity) than the corresponding Au nanoparticles,
because of their high surface-to-volume ratio (reaches up to ~100%), surface geometric effect
(e.g., low-coordinated Au®* atoms, 0 < § < 1), and the unique electronic properties and the quantum
size effect. Furthermore, the protecting organic ligands can improve the product selectivity due to their
electronic factors and steric hindrance and weak interaction (e.g., -7t interaction) between the reactants
and cluster surface ligands during the catalysis process. In the recent decade, these gold nanoclusters
exhibited good catalytic activity in the cross C-C couplings, e.g., Ullmann hetero-coupling, Suzuki and
Sonogashira coupling, and A3-coupling [19,20]. Traditionally, these catalyzed C-C coupling reactions
are over the Cu, Pd, and Pt complexes and particles in the previous literatures [21-23].

In this review, we aim to provide an overview focused on the Au nanocluster-catalyzed coupling
reactions, e.g., Ullmann hetero-coupling of Ar-I, Suzuki cross-coupling of PhB(OH), and Ph-I (IB),
Sonogashira cross-coupling of IB and Ph-C=C-H (PA), and A3-coupling (Scheme 1). The pathway of
the selective detachment of the surface protecting ligands (under the reaction conditions), giving the
catalytically active sites, is well discussed. Moreover, the proposed reaction pathway and mechanisms of
these carbon-carbon coupling reactions were thoroughly summarized based on the precise framework
of gold nanoclusters (e.g., two Aups) as the mode theoretical calculations.

Ullmann

Suzuki . .
coupling: @X+(HO)ZB@R O O R
Sonogashira X - __ - __ -
coupling: N N\ 7/ \ 7/

1/ R/l

RN
A’-coupling: RICHO + R';NH + =—RI/——
R A

R/
Scheme 1. Cross-coupling reactions over gold cluster in this review.

2. Activation of Ph—-B(OH),, Ph-I, and C=C-H Bonds over Au: Theoretical Simulation

The activation of the Ph—-B(OH),, Ph-I, and C=C-H bonds over the gold clusters plays an important
role and step in the cross-coupling reactions, e.g., Ullmann hetero-coupling, Sonogashira coupling,
Suzuki coupling, and A3—coupling. The adsorption and activation process of the reactants over the
different well-defined gold facets and sites are distinct [24-27]. The density functional theory (DFT)
calculations should be a feasible and fast method to explore the activation of Ph-B(OH),, C-I, and
C=C-H bond by gold nanoclusters.

Firstly, the shape controlled Au nanoparticles (e.g., Au nanorod) with well-defined surfaces and
morphologies are well investigated [28,29], providing a platform to establish site-activity relationships
and to pursue the understanding of heterogeneous processes. Therefore, the gold nanorod is chosen
for the theoretical simulation of the activation of Ph-I and C=C-H bonds. DFT studies showed that
the Ph-I reactant adsorbs onto the Au(100) and Au(111) with Au-I distance 2.95 and 2.86 A. The C-I
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bond is more elongated on the Au(111) compared to Au(100) (2.17 Avs. 2.13 A) [26]; the C-1 length
of the free IB is 2.09 A. Furthermore, the phenyl group is located on an Au atom. The iodine atom is
strongly chemisorbed on the bridging and hollow sites. Regard to the activation of alkyne, the Ph-C=C-
fragment is also adsorbed on bridging and 3-fold hollow sites of Au(100) and Au(111). The coordination
number of one Ph—C=C- unit is 3 and 4 for Au(100) and Au(111) facets during the cross-coupling
reaction, respectively, Figure 1, and the activation energy of cross-coupling is comparable [26].
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Figure 1. Proposed pathway for the cross-coupling on the (A) Au(100) and (B) Au(111). Reproduced
with permission from [26]. Elsevier, 2015.

Next, the activation of Ph—B(OH),, Ph~I, and C=C-H also was explored on a model cluster (Auzg
and partially oxidized AusgO;) [30-32]. It is worthy to note that the model clusters of the Ausg and
AuzgO, are somewhat different from the real catalyst in terms of the real structure. The AuzgO, cluster
contains metallic Au® and cationic Au®* species, and each O atom bonds to three Au atoms. In the
activation process of phenylboronate, DFT showed that the phenylboronate reactant is preferentially
adsorbed on the Au’ species rather than on the Audt sites [30], leading to formation of the final
product- biphenyl (Figure 2B). Meanwhile, DFT simulation also found that the interaction between
the Au®* sites and Ph-T is weaker and the adsorption of C=C—H on Au®* sites is relatively strong.
Further, the proton of alkyne was detached with aid of O atom in the deprotonation step (Figure 2A).
Therefore, a very low activation energy is required when the cross-coupling reactions occurred over
the AuggO; cluster. Of note, the cross-coupling step of the activated PA and —Ph on the AuzgO, should
be the rate-determining step [32].

E (kcalimol,
B)ooq “ .

-10.0

-200

Figure 2. Calculated energy of the dissociation of PhB(OH);~ anion (A) and deprotonation of PA (B)
on the AuzgO; cluster. Reproduced with permission from [30]. American Chemical Society, 2012.
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3. Physical Property of Au Nanoclusters

3.1. Framework

The gold clusters with crystal structure can be employed as the practical simulation models for
mechanism study. In this Review, we only focus on the two cluster structures of the nanorod-shaped
[Auys(PPh3)19LsClp]* (L = —SR and PA) and the nanosphere [Auys;(SR)1g]* (x = -1, 0, +1, etc.), used
as the real model for DFT studies (vide infra). The Aups(SR);g cluster comprises an Auys core [33] and
six staples of Auy(SR)3 [34]. [Aups(PPhs)19LsClo %+ is composed of two Auyz cores by sharing one
common vertex to form the waist sites [35], connected by thiolate or alkyne ligands [36] (Figure 3).

B)

Waist sites

Auys5(SR)qs Auys(PPhg)yLsX;

Figure 3. Framework of Auy5(SR)1g (A) and Auys(PPh3)19LsCl, (B). The orange areas in are the Aug
and the waist active sites during the catalysis. Reproduced with permission from [36]. American
Chemical Society, 2008 and Springer, 2019.

3.2. Redox Property of Au cluster

AuzgSy(SAdm),g (SAdm = adamantanethiolate) nanoclusters exerted photosensitizing properties
to give singlet oxygen (*O,) under visible light irradiation (e.g., 532 and 650 nm) [37].
The AuzgS(SAdm)y is intact during the whole photocatalysis process, evidenced by UV-vis tracing
and mass spectroscopy analysis. The cyclic voltammetry analysis showed that the AuzgS;(SAdm)yg
cluster had good charge transfer capacity to the redox K3Fe(CN)g probe, Figure 4 [38]. However, the
redox property of the cluster disappeared when B-cyclodextrins (-CDs) was introduced in the THF
solution. After detailed analysis, the huge f-CDs “umbrella” can trap the adamantane groups and then
completely cover windows of the AuzgS,(SAdm),g nanoclusters, thereby blocking direct interaction
with foreign molecules and then quenching the charge transfer process (Figure 4B). It indicated that
these gold nanoclusters have good redox properties and electron transfer (ET) capacity during the
catalytic reactions [39].

Further, Kumar and coworkers studied the Auy5(5G)1g catalyst in an electrochemical oxidation [40].
The Aups(SG)1s on the electrode gave good electro-activity during the oxidation of ascorbic acid and
dopamine over a wide linear range from 0.71 to 44.4 uM. And pH dependent electrocatalytic activity
was observed, attributed to the consequence of pH-dependent electrostatic attraction/repulsion between
the charged Auys(SG);g clusters and the charged analytes. Moreover, an amperometric sensing method
for other compounds was developed. Next, Kauffman et al. investigated the electron transfer between
CO; and Auys(PET);g in solution [41]. Upon the DMF solution (containing Auys(SR);g) was saturated
with CO, gas, the optical absorbance features showed the oxidized state of Auy5(SR);g. Meanwhile, the
photoluminescence increases and blue-shift. The CO,~ induced optical changes can be simply reversed
by purging the solution with N, gas to remove the CO,, indicating an interaction between Auy5(SR);3
and CO,. DFT calculations revealed that the CO, molecule interacts with three S atoms of the Aug
site of the Aups(SR);g cluster, prompting the CO, electrochemical reduction. These observed unique
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interactions and electron transfers between gold clusters and reactants make the clusters promising
catalysts during the organic transformations.
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Figure 4. (A) Cyclic voltammograms (CV) for the redox reaction in potassium ferricyanide solution on
AuzgSy(SAdm)yg clusters and AuzgSy(SAdm)yg-(8-CD); conjugates. (B) Schematic illustrations of the
AuzgSy(SAdm)yg-(B-CD), formation and the charge transfer between Fe(CN)s®>~ and the Au clusters
and conjugates. Reproduced with permission from [38]. The Royal Society of Chemistry, 2016.

4. Catalytic Properties

4.1. Ullmann Coupling

At the beginning, the catalytic activity of the Au nanoclusters was examined in the Ullmann
homo-coupling reactions of aryl iodides, which are generally catalyzed by palladium, nickel, and
copper catalysts [42]. The supported gold cluster catalysts were simply prepared by a vortex-mixing of
supports and a solution containing gold clusters at room temperature, and an annealing at 150 °C.
The supported Au clusters were intact after the 150 °C annealing process (higher than the reaction
temperatures), evidenced by UV—-vis and scanning transmission electron microscopy (STEM) [43].
The X-ray photoelectron spectroscopy (XPS) analysis shows the chemical state of Au species in the
oxide-supported cluster catalysts is positively charged (Au®*) [44], where 0 < & < 1, consistent with
the free gold nanoclusters. The catalytic processes were carried out at 130 °C in the presence of base,
which is similar with these catalyzed by Pd/Cu complexes or nanoparticles. The Auy5(SR);5/CeO,
showed the best catalytic activity, and the test was then expanded to a serial of substituents with
functional side-groups (Table 1) [45]. Of note, the efficiency of gold nanoclusters was not as good as
the palladium, nickel, and copper nanocomposites in the Ullmann homo-coupling reactions of aryl
chlorides and aryl bromides.
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Table 1. The catalytic results over the Auys(PET);3/CeO, catalysts in Ullmann homo-coupling. Reaction
conditions: 0.2 mmol iodobenzene, 0.6 mmol K,CO3, 100 mg Auys(PET);3/CeO, (1 wt% cluster loading),
1 mL DME, 130 °C, 2 day.
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Later, these Au cluster were studied in the Ullmann hetero-coupling reactions. The catalytic
conditions over the Auys(SR);5/CeO; catalysts were the same with the homo-coupling reactions (Table 1
vs. Table 2). The aromatic and aliphatic thiolate-capped Aups nanoclusters (e.g., naphthalenethiolate
(-SNap), benzenethiolate (-SPh), hexanethiolate (-SC¢H;j3), and 2-phenylethanethiolate (PET))
were chosen for comparison and exploration in the Ullmann hetero-coupling of 4-MeCgHyI and
4-NO,CcHyl [46]. Intriguingly, the aromatic thiolate ligated Aups clusters gave much better catalytic
performance (both the conversion of NO,C¢Hyl and selectivity for the hetero-coupling product
(4-methyl-4’-nitrobiphenyl) than these protected by alkyl thiolate ligands. The Auys5(SNap);g cluster
gave an 82% selectivity toward the hetero-coupling product, which was much higher than the Cu,
Pd, and Au complexes (the selectivity: <30%, Table 2). Unfortunately, both of the conversion and
selectivity decreased in the 2nd and 3rd cycles, which was due to the removal of the capping surface
ligands and hence the decomposition of Au clusters, evidenced by the TEM images. These large gold
nanoparticles jeopardized the catalytic performance in this coupling reaction. Thus, the protecting
ligands on the clusters’ surface play a key influence on their catalytic properties.

Table 2. The catalytic results over the Aups(SR)13/CeO; catalysts in Ullmann hetero-coupling. Reaction
conditions: 0.06 mmoL 4-methyl iodobenzene, 0.05 mmoL 4-nitroiodobenzene, 0.3 mmol K,COs3,
100 mg Auys(SR)18/CeO; (~1 wt % cluster loading), 1 mL DMF, 130 °C, 24 h.

Catalyst
O,N: I+ | CHz ——— > O,N O O CH,

Catalyst Conversion (%)  Selectivity (%)
AUZS(SC6H13)18 69 16
Auz5(PET)18 72 19
Auys5(SPh)g 80 50
ALI25 (SNap)lg 91 82
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DFT simulations were applied to explain the catalytic results. It is worthy to note that the reactants
of both 4-MeCgH,I and 4-NO,CgHyl cannot interact well with the intact Auys(SR)qg clusters, because of
the steric effect of the protecting thiolate ligands on the clusters’ surface. In the first step, one “-SR” unit
on the Aups(SR)1g cluster was surmised to be detached under the reaction conditions in the presence of
a KyCOs base. Then the gold atoms on the motif were exposed to reactants and were associated with
the catalytic sites [44]. Further, the activation energy for the homo- and hetero-couplings over the Auys
protected by “-SCH3” thiolate were compared by the nudged elastic band (NEB) approach (Figure 5).
Intriguingly, the activation energy in the hetero-coupling was less than in the homo-coupling in the
case of Aups_SNap clusters, (Figure 4). It implied that the aromatic thiolate-capped gold cluster can
not only improve the conversion rate but can also favor the hetero-coupled process [46].

AU,5(SCH3)(SH)45 Au,5(SNap)»(SH)45

C)1 0 —homo-coupling D) ——homo-coupling

| —hetero-coupling 1.0} hetero-coupling
0.5} oEl
S00—% — Sool |

-05} .05}

-1.0¢ Auzs(SNap)2(SH)1s

-1.01 Auzs(SCH3)2(SH)1s

Reaction coordinate Reaction coordinate

Figure 5. Interaction of 4-NO,CgHyI with the exposed Au atoms on the Auys(SCH3),(SH)15 (A) and
Auys5(SNap),(SH)15 (B). Energy vs. reaction coordinate with “-SCH3” (C) and “-SNap” ligands
(D) during the homo- and hetero-coupling reactions. Reproduced with permission from [46]. American
Chemical Society, 2016.

DFT simulations were applied to explain the catalytic results. It is worthy to note that the reactants
of both 4-MeCgHyl and 4-NO,CgHyl cannot interact well with the intact Auys(SR)qg clusters, because of
the steric effect of the protecting thiolate ligands on the clusters’ surface. In the first step, one “-SR” unit
on the Aups(SR)1g cluster was surmised to be detached under the reaction conditions in the presence of
K,COj3 base. Then the gold atoms on the motif were exposed to reactants and were associated with the
catalytic sites [44]. Further, the activation energy for the homo- and hetero-couplings over the Aups
protected by “-SCHj3” thiolate are comparable by the nudged elastic band (NEB) approach (Figure 5).
Intriguingly, the activation energy in the hetero-coupling less than in the homo-coupling in the case of
Aups_SNap clusters, (Figure 4). It implied that the aromatic thiolate-capped gold cluster not only can
improve the conversion rate but also can favor the hetero-coupled process [46].
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4.2. Suzuki Coupling

Further, the titania-supported Aups clusters are studied in the Suzuki coupling in the presence
of ionic liquids (ILs), which are catalyzed over palladium catalysts [42]. The Suzuki cross-coupling
run at 90 °C using different solvents (e.g., ethanol, xylene, toluene, N,N’-dimethylformamide (DMF),
ILs, etc.). The imidazolium-based ILs exerted a large effect on the MeOCgH,4l conversion to the
desire products. A very low conversion (<5%) is observed when using the ethanol, toluene,
o-xylene, and DMF as solvents in the Auys/TiO; catalyzed coupling reactions (Table 3). Interestingly,
the iodoanisole conversion over Auys/TiO, drastically increased to 89%—99% when BMIM-X (BMIM:
1-butyl-3-methylimidazolium, X = Br or Cl or BF,) solvents are introduced to the reaction system
(Table 3). The catalytic results indicate that the imidazolium-based ILs acts as a promoter for the
cross-coupling reactions [47]. Of note, only the BMIM cation (i.e., the acidic proton at position 2 of the
imidazolium ions) play an important role during the reactions, as no activity is found in the presence
of BDiMIM:BF, (BDiMIM: 1-butyl-2,3-dimethylimidazolium) solvent, which is further supported by
the DFT calculations. It is worthy to note that the efficiency of gold nanoclusters was not as good as the
palladium nanocomposites, however, the gold nanoclusters exhibited much better selectivity toward
the target cross-coupling products.

Table 3. Catalytic results over the Aups/TiO; catalysts in the Suzuki cross-coupling reactions of iodoanisole
and phenylboronic acid using the imidazolium-based ionic liquids. Reaction conditions: 0.1 mmol
iodoanisole, 0.12 mmol phenylboronic acid, 0.36 mmol K,CO3, 100 mg Auy5(SR)15/TiO; (~1 wt %
cluster loading), solvents (1 mL EtOH or EtOH:H,0 (10:1, v/v), and 0.2 mL IL or other organic solvents),

90 °C, 18 h.
AU25/Ti02
Ph-B(OH), + | OCHz—> Ph OCHj3
90 °C

Solvent Conversion (%)

o-xylene + EtOH:H,O <0.5
DMF + EtOH:H,O 4
BMIM-Br + EtOH 89
BMIM-CI + EtOH 90
BMIM-BF, + EtOH 94

BMIM-BF, + EtOH:H,0 EtOH:H,O >99

BDiMIM:BF, + EtOH <0.5

To explore the active species during the coupling reactions, the free Auys5(PET);g was mixed with
the BMIM-BF, under the same reaction conditions [43]. Except the molecular peak of Auys5(PET)g
cluster, four new mass peaks are clearly detected in the matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). These new appeared mass peaks belonged to the Aups_,,(SR)15-, (Where,
n = 1-4) species (Figure 6). Of note, these new species are not the fragments caused by laser of the
MALDI method. These species also were observed in the ESI-MS method [48]. The imidazolium-based
ILs indeed assist the yield of Aups_,(SR)15—, species under the reaction conditions, which may be the
active sites for the cross-coupling reactions. The other explanation is that the Au-NHC complex (NHC:
N-heterocyclic carbene) with the Auys_,(SR)13—,, species could be responsible for the active sites during
the Suzuki cross-coupling reactions, although it needs further investigation. Of note, the Au-NHC
complex was the product of the reaction of BMIM cations with the gold nanoclusters.
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Figure 6. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) of the fresh
Auys(PET);g clusters and samples treated with the ionic liquid (IL) of BMIM-BEy; the (1, m) presents
the number of the Au,(PET),, species. Reproduced with permission from [47]. American Chemical
Society, 2015.

4.3. Sonogashira Coupling

As the IB and alkyne can be activated over gold clusters, hence, the catalytic performance of
the gold nanoclusters may extend to Sonogashira cross-coupling reactions, often catalyzed over
palladium catalysts [42]. The catalytic performance of the Auys5(PET) g cluster (supported on oxides)
in the Sonogashira cross-coupling reaction was studied [49]. The supported catalyst was prepared by
impregnating oxide powders (such as TiO,, CeO,, SiO,, and MgO) in a CH,Cl, solution of Auys(PET)g
(~1 wt % loading) with a 150 °C annealing. STEM and TG analyses showed that the protecting thiolate
ligands were intact on the surface of gold clusters after thermal treatment. Then these Auys/oxide
catalysts were applied to the Sonogashira cross-coupling reaction. The optimized reaction conditions
were using DMF as a solvent and K,COj as a base under an N, atmosphere at 160 °C, which is
harsher than those for the above Suzuki and Ullmann couplings. The Auys/CeO, catalyst showed
the best activity (96.1% iodoanisole conversion with 88.1% selectivity toward the target product)
(Table 4). The solvent and base can also influence the product selectivity. The size-dependent catalytic
performance also was studied.

Table 4. The catalytic performance of Auys5(SR);g/oxides in the Sonogashira cross-coupling reaction
of p-iodoanisole and phenylacetylene. DMBP and MPEB stand for homo-coupling product of
4,4’-dimethoxy-1,1"-biphenyl and cross-coupling product of 1-methoxy-4-(2-phenylethynyl)benzene,
respectively. Reaction conditions: 100 mg catalyst (1 wt % Aups(SR)13 or AuNC 2-3 nm (SCgHj3)
loading), 0.1 mmol p-iodoanisole, 0.15 mmol phenylacetylene, 0.3 mmol K,CO3, 1 mL DME, 160 °C,

40 h. n.r. = no reaction. Conv. = conversion.

Selectivity (%)
Entry Catalyst Conv. (%) MPEB DMBP

1 Aups(SR)15/CeOy 96.1 88.1 11.9
2 Aups(SR)15/TiO2 92.8 82.9 17.1
3 Aups5(SR)1/Si0; 90.8 79.3 20.7
4 Aups(SR)15/MgO 93.3 80.6 19.4
5 AuNC 2-3 nm (SC¢H13)/CeO, 65.5 57.2 42.8
6 CeO, nr.

7 TiO, nr.

The catalytic performance of small-sized Auys(PET);g cluster catalysts was much better than
large-sized of gold clusters of 2-3 nm and Au/CeO; (~20 nm). Support effects were studied in the
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cross-coupling, and no distinct effect of the oxide supports was observed (i.e., CeO,, SiO;, TiO,, and
MgO). The conversion was no obvious decrease, but the selectivity decreased from 88.1% to 64.5% after
5 cycles. It is noteworthy that TEM analysis shows that the gold clusters grow into larger nanoparticles
(>3 nm), meaning that the gold clusters capped by organic ligands cannot stay intact under harsh
reaction conditions (160 °C in the presence of a base). The gradual degradation of gold clusters leads
to a decrease in selectivity, as the larger Au clusters showed a much lower selectivity. It is worthy to
note that the efficiency of gold nanoclusters is much worse than the palladium-based catalysts, and the
selectivity for the cross-coupling products over Au clusters is also worse.

DFT calculation found that the reactants (i.e., IB and PA) prefer to adsorb on the open facet (Aus)
of the Aups cluster with the phenyl ring facing a surface Au atom (Figure 7). A total adsorption energy
reaches —0.90 eV when the two reactants co-adsorb on the Auys(SR);g catalyst. While, the IB/IB pair has
an adsorption energy of —1.05 eV, indicating that the IB/IB pair interacts strongly with the cluster and
the homocoupling of IBs is the dominant side-reaction competing with the cross-coupling between IB
and PA. DFT results suggested that the catalytic active sites is associated with the Auys5(SR)qg clusters,
which is consistent with the experimental results.

Figure 7. (A) Top view of one of the two open facets of Auy5(PET)g clusters where three external Au
atoms are exposed; the other facet is on the back side. (B) Side view of the two facets which are at top
and bottom. (C) Top view and (D) side view of the co-adsorption of PA and IB on the surface of the
Auys5(PET);g clusters. Color code: Au, yellow; S, blue; C, gray; H, white; I, green. Reproduced with
permission from [49]. Elsevier, 2013.

The structure of the 25-atom cluster is similar [50], but the electronic property and the catalytic
activity of the bimetallic clusters can be largely regulated by the foreign dopants [50-55]. Recently,
Lietal. [56] studied the doping effects of the Aup5(SR)1g nanoclusters in the Sonogashira cross-coupling
reaction base on the experiment and DFT simulations. The obtained results suggested that the Cu and
Ag atoms are preferentially occupied at the cluster’s kernel (Auj3) rather than the Au,(SR)3 staple
motif, while a single Pt atom only can be doped individually and locates in the center of the cluster.
The overall performance of AgyAuys_+(SR);g was similar to that of Aups(SR)1g and Pt; Aups(SR)1s,

122



Nanomaterials 2019, 9, 838

which showed a decrease in catalytic activity (Table 5). The catalytic activity was from Ag,Augs_,(SR);g
~ Aups5(SR)13 > CuyAups_(SR)18 > Pty Aupsa(SR)1g. Interestingly, the CuyAups_(SR)1g produced a
homo-coupling product base on the Ullmann homo-coupling pathway, which is contrary to the other
three cluster catalysts. However, DFT calculations showed that the adsorption energy of one PA
molecule on the Pt; Aups(SR)18, CuypAunsn3(SR)1g, and Aups(SR)ig nanoclusters was very similar
(-0.50 to —0.52 eV, Table 6). The adsorption energy of one IB molecule onto the Pt; Aupi(SR)1s,
AgipAuyy»3(SR)1g and Auys(SR)ig was also very similar (—0.59 to —0.61 eV, Table 6). These results
suggested that the adsorption process of the PA and IB onto the alloy clusters is not the key step during
the coupling reactions. Generally, the catalytic activity is largely affected by the electronic effect in
the core of bimetallic clusters (i.e., Ptj Aujp, CuyAuiz.y, AgrAuys.,, and Auyz), and the selectivity of
product is primarily turned by the atomic type on the shell of MyAuyy., [51,57].

Table 5. Catalytic performance of TiO,-supported MyAuys_,(SR);g catalysts in the C-C coupling
reaction between MeOCgH,l and PA. Reaction conditions: 100 mg catalyst, 1 wt % MyAups_(SR)1g
loading, 0.1 mmol MeOCgHyl, 0.1 mmol PA, 0.3 mmol K,COs3, 1 mL DME, 160 °C, 40 hr.

Meo©—l+\_/ = Catal. @ = O—OMH_McOOMc

MPEB DMBP
Selectivity (%)
Entry Catalysts Conversion (%)
MPEB DMBP
1 Au25(SR)18 79.5 65.7 34.3
2 Angu25_x(SR)18 83.0 55.4 44.6
3 CuyAus_(SR)s 524 283 71.7
4 Pt; Atss(SR)1s 485 67.2 329

Table 6. Adsorption energy of the PA and IB on the Auj site of the Mj Auy4(SR);3 (M: Pt, Ag, and Cu,
and noted as Mj Auyy) and MyAuy3(SR)q3 (M: Ag and Cu, MpAuys) cluster models, respectively.

Adsorption Energy M, Auys_,(SR)1g Cluster
(eV) Au25 PtlAu24 AglAu24 AnguB Cu1Auz4 CuzAu23
One PA -0.51 -0.50 -0.61 -0.60 -0.52 -0.52
One IB -0.60 -0.61 -0.59 -0.59 —-0.54 -0.58
“PA + IB” pair -1.11 -1.11 -1.20 -1.19 -1.06 -1.10
“IB + IB” pair -1.20 -1.22 -1.18 -1.18 -1.08 -1.16

The structure of the 25-atom cluster was similar [50], but the electronic property and the catalytic
activity of the bimetallic clusters could be largely regulated by the foreign dopants [50-55]. Recently,
Li et al. [56] studied the doping effects of the Auy5(SR)1g nanoclusters in a Sonogashira cross-coupling
reaction based on an experiment and DFT simulations. The obtained results suggested that the Cu and
Ag atoms were preferentially occupied at the cluster’s kernel (Au;3) rather than the Au,(SR); staple
motif, while a single Pt atom only can be doped individually and locates in the center of the cluster.
The overall performance of Ag,Aups_(SR)1g was similar to that of Aups5(SR)1g and Pt; Aups(SR)1s,
which showed a decrease in catalytic activity (Table 5). The catalytic activity was Ag,Aups_(SR);g
~ Auys5(SR)13 > CuyAuys_(SR)18 > Pty Aupsa(SR);g. Interestingly, the CuyAups—_(SR)1g produced a
homo-coupling product base on the Ullmann homo-coupling pathway, which was contrary to the
other three cluster catalysts. However, DFT calculations showed that the adsorption energy of one
PA molecule on the Pt; Au4(SR)15, CuypAungp3(SR)1g, and Aups(SR)1g nanoclusters was very similar
(-0.50 to —0.52 eV, Table 6). The adsorption energy of one IB molecule onto the Pt; Aupi(SR)1g,
Agi1pAuy»3(SR)18, and Auys(SR)(g was also very similar (=0.59 to —0.61 eV, Table 6). These results
suggested that the adsorption process of the PA and IB onto the alloy clusters was not the key step
during the coupling reactions. Generally, the catalytic activity was largely affected by the electronic
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effect in the core of bimetallic clusters (i.e., Pt; Aujp, CucAuyz.y, AgrAuygs.y, and Auyz), and the selectivity
of the product is primarily turned by the atomic type on the shell of MyAuyy., [51,57].

4.4. A3-Coupling

A3-coupling reactions, where three reactants (aldehydes, amines, and alkynes) react each other
in one-pot to yield only one product, have attracted overwhelming interest in the past decade.
The A3-coupling is favorable from environmental and economic perspectives: more efficient and less
waste [58-61]. The A3-coupling reactions involve new C-C and C-N bond formation in one procedure.
The alkyne activation was deemed as the key step for the A3-coupling,' the aldehydes could react with
amines spontaneously. Hence, the gold clusters should be active in this reaction, because the cluster
catalyst has exhibited the capacity of the alkyne activation in the semi-hydrogenation of terminal
alkynes [36].

The catalytic performance of the Auys(PPhz);o(PA)sX; was investigated in different solvents and
reaction temperatures [62]. The most prominent feature was that the polarity of the solvent had a
great influence on catalytic activity. The TiO,-supported Auys catalyst gave higher activity in the polar
solvents. The gold clusters also showed good recyclability. Interestingly, the cluster catalyst showed
no conversion using ketones as reactants (Figure 8), which was completely different from the catalytic
behaviors of the gold complexes and bare gold nanoparticles. Therefore, the electronic factors and
steric hindrance of the substituents had significant effects on the reaction conversion rate.
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Figure 8. Catalytic results over the Aups(PPhs)19(PA)sX, ([Auys]/TiO,) catalysts in the A3-coupling
reaction. Reaction conditions: 100 mg catalyst (1 wt.% cluster loading), 1.0 mmol benzaldehyde,
1.2 mmol piperidine, 1.3 mmol phenylacetylene, 5 mL water, 100 °C, 18 h, under a N, atmosphere.

An induction period (0 to 3 h) appeared and the conversion slightly increased during the induction
period. After the induction period, the reaction conversion of gold clusters significantly increased in
the time evolution for A3-coupl'mg [62]. The results showed that some phosphine ligands are removed
to generate catalytic active sites, which associates with the surface gold atoms. Further research found
that the capped phosphine ligands can be selectively removed in the case of Auy;(PPh3);X3 with the
aid of base (e.g., pyridine), evidenced by UV-vis and ESI-MS analyses [63].

Finally, the catalytic mechanism over the gold clusters was studied by DFT calculations. Firstly,
the phosphine ligand is detached in the presence of the reaction system, and then the uncovered Au
atoms are exposed to the reactants. Next, the PA molecules are adsorbed onto the M1 site via the
interaction of Au--~whole triple bond, Figure 9. Further, a terminal hydrogen deprotonation occurrs in
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the presence of amine (e.g., HN(CHs),). The iminium ion (HyC=N(CHj3),*) interacts with the PhC=C-
on site M1 and finally give rise to the final product (i.e., propargylamine) [62].

PhC=C—H HN[CH §¥

—_— \\
2im, 2|rn2
-
il $ /5
\\ /,\‘ HiC=N(CH,) ;
PhCZCCHN(CHy), g—A | ot
2Im, 2In13

Figure 9. Proposed mechanism for the [Aups(PHz3)19(PA)sCl,]**-catalyzed A3-coupling reaction.
Reproduced with permission from [62]. Elsevier, 2016.

Further, Jin et al. reported Augg nanocluster-catalyzed the A3-coupling reaction [64]. They argued
that the synergistic effect of the partial positive charged Au surface (Au®*, 0 < § < 1) and the electron-rich
Auyjz kernel were responsible for the catalytic behaviors. Li et al. found that cadmium doped Auy;
nanocluster also showed catalytic activity in the A3-coupling [65]. The cooperation between the exerted
cadmium atoms and the neighbor gold atoms on the surface of Auj; icosahedron are tentatively
deemed as the active sites in the cross-coupling reactions.

5. Summary and Outlook

In the past decade years, remarkable advances have been made in developing catalytic applications
of gold nanoclusters, which is a new perspective for gold nanocatalysis, especially in carbon—carbon
cross-coupling reactions. These gold nanoclusters were more efficient in the cross C-C coupling
reactions in this Review. The higher catalytic activity was mainly because of the distinctive frame
structure and electronic properties of the gold nanoclusters and the protecting ligands. However, some
of the gold nanoclusters with the protection of thiolate/phosphine could not stay intact under the harsh
reaction conditions during the catalysis processes, leading to a decrease or even disappearance of
catalytic activity due to the increasing size of formed particles. How to maintain the stability of gold
nanoclusters during the catalysis has become a major challenge and subject for future research.

The present review demonstrated that CeO, and TiO; oxides have been observed to be excellent
supports for gold nanoclusters [66]. Few studies have been done on other oxides. Developing new
types of supports is another significant issue for substances such as zeolite [67,68], carbon materials
(e.g., graphene or graphite oxide) [69,70], and MOFs [71]. For example, mesoporous materials,
e.g.,, MOFs and zeolite, exhibited regular tunnels and cages and improved the stability of the Au
clusters during the catalytic processes [72]. The tunnels and cages, by enriching concentration of the
reactants, can also improve the catalytic activity. The steric effects of MOFs organic linker can improve
the selectivity of products. In addition, the sites of Lewis acids and Bronstein acids in zeolites also can
change the catalytic performance of the catalysts.

In a word, gold nanoclusters will be expected to be used into carbon-heteroatom cross-coupling
reactions, which are not yet well investigated. The formed C-O and C-N bonds are very useful

125



Nanomaterials 2019, 9, 838

drug intermediates [73]. Recently, some attempts have been reported in these categories, such as
the cross-aldol condensation and Michael addition (forming C=C bonds) and photo-oxidation of
amines to imines (C=N bonds) [10,74]. Future research on gold nanoclusters will contribute to
fundamental researches and provide clues for the new design of efficient catalysts for other specific
chemical processes.
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Abstract: Gold nanoclusters (Au,; NCs) exhibit a size-specific electronic structure unlike bulk gold and
can therefore be used as catalysts in various reactions. Ligand-protected Au,, NCs can be synthesized
with atomic precision, and the geometric structures of many Au, NCs have been determined by
single-crystal X-ray diffraction analysis. In addition, Au, NCs can be doped with various types of
elements. Clarification of the effects of changes to the chemical composition, geometric structure,
and associated electronic state on catalytic activity would enable a deep understanding of the active
sites and mechanisms in catalytic reactions as well as key factors for high activation. Furthermore,
it may be possible to synthesize Au, NCs with properties that surpass those of conventional catalysts
using the obtained design guidelines. With these expectations, catalyst research using Au, NCs as a
model catalyst has been actively conducted in recent years. This review focuses on the application of
Au,, NCs as an electrocatalyst and outlines recent research progress.

Keywords: gold; cluster; catalyst; hydrogen evolution reaction; oxygen evolution reaction;
oxygen reduction reaction; water splitting; fuel cells; alloy; ligand-protected

1. Introduction

Gold nanoclusters (Au, NCs) have physical/chemical properties that differ from those of bulk
Au owing to their size-specific electrical/geometrical structure [1-22]. Therefore, Au,; NCs have
been actively studied since the 1960s from the viewpoints of both basic science and application.
Since Brust et al., discovered a method for synthesizing Au,, NCs protected by thiolate (Au,(SR);;) in
1994 [1], researches on Au, NCs in particular have grown [6]. Au,(SR),, NCs exhibit high stability
both in solution and in the solid state because Au forms a strong bond with SR. In addition, Au,(SR),,
NCs can be synthesized by simply mixing reagents under the ambient atmosphere. Au,(SR);; NCs
with these unique characteristics have a low handling threshold even for researchers unfamiliar with
the chemical synthesis of metal clusters. Au,(SR),, NCs are thus currently one of the most studied
metal NCs [1-18]. For these Au,(SR),; NCs, it became possible to synthesize a series of Au,(SR);;
NCs with atomic precision in 2005 [19]. In addition, since 2007, the geometric structures of many
Au;;(SR);; NCs have been determined through single-crystal X-ray diffraction (SC-XRD) analysis [20].
Since 2009, partial replacement of the Au atoms of Au,,(SR);; NCs with other elements such as silver
(Ag), copper (Cu), platinum (Pt), palladium (Pd), cadmium (Cd), and mercury (Hg) has also been
realized [3-5,23-44].

In parallel to these synthesis and structural analysis studies, studies on the functions of
Au,; NCs have also been actively conducted. Au, NCs have been observed to possess catalytic
activity for several reactions, including carbon monoxide oxidation [45-55], alcohol oxidation [56-65],
styrene oxidation [66-70], aromatic compound oxidation [71,72], sulfide oxidation [73-75], and carbon
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dioxide reduction [76-83]. One of the reasons for these active studies on the catalysis of Au, NCs
is that their electronic and geometric structures are well understood. Thus, if the obtained catalytic
properties are compared with the electronic/geometrical structures of Au,(SR);; NCs, information on
active sites, mechanisms, and key factors for high activation in catalytic reactions can be obtained.
With these expectations, Au,(SR),;; NCs have received great attention as model catalysts [45-83].

In addition, several studies on Au,(SR),, NCs as electrocatalysts have also been performed
recently. To prevent serious environmental issues including the depletion of fossil fuels and global
warming, the establishment of a system in which hydrogen (H,) is generated from water and solar
energy using a photocatalyst is desired, with the generated H; used for the generation of electricity
using fuel cells [84,85]. Once such an energy conversion system is established, it will be possible
to circulate an energy medium (Hj) in addition to obtaining electricity only from solar energy and
abundant water resources. However, realization of such an ultimate energy conversion system requires
further improvement of the reaction efficiency of each half reaction of water splitting and fuel cells,
including the hydrogen evolution reaction (HER), oxygen evolution reaction (OER), hydrogen oxidation
reaction (HOR), and oxygen reduction reaction (ORR; Figure 1A).

B
Au, NCs as Electrocatalysis
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Figure 1. (A) Schematic illustration of gold nanoclusters (Au, NCs) for an electrocatalytic reaction in
water splitting (hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)) and fuel
cells (oxygen reduction reaction (ORR)). (B) Current—potential characteristics for (a) HER, (b) OER,
and (c) ORR.

To improve the reactivity per unit volume, it is necessary to increase the specific surface area of the
active sites and increase the reaction rate at the active sites. For the former, size reduction of the catalyst
is one effective method. However, the latter is strongly related to the adsorption energy of reactive
molecules on the catalyst surface. The activity of the chemical reaction on the catalyst surface is the
highest when the Gibbs energy of adsorption between the catalyst and reactant is moderate according
to the Sabatier principle [86]. This is because the reaction does not occur without the adsorption of
reactants but is inhibited by the strong adsorption of reactants. Therefore, the relationship between the
reaction efficiency and the Gibbs energy for the adsorption of reactants follows a curved line called
an activity volcano plot [87]. Fine nanoparticle catalysts suitable for the HER [88-92], OER [93-95],
and ORR [96-101] have been developed based on theoretical predictions of activity volcano plots
using various metals and alloy nanoparticles (NPs). Au,, NCs have recently been observed to possess
catalytic activity for the HER, OER, and ORR [77,102-116] (Figure 1). Therefore, Au, NCs are expected
to become a model catalyst even in such an energy conversion system. A better understanding of
the correlation between electronic/geometrical structures and the catalytic activity of the HER, OER,
and ORR in Au, NCs might lead to the discovery of new key factors for achieving high activation.
Furthermore, because Au,, NCs are composed of several tens of atoms or less, the use of fine Au, NCs
as a catalyst is also effective in reducing the consumption of expensive noble metals. Thus, it may be
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possible to create HER, OER, and ORR catalysts with properties that surpass those of conventional
catalysts using these unique characteristics of Au,, NCs. With these expectations, several groups are
conducting research on the application of Au,; NCs as electrocatalysts. This article reviews the basic
theory of electrocatalysts and recent research on HER, OER, and ORR catalysts using Au,, NCs and
their alloy NCs.

2. Electrocatalytic Reaction in Water Splitting

H; is expected to be an important energy source to support a sustainable energy society.
Currently, H; is generated as a by-product during steam reforming or coke production. However, if a
water-splitting reaction using an electrocatalyst can be applied for hydrogen production, the large-scale
facility of the current system would not be required. In addition, it would be possible to produce H, only
with water and electricity using the surplus power from a power plant. Therefore, water electrolysis is
considered one of the cleanest energy production reactions for a sustainable energy society.

The water-splitting reaction consists of two half reactions, the HER and OER. When a voltage is
applied to the metal electrode, a reduction reaction proceeds at the cathode and an oxidation reaction
proceeds at the anode, resulting in the decomposition of water molecules into H, and O, at each
electrode. However, the reactions do not proceed even if a potential equal to or higher than both the
oxidation and reduction potentials in each reaction (HER: 0 V vs. SHE, OER: 1.23 V vs. SHE; SHE =
standard hydrogen electrode) is applied to the electrode. This is because the activation energy of each
reaction is too high. Therefore, noble metal NPs are used as a catalyst to reduce the activation energy
of the reaction.

2.1. Hydrogen Evolution Reaction

In the HER, metal surface atoms of the catalyst form bonding orbitals with protons (H*) through
the Volmer-Heyrovsky or Volmer-Tafel mechanism, producing molecular hydrogen [117].
Under acidic conditions, the following reactions occur:

Volmer reaction: M + H* + e~ — M-H 1)
Heyrovsky reaction: M-H + H* + ™ - M-H, 2)
Tafel reaction: 2M-H — 2M + H, 3)

However, under alkaline conditions, the following reactions occur:

Volmer reaction: 2M + 2H,0 + 2e~ — 2M-H + 20H™ (4)
Heyrovsky reaction: M-H + H,O + e~ — M-H, + OH™ )
Tafel reaction: 2M-H — 2M + H, (6)

Bulk Au possesses almost no HER activity, whereas Au,(SR),; NCs possess HER activity.
In addition, their activity can be further improved by doping Au,(SR),; NCs with appropriate
heterogeneous elements. These effects were reported by Lee and Jiang et al., in 2017 [102].
They evaluated the HER activity using linear sweep voltammetry (LSV) in tetrahydrofuran (THF)
solution with 1.0 M trifluoroacetic acid (TFA) and 0.1 M tetrabutylammonium hexafluorophosphate
(BugNPFg) in the absence (black) and presence of Auys5(SCeHi3)1s or AupsPt(SCeHis)1s (SCeHiz =
1-hexanethiolate) on a glassy carbon electrode (GCE). The onset potential of the HER (Figure 1B(a))
occurred at —1.25 V for the GCE blank (Figure 2A, black line), whereas it occurred at =1.1 V for the
GCE with Auys5(SCeHi3)1g (Figure 2A, red line). In addition, for the GCE with AuysPt(SCgHj3)13, the
onset potential of the HER was further reduced to —0.89 V (Figure 2A, blue line). These findings
indicated that Au,(SR);; NCs has catalytic activity for the HER and that the HER activity can be further
improved by substituting one Au atom of the Au,,(SR),; NCs with a Pt atom (Table 1). They estimated
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the HER energies of Aups(SCH3)1g3 and AuyyPt(SCH3)15 (SCH3 = methanethiolate) using density
functional theory (DFT) calculations to elucidate the reasons for this behavior (Figure 2C). In these DFT
calculations, H* solvated by two THF molecules was used as H*. The resulting energy change in the
Volmer step was 0.539 eV for [Auys5(SCH3)13] ™, indicating that this reaction is endothermic. However,
the energy change in the Volmer step was —0.059 eV for [Aup,Pt(SCH3)151%, indicating that there
is almost no energy change (Figure 2C, step 1). The higher HER activity of AuysPt(SCeHy3)1g was
explained by these differences in the energy barriers in the reaction. In addition, AupPt(SCeHi3)18
possessed higher HER activity even compared with Pt NPs, which are highly active materials for the
HER (Figure 2B).
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Figure 2. (A) HER polarization curves of Auys(SCgHj3)18- or AupyPt(SCqHy3)15-adsorbed glassy
carbon electrode (GCE), or GCE. (B) H, production rates per mass of metals in the catalyst of
AupyPt(SCcHj3)18/C (blue circles) and Pt/C (black triangles) electrodes. (C) DFT calculation results for
AupyPt(SCH3)15. Color code: golden = Au core; olive = Au shell; purple = Pt; green = adsorbed H
from the liquid medium; grey = S. Panels (A-C) are reproduced with permission from reference [102].
Copyright Springer Nature, 2017.

Lee and Jiang et al., observed that a high HER activity and a high catalyst turnover frequency
(TOF) can be achieved by doping Auys;(SCgHj3)18 with not only Pt but also Pd (AuyyPt(SCeH3)18
> AupsPd(SCgH13)1s > Aups(SCeHis)1g) [103]. They reported that TOF values of Auy5(SC¢Hi3)1s,
AupsPA(SCeHi3)1s, and AupsPt(SCyH13)18 were 8.2, 13.0, and 33.3 mol H, (mol Catalyst)‘1 sl at—0.60 V
vs. the reversible hydrogen electrode (RHE), respectively. In addition, it was revealed that the doping of
Augg(SR)y4 with different elements results in a similar activity enhancement effect with Auys(SCeHj3)18
(AuzePtr(SCeHiz)a > AuggPdy(SCeHiz)24 > Ausg(SCeHiz)24) [103]. These results are in good agreement
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with the DFT calculation results. In addition to these studies, Jiang et al., also investigated the doping
effects of various elements (Pt, Pd, Ag, Cu, Hg, and Cd) in Aups5(SCH3)18 using DFT calculations [105].
The results predicted that AuyyPt(SCH3)13, AupsPd(SCH3)15, and AupCu(SCH3z)1g, in which the
heteroatom (Pt, Pd, or Cu) is located at the center of the metal core, have a higher HER activity than
Auys5(SCH3)18. Zhu et al., reported that another fine alloy NC, AuyPdg(S4(PPh3)4(PhF;S)s) (PPhs =
triphenylphosphine, PhF,S = 3,4-difluorobenzenethiolate), also exhibits HER activity (Table 1) [106].
These studies revealed that Au,(SR);; and their alloy NCs have HER activity and it can be improved
by controlling the electronic structure of Au, NCs through heteroatom doping.

Table 1. Representative references on HER activity of Au, NCs and related alloy NCs.

Ligand Support Experimental Condition Activity Reference
SCeHi3 - 1.0M TFA and 0.1 M BuyNPFg in THF ¢ AupyPt(SCsHi3)18 > Aups(SCeHiz)1g [102]
1 M Britton-Robinson buffer solution in 2 AuyPt(SCeHiz)18 > AuyPd(SCeHyz)18 >
SCeHy3 carbon black MKCl aq (pH 3) od Atrs(SCeH )15 [103]
1 M Britton-Robinson buffer solution in 2 AuzePty(SCoHiz)n4 > AusPdy(SCeHiz)os >
SCeHi3 carbon black MKCl aq (pH 3) od Auns(SCeH13) [103]
PPhy AuyPdy(S4(PPh3)4(PhF;S)s)/MoS; > Mixture of
PPhy *

(pH 67) o4 AuyClrC(PPhy), and Pd3(Cl(PPhy),(PPhs)3)/MoS; > [104]

el Pds3(CI(PPh, ), (PPhs)3)/MoS, >
PhF,S AuyClC(PPhy)o/MoS, > MoS,

porphyrin SC;P Au(1.3 nm)(porphyrin SC, P) > Au(1.3

MoS, 0.5 M phosphate buffer solution

! B .
Porphl{g‘T‘ 5GP 0.5 M Hz505 2 nm)(porphyrin SC;P) > Au(1.3 nm)(PET) (1071
SPe 'g‘ Mo, 0.5 M HyS0; aq Atys(PET)15/MoS, > Atiys(SePh)ig/MoS, > MoS, [108]
SCeHis
el ~ 01MKClag® AugsPHMPS);5 > Auzs(MPS)y > Augs(MPA) g > (109]
MPS Aups(SCeHiz)is

“ Diphenylphosphine. b Chlorine. ¢ WE: Working electrode; GCE. 4 WE: Containing Nafion. ¢ WE: Carbon tape.

The HER activity varies depending not only on the chemical composition of the metal core
but also on the properties of the ligand. In 2018, Teranishi and Sakamoto et al., used Au, NCs
coordinated with SR-containing porphyrin (porphyrin SC,P). They investigated the effects of the ligand
structure on the HER activity of Au,(SR),; NCs [107]. In these clusters, the porphyrin ring coordinates
horizontally to the gold core. Then, the distance between the porphyrin ring and the Au surface was
controlled by changing the length of the alkyl chain between the porphyrin ring and the acetylthio
group (Figure 3A,C) [118,119]. The alkyl chain is a methylene chain for porphyrin SC;P and an
ethylene chain for porphyrin SC,P. The distance between the porphyrin ring and the acetylthio group
was determined to be 3.4 A for porphyrin SC;P and 4.9 A for porphyrin SC,P by SC-XRD analysis.
The researchers synthesized three sizes of Au,, NCs with a core size of approximately 1.3, 2.2, or 3.8 nm
using porphyrin SC; P, porphyrin SC,P, or a common protective ligand, 2-phenylethanethiolate (PET).
Transmission electron microscope (TEM) images of the synthesized Auy,(SR),;, NCs (SR = porphyrin
SC;P, porphyrin SC,P, or PET) with a core size of approximately 1.3 nm are presented in Figure 3B,D,E,
respectively. Among these products, matrix-assisted laser desorption/ionization mass spectrometry
indicated that Au,(porphyrin SC;P),, NCs consisted of 77 Au atoms and 8 porphyrin SC;P molecules
and Auy(porphyrin SC,P),; NCs consisted of 75 Au atoms and 11 porphyrin SC,P molecules. The effects
of the ligand structure and Au core size on the HER activity of Au,(SR),; NCs were investigated
using the obtained nine types of Au,(SR),; NCs. As a result, in Au,(SR),;; NCs with a core size of
approximately 1.3 nm, Au,(porphyrin SC;P),, and Au,(porphyrin SC,P),, NCs exhibited higher
current densities of the HER than Au,(PET),, NCs (Table 1). For instance, Au,(porphyrin SC;P),, NCs
resulted in a 4.6 times higher current density of the HER than Au,(PET),; NCs at —0.4 V vs. RHE.
In addition, using Auy,(porphyrin SC;P),, NCs, the HER occurred at a smaller overvoltage than using
Auy(porphyrin SC,P),; NCs. These results indicate that the HER activity of Au, NCs depends on the
type of ligand and the distance between the ligand and the metal core in Au, NCs [107]. In this work,
the Au,(SR),; NCs with a core size of approximately 2.2 nm showed higher catalytic activity than those
with a core size of approximately 1.3 nm (Figure 3G,H). This size dependence of the catalytic activity
is a little strange considering the surface area of the metal core because a reduction of a core size of
Au,(SR),;, NCs typically leads to the increase in the surface area of Au metal core, which are active
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sites in HER. The authors have not discussed the details on this point in this paper probably due to the
difficulty in precisely estimating the surface area of each Au,(SR);; NCs.
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Figure 3. (A,C,E) Schematic illustration of coordination of ligands: (A) porphyrin SC; P, (C) porphyrin
SC,P, and (E) PET. (B,D,F) TEM images of Au NCs with a core size of approximately 1.3 nm protected by
porphyrin SC; P, porphyrin SC,P, or PET, respectively. (G) Comparison of overpotential at —10 mA cm ™2
and (H) current density at —0.4 V of each size of Au NCs protected with each ligand. Panels (A-H) are
reproduced with permission from reference [107]. Copyright Royal Society of Chemistry, 2018.

The property of the ligand also strongly affects the interaction between Au,(SR),; NCs
and the electrode as well as the affinity between Au,(SR),, NCs and water molecules.
Lee and Jiang et al., synthesized Au,(SR);, NCs with SC¢Hi3, 3-mercaptopropionic acid (MPA),
or 3-mercapto-1-propanesulfonic acid (MPS; Figure 4B) as a ligand (Au5(SCeHi3)18, Aups(MPA)1g,
and Aups(MPS)g) and used them to investigate the effect of ligand properties on the HER activity [109].
In the experiment, Aups(SCeHi3)18, Auas(MPA);g, or Auys(MPS) g was dissolved at a concentration of
1 mM in 0.1 M KCl aqueous solution, and LSV measurements were performed using a GCE (50 mV s7h).
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Although the blank current was 0.01 mA at —0.7 V vs. RHE (Figure 4C, black line), the HER current of
the sample including Auys(MPA);g increased up to 0.13 mA at —0.7 V vs. RHE (Figure 4C, red line).
When Auys(MPS)g was used, a higher HER current of 1.0 mA was observed at —0.7 V vs. RHE
(Figure 4C, blue line). MPS and MPA have a hydrophilic functional group (sulfonic acid or carboxylic
acid group, respectively) unlike SC¢H;3. These hydrophilic functional groups have the property of
releasing H* in an aqueous solution. In addition, the sulfonic acid group of MPS (pKa < 1) is expected
to have higher H" releasing ability than the carboxylic acid group of MPA (pKa = 3.7). For these
reasons, it was interpreted that the difference in the HER activity described above is largely related to
the difference in the H* releasing ability of these ligands (Table 1). It was speculated that the energy
barrier associated with the intermolecular and intramolecular H* transfer steps is lowered by H*
relay in Au, NCs with high HER activity (Figure 4A). In this paper, they also reported that the use of
AuyyPt(MPS) g, in which Auy5(MPS);g is replaced with Pt, results in even higher HER activity than
Aups(MPS)yg (Figure 4D and Table 1). They descried that the TOF value of AupsPt(MPS);g was 127 mol
H, (mol catalyst)~! s71, which was 4 times higher than that of Auys(MPS)yg at —0.7 V vs. RHE.
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Figure 4. (A) Schematic illustration of proton relay mechanism of AuysPt(SR);g nanocluster for
formation of Hy and (B) ligand structures: SC¢H;3, MPA, and MPS. Color codes: blue = Pt; golden =
core Au; red = shell Au; and green = S. (C) HER polarization curves in 0.1 M KCl aqueous solution
containing 180 mM acetic acid for MPA-Aups (red) or MPS-Auys (blue). (D) turnover frequencies
(TOFs) obtained at various potentials in water (3.0 M KCl) containing 180 mM HOAc for MPA-Auys
(red), MPS-Auys (blue), or MPS-Auy,Pt (green). Panels (A-D) are reproduced with permission from
reference [109]. Copyright Royal Society of Chemistry, 2018.

An electronic interaction also occurs between the Au,(SR),, NCs and a catalytic support.
This phenomenon was revealed by Jin et al., by measuring the HER activity of MoS; nanosheets (catalytic
support) carrying Aups(PET)g (Aups(PET)13/MoS;) [108]. In this experiment, Auys(PET);5/MoS, was
prepared by mixing the MoS, nanosheets synthesized by the hydrothermal method and Auys(PET);g
in dichloromethane for 1 h and drying the obtained products under nitrogen atmosphere. High-angle
annular dark-field scanning TEM (HAADF-STEM) images confirmed that Auys(PET);g was uniformly
supported on MoS; (Figure 5A). Aups(PET)3/MoS; was then loaded on a GCE, and the HER polarization
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curve of Auys(PET);3/MoS; was obtained by scanning the potential in a 0.5 M H,SO,4 aqueous solution
using the rotating disk electrode (RDE) method (Figure 5B,D). MoS, without Auys(PET);g exhibited a
HER overvoltage of 0.33 V at a current density of 10 mA cm~2, whereas Auys(PET)15/MoS, exhibited
a smaller HER overvoltage of approximately —0.28 V at the same current density. In addition,
Auys(PET)18/MoS; (59.3 mA cm™2) exhibited a 1.79 times higher current density than that of MoS,
(33.2mA cm™2) at an applied voltage of —0.4 V vs. RHE. Thus, the HER activity of the MoS, nanosheets
was greatly improved by carrying Auys(PET);g (Table 1). This improvement of the HER activity was
interpreted to be greatly related to the electronic interaction between Auys(PET);g and MoS,. In fact,
X-ray photoelectron spectroscopy (XPS) analysis confirmed that the binding energy of MoS, in the Mo
3 d orbit was negatively shifted by 0.4 eV after Auys5(PET);g was loaded (Figure 5C). It was assumed
that the charge transfer from Aups(PET) g to MoS; occurred in Aups(PET)18/MoS,, causing a high HER
activity of Auys(PET);3/MoS,. In this study, the HER activity of MoS; nanosheets carrying Aups(SePh)g
(SePh = phenylselenolate) (Aups(SePh)is/MoS;) was also investigated. Aups(SePh)1g/MoS, was shown
to also exhibit higher HER activity than MoS; nanosheets (Table 1). However, the improvement of the
activity was smaller than that when carrying Auys(PET) g (Figure 5D). This difference was attributed to
the difference in the electron interaction and electron relay between Au cores of Au,; NCs and the MoS,
nanosheet depending on the ligands. In this way, the HER activity of the Au,, NCs-loaded catalyst was
shown to depend on the electronic interaction between the Au, NCs and the catalytic support.
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Figure 5. (A) High-angle annular dark-field scanning TEM (HAADEF-STEM) images, (B) HER
polarization curves, and (C) Mo 3d X-ray photoelectron spectroscopy (XPS) spectra of Auys(PET)3/MoS;.
(D) HER polarization curves of Auys(SePh)13/MoS;. Panels (A-D) are reproduced with permission
from reference [108]. Copyright Wiley-VCH, 2017.
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2.2. Oxygen Evolution Reaction

The OER is a multi-step four-electron reaction in which the reaction proceeds along different
reaction paths depending on the binding energy between the metal and the OER intermediate (O, OH,
and OOH).

Under acidic conditions, the following reactions occur:

M + H,O - M-OH + H" + e~ )
M-OH — M-O + H* + e~ 8)
2(M=0) — 2M + O, )

M-0 + H,O - M-OOH + H" + e~ (10)
M-OOH - M+ O, + H + e~ (11)

However, under alkaline conditions, the following reactions occur:

M + OH™ — M-OH + e~ (12)
M-OH + OH™ — M-0 + H,O + e (13)
2(M-0) = 2M + O, (14)

M-0 + OH™ — M-OOH + e (15)
M-OOH + OH™ > M + Oy + H,O + e~ (16)

As described above, because the reaction route of OER depends on the intermediates (O, OH,
and OOH) on the surface of catalyst, the OER activity of the catalyst also depends on these intermediates.
Catalysts that have neither too high nor too low binding energy with oxygen species are suitable for
the OER. Previous studies have demonstrated that iridium oxide and ruthenium oxide have such
desirable properties. Therefore, miniaturization of these metal oxides and prediction of their physical
properties by theoretical calculation have been actively performed [120-123]. However, because these
precious metals are expensive and have the problem of depletion, a search for low-cost catalysts is also
being conducted. Related studies have shown that cobalt (Co)-based materials (oxides, hydroxides,
selenides, and phosphides) can be used as good OER catalysts. Furthermore, it has been reported that
when Au NPs are composited with such Co materials, the OER performance is greatly enhanced as a
result of the improved electron conductivity and preferential formation of OOH intermediates on the
surface of the catalyst [124-126].

Jin et al., have shown that these mixing effects also occur when Au,, NCs are used instead
of Au NPs [110]. In this study, the Auys(PET);g-loaded CoSe; nanosheet (Auys(PET);5/CoSe;) was
prepared by stirring Aups(PET);g and CoSe; nanosheets in dichloromethane for 1 h. HAADF-STEM
analysis confirmed that Auys(PET);g was uniformly supported on the CoSe; nanosheets (Figure 6A,B).
Auys5(PET)13/CoSe; was loaded on the GCE, and their OER polarization curves were obtained by
scanning the applied potential (5 mV s7!) in 0.1 M KOH aqueous solution. The CoSe; nanosheets
without Au,s(PET);g exhibited an OER overvoltage of 0.52 V at a current density of 10 mA cm™2
(Figure 1B(b)), whereas Auys(PET);3/CoSe; exhibited a smaller OER overvoltage of 0.43 V at the same
current density (Figure 6C). XPS (Figure 6E) and Raman spectroscopy (Figure 6F) analyses revealed
that the electronic interaction occurred between the Auy5(PET),g and CoSe, nanosheet even in such a
composite catalyst. Furthermore, DFT calculation revealed that the formation of the intermediate via
OH~ is more advantageous by 0.21 eV mol~! at the interface of Co~Au than at the surface of Co. It was
thus interpreted that Auy;(PET);3/CoSe; exhibited higher OER activity than the CoSe; nanosheets
because Auys5(PET)1g/CoSe; stabilized the generation of an OOH intermediate compared with only the

138



Nanomaterials 2020, 10, 238

CoSe; nanosheet (Table 2). This study also revealed that the OER activity increases with the core size
of Au,(SR),; NCs (Figure 6D).
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Figure 6. (A,B) HAADF-STEM images of Auys(PET);3/CoSe; composite at different magnifications.
(CD) OER polarization curves of CoSepy, Aug(SPh-'Bu)g/CoSe;,  Aups(PET)15/CoSey,
Auy4(PET)g0/CoSey, Auzsz(PET);79/CoSe;, and Ptyp/CB (CB = carbon black). (E) Co 2p XPS spectra
and (F) Raman spectra of CoSe; and Auys(PET);g/CoSe; composite. Panels (A-F) are reproduced with
permission from reference [110]. Copyright American Chemical Society, 2017.

Table 2. Representative reference on OER activity of Au,(SR);; NCs.

Ligand  Support Experimental Condition Activity Reference

PET COSez 0.1 M KOH aq ab Aqu(PET)]g/COSez > CoSe2 [110]
7 WE: GCE. ” WE: Containing Nafion.
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3. Electrocatalytic Reactions in Fuel Cells

To establish a circulating energy system that does not use fossil fuels and only produces water and
a small amount of carbon dioxide as waste, it is essential to further improve the functions of fuel cells.
Fuel cells can be roughly classified into those using hydrogen and those using alcohol as a fuel. In fuel
cells using hydrogen as a fuel, the HOR and ORR are involved in the system. The HOR is a one-electron
reaction, and generally an HER-active catalyst is also useful for the HOR. However, the ORR is a
four-electron reaction, and the reaction process is complicated. In addition, the OER is a reaction under
oxidizing conditions, whereas the ORR is a reaction under reducing conditions. The surface state of
the catalyst and the accompanying binding to the reactants also differ greatly between the OER and
ORR. Therefore, catalysts that are active for OER are not necessarily useful for the ORR. Because the
ORR is rate-limiting step in a fuel cell, controlling the ORR is important for further development of
fuel cells. The ORR pathways under acidic and alkaline conditions are as follows [94].

Under acidic conditions:

O, + 4H" + 4~ — 2H,0 (17)
O, 4+ 2H' + 2e™ - H,O, (18)
H,0, +2H* +2e~ — 2H,0 (19)
Under alkaline conditions:
O, + 2H,0 + 4e~ — 40H" (20)
O, + H;O +2¢” - OOH™ + OH™ (21)
OOH™ + H,0 +2e~ — 30H" (22)

Equations (17) and (20) are four-electron reactions, and Equations (18), (19), (21), and (22) are
two-electron reactions. For both sets of reactions, the reactions start with the breaking of the O-O
bond. The theoretical redox potential is 1.23 V vs. SHE in the direct four-electron path and 0.68 V
vs. SHE in the indirect two-electron path. Therefore, a higher energy conversion efficiency can be
achieved using the direct four-electron path, and this reaction path is thus more desirable for fuel
cells [81]. Although Pt is a useful catalyst for such a reaction pathway, it is expected to be replaced
with another metal element because of the high cost of Pt and the resource depletion issue. In addition,
synthesis methods of Pt;, NCs in ambient atmosphere with atomic precision are limited, and therefore,
it is difficult to study the ORR mechanism using Pt, NCs as model catalysts. However, for Au,, NCs,
there are many examples of synthesis with atomic precision, and these catalysts are stable in ambient
atmosphere. In addition, theoretical calculations [127,128] and experimental results [65,129] have
predicted that O, molecules can be highly activated on the surface of Au, NCs. For these reasons,
several studies have also been performed on the application of Au,; NCs as ORR catalysts.

In 2009, Chen et al., evaluated the ORR catalytic activity of Aujq(PPhs)gCls, Auys(PET)gs,
Auss5(PPh3)12Clg, and Augs0(SCeHi3)s3 (Cl = chlorine) [111]. In this experiment, after a series of Au,
NCs were loaded on the GCE, the ORR activity was measured by scanning the potential using the
RDE method in a 0.1 M KOH aqueous solution filled with O,. When Auj;(PPh3)gCl; was used as
the Au,, NCs, the onset potential of the ORR (Figure 1B(c)) was about —0.08 V, and the peak current
density was 2.4 mA cm ™2 (Figure 7A). However, when Auy49(SC¢Hi3)s3 was used as the Au,, NCs,
the onset potential shifted to the more cathodic —0.22 V and the reduction peak current decreased to
less than 1.0 mA cm™2. These results and those for the other two Au,, NCs indicated that the ORR
activity increased with decreasing Au core size (Auy;(PPh3)sCl3 > Auys(PET) g > Auss(PPh3)1,Clg
> Auy40(SCsHi3)s3) (Figure 7A,B and Table 3). From estimation of the number of electrons for the
ORR from a Koutecky-Levich plot [85], it was observed that the relatively small size of Au, NCs
(Auq1(PPh3)gCls, Auys(PET)g, and Auss(PPhj)1,Clg) resulted in the occurrence of the four-electron
reaction, whereas Auy40(SC¢Hji3)s53 tended to follow the two-electron reaction pathway (Figure 7C,D).
Later, these researchers also synthesized a series of Au,(SR);; NCs (Auys(PET)g, Ausg(PET)z4, and
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Auyyy(PET)g) with PET ligands and measured their ORR activities. The results revealed that a
smaller core size was associated with higher ORR activity: Aups(PET);g > Ausg(PET)24 > Augaa(PET)s0
(Table 3) [112]. As the core size decreased, the ratio of low-coordinated surface atoms increased
and the d-band center of the Fermi level changed. It was interpreted that smaller Au,(SR),, NCs
exhibited higher ORR activity because the promotion of oxygen adsorption on the gold core surface
was accelerated by miniaturization of the metal core.
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Figure 7. (A) Cyclic voltammograms of Au,(SR),,/GCE (n = 11, 25, 55, and 140) saturated with O, and
Auy(PPh3)gCl3/GCE saturated with N (thin solid curve). (B) Current density and overpotential of
ORR activity with each size of Au, NCs. (C) Koutecky-Levich plots at different applied potentials of a
GCE modified with Auy;(PPh3)gCls. (D) Rotating-disk voltammograms (rotation rate: 3600 rpm) of
various Auy,(SR);/GCE (n = 11, 25, 55, and 140). Panels (A-D) are reproduced with permission from
reference [111]. Copyright Wiley-VCH, 2009.

Table 3. Representative references on ORR activity of Au, NCs.

Ligand Support Experimental Condition Activity Reference
PET
SCeHis Auyy(PPh3)sCls > Aups(PET)q5 > Auss(PPhs)1oCls >
- 0.1 MKOH aq” ; -7 101
Cl aq Auy0(SCeHi3)s3 roy
PPhy
PET Reduced graphene oxide 0.1 M KOH aq *? Aups(PET)1g > Auzg(PET)n4 > Aujgs(PET)go [112]
TBBT SWNTs 0.1MKOH aq b Ausg(TBBT)o4 > Auyzs(TBBT)s5; > Augyg(TBBT)gy > Aupg(TBBT),g [113]
S-'Bu SWNTs 0.1 MKOH aq®? Augs(S-'Bu)yg > Auyg(S-Bu)ag > Ausg(S-Bu)g > Aups(S-'Bu)is [114]
SCi2Has - 0.1MKOH aq*" [Augs(SC12Has)18]™ > [Auas(SC1aHas)is]” > [Aus(SCiaHas)i] " © [115]

@ WE: GCE. ¥ WE; Containing Nafion. ¢ Tow-electron reduction.

On the other hand, Dass et al., studied the dependence of the ORR activity on the core size using
Au,, NCs protected by 4-tert-butylbenzenethiolate (TBBT), whose structure differs significantly from
that of PET [113]. In this experiment, single-walled carbon nanotubes (SWNTs) carrying Au,(TBBT);,
NCs (n = 28, 36, 133, and 279; Figure 8A; Au,(TBBT),; NCs/SWNTs) were loaded onto the GCE.
The ORR actives were measured by scanning the potential using the RDE method in a 0.1 M KOH
aqueous solution filled with O, (Figure 8B). The overvoltage of the ORR was smaller in the order
of Auze(TBBT)p4 > Auyss(TBBT)s5; > Augyo(TBBT)gs > Aupg(TBBT)y. However, the selectivity of
the four-electron reduction reaction was superior in the order of Auzs(TBBT)24 = Auys3(TBBT)s, >
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Auy79(TBBT)gy > Auyg(TBBT)y [113] (Figure 8C). Notably, this trend was similar to that of the size
dependence of the stability of Au,(TBBT),, NCs itself. The same group performed similar studies
using tert-butylthiolate (S-'Bu) instead of TBBT as a ligand [114]. S-'Bu has a bulky framework and
when this ligand is used in the synthesis of Au,,(SR),;; NCs, the ratio of the metal atom and the ligand
in the generated Au,(SR);; NCs is different from that in Au,,(SR),; NCs synthesized using another
ligand. Such Au,(S-'Bu),, NCs exhibit a unique size dependency for ORR activity (Augs(S-‘Bu)yg >
Auye(S-'Bu)py > Augg(S-'Bu)ig > Aups(S-'Bu)ie) [114].
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Figure 8. (A) X-ray crystal structures of Au,(TBBT),; NCs (n = 28, 36, 133, and 279). (B) Rotating-disk
voltammograms recorded for the ORR activity of Augs(TBBT)y4/GCE at different rotation rates.
(C) Reaction rate constant In(k) vs. overpotential E plots with each size of Au,(TBBT),, (n = 28, 36, 133,
and 279). Panels (A-C) are reproduced with permission from reference [113]. Copyright American
Chemical Society, 2018.

In addition to these effects of core sizes and ligands, the ORR activity also depended on
the charge state of Au,(SR);; NCs. Chen et al,, carried [Auys(SCioHys)15]7, [Aups(SC12Has)151°,
and [Auys5(SC12Has)18]" (SC1oHos = 1-dodecanethiolate) on the GCE, and their ORR activities were
evaluated by scanning the potential in a 0.1 M KOH aqueous solution using a rotating ring-disk
electrode (RRDE) filled with O, [115]. In addition, the generation of H,O, was evaluated from the RRDE
current at a fixed ring potential (0.5 V vs. saturated calomel electrode (SCE)). When [Augs5(SC12Hzs)18] 7,
[Aup5(SC1oH5)1581%, and [Auys(SCioHos)18] were used, the efficiencies of HyO, were 86%, 82%,
and 72%, respectively. In addition, the number of electrons for the ORR was estimated to be
2.28 ([Aups(SC12Has)18]7), 2.35 ([Auns(SC12Has)15]%), and 2.56 ([Aups(SCioHas)is]™; Figure 9A-C).
For [Aups(SC12Hzs5)18] 7, which showed the highest production rate of HyO,, the activity decreased
only 9% even after 1000 cycles (Figure 9D). These results indicate that [Auy5(SC12Hp5)18] ™ has high
H,0O; generating ability (Table 3) [115]. Since H,O; is a useful raw material for chemical products,
the development of their highly selective production reactions is important. Jin et al., also studied
the dependence of the ORR activity on the charge state of Au,(SR);, NCs using [Auys(PET)5]™,
[Aups(PET)15]%, and [Aups(PET)1g]". They reported that too strong of an OH™ adsorbing ability of
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[Auys(PET) g]* reduces the ORR activity [77]. Thus, it has been clarified that the charge state of
Au,(SR),;; NCs also has a significant effect on the ORR activity of Au,(SR);; NCs.
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Figure 9. (A) Cyclic voltammograms, (B) electron transfer number (1), and (C) percentage of H,O,
of the ORR on Au25 (SC12H25)13 with different charge states ([AUZS (SC12H25)13]7, [Aqu(SC12H25)1S]O,
and [Auys(SC12Hps)18]%) in 0.1 M KOH aq saturated with O,. (D) Accelerated durability tests of
[Auys5(SC12Hps)18]~ performed for 1000 cycles. Panels (A-D) are reproduced with permission from
reference [115]. Copyright Royal Society of Chemistry, 2014.

4. Conclusions

A system for the generation of a fuel such as hydrogen or methanol using natural energy (e.g.,
solar cells or photocatalytic water splitting) and the production of electricity by fuel cells using these
fuels would be one of the ultimate energy conversion systems for our society. To realize such a system,
high activation of the HER, OER, HOR, and ORR is indispensable. Recently, Au, NCs have attracted
considerable attention as model catalysts for these reactions. In this review, recent works on these
materials were summarized. The overall characteristics of the HER, OER, and ORR can be summarized
as follows.

1) Since the core size, doping metal, ligand structure, and charge state affect the electronic and
geometrical structures of Au, NCs, these parameters also have a great effect on the catalytic activity of
Au,;, NCs.

2) Although these three reactions proceed via different mechanisms, reducing the core size of Auy,
NCs and improving the ligand conductivity tend to improve the activities.

3) When Au, NCs are carried on a conventional catalytic support, their electronic structure
changes and thus their catalytic activity also changes. Therefore, Au,, NCs are also useful for improving
the catalytic activity of conventional catalytic materials.

5. Perspectives

Until recently, the materials with relatively high activity for all of HER, OER, and ORR are
considered to be limited to Ir, Rh, Ru, and Pt [84,85]. However, the recent studies demonstrated that
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these properties could also be caused in Au by the discretization of the band structure (e.g., shift of
d-band center [107,111]). For Au, NCs, it is possible to precisely control the electronic/geometrical
structures and thereby to elucidate the correlation between catalytic activity and electronic/geometrical
structure. In addition, the use of fine Au,, NCs as a catalyst is effective in reducing the consumption of
expensive noble metals. It is expected that the studies on the catalytic activities of Au, NCs lead to
solve the mechanism in catalytic reactions on the metal surface and create the amazing catalysts we
have never seen.

However, to create such HER, OER, and ORR catalysts using Au, NCs and their alloy NCs,
further studies are required. Previous studies have shown that doping with Group 10 elements (Pt
and Pd) induces high activation. Thus, a method for increasing the doping concentration of these
elements is expected to be developed in the future. In addition, regarding the HER and OER, in spite of
decomposing water, most studies thus far have used hydrophobic ligands that are not compatible with
water. This may be related to the fact that the synthesis of hydrophobic Au,, NCs is easier than that of
hydrophilic Au, NCs. In particular, it is difficult to selectively synthesize a group-10-element-doped
cluster using a hydrophilic ligand using the conventional synthesis method. However, as shown in
this review, it is more appropriate to use hydrophilic Au,; NCs as HER and OER catalysts. Therefore, in
the future, additional research on hydrophilic Au, NCs is expected to increase the types of ligands and
core sizes of hydrophilic Au, NCs. Such studies are expected to lead to the creation of highly active
HER, OER, and ORR catalysts and eventually to the development of design guidelines for establishing
ultimate energy conversion systems.
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Abstract: The synthesis of an alloy nanocluster that is atomically precise is the key to understanding
the metal synergy effect at the atomic level. Using the AgyAuys5(SR);g nanocluster as a model,
we reported a third approach for the metal exchange reaction, that is, intramolecular metal exchange.
The surface adsorbed metal ions (i.e., Ag) can be exchanged with the kernel metal atoms (i.e., Au)
that are promoted by thiol ligands. The exchanged gold atoms can be further stripped by the thiol
ligands, and produce the AgyAups_,(SR)13~ nanocluster.

Keywords: alloy; metal exchange; atomically precise

1. Introduction

Precise alloy nanoclusters have recently attracted great interest due to their quantum size
effect-induced unique optical and catalysis properties [1,2]. More importantly, with their well
determined structure, the relationship between their structure and properties can be grasped at
the atomic level. Unlike for the large-sized gold nanoparticles (>3 nm), the method of synthesizing
alloy nanoclusters is relatively limited. For instance, galvanic replacement is widely used in the
synthesis of alloy nanoclusters. For example, the Ag-Pd alloy nanoparticle could be synthesized
by reacting the silver nanoparticle with Pd(II) salt [3]. However, it is a challenge to synthesize an
alloy nanocluster with this method, since the metal nanocluster, which is comprised by active metals,
are quite unstable and rarely reported [4].

Previously, the metal exchange method, which uses homo-gold nanoclusters as templates to
synthesize alloy nanoclusters, has been reported [5-7]. More importantly, the metal exchange process
can jump out of the metal activity sequence, which provides a new way to synthesize the gold
nanocluster with a highly active metal (e.g., Cd) [8,9]. So far, two types of metal exchange reactions
have been reported: (i) Metal exchange with metal complexes [10-15]. This reaction can be created
between thiolated metal complexes (e.g., Ag(SR)) and thiolated gold nanoclusters. (ii) Metal exchange
between nanoclusters [16-18]. Recently, metal exchange was found between two nanoclusters.
Pradeep and co-workers reported the reaction between Agys5(SR)13~ and Aups(SR)13~ to produce
the AgyAuys_4(SR)13~ nanocluster [16]. Based on these two methods, a series of alloy nanoclusters
with atomically precise structures have been synthesized; meanwhile, such alloy products have been
widely used to study metal synergistic effects in chirality, [19] optics [20,21], and catalysis [22] at
the atomic level. It is still necessary to develop new alloying methods, especially a controllable
alloying method.

In this work, we reported a third type of metal exchange: self-alloying induced by intramolecular
metal exchange. Specifically, the intramolecular metal exchange reaction between Ag atoms and Au
atoms in the Ag, Auy5(SR)1g nanocluster can occur in the existence of thiol ligands and produce the
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AgyAuys_(SR)13~ nanocluster. The UV-Vis, thin layer chromatography, and mass spectra indicate the
efficient transformation of this self-alloying process.

2. Materials and Methods

2.1. Materials

Tetrachloroauric(Ill)acid (HAuCly-3H,0, >99.99% metals basis), silver nitrate (AgNOs3, 99%, metal
basis), sodium borohydride (NaBHy, 99.9%), phenylethyl mercaptan (PET, 99%), tetraoctylammonium
bromide (TOABz, 98.0%), methylene chloride (CH,Clp, HPLC grade), acetonitrile (MeCN, HPLC
grade), methanol (MeOH, HPLC grade), and tetrahydrofuran (THE, HPLC grade) were purchased
from Sigma-Aldrich (Shanghai, China). Pure water was purchased from Wahaha Co. Ltd., Hangzhou,
Zhejiang, China.

2.2. Synthesis of the Auys(PET)13~ Nanocluster

The synthesis steps were similar to a previously reported process but with minor modifications [23].
HAuCly-3H,0 (0.2 g/mL, 0.4 mL) and TOABr (0.254 g, 0.47 mmol) was dissolved in 5 mL of THE.
Then, 400 pL (2.8 mmol) of PET was added to the flask under a slow stirring speed ~60 rpm. After the
solution turned clear (~30 min), the stirring speed was increased to fast (~1200 rpm). At the same time,
an aqueous solution of NaBHj (0.1550g, 4 mmol) was quickly added to the above solution to initiate
the reaction. The reaction was allowed to proceed overnight. After that, the solution was washed with
5 mL pure water. The organic phase was dried via rotoevaporation. MeOH (~20 mL) was added to
remove the byproducts and this centrifugation cycle was repeated at least 3 times. Then, 10 mL of
MeCN was used to extract pure Aups(PET);3~ TOA* nanoclusters (NCs).

2.3. Synthesis of the Ag»Au5(PET)13* Nanocluster

AgyAuys was prepared by modifying a previous method [24]. Briefly, 10 mg of Aups(PET);3~ TOA™
(1.3 umol) NCs was dissolved in 10 mL of MeCN. After that, 0.67 mg of AgNO3 (2.2 equivalents per
mole of Aups), dissolved in MeCN, was added into the solution. The color of the solution then quickly
turned from brown to dark green. The AgyAuys nanocluster was then precipitated out of the solution.
MeCN (~10 mL) was added to remove the unreacted AgNOj3 and other byproducts (e.g., TOA*NO3 ™).

2.4. Intramolecular Metal Exchange of the AgyAuys Nanocluster

2 mg of the AgyAups nanocluster was dissolved in 10 mL of methylene chloride (DCM). After
that, 0.1 mL PET was added into the solution. The color of the solution slowly turned from green to
brown. This reaction was monitored by UV-Vis and MALDI-TOF-MS spectra. After ~70 min, all the
AgyAups nanoclusters were converted into AgyAups_(SR)13~ (x = 0-2).

2.5. Characterization

All UV-Vis absorption spectra of the nanoclusters dissolved in CH,Cl, were recorded using an
Agilent 8453 diode array spectrometer (Shanghai China), whose background correction was made
using a CH,Cl, blank. The X-ray photoelectron spectroscopy (XPS) measurement was performed on a
Thermo ESCALAB 250 (Waltham, MA, USA), configured with a monochromated AlK« (1486.8 eV)
150 W X-ray source, with a 0.5 mm circular spot size, a flood gun to counter charge the effects,
and with the analysis chamber base pressure lower than 1 x 10~ mbar. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES) measurements were performed on an Atomscan
Advantage instrument made by Thermo Fisher (Waltham, MA, USA). The nanoclusters were digested
by concentrated nitric acid and the concentration of the nanoclusters were set to 0.5 mg L~!
approximately. MALDI-TOF-MS was recorded on a Bruker Autoflex III smart beam instrument
(Karlsruhe, Germany), using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) as the matrix.
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3. Results and Discussion

The AgrAups(SR)1g nanoparticle (Figure 1, abbreviated as AgpAups hereafter) was made
by reaction with the Aups(SR)13~ nanocluster, with two equivalents of AgNO; in acetonitrile.
We previously reported that the Ag(SR) complex reaction with Auys5(SR)13~ (dissolved in toluene
or dichloromethane) will produce the AgyAuys_(SR);3~ nanocluster [6]. However, by using the
inorganic AgNOj instead of Ag(SR), the silver atoms do not replace the gold atoms in the Auys5(SR)1g~
nanocluster but, instead, anchor on the surface of the Auys nanocluster and produce the Ag,Aups
nanocluster. Interestingly, different kinds of metal salt precursors led to the different alloying result,
that is, the metal-exchange or metal adsorption.

Previous Work

[ Metal Exchange with Metal complex
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Figure 1. Synthesis of atomically precise alloy nanoclusters with different methods.

We further reacted the Agy Auys with the thiol ligands. And applied the UV-Vis absorption spectra
to monitor the reaction process. As shown in Figure 2, the HOMO-LUMO peak at ~700 nm of Ag,Aups
gradually blue shifted to ~625 nm. Meanwhile, three absorption points, at ~625 nm, ~475 nm, and
~410 nm, were found that indicated the quantitative conversion. The final product was determined to
be AgyAups_(SR)18~ with the x ranging from 0 to 2 (Figure 3b). The metal ratio was further confirmed
by the XPS and ICP tests (Table 1).
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Figure 2. Time-dependent UV-Vis spectra of the Agy Auy5(SR)1g nanocluster reacting with PET ligands
in dichloromethane.
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Figure 3. Time-dependent MALDI-TOF-MS spectra of the Ag, Auys(SR)1g reaction with PET. The inset
picture is the Thin-layer chromatography (TLC) of samples at 0 min (AgyAups), 40 min, and 70 min,
respectively. The positive model MALDI-TOF-MS results of the two components separated by TLC are
shown in (a) and (b), respectively. Note that, the peaks in (a) are the fragments of Ag,Auys according
to [24]. The full spectrum of Ag,Auys is shown in Figure S1.

Table 1. The atomic ratio of Au:Ag in the AgyAups_,(SR)13~ nanocluster, calculated by Inductively
coupled plasma-atomic emission spectrometry (ICP-AES) and X-ray photoelectron spectroscopy
(XPS) measurements.

Results Au Atom Ag Atom
ICP experimental ratio 96.22% 3.78%
XPS experimental ratio 96.04% 3.96%
Theoretical 24/25 (96%) 1/25 (4%)

Time-dependent TLC and MALDI-TOF-MS spectra were applied to monitor the reaction process
(Figure 3). The TLC results showed the high purity of the Ag,Auys nanocluster, after addition of
the thiol ligands (PET) into the solution, the new compound was formed as demonstrated by the
TLC. We further tested the mass spectrum of the two compounds, respectively. The mass spectrum
suggested that the molecular ion peak of AgyAuys was not changed, whereas with the different
fragment peaks, the pure Agy Auys nanocluster had one fragment peak at 7391 Da, which was caused
by losing two Ag atoms at the surface. Interestingly, after the addition of the thiol ligands, we found
three fragment peaks at 7391 Da, 7302 Da, and 7213 Da. The mass difference (89 Da) was equal to
the mass difference between Au (197 Da) and Ag (108 Da). The different fragmentation after the
addition of the thiol ligands suggested that the silver atoms at the surface were exchanged by gold
atoms. The new compounds were determined to be AgyAuys_,(SR)18 nanoclusters, which indicated
the occurrence of the metal exchange process.

There are two main approaches in which this metal exchange can occur: (i) In direct metal
exchange. In this way, thiol ligands first strip the adsorbed silver ions from the Ag,Auys nanocluster.
This process results in the Ag(SR) complex and the Auy5(SR)1g ™~ nanocluster. Then, metal exchange occurrs
between these two products and results in the AgyAuys5(SR)13~ nanocluster. (ii) In intramolecular
metal exchange, that is, adsorbed silver ions are exchanged with the kernel gold atoms, which are
further stripped by thiol ligands. In order to study this reaction, the mass analysis was applied on the
new compounds, which were separated from the TLC. The mass spectra showed similar results during
the reaction. The absence of AgyAuy5(SR);g indicated this composition had reacted. Three intense
peaks, at 7391 Da, 7302 Da, and 7213 Da, were found, which were assigned to AgyAuyz, AgjAuyy,
and Aups, respectively. It is worth nothing that, the ratio of the three peaks was maintained at 1:2:1
during the reaction. For comparison, we applied the metal exchange reaction between the Auys(SR)15~
nanocluster with the Ag(SR) complex; the time dependent mass spectra and UV-Vis absorption spectra
are shown in Figure S2. Consequently, the intermolecular metal exchange reaction between Ag(SR)
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with Auy5(SR)1g~ was quite different from the present work. The proportion of doped silver atoms
gradually increased with time. These results ruled out the idea that the metal exchange in the Agy Aups
nanocluster resulted from the thiol ligand pulling out the adsorbed silver atoms, and the resultant
intermolecular metal exchange reaction.

The intramolecular metal exchange in the Ag, Auys nanocluster contained two steps (Scheme 1):
(i)self-metal-exchange; (ii) metal stripping. In the first step, surface silver atoms exchanged the gold
atoms at the kernel, with the promotion of the thiol ligands, and produced the isomeric Ag,Auys
nanocluster. In the second step, the surface atoms dissociated from the surface of the cluster and
produced the AgyAuys., nanocluster. The 1:2:1 ratio, which was found from the mass spectra of the
final product, revealed that the silver to gold ratio was 1:1.

Self-metal-exchange Metal stripping

Scheme 1. Th proposed intramolecular metal exchange process.
4. Conclusions

In summary, we reported the intramolecular metal exchange in the AgjAu,s nanocluster.
The intramolecular exchange involves two steps. First, silver atoms at the surface interchange with
the gold atoms at the kernel, then the metal ions on the cluster surface are stripped from the cluster.
With the intramolecular reaction, we obtained the AgyAups_(SR)13~ (x = 0-2) nanocluster with a
quantitative yield. Our work not only provides a new approach for the metal exchange reaction,
but also provides a new perspective for understanding the metal behavior at the nanoscale.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/12/1070/s1,
Figure S1: The full spectra of Agy Auys nanocluster with different laser energy during the MALDI-TOF-MS analysis.
The intensity of Aups decreases with the decrease of laser intensity, which indicate the Aups is the fragment of
AgyAups; Figure S2: Time-dependent MALDI-TOF-MS spectra of metal exchange between Auy5(SR)g~ and
Ag(SR) (4 equivalents) complex. (a) 0 min; (b) 5 min; and (c) 15 min.
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Abstract: Gold decorated graphene-based nano-hybrids find extensive research interest due to their
enhanced chemical catalytic performance and biochemical sensing. The unique physicochemical
properties and the very large surface area makes them propitious platform for the rapid buildouts
of science and technology. Graphene serves as an outstanding matrix for anchoring numerous
nanomaterials because of its atomically thin 2D morphological features. Herein, we have designed
a metal-graphene nano-hybrid through pulsed laser ablation. Commercially available graphite
powder was employed for the preparation of graphene oxide (GO) using modified Hummers’ method.
A solid, thin gold (Au) foil was ablated in an aqueous suspension of GO using second harmonic
wavelength (532 nm) of the Nd:YAG laser for immediate generation of the Au-GO nano-hybrid.
The synthesis strategy employed here does not entail any detrimental chemical reagents and hence
avoids the inclusion of reagent byproducts to the reaction mixture, toxicity, and environmental or
chemical contamination. Optical and morphological characterizations were performed to substantiate
the successful anchoring of Au nanoparticles (Au NPs) on the GO sheets. Remarkably, these
photon-generated nano-hybrids can act as an excellent surface enhanced Raman spectroscopy (SERS)
platform for the sensing/detection of the 4-mercaptobenzoic acid (4-MBA) with a very low detection
limit of 1 x 10712 M and preserves better reproducibility also. In addition, these hybrid materials
were found to act as an effective catalyst for the reduction of 4-nitrophenol (4-NP). Thus, this is a
rapid, mild, efficient and green synthesis approach for the fabrication of active organometallic sensors
and catalysts.

Keywords: gold nanoparticles; graphene oxide; laser ablation; Au-GO nano-hybrid

1. Introduction

Nano sized particles of noble metals, particularly gold NPs (Au NPs), have ample scope in research
due to their unique optical, electrical and catalytic properties and their potential applications in material
science, physics, chemistry and in many interdisciplinary fields [1-3]. The Au NPs have the tendency
of aggregation when they are in a solution on account of their superior surface energy, which results
in a reduced catalytic activity and stability [4]. This disadvantage can be solved by anchoring Au
NPs on various matrices such as SiO,, polymer and carbon microspheres, etc. [5-7]. Among these
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matrices, graphene derivatives like graphene oxide (GO), and reduced graphene oxide (rGO) have
been subjected to vast study owing to an excessive surface area, planar structure, and exceptional
physicochemical properties [8]. GO is a better choice when compared with graphene in terms of a
low production cost, high yield manner and more application suitability. Having a rich O, containing
functional groups on its edges and basal planes make GO hydrophilic and a good support for the
surface functionalization and nanoparticle immobilization. Until now, extensive research has been
done on the development of GO or rGO supported Au NPs for applications in the field of catalysts,
sensors and medicine. Au NPs and GO nano-hybrids shows novel and increased physicochemical
properties, which is considered to be accomplished from the strong interaction between these two
constituents [9-11].

Graphene sheets embellished with metal nanoparticles are brilliant materials having potential
use in energy storage, optoelectronics, bio sensors or catalysts, because of their unique physical
and chemical characteristics [12,13]. The surface plasmon resonance of the metallic nanoparticles,
interaction of graphene sheets with light, formation of bio sensors by means of bio conjugation, inflation
of catalytic activity of nanoparticles [14,15], etc. are controlled by the unique conductivity and volatile
features of graphene and metal nanoparticles, respectively. Usually, the graphene- metal nano-hybrids
are fabricated by the synchronized reduction of metal salts and graphene derivatives. In such methods,
surfactants or co-ligands on the synthesized nanoparticles are utilized to augment stability and to
reduce aggregation behavior. At the same time, impurities are also produced along with the entire
procedure and final products [16,17]. Generally, the metal nanoparticles are capped with ligands in
the surface, which foster a cross-chemical effect. As a solution to this dilemma, ligand free metal
nanoparticles have been synthesized through alternative top-end and easy pathways, functioning
on the basis of principles of green protocols [18,19]. Pulsed laser ablation in liquids (PLAL) is such a
method, in which a solid target immersed in a colloid or liquid is irradiated with a suitable pulsed laser
beam [20-23]. Here in PLAL, the possible synergy between the electromagnetic field of the laser pulses
and the atoms on the material surface leads to the removal of electrons from the surface, culminating
in creation of an electronic cloud and an electron deficiency localized area on the surface of the target.
The electronic cloud in turn will attract the surface ions by means of electromagnetic force, resulting
in the formation of clusters of atoms and ionized atoms. A cavitation bubble formation is the next
process in line, which cages the material that forms crystalline nanoparticles and finally discharges the
nanoparticles in to the liquid environment as the bubble blots out [24,25]. The ligand free Au NPs
shows better surface activity due to the lack of ligands on its surface so that it can retain on the GO
surface by the combined effect of three distinct reasons (a) interplay among the d-orbitals of metal
nanoparticles and the pi-electron aromatic network of graphene (b) the strong electrostatic interaction
between metal nanoparticles and graphene promotes the effective anchoring of AuNPs on GO (c)
desirable distribution of nanoparticles at the defects/wrinkles found in the graphene surface [26,27].
There are reports of synthesis of ligand free Au NPs by PLAL and subsequent blending with graphene
with the aid of a variety of lasers [28-30]. The prospect of direct synthesis of particles from graphene
sheets in liquid medium signifies that the electromagnetic effects from the laser radiation causing
some reactive process in GO may govern the reduction process of graphene oxide. Thus, the laser
irradiation eliminates the O, functional groups from the graphene sheet, whilst possessing the large
inter layer spacing, that characterizes the electronic decoupling of the individual layer in the material
and this decoupling effect may give rise to superconductivity effects sometimes [31,32]. In this work,
we focus on the decoration of graphene oxide sheets with Au NPs in a novel single step approach.
The impact given by a nanosecond radiation-based technique upon the control of synthesis of highly
pure Au NPs in a liquid ambience containing graphene oxide layers has been studied. Apart from
the conventional synthesis methods and the previously reported synthesis via PLAL, we present the
fabrication of the Au-GO hybrid material, especially in the nanosecond regime for the first time. The in
situ generation and decoration of the Au NPs on the GO layers are established by photons and the
purity, structure, size and stability of the AuNPs were fine-tuned by different laser parameters like laser
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fluence, repletion rate, laser wavelength, irradiation time, etc. To establish the hypothesis, Au NPs
were synthesized in a homogenous aqueous suspension of graphene oxide layers. Moreover, this
methodology has proved that it is an impressive protocol to derive graphene oxide-metal nanoparticle
assemblies with a potential to be used in a verity of applications where undesirable effects of harmful
chemicals can be avoided successfully.

2. Experimental Procedure

In order to generate the Au-GO nano-hybrid, a thin gold foil of thickness of 0.1 mm
(SIGMA ALDRICH, Missouri, MO, USA, pure trace metal, 99.99%) was properly fixed in the inner side
of a glass cuvette, which is filled with 30 mL of an aqueous suspension of the GO solution. The second
harmonic beam of an Nd:YAG laser (Litron LPY 674G-10) having a pulse width of 8 ns was focused on
to that gold foil with a bi-convex lens having focal length 15cm at a 10 Hz repletion rate. The spot
diameter of the beam was found to be 0.01 mm. Thus, the Au NPs were born and anchored in situ on to
the GO single layers through the nanosecond laser radiation strategy technically known as PLAL. GO
was prepared previously from the standard graphite powder using a modified Hummers’ method [33].
The whole experiment was performed completely in room temperature.

Figure 1 depicts the experimental arrangement of laser ablation. The Au target is ablated for
fifteen minutes (15 min) at four distinct laser energy densities such as 5.3 Jem™2,7.9 Jem™2,10.5 Jem ™2,
and 13.2 Jem 2. The GO solution was kept under stirring with the aid of a magnetic stirrer for uniform
distribution/decoration of the Au NPs on the GO matrix.

(a) Lens Au foil
Nd-YAG Laser !

Magnetic stirrer
60 solution

Warer

III

Laser Ablation

=

@® GONsS
(b) @™ Au -6O nano hybrid

Figure 1. (a) The experimental framework of fabrication of Au-GO nano-hybrid; (b) synthesis procedure
for the Au-GO nano-hybrid.

3. Results and Discussion

Here, we focus on the facile generation of the Au-GO nano-hybrid using a laser ablation in
nanoseconds. The influence of the nanosecond radiation on the controlled synthesis of uniformly
dispensed Au NPs in the aqueous suspension of GO sheets and its applications in chemical sensing
and catalysis has been studied. With this focus, Au NPs were produced in situ and were anchored on
to single layered graphene-oxide sheets. Our results demonstrate that the growth of ligand-free metal
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nanoparticles on graphene oxide sheets in a single reaction procedure using a laser ablation is a highly
beneficial technique for fast, simple and environmentally friendly synthesis of nanoparticles, hybrids
and composites.

3.1. UV-Vis Absorption Spectroscopy

Figure 2a represents the absorption spectrum of a pure GO sheet. The GO sheets display an
absorption at 234 nm, which is attributed to the C-C bond’s m — 7* interaction; the tiny shoulder peak
at 304 nm is attributed to the C=0 bond’s n — 7* interaction. Figure 2b represents the absorption
spectra of the Au-GO nano-hybrid. After the ablation process at four distinct laser fluences (5.3 Jem™2,
7.9 Jem™2,10.5 Jem™2, and 13.2 Jem™2), the absorption peak of the GO in all prepared samples slowly
shifted to 255 nm, which implies that a few GO sheets have undergone a reduction due to the
interactivity of the GO with a high energy laser beam (Figure 2b). Together with this, the Au-GO
nano-hybrid material evince a wide absorption peak at ~526 nm. This is the contribution by the surface
plasmon resonance (SPR) of the Au NPs [34,35]. These results indicate that the Au NPs were generated
and successfully anchored on the GO matrix. The results also elucidate that the laser fluence is a
key-regulating parameter and has a vital role in the size and concentration of Au NPs on the GO matrix.
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Figure 2. UV-Vis absorption spectrum. (a) GO and Au-GO nano-hybrid; (b) Au-GO at different
laser fluences.

3.2. XPS and Raman Analysis

The wide-scan XPS spectra of the Au-GO nano-hybrid shown in Figure 3a upholds the existence
elements of Au, C and O. In order to examine the oxidation states of Auand GO, the X-ray photoelectron
spectroscopy (XPS) was employed. Figure 3a depicts the wide scan spectra of the Au-GO hybrid
material. In fact, the high-resolution XPS peaks of the deconvoluted C1s spectrum of the Au-GO
nano-hybrid shows three different peaks due to the existence of the C=0 (288.2 eV), C-O (286.6 eV)
and C-C (286.4 eV) functional groups (Figure 3c), while the binding energy at 84 eV and 87 eV were
attributed to the Au4f;, and Au4fs), peaks (Figure 3b). This result confirms the effective formation of
the Au layer over GO.
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Figure 3. X-ray photoelectron spectroscopy (XPS) and Raman spectra of the Au-GO nano-hybrid.
(a) Wide scan spectra; (b) Au4f spectrum; (c) Cls spectrum; (d) Raman spectra of the Au-GO and GO.

The Raman spectroscopy was employed additionally to explore the structure of the nano-hybrid
and the interactivity between the Au nanoparticles and GO sheets. Here, in the Raman spectra
Figure 3d reveals an intense D peak at 1349 cm ™! and a G peak at 1580 cm™!, which affirms the genesis
of a few-layered GO with its graphitic structure. The occurrence of an intense D band at 1349 cm™!
in the GO sample clearly indicates the existence of defect sites in the graphene layers. These defects
are often assigned to the oxidation of graphite and doping effects in the hexagonal carbon lattice.
Furthermore, the Ip/I¢ ration (Ip/Ig = 1.09) for the Au-GO hybrid is large compared with the bare GO
(In/Ig = 0.89); it substantiates the existence of several defects in the Au-GO created during the laser
ablation. The evident spike in the Ip/Ig value from GO to Au-GO indicates the successful anchoring of
Au on the GO network. Moreover, the nano-hybrids exhibit increased Raman intensity, which was
because of the effect of the localized electromagnetic field of the Au nanoparticles and thus it can be a
competent substrate for SERS detection.

3.3. Morphological Analysis

The surface morphology and size of the Au-GO nano-hybrids were studied using a transmission
electron microscopy (TEM) and field emission scanning electron microscopy (FESEM).

The TEM image (Figure 4) of the Au-GO nano-hybrid shows that the small Au nanoparticles of a
diameter around ~30 nm are anchored on to the surface of the GO. The HRTEM analysis shows that
the synthesized Au-GO material is unbound of any other chemical impurities and elements. The high
crystalline nature of the material was clear from the lattice fringes. It also provides clear details
regarding the d spacing of the Au nanoparticles. The Au nanoparticles exhibit a darker contrast with
an interlayer spacing of 0.202 nm that corresponds to the d-spacing of a (200) plane of Au. In addition,
the transmission electron microscope-energy dispersive spectra (TEM-EDS) confirms the presence of
highly-pure gold nanoparticles decorated over the GO matrix; it is shown in Figure 5. The EDS reveals
that, the most evident intensity peaks are Au, C and O corresponding to the Au NPs and GO sheets.
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Figure 4. TEM and HRTEM images of the Au-GO nano-hybrid.
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Figure 5. TEM-EDS of the Au-GO nano-hybrid.

Also, Figure 6 shows the FESEM image and the elemental mapping of the Au-GO nano-hybrid
in which the elements Au, C and O are mapped in blue, pink and yellow colour, respectively; the
mapping clearly suggests the co-existence of Au and GO in the laser generated nano-hybrid. Figure 6a
clearly depicts that the number density of the Au NPs are very high in the vicinity of wrinkles in the
GO sheets. These are one of the main reasons for the adsorption of the AuNPs on the GO. The wrinkles
present in the GO corresponds to the defect sites and it facilitates the high rate of accumulation and

immobilization of the Au NPs on such areas.
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Figure 6. (a) Field emission (FESEM) image of the Au-GO nano-hybrid (b—f) elemental mapping of
Au-GO nano-hybrid, where C, O and Au are mapped in pink, yellow and blue colours respectively.

3.4. SERS Activity of 4-Mercaptobenzoic Acid (4-MBA)

For the SERS measurement, 10 uL of the samples were coated on a silicon wafer (~1 cm?).
The 4-mercaptobenzoic acid solution (4-MBA solution, 10 uM concentration, and 10 uL quantity)
was prepared and drop casted on a silicon wafer and then dried in room temperature. These stock
solutions were gradually diluted with de-ionized water to obtain various concentrations of analytes. A
confocal Raman spectrometer (WITec alpha 300RA) with a 532 nm excitation wavelength was used
for SERS measurements of hence prepared samples. The SERS data were collected over the span of
200-2000 cm~! with 10 s as an integration time.

The relative SERS enhancement capabilities of the Au-GO nano-hybrids were measured using
4-mercaptobenzoic acid (4-MBA) as the probe molecule, which is highly Raman active and adsorbed
on the surface of these hybrid nanostructures. For comparison, Au NPs are also prepared to confirm
the SERS activity of the 4-MBA molecules. The 4-MBA is an organic molecule with a thiol group
and a carboxylic acid group on the two ends that usually exhibits a strong chemical coupling with
metallic surfaces [36]. It is well known that metal nanoparticles incorporated nanostructures give
higher SERS enhancement than the bare metal nanoparticles. Metal nanoparticles usually contribute
an electromagnetic field enhancement to the SERS signals. Figure 7a represents the SERS spectra of the
Au-GO synthesized at different laser energies, capped with 4-MBA (10 uM). In Figure 7a, the SERS
spectra exhibit two prominent Raman peaks at 1076 cm™! and 1586 cm™! that is attributed to the v(C-C)
breathing modes of a benzene ring. The other weak bands, 1412 cm~! emerged from the stretching
mode of vs (COO-) and the band at 1182 cm™! from the C-H deformation modes; they were found to
be consistent with the previous report [37]. The v(C-C) mode depicts a dominant peak intensity than
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the other modes of vibration due to the enhanced coupling between the transition dipole moment and
local electric field [38,39]. The samples at 13.2 Jem ™2 laser energy displayed more SERS intensity. These
observations confirm that the use of Au resulted in a higher surface area, providing amplification of
the hot spots. Therefore, such a simple approach of the controlled decoration of Au over GO could
successfully enhance the SERS activity. The peak intensities at 1076 cm™! and 1586 cm ™" were chosen
to calculate the SERS enhancement factor for the Au decorated GO sheet. The SERS enhancement
factor is evaluated by comparing the SERS signals obtained from the 4-MBA capped structures to the
Raman intensities acquired from the bulk 4-MBA molecule using the formula:

Enhancement factor (EF) = Isgrs/INr X CNR/CsErs (1)

where, Isgrg and Ing correspond to the calculated intensity of the SERS spectra of the molecule
which is adsorbed on the nano-hybrid surface and the normal Raman spectrum of the bulk molecule,
respectively. Cygr and Cggrg are the corresponding 4-MBA concentrations for the normal Raman and
SERS substrates [40]. We have expected that the 4-MBA molecules are evenly distributed on the SERS
substrate. So, 10 uL of the 4-MBA solution having a 1077 M concentration was pipetted and casted on
the SERS substrate and the droplet evaporated in air for the experiment.
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Figure 7. (a) The surface enhanced Raman spectroscopy (SERS) spectra of the samples at 10 uM 4-MBA;
(b) the SERS spectra of Au-GO at different concentrations of 4-MBA; (c) calibration data with respect
to the average SERS intensities of the peaks of 4-MBA at 1076 cm™! and 1586 cm ™" with the 4-MBA
concentrations; (d) the Raman image of the Au-GO, the red region corresponds to the ‘hot spots’.
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The calculated SERS enhancement factor (EF) for the Au-GO@13.2 Jem ™2 at 1076 cm ™! is 7.9 x 10°,
respectively. Therefore, such nano-hybrids demonstrate higher SERS efficiency than the bare Au NPs
and their excellent stability is in very good agreement with the literature [41].

Moreover, it should be noted that the Au nanoparticles with small dimensions are distributed
throughout the GO surface thereby creating ‘hot spots’. Figure 7b represents the SERS spectra at
different concentrations of 4-MBA, i.e., peaks from 1077 M to 10712 M were adsorbed on the surface
of Au-GO@13.2 Jem™2 sample. From Figure 7b, it is evident that the peaks corresponding to 4-MBA
can be sensed even at a very low concentration of 4-MBA at 10712 M thereby indicating a very high
sensitivity of SERS substrate. Figure 7c represents the SERS Raman mapping image of the Au-GO@13.2
Jem™2 sample, in which the red region corresponds to the ‘hot spots’. The Au-GO nano-hybrids
are believed to be a favourable candidate for the SERS applications due to their surface roughness,
which in turn provides a higher surface area for the more adsorption of the SERS-active molecules.
The huge enhancement of the SERS signals from the Au-GO nano-hybrids is attributed to the presence
of ultra-pure Au NPs, which serves as ‘hot spots’ during the SERS analysis and results in the strong
coupling between the surface plasmons of Au NPs thereby enhancing the local electromagnetic
field [42]. In the case of our samples, Au nanostructures are randomly distributed over the surface of
the GO sheets. With improved structural design and enhanced SERS activity, these nano-hybrids could
act as a new type of plasmonic nanomaterial with great potential for various applications including
detection of trace chemicals, biomolecules, and in the detection of pathogens for food safety. Hence,
the Au decorated GO could be excellent substrates for SERS due to their tunable plasmonic properties,
more accessible surface area and chemical stability.

3.5. Au-GO Nano-Hybrids for the Catalytic Reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH, was performed
as a time-controlled reaction in order to establish the catalytic activity of the Au-GO nano-hybrids. For
that, 2.2 mL of water was mixed with 30 uL of 4-NP at a 10 mM concentration in a quartz cuvette at
room temperature. To this solution, when 200 pL of 0.1 M, the NaBH, solution was added. There was
an instant change in the solution colour from light yellow to dark yellow. To this mixture, 0.5 mL of
bare Au NPs and Au-GO nano-hybrid samples were added and the UV-Vis absorption spectra of the
samples were recorded at certain specific intervals in the range of 200-800 nm at room temperature.

For a quantitative investigation of the catalytic activity of the Au NPs and Au decorated GO sheets
(Au-GO nano-hybrids), the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBHy
was chosen as a standard at room temperature [43]. The catalytic reduction reaction can easily be
demonstrated by the UV-Vis absorption spectroscopy. The absorption peak of 4-NP is shifted to a higher
wavelength (400 nm), upon the addition of NaBHy due to the formation of an intermediate compound
4-nitrophenolate. In the absence of the as-prepared catalyst (Au-GO nano-hybrids), the absorption
peak of 4-nitrophenolate at 400 nm remains unaltered over several times thereby confirming that the
reduction reaction did not take place. Figure 8a—d represents the time-dependent UV-Vis absorption
spectra corresponding to the catalytic reduction of 4-nitrophenol to 4-aminophenol by the Au and
Au-GO nano-hybrids at different laser energies, respectively. In the absence of the catalyst (Au-GO
nano-hybrid), the 400 nm absorption peak (due to 4-nitrophenolate) remains constant. However, after
the small addition of the Au-GO samples, the absorption peak intensity at 400 nm slowly decreased
and a new peak centered at 300 nm emerged corresponding to the 4-aminophenol and the colour of the
solution turned transparent from the previous dark yellow. Herein, the nano-hybrid acted as a catalyst
promoting the electrons transfer from BH4 ™ to 4-NP, facilitating the reduction process.
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Figure 8. Time-resolved UV-Vis absorption spectra attributed to the catalytic reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) with (a) Au NPs)@7.9 Jem~2; (b) Au-GO@7.9 Jem™~2; (¢) Au-GO@10.5
Jem~2; (d) Au-GO@13.2 Jem™2; (e) plot of In(At/Aj) against the reaction time of various proportions of
the Au-GO samples.

The time required for the completion of the reaction varied with the different Au-GO hybrids and
Au itself. With the use of the Au-GO@13.2 ]cm‘2 laser fluence, the reduction reaction was completed
within 2 min as shown in Figure 8d and was found quicker than earlier reports. It should be noted that
upon increasing the concentration of Au, the reaction time essential for the reduction was shortened.
Additionally, the concentration of NaBH, extensively goes beyond that of 4-NP, the reduction rate was
found to be independent of the NaBH, concentration. Therefore, the first order kinetics approximation
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may be suitable for calculating the apparent rate constants (kspp) [44,45]. The reduction rate constant
can be calculated according to pseudo first-order kinetics,

In(Cy/Cy) = In(At/Ap) = kapp t 2)

where kg, corresponds to the apparent rate constant, and Ay and A, represents the absorption of
4-NP at time t and its initial time, respectively. Figure 8e represents the relationship between In
(A¢/A,) and the reaction time f, which exactly match with the first order reaction kinetics. Each sample
exhibits a good linear fit of In(A1/A,) with the reaction time. The kg, values were obtained from the
slope of the plot and the details are listed in Table 1. For Au-GO@13.2 Jem™2 [kapp = 40.2 X 1073 s71],
Au-GO@10.5 Jem ™2 [Kapp = 10.2 x 1073 571), Au-GO@7.9 Jem ™2 [kapp = 4.2 x 1073 s71] and for Au@
7.9 Jem™2 [kapp = 1.6 X 1073 s71)]. From the results, it is evident that there is a significant increase in
the kqpp value of the nano-hybrids synthesised at higher laser fluences. The k,pp value for the sample
Au-GO@13.2 Jem ™2 is found to be 40.2 x 1073 s™!, which is significantly higher than the other two
samples and AuNDPs itself. Hence, the catalytic activity of the Au-GO nano-hybrids obtained at higher
laser fluences was found to be greater than that of the bare Au NPs.

Table 1. Catalytic reduction time and kypp of AuNPs and Au-GO nano-hybrids.

Product Au@79]Jcm=2  Au-GO@7.9]Jcm2  Au-GO@10.5 Jem—2 Au-GO@13.2 Jem—2
Reduction time (in seconds) 1440 840 360 120
kapp (1073 s71) 1.6 4.2 10.2 40.2

Moreover, the catalytic reduction activity of Au-GO nano-hybrid with other materials has also
been compared and the details are summarized in Table 2.

Table 2. Comparison of the apparent rate constants kapp of different catalysts for the reduction
of 4-nitrophenol.

Apparent Rate Constant

Samples kuppr (10-3 s-1) Reference

Au-GO@13.2 Jem™2 via PLA 40.2 This work

Au-GO@10.5 Jem™2 via PLA 10.2 This work

Au-GO@7.9 Jem™2 via PLA 42 This work

Au@7.9 Jem~2 via PLA 1.6 This work
rGO-AgAu bimetallic nanocomposite via green synthesis 1.4 [46]
Au/graphene hydrogel via chemical reduction 3.1 [47]
Ag-Pt NWs via chemical reduction 6.9 [48]
Ag/Au bimetallic nanostructures via chemical reduction 6.1 [49]
Ag-Au-C composite via chemical reduction 1.6 [50]

4. Conclusions

In this work, we establish the benefits of using a laser-assisted synthesis protocol for the production
of highly pure, ligand-free gold nanoparticles that are directly anchored on to the surface of the graphene
oxide matrix. The tuning of laser parameters influences the size and concentration of the AuNPs.
There is not much considerable alteration in the properties of graphene oxide after laser ablation
except for a modest increase in the GO reduction. Throughout the laser ablation process for the in situ
generation of gold nanoparticles on the GO matrix, the inherent properties of GO were observed to be
unaltered. Here, the graphene oxide is functioning as a capping agent that controls the size of the Au
nanoparticles. We further demonstrated that the Au-GO hybrid material exhibits outstanding catalytic
and SERS performance when compared with the metal nanoparticles alone. Both the synthesis protocol
by laser ablation and the applications of the designed nano-hybrid provides motivations for future
advancement in the materials science platform, especially in the catalysis and chemical sensing.
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