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ABSTRACT
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ISSN 2489-9003, 167)
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The development of gold nanoclusters has made remarkable progress enriching
the research field of nanomaterial science. The breakthroughs in synthetic
chemistry enable the preparation of functional materials using gold nanoclusters.
The assembly of gold nanoclusters into well-defined structures creates a system
with new optical and electronic properties and functionalities, often sensitive to
single atom or single electron in the system. Assembly of superstructures with
molecular precision requires not only mastering the size and structural
uniformities of building blocks but also understanding reaction kinetics and the
interplay between competing reaction mechanisms. In the light of this, a robust
synthesis of covalently linked nanoscale constructs from gold nanoclusters with
atomically precise structures was developed, using common thiolation chemistry.
The generality of the synthesis was proven by using various molecules
connecting the particles, producing in high yield a large number of geometrical
structures of linked gold clusters. The successful gel electrophoresis separation
of dimers, trimers, and tetramers allowed detailed characterization and
systematic studies of reaction mechanism of the created systems. Multimers of
linked structures exhibit additional transitions in their UV-vis spectrum at 630
nm and 810 nm, indicating the presence of hybridized localized surface plasmon
resonance (LSPR) modes. Nearly constant distances observed in transmission
electron microscope (TEM) between singular gold clusters and the analysis of the
oligomer yields supported with MD simulations suggest that gold nanoclusters
are covalently bound by formation of singular molecular bridges. The molecular
bridge is most likely formed by formation of an S-S bond between the terminal
sulfurs of two (or more) dithiols connecting the particles. The successful disulfide
bonding was also observed spectroscopically by X-ray photoelectron (XPS) and
electron energy-loss spectroscopy (EELS). The scanning electron microscope
(STEM) combined with EELS experiment gives spatial insight into the linked
structures. The measurements confirm the molecular bridge between clusters by
producing images with chemical contrast indicating the presence of molecules
between particles. This achievement of making well-defined metallic nanoscale
superstructures allows detailed engineering of the materials with atomic
precision.

Keywords: Gold nanocluster, Covalent linking, Au102(p-MBA )44,
para-mercaptobenzoic acid, Transmission electron microscope
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1 INTRODUCTION

In the bulk state, gold is recognized as a shiny, chemically inactive metal, which
does not rust or tarnish, has a face-cubic structure and melts at 1336 K.? Gold has
been used as a symbol of wealth and power and shape the course of human
history. At nanoscale gold’s behavior differs substantially when compared to its
bulk counterpart. As the relative number of surface atoms is increased, the
reactivity of the material is significantly affected. Nanoscale gold has a distinctly
different structure, bonding characteristics and therefore different chemical and
physical properties.

In modern nanotechnology, gold is being researched in a form of
nanoparticles and nanoclusters at the dimensions between approximately 1 to
100 nm. Gold nanoparticles represent a different form of matter both from bulk
form and molecular structures. These materials are made by varying the number
of metal atoms and can be made from a variety of elements, including gold. In
fact, gold nanoparticles and their absorption properties are not new and they
have been used for centuries, for example to make color stained glasses.2? The
recent leaps in microscopy and synthetic chemistry have given a lot of
possibilities to better understand the phenomena of these systems.

A nanocluster is composed of small number of gold atoms, typically
measuring less than 2 nm. In comparison to nanoparticles, they do have
distinctive features separating them from other materials.# They are well-defined,
atomically precise objects. In many nanoscopic systems, atomic precision is
nearly impossible to achieve due to sheer size of the system and inability to
accurately control the molecules forming the nanostructures. In this regard,
nanoclusters are one of the largest atomically defined molecules. The unusual
features and distinctive properties of nanoclusters became a subject of
considerable interest in fundamental science and life-science application. Given
the fact that most of the unusual properties of nanoclusters are closely related to
their composition, producing a homogeneous sample with atomic precision and
customization of the properties to achieve desired function and good
performance is crucial.
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The core idea of my work presented in this thesis was to develop a robust
synthesis to covalently link individual atomically precise thiolate-protected gold
nanoclusters and study the properties of newly developed systems. To
understand the optical phenomena of a completely novel class of atomically
precise nanomaterials, detailed knowledge of electronic and atomic structures
and the forces governing the formation mechanism of the system is necessary.
Therefore, the study presented here is an experimental work of nanoclusters with
special emphasis on surface modification methods, allowing detailed
engineering of these materials, which have potential for use with molecular
electronics and sensing applications. The experimental outcomes in this thesis
are supported with complementary theoretical work, providing an explanation
to a scale unreachable in the observations.



2 SELECTED PROPERTIES OF GOLD
NANOCLUSTERS

Gold nanoclusters (NCs) are small (usually <2 nm) nanoparticles composed of a
metallic core varying from a few to less than a few hundred metal atoms.> They
constitute the special class of materials, mostly due to their unusual properties,
which can be tuned as a function of nanocluster size and composition. This
behavior is significantly different from bulk or atomic structures.®” The structures
of clusters divide them into two size regimes, depending on the number of atoms
they contain and hence their size, as shown in Figure 1. The structure ranges from
small more molecular-like species with quantized electronic transitions” to larger
more nanoparticle-like clusters with hundreds of metal atoms,? exhibiting
localized surface plasmon resonances (LSPR).4689

Diameter (nm)

Nanoparticle

Physicochemical properties

T T T T
10 100 200 300 400
Number of atoms

FIGURE1 A graph highlighting the transition from a single gold atom, to a gold
nanocluster, and finally to a gold nanoparticle dictated by the number of

constituent atoms.4
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For the fundamental study of many phenomena in nanoscale systems, gold
nanoclusters are an ideal class of compounds due to their accurately known
atomic structures.® They are extremely important as prototypes for a deepening
understanding of larger particle systems.® Due to limited size and known atomic
precision, they can be modeled with ab initio (DFT) level of theory to study
evolvement of the bulk properties from the properties of individual atoms.10

Gold nanoclusters have garnered a lot of interest due to the unique
properties, which can change radically by changing the size, shape, surface
chemistry, or aggregation state. Even a minor change in the system, such as the
addition of a single atom, may lead to the new features.®!! Because of their
entirely different behavior, they hold a potential for a wide range of applications.
In fact, they have already been used in several high technology applications such
as sensory probes, therapeutic agents, and drug delivery in biological and
medical applications, electronic conductors and catalysis.>13

2.1 Thiolate-protected gold nanoclusters

The stability of gold nanoclusters is typically enhanced by adding a
protective ligand-layer, consisting of organic molecules or polymers on the gold
core surface.’#’> The metal-core surface is commonly passivated by
molecules such as thiolates, selenolates, tellurolates or phosphines.841617 The
ligand covalently binds to the cluster surface, protecting the metallic core from
aggregation and forming an electronically stable system. Such species are
commonly called monolayer-protected gold nanoclusters (MPCs).1® The strong
gold-thiol interaction plays an important role in structural stability of thiolate
protected nanoclusters, yielding many stable nanocluster sizes.”1920 In this
thesis, gold NCs protected by thiolates are studied.

The studies of thiol-protected gold nanoclusters were initiated by the
synthetic work of Brust and Schiffrin and the detection of atomically precise
species by Whetten et al. in the late 1990s.21.22 The chemical composition of stable,
glutathione protected atomically precise species of Aun clusters (n=10-39) was
determined in 2005 by electrospray ionization (ESI) mass spectrometry.!>
A significant impact on the nanocluster field was made by first single-crystal
X-ray structure determination of water-soluble Auio2(p-MBA)as-cluster.?? This
work revealed a unique atomistic structure and geometry of the thiolate-
protected clusters, opening the field to DFT calculations and theoretical
structural prediction of water-soluble gold nanoclusters.2024-27

The recent progress in synthetic methods of gold MPCs made it possible to
control the size and dispersity of the products.?8-33 This is achieved by
development of synthetic one-pot-for-one-size synthesis, in addition to many
size-focusing methods yielding monodisperse particles.>3* So far, more than 30
atomically precise thiolate cluster sizes ranging from Auis to Ausss have been
synthesized by the method introduced by Brust and Schiffrin.#3* Aus(SR)1s was
one of the earliest discovered clusters. Since then the research has revealed
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several stable sizes, including Ause(SR)24, Auss(SR)24, Auss(SR)s1, Aues(SR)a2,
Au102(SR)44, Au130(SR)s0, Au144(SR)e0.3* Water-soluble clusters are commonly
passivated by, para- or meta- mercaptobenzoic acids (MBA), glutathione (GSH) or
mercaptopropionic acid (MPA).

The ligand layer not only coats the cluster metal core preventing two
nanoclusters to come into contact, but it also determines the interaction of the
cluster with the environment. Therefore, it participates in cluster’s solubility and
controls its reactivity. For water-soluble clusters, biocompatibility is of special
advantage in many applications.35-37 One of the benefits of the ligand shell is the
possibility to functionalize it. The protective layer can be modified, conjugated
with various molecules or used for site-specific covalent or non-covalent binding.
For example, Auin2(p-MBA)s-cluster was used as a contrast agent in the virus
imaging.383 Engineering the nanocluster surface provides new functionality and
enables tuning the properties of the original cluster.#40-43 Surface modification
approaches have been used to assemble gold nanoclusters together, forming a
functional nanocluster-based material with tunable plasmonic and mechanical
properties.4243

2.1.1 General properties and applications

The structural determination of water-soluble Auin2(p-MBA)s-cluster, and later
several other sizes with different protecting ligands, have advanced the field
greatly, utilizing the remarkable properties and stability of MPCs.520242544-49
General structures of gold MPCs consist of an inner gold core, protected by
a gold-sulfur layer and an outermost protecting surface ligand layer.505! The
inner gold core is usually metallic with the formal charge 0. In the protecting
gold-sulfur layer, gold atoms have a formal charge +1 and sulfur atoms -1.
The gold-sulfur motifs have often different geometries and arrangements on the
gold core surface. The structural arrangement, where the metallic gold core is
covered by additional layers of gold-sulfur motifs, is referred to as the divide
and protect model.5! The outer protecting ligand layer consists of organic
molecules, for example, water-soluble Aui2 or Auise-clusters protected by
p-mercaptobenzoic acid or Aues and Auiss protected by m-mercaptobenzoic
acid 325253

The geometry and spatial arrangement of the gold core vary with cluster
size. The gold core of nanoclusters larger than 144 gold atoms tends to adapt
a face-center cubic (fcc) structure, while for smaller nanoclusters icosahedral or
dodecahedral core structures are reported.’® For example, Auis(p-MBA)s7 is a
fcc-based cluster and the Auie2(p-MBA)s-cluster adapts a Marks decahedron
based core.

The structure and composition of the metallic core have a significant impact
on the electronic structure of gold MPCs. To illustrate, their energy states of
atoms and molecules are discrete, whereas bulk metals have continuum energy
states with overlapping valence and conduction bands (Figure 2).” In between
the two extremes, classes of materials exist with size-dependent properties. Gold
nanoclusters are divided into different size regimes, depending on the number
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of constituent atoms. Larger, bulk-like species feature metallic character, whereas
smaller molecular-like clusters with a large band-gap (~2.1 eV) are often
classified as insulators.>* This means that even minor changes in cluster size lead
to significant changes in their electronic properties.

Bulk metal metallic molecular atoms and
clusters clusters molecules

FIGURE 2 The effect of nanocluster size on the electronic structure. As the nanocluster’s
number of constituent atoms decreases, its energy level structure becomes
discretized. As a result, the nanocluster evolves from being metallic to insulator-
like.

In the case of thiolate-protected nanoclusters, ligands also induce minor
effects on the electronic levels, which has to be taken into account.?4 The localized
states of the ligand molecules contribute to the overall gold nanocluster system,
withdrawing or localizing the free electrons. The electronic spectra of the same
structures using different ligand molecules are very similar. Due to the
well-defined structure of gold nanoclusters, electronic energy levels and ligand
contribution of structurally known thiolate-protected clusters can be studied in
detail by utilizing DFT calculations.?

The optical properties of gold MPCs are dominated by the structure
(i.e. composition and geometry) that gives rise to the electronic state structure
and density of the states. Studies have concluded that for thiolate-protected gold
clusters the transitions between molecular and bulk properties converge between
130 and 144 gold atoms.%>-57 Nanoclusters containing more than 144 gold atoms
are capable of sustaining collective conduction electron oscillations known as
localized surface plasmon resonances (LSPR).1° The oscillation of the conduction
electrons leads to a strong extinction of light at the plasmon resonance. The
extinction cross-section is a sum of the absorption and scattering cross-sections.
The plasmon resonance for gold nanoparticles is size-dependent, and is typically
centered at ~530 nm.® This property has attracted a lot of interest in various
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applications based on field-enhancement effects such as chemically selective
Sensors.

Small nanoclusters with a large energy gap usually feature a strong
optical absorption.#> The electrons can be optically excited from occupied to
unoccupied states, resulting in characteristic spectra of the clusters.

2.1.2 Structure and properties of Aui2(p-MBA) nanocluster

The single-crystal structure of Auio2(p-MBA)ss-cluster has revealed that part of
the gold atoms are located in the ligand layer. Some of the atoms protect the inner
core by forming a gold-sulfur interface, known as the “staple” unit.192023 DFT
calculations of several different thiolate-protected gold NCs have shown that the
unique gold-sulfur staples protection and geometric arrangement of Au atoms is
a general structural feature among gold MPCs.20

A closer experimental structure determination of the Auin(p-MBA)u-
cluster has revealed that the staple units have different lengths (Figure 3). The
gold atoms in both, short Au(RS). and long Auz(RS)s staple-units, are anchored
by thiolates at both ends and covalently bonded to the outer ligand layer. The
short-staple, with one gold and two sulfur atoms, resembles a rectangular shape,
presented in Figure 3(2). The longer units, however, can contain two or more gold
and three sulfur atoms forming a V-shape, commonly observed with smaller
clusters, presented in Figure 3(3).”

The gold core of Auip2(p-MBA)as-cluster is symmetric and consists of 79
gold atoms packed in a Marks decahedron, decorated with 19 short Au(p-MBA)
and 2 long Auz(p-MBA)s staple units, as presented in Figure 3.1 The diameter of
the gold core is approximately 1.4 nm and the diameter of the whole cluster with
ligand layer is 2.6 nm. The HOMO-LUMO gap of the cluster was determined
both experimentally and computationally to be ~0.5 eV.#> The nature of the
Auip-cluster was investigated in many other studies, in all of them showing the
molecular behavior of the cluster.575



18

FIGURE 3 (1) Structure of Auin2(p-MBA)44 nanocluster. Au atoms are in gold, C in grey, O
in red, S in yellow, and H in white (2) short staple unit (3) long staple unit.
Courtesy of Sami Malola. The structure this cluster is significant due to its
precise composition, unique arrangement of atoms and stability described by
filling of electron shell. For Auio(p-MBA)u-cluster the superatom model gives
58 free electrons corresponding with the closing of the superatom 1G shell.

The crystal structure of Auie2(p-MBA)y4 revealed that the cluster is in the fully
protonated form. Nevertheless, the carboxylic group of the p-MBA-molecule is
easily deprotonated.>? As a result, the nature of the interface depends on the
protonation state of the ligand layer molecules.®® The experimental studies on
protonation behavior and charge distribution of p-MBA-protected cluster Auioz
reveal the cluster is water-soluble when more than half of the 44 ligands are
deprotonated and soluble in methanol when completely protonated. ¢

Many studies have shown that the Auie(p-MBA)ss-cluster undergoes
ligand-exchange and site-specific conjugation with molecules containing reactive
thiol®! or hydroxyl383% groups. For instance, Auio2(p-MBA)u-cluster was reactive
towards exposed cysteine residue in proteins or on virus surfaces and thiol-
modified DNA-strands.?838

2.2 Methodologies towards atomically precise gold nanoclusters

Almost all the properties of thiolate protected gold nanoclusters are governed by
their composition, hence gaining synthetic control over the size and composition
of the product are essential in the nanocluster field. The first efficient synthesis
to produce monodisperse thiol-protected clusters was introduced in 1994 by
Brust and Schiffrin.?! Nowadays, the synthesis has been modified to produce
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different sizes of clusters with a variety of thiolate ligands that are both soluble
in organic or water-based solvents.1015285262 Thiols with alkyl chains or aryl
thiols containing carboxylic groups are often used.

One of the challenges faced in nanocluster synthesis is the dispersity of the
product. Among existing synthetic procedures, many produce polydisperse
samples in terms of cluster size. Producing homogenous products by optimizing
experimental conditions is highly desirable; however it often requires
understanding reaction mechanisms.!4%3 Control over nanoparticle size and
uniformity is achieved through post-synthetic treatments or by applying
analytical separation techniques. Post-synthetic treatments such as fractional
precipitation or core-etching reactions have been used to isolate final product or
narrow down the size distribution, respectively (see Figure 4).29.625264,65
The method of choice depends on the chemical nature of particles.

Au* ions Ligand Au(I)-oligomer Reduction Polydisperse mixture

% Q O O—)n e.g NaBH, Aéy # i “‘é*
;T} # —’%}’_ Fractionation ‘ Etching :

FIGURE 4 Schematic illustration of strategies for the size-controlled synthesis of gold
MPCs. The synthesis starts by reduction of gold salt (Au(III)) in the presence of
thiol to gold polymer (Au(I)) and final reduction to the metallic polydisperse
ligand-protected gold cluster by using NaBHi. The final product is obtained
through post-synthetic treatments such as fractional precipitation or core-
etching reactions. The elements in the image are not proportionally scaled.

Many of the existing strategies towards obtaining atomically precise gold MPCs
are well developed for organo-soluble nanoclusters, whereas synthesis and
separation methods for water-soluble ones are deficient. Particularly, the
synthetic routes of plasmonic, water-soluble nanoclusters are underdeveloped.
In this thesis, the synthesis and separation methods of large, water-soluble
thiolate-protected clusters are studied.

2.21 Synthesis of thiolate gold nanoclusters

The typical Brust-Schiffin synthesis is based on a fast reduction of the gold
polymer complex and slow core-etching, leading to the final nanocluster product.
The synthesis starts by reduction of precursor metal ions Au(III) to Au(I) forming
a polymer in presence of protecting thiolate ligands, illustrated in Figure 4. The
next step of the synthesis involves fast reduction of the polymer to metallic Au(0)
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and formation of the clusters in the presence of a strong reducing agent such as
sodium borohydride (NaBH4).?! The last step involves the slow seed growth of
the final product. Modified versions of the original synthesis usually include
changes in thiol-to-gold molar ratio, solvent system, pH or time.306366 Studies
have shown longer reaction times and smaller amounts of reducing agent
provide controllable reduction kinetics and growth of particles.3

The synthesis of water-soluble gold MPCs is especially difficult to control.
Often, obtaining a highly pure sample is challenging due to the similar solubility
of products and impurities. Only a few water-soluble, thiol-protected clusters
were synthesized by direct protocols, yielding one discrete size of particles.?85367-
70 Among them, Aues(m-MBA)s2 and Auiaa(m-MBA), - clusters were obtained by
changing the thiol-to-gold molar ratio,® while Aun(p-MBA)iu and
Aui4a(p-MBA)so—clusters were synthesized by pH-controlled syntheses.2870

The solubility of the cluster is dictated by the solubility of the ligands. If the
ligands are soluble in water, they form water-soluble clusters. In contrast, the
ligand layer for lipophilic clusters is composed of organo-soluble ligands.”!
Considering the most common organo-soluble thiolate ligands,
phenylethanethiol (PET) has been widely used, while for water-soluble clusters
mercaptobenzoic acids (MBA) or glutathione (GSH) ligands have been employed
as shown in Figure 5(a) — (d).627273

Essentially, the choice of the surface ligand affects nanocluster chemical
properties but also the smallest change in the ligand structure has an impact on
the nucleation process, directly influencing the particle size and its properties.
The isomeric structure of the MBA ligand was shown to have a distinct effect on
nanocluster reactivity.# Larger or bulky thiolate ligands promote the formation
of small particles. PET-protected clusters or straight-chained alkanethiolates-
clusters are found to form a variety of cluster sizes.30.577454 Water-soluble p-MBA-
protected Au nanoclusters have shown a higher selectivity, and only specific
clusters are formed, such as Auip, or Auiss-nanoclusters.2832
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FIGURE 5 Structure of the commonly used thiolate ligands: (a) phenylethane thiol is used
for organo-soluble products while (b) para-mercaptobenzoic acid, (c) meta-
mercaptobenzoic acid and (d) glutathione are used for water-soluble products.
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2.2.2 Purification

Given the synthetic challenges in obtaining single-sized clusters, often
purification of the clusters from by-products is required in a form of additional
post-synthetic treatment.

Etching or size focusing is one of the approaches for the cluster size control
which utilizes external heating of excess thiol molecules.?? The idea of this
approach lies in the stability difference of different sizes of nanoclusters.
Generally, the mixture of cluster sizes is heated leading to thermal etching.
During the process, gold atoms are slowly being removed from the gold core
until the metastable cluster converts into a more stable one, forming at the end a
monodisperse product of a stable cluster size.

A promising approach for the selective synthesis of highly stable cluster
sizes is etching, where a broad size distribution of clusters can be transformed
into one stable cluster size.”> The technique can be used to isolate many organo-
soluble thiol-protected clusters, among them Au25(SR)18, Auss(SR)24, Au144(SR)e0
and Aus33(SR)79.31,33,34,76,66

Another method is to fractionate the desired cluster size from the cluster
mixture. Fractional precipitation, commonly applied for water-soluble clusters,
is based on different interactions of MPCs with solvent molecules, leading to
different solubility. To isolate the desired product, the solvent composition must
be tuned until separation is achieved. For instance, hydrophilic p-MBA-clusters
are separated based on their solubility difference in methanol:water mixture.?
Although fractional precipitation is based on interactions of the surface ligand
with its environment, organo-soluble clusters protected by PET-molecules have
been effectively fractionated by exploiting the differences in their core size.®?

Gel electrophoresis is a type of fractionation where the desired size of the
cluster is fractionated from a crude product mixture by applying an electric field
across an acrylamide gel.727778 The negatively charged clusters migrate at
different rates enabling a separation based on their size, shape or electric charge.
Generally, smaller clusters have higher mobility and hence travel faster than the
larger ones. This technique has been commonly used to separate small,
water-soluble nanoclusters, e.g., those protected by GSH or p-MBA ligands.”’.73
Especially for clusters protected by ligands containing carboxylic functional
groups the separation is very efficient. In the water-soluble nanocluster field,
PAGE is applied to estimate the size or purity of the nanoclusters and for the
preliminary analysis and separation of the reaction product.”2737° For instance,
the technique was applied to separate nanoclusters conjugated with proteins or
oligonucleotides.®® In this thesis, fractionation methods are applied and
described in the experimental section.

Monolayer-protected gold nanoclusters are efficiently isolated by using
several analytical tools. Chromatography is employed both for organo- and
water-soluble clusters to separate a wide range of sizes.80 The capability of
high-performance liquid chromatography (HPLC) enables separating clusters
with the same core size but dissimilar ligand types.8182 Size exclusion
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chromatography (SEC) separates clusters based on their hydrodynamic volume
(diameter), and can be used for larger-scale separation. SEC is successfully
applied to separate both hydrophilic and hydrophobic thiolate-protected
clusters.874

2.3 Functionalization

The properties of gold nanoclusters (NCs) are dictated by the nanocluster size,
structure, and composition.#08485 This section describes common modification
methods of gold thiolate-protected clusters.

2.3.1 Metal core modification

The properties of gold MPCs can change radically when the composition of the
parental cluster changes, even by a single atom. Inclusion of the foreign atom to
the gold core of thiolate-NCs, commonly called doping, affects the electronic and
photophysical properties of the final product.848¢ The foreign metal atoms, for
example Ag, Cu, Pd and Pt, dope the gold core of the nanocluster preserving its
original number of metal atoms and ligands.8

The efficiency of doping depends on the properties of the dopant atom and
the size and structure of the nanocluster. The foreign atom can be located at the
center of the gold core or on the nanocluster surface. The level of doping was
shown to depend on the size of the parental gold cluster.?”88 As the size of the
cluster increases, it can be mono-, bi- or multi-doped.

Auss(SR)24-clusters have been doped with several different metal atoms,
inducing interesting effects.3 Among them are charge stripping effects, where
the charge of the cluster changed upon platinum doping from 0 to -2.84 Buigi and
co-workers observed increased surface flexibility of the Auss(SR)24-cluster upon
doping with palladium or silver atoms.? Silver or copper doping of Auzs has
shown to enhance fluorescent properties and influence electronic structure,
hence affecting the catalytic properties and enhancing general stability of the
cluster.8¢ In addition, reactivity of a ligand-exchange reaction increased
dramatically upon doping Aus(SR)1s with palladium.?

2.3.2 Surface modification

Many factors in gold monolayer-protected clusters are affected by the surface
ligands, including nanocluster growth during the synthesis, cluster stability and
its optical properties. The protective ligand layer also determines the interaction
of the functional material with its environment. In biological applications, the
functional groups on the surface layer play a key role in determining their
interaction with target molecules.8>

Ligand-exchange is an efficient way to modify the nanocluster ligand
surface by introducing new functionalities.40619192 In principle, the already
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existing ligand is replaced by another, incoming organic ligand carrying a new
functionality, as shown in Figure 6(a). The incoming ligands change the solubility
of the system or induce stronger binding affinity towards the gold surface,
resulting in better stability.
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FIGURE 6 Surface modification strategies: (a) the surface is modified by exchanging the
original ligand by new incoming one bearing new functionality, (b) addition of
the ligand to the surface of parental cluster by conjugation chemistry approaches.

Typically, ligand-exchange processes are carried out at room temperature
and can be roughly divided into three steps. Ackerson and co-workers studied
the ligand-exchange mechanism based on the crystal structure of
Aui02(p-MBA)44.61 The kinetics of this process depends on the structure, reactivity
and ratio between incoming and outgoing ligands, nanoparticle size and surface
structure.” The first step is the rapid replacement of the most accessible ligands
to the solvent by the incoming ones, resulting in a partially mixed shell. The
second step is rather slow and involves the removal of the remaining ligands.
The last step is the completion and optimization of the ligand shell.®® The type of
ligands used for the replacement (thiolate, phosphine, selenolate) often dictates
the final mechanism and condition of the reaction.

One of the purposes of the ligand-exchange reaction is to transform less
stable cluster sizes into more stable ones by exchanging the protective ligand
layer.4194% Typically, phosphines are replaced by thiolate ligands or more
recently thiolates to selenolates, yielding thiolate-protected or selenolate-
protected gold nanoclusters of higher stability, respectively. Modification of the
ligand layer can sometimes lead to a size change of parental cluster, where less
stable clusters are transformed into more stable ones. If the modification
synthesis is controllable, it is used as an alternative approach to form
nanoclusters of increased stability, commonly called magic cluster sizes.?>-%7

Ligand-exchange between two thiolate ligands is an alternative to attain
new properties.”® For example, chirality or fluorescence properties were
introduced to Auos, Auss, and Augo-clusters by partial exchange of parental ligand
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with chiral or dye molecules.??-192 Using bifunctional ligands such as dithiol
molecules is an effective strategy for nanocluster dimerization reactions.
As a result, the functional groups on both sides undergo ligand-exchange
resulting in chemically linked MPC superstructures.'® This work utilizes ligand-
exchange approaches to assemble gold nanoclusters into higher-order MPC
structures.

The functional groups on the surface ligands are exploited in conjugation
processes. Instead of exchanging the surface ligand, the conjugation techniques
usually involves addition of the target molecule or surface to the nanocluster
system creating a hybrid by covalent or non-covalent interactions, as shown in
Figure 6(b).383969538 The covalent conjugation yields more stable, site-specific
bonding to the target component. It is achieved by exploiting functional groups
such as -NH, -COOH, or -OH.31%4 For instance, monolayer-protected gold
clusters have been conjugated with small organic dye molecules to study
fluorescence coupling.’31% Conjugation of biomolecules with nanoclusters
creates a hybrid material that binds specifically to biological systems. This is
highly specific binding, based on molecular recognition. Maleimide-
functionalized Auin2(p-MBA)sys nanoclusters were selectively bound to
enterovirus cysteine to image virus capsid structures.38104

The conjugation via weak electrostatic adsorption or hydrophobic
interactions, where the attachment depends on the surface charge of conjugated
components, has also been exploited.? This is a fast strategy to achieve desired
functionality; however, the binding is non-specific, sometimes resulting in
deficient control over chemistry.

2.3.3 Superstructure formation

Ligand-exchange reactions have been used to modify clusters by chemically
binding them together, forming linked gold nanocluster assembles with new
properties. In this case, gold nanoclusters serve as atomically precise building
blocks and bifunctional ligands as connecting bridges. The pristine
thiol-stabilized ligand layer is partially replaced by incoming bifunctional
dithiol molecules, efficiently bridging clusters together.

Electromagnetic properties of nanoclusters are extremely sensitive to
chemical environment. The localized surface plasmon resonance (LSPR) from
one plasmonic nanoparticle hybridizes with the LSPR of a neighbouring
particle.’% This leads to changes in the excitation cross-section and electric field
enhancement, which has found many sensor-based applications.19718 In addition,
nanocluster assembly via molecular linkers enables control of interparticle
distances, which is a promising and interesting alternative in molecular
electronics.1%

The assembly of gold MPCs by covalently binding clusters together has the
advantage of having strong, specific, easy to control binding resulting in stable
structures.!9 The studies have shown that in order to form a stable assembly of
nanoclusters linear and rigid linker molecules are preferred.'112 Otherwise,
short-chain of alkyl-dithiols lead to intra-cluster exchange, where short dithiol
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molecules tend to connect with another molecule by a disulfide bond.13
Formation of disulfide bonds between two connecting nanoclusters is known to
break the electronic interaction between them.1% Instead of linking, longer chains
tend to form inter-staple bindings, forming “ring-like” structures on the
nanocluster surface.

To study electron or energy transfer phenomena by connecting clusters
together, a fully conjugated system needs to be assembled. In this regard, the
communication between linked clusters is likely to happen through aromatic,
conjugated molecules forming a conductive system. Aromatic dithiol molecules
such as benzene-1,4-dithiol or p-terphenyl-4,4"-dithiol have been used to form
a molecular bridge connecting gold MPCs, while maintaining a defined
interparticle distance during assembly.1% Another example of superstructure
formation is the self-assembly of p-MBA-protected Auinz nanocluster into
hexagonally packed 2D sheets and formation of spherical capsids of a colloidal
superstructure.l# Interestingly, such a structural organization was achieved by
controlling the protonation state of the cluster upon a change of the solvent
from methanol to water.

2.4 Characterization

Atomic structure of MPCs can be determined by X-ray crystallography and
transmission electron microscopy (TEM) techniques in combination with
quantum chemistry DFT.23:324748115 Although water-soluble clusters have been
crystallized, the structure determination of hydrophilic species is challenging.
So far, the total structure of 10 thiolate gold nanoclusters have been
determined,””11®  among them  water-soluble  Auin(p-MBA)y  and
Auiss(p-MBA)s7-nanoclusters.?332 Theoretical models and calculations support
the experimentally determined structures, providing atomistic scale
understanding on nanocluster electronic structures, stability and dynamics of the
systems,2425.27,112

Numerous other analytical tools have contributed significantly to a better
understanding of these systems.® In the following chapter, some of the methods
are described regarding their usability in the field of thiolate-protected gold
nanoclusters.

2.4.1 Selected methods in nanocluster studies

Single-crystal X-ray is a straightforward and decisive analytical tool to solve the
complex structure of gold MPCs. This achievement of solving the atomic
structure of Auio2(p-MBA)44 has revolutionized the fundamental understanding
of the thiol-protected gold nanocluster field.?32720 The non-trivial problem with
X-ray crystallography is growing a high-quality crystal.# Generally, growing the
X-ray quality crystal requires a homogeneous sample and the cluster’s ability to
pack into a well-ordered lattice. This has been especially challenging for water-
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soluble clusters, containing >100 gold atoms, due to this large surface charge. The
crystallization of water-soluble clusters requires carefully chosen conditions such
as pH, salt concentration, and other additives such as alcohols and glycols that
may influence the crystal formation.

The structure determination of monolayer-protected gold clusters has been
accomplished by combining aberration-corrected TEM and minimal electron
dose imaging techniques.#”#8 Spherical-aberration (Cs-corrected TEMs enable
reaching an imaging resolution at the sub-angstrom level, which is highly
advantageous in the structural characterization of small nanoclusters. For
example, the structures of Aues and Auiu m-MBA-protected nanoclusters were
reconstructed by collecting images of different cluster orientations, averaging
them for improved resolution and calculating the initial model.4748
Experimentally assigning gold atoms based on TEM with the support of
theoretical models and calculations solved the complete structure of thiol-
protected gold nanocluster.1’> The combination of electron microscopy with
spectroscopic techniques such as electron energy-loss spectroscopy (EELS) or
energy-dispersive X-ray spectroscopy (EDX) enables advanced analytical
imaging techniques. A combination of high spatial resolution to record images
and sensitive spectral signals from the same region of interest gives a possibility
for detailed analysis and identification of specific features. The acquired data
provide an atomic spatial composition, possibility to identify elements in the
specimen, chemical bonding and electronic structure information.1”

Mass spectrometry is an excellent method to measure chemical
composition (Aun(SR)m) of monolayer protected clusters. Soft ionization
techniques such as electrospray ionization (ESI)!® or matrix-assisted laser
desorption/ionization (MALDI)'® methods have been widely used providing
reliable molecular weight information for the nanoclusters. An advantage of
these methods is the capability of measuring intact clusters without causing
fragmentation. This is especially important for water-soluble clusters, where
protonation or deprotonation of functional groups causes ionization of
nanoclusters into multiple-charged ions, making the measurements and analysis
significantly more challenging.1>

UV/vis/IR spectroscopies are valuable tools in the nanocluster field to
study light cluster interactions. The interactions are sensitive to size, shape,
capping ligand, environment and agglomeration state of the nanoclusters.10.11.45,
54120 The amount of absorbed light gives information about the optical properties
and structural details of nanoclusters.1011

UV-vis spectra allow estimating the molecular or metallic behavior of the
clusters. The spectra of ultra-small gold nanoclusters feature multiple distinct
absorption features characteristic to the specific band structure; therefore this
method has been applied to study the electronic properties of small MPCs.4>120
For example, the molecular behavior was studied by UV-vis spectroscopy in the
following clusters: Auzs5(SR)1s, Auzs(SPh-But)ao, Auszs(SPh-tBu)2s, Aussg(SR)24 and
Aues(SCeHi1)32.734 In the larger species, a broad absorption at 530 nm dominates
the spectrum. This spectroscopic feature is attributed to localized surface
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plasmon resonance properties.!! The UV-vis spectra allow monitoring the
various nanocluster reaction processes and following the optical features, such
as formation of additional prominent shoulders or by changes in the resonance
band. For example, the appearance of absorption bands at around 800 nm have
been assigned to electronic coupling effects between linked cluster units.19

The studies in the infrared region, are concentrated on the structural details
of the ligand molecules, such as gold-thiol binding interaction.1.12122 The IR
spectrum can identify vibrational modes of many functional groups in the
molecule and gain information about the ligand layer of the cluster. For example,
the structure and dynamics of m-MBA protecting ligand layer was studied,
demonstrating dynamic interaction at the ligand-metal interface.4¢

Nuclear magnetic resonance (NMR) spectroscopy is widely applied for
characterizing both the formation and final structures of gold nanoclusters.+
It provides details about structure and dynamics of the organic ligand
surrounding the cluster. For instance, full assignment of TH and 13C NMR shifts
to all ligands of a water-soluble Auin2(p-MBA)su was accomplished by NMR
methods.1 The same group also determined hydrodynamic radius of
Aups(PET)1s, Auss(PET)2s, and Auissa(PET)so-nanoclusters by NMR diffusion-
ordered spectroscopy, in good agreement with previous studies.!?* Chemical
resolution of NMR techniques are capable of monitoring reaction mechanisms
and reaction rates of gold nanoclusters. Ligand-exchange reactions have been
studied by using different NMR techniques to gain kinetic and thermodynamic
insights into the processes. Salassa et al. monitored ligand-exchange in real-time
and evaluated the affinity of a thiol exchange reaction between Aus(PET)1s and
butanethiol (ButSH) molecule.”



3 EXPERIMENTAL METHODS

This chapter describes the main purification and analytical methods used by the
author. The techniques include fractional precipitation, gel electrophoresis, gel
densitometer analysis, UV-vis spectroscopy, and transmission electron
microscopy.

3.1 Fractional precipitation

In this work, the fractional precipitation technique was applied to obtain two
stable sizes of monodisperse particles, namely Auwon(p-MBA)yu and
Au-~42(p-MBA)-115-nanoclusters, respectively labeled as Auiz and Auso
nanoclusters. The technique separates the clusters based on differences in
solubility. The protecting p-mercaptobenzoic acid (p-MBA) organic ligands
contain a protonatable functional group. Deprotonation of the carboxylic group
makes the cluster more water-soluble, whereas protonation favors nanoclusters
in methanol-soluble form. Larger nanoclusters precipitate first from the
nanocluster mixture when high concentration of methanol solution is added.?52
Efficient and successful separation requires optimization of the solvent
composition. Due to similar solubility between impurities and clusters,
optimizing the purification parameters can be challenging.

3.2 Separation and purification

Polyacrylamide gel electrophoresis (PAGE) was applied to separate the
nanocluster oligomers linked with different thiols. The separation was
performed by using BioRad Mini-Protean Tetra System apparatus operated at
130 V. Separation efficiency depends on the density of the gel network. In this
work, polyacrylamide gels (15 w/v %, 29:1 acrylamide/bisacrylamide) with 1.0
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mm thickness were used in separation. Dithiol-linked oligomer solutions are
loaded into the gel sample wells and travel through the gel in response to the
electric field, separating into several distinct bands. An example of
electrophoretic separation of linked clusters is shown in Figure 7.

For the spectroscopic study and TEM imaging, the oligomer fractions were
separated from the gel to obtain higher purity of the oligomer fractions.
The separation was done by mechanically cutting the fractions out from the gel
and soaking separately in a small amount of water. Clusters dissolve from the gel
to the water solution. The solution was filtered through a centrifugal filter tube
with a pore size of 0.22 pm and concentrated for further analysis. For higher
purity, each separated fraction was run through the acrylamide gel and
separation was repeated.
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FIGURE 7 Electrophoretic separation of Auiz and Au-xp - clusters and their linked
oligomers. Linked oligomers separate into several distinct bands based on the
size of oligomer.1%

3.3 Gel densitometry analysis

A novel method to analyze reaction yields of covalently linked gold nanoclusters
was developed. The method was inspired by densitometry analysis of Western
blot.126 A standard desktop scanner was used to quantify electrophoretically
separated oligomer fractions.

Calibration of the scanner was done against a set of neutral density filters.
The absorbance of each filter was measured by UV-vis spectroscopy, followed by
a desktop scan with Canon imageRUNNER. The grayscale values obtained from
the scanned image are plotted against absorbance of each filter at 500 nm.
A calibration curve from grayscale to absorbance values was obtained.

The gel image of separated fractions of covalently liked gold
superstructures was converted into a grayscale image. The darkness maximum
of each band was selected and the mean intensity of each pixel was calculated.
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The greyscale values were converted to the absorbance value using the
conversion curve obtained from calibration. The absorbance values were
integrated over a band and directly converted to reaction yields, based on the
known number of clusters per oligomer from TEM.

3.4 Absorption spectroscopy

UV-vis spectroscopy was used to study the optical properties of nanoclusters and
the changes to the spectrum upon covalent linking and formation of gold
superstructures.

Each of the gold nanoclusters was measured by UV-vis spectroscopy. The
measurements were performed using deionized water with a Perkin Elmer
Lambda 850 UV-vis-spectrometer with 2 nm resolution, using 1 mm quartz-
cuvettes. The absorption of separated fractions of dithiol-linked oligomers was
measured from a concentrated water solution or directly from wet PAGE gel.
For the direct measurements from PAGE gel, each electrophoretically separated
fraction of oligomers was sandwiched between two quartz slides and the light
beam was accurately positioned on individual gel bands by maximizing the
absorption using an micrometer-XYZ stage.

3.5 Basics of transmission electron microscopy

In this thesis, transmission electron microscopy (TEM) was used to provide
information about particle size, shape and metal core structure.

A JEOL JEM-1400HC microscope with reduced exposure time and electron
acceleration voltage of 80 kV or 120 kV was used for imaging gold nanoclusters.
The samples were prepared by drop-casting 8 pL of deionized water solution of
Au nanoclusters on a glow discharged 400 mesh holey carbon copper grid
(Ted-Pella ultrathin c) or 3-5 Layer Graphene on 2000 copper grid. After 10
minutes of deposition, the excess solution was blotted from the side to remove
excess liquid. The grid was submerged sequentially in methanol, water, and
methanol, and dried.

The atomic composition of molecular bridge between linked structures was
analyzed by combining STEM with electron energy-loss spectroscopy (EELS).
The experiment was done using the JEM-ARM300F at 80 kV with Gatan TEM
Analytical Holders using Gatan GIF Quantum detector. The EELS experimental
data were recorded at the core-loss region showing characteristic features at
given ionization energy for each element (S5, C, N, and O). The sulfur
characteristic ionization energies were used to record energy-filtered images,
showing spatial distribution of sulfur signal in the sample. The challenge for such
atomic-level analysis is due to low signal-to-noise ratio and the cluster’s
instability under constant electron scan. The outer organic ligand layer is
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radiation sensitive, and usually composed of light elements, giving rise to weak
image contrast.

A schematic illustration of the TEM imaging system is shown in Figure 8.
The instrument can be divided into three separate parts, each responsible for
specific functions. Starting from the top: illumination system, specimen, and the
imaging system. The illuminating system consists of electron gun (typically
thermionic or field emission sources) together with condenser lenses that focus
the electrons onto the specimen. The specimen is located below the illumination
system. The sample can be inserted or withdrawn using a sample holder. The
lower part of the microscope consists of an imaging system. The sample is
imaged with an objective lens, and several magnetic lenses produce the final
magnified image or diffraction pattern depending on the imaging mode.
Typically, the TEM are either conventional TEM (CTEM), where the sample is
illuminated as a whole, or the sample is scanned point-by-point with a tightly
focused e-beam. (STEM).

dddd Electron source
Condenser lens 1

Condenser lens 2

Objective lens
Diffracted/scattered electrons

Objective aperature

[ [l Intermediate lens

[ | [  Projection lens

Phosphor screen

FIGURE 8 Basic components of a TEM.4 The microscope is divided into three parts. Starting
from the top, the illumination system, specimen stage where the sample is
inserted or withdrawn, and the last part consists of an imaging system.



4 RESULTS AND DISCUSSION

In this chapter, the main results of the papers I-III along with unpublished results
of electron energy-loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) of atomically precise covalently linked clusters are presented.

Producing a homogenous sample is a prerequisite for understanding many
fundamental phenomena in the nanocluster systems. In light of that, this thesis
is a synthetic work, focusing on development of covalently linked individual
constructs from water-soluble gold nanoclusters with accurately known atomic
numbers. Formation of a bridge between two gold nanoclusters creates a new
class of material, enabling the studies of electron coupling and electron transfer
phenomena.

The foundation of my studies was to develop a synthesis to covalently link
water-soluble gold nanoclusters. Connecting gold nanoclusters together creates
a new family of atomically precise structures with new properties. The synthetic
control over design and properties of superstructures requires fundamental
understanding of newly developed systems, especially the role of the covalent
bond. Answering a question whether linked structures are only mechanically
linked together, or whether the bond formation also leads to changes in the
electronic properties, was of primary interest in the studies.

The molecular mechanism leading to the formation of MPC superstructures
was studied in detail in this thesis. Building a family of superstructure assemblies
by varying nanocluster sizes or changing linked molecules forming the molecular
bridges has enabled systematic studies of reaction conditions, deepening the
understanding of the forces driving the reaction process. STEM-EELS and XPS
measurements give spatial insight into the linked structures, confirming the
molecular bridges between clusters (unpublished results). Studying the
formation of the covalent bond, and finding how many linker molecules are
needed to bridge the clusters, contribute to better understanding of plasmonic
coupling through molecules.

This work yields covalently linked gold nanocluster constructs with
accurately known atomic structures and present a study of their optical and
structural properties. Furthermore, the synthetic work to form plasmonic,
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water-soluble p-MBA-protected nanoclusters is presented. Structural studies and
prediction of molecular composition of synthesized clusters were performed by
combining experimental measurements with computational studies.

The MD simulations and DFT computations included in this work are
important results complementing experimental information. They were achieved
through in-house collaboration. STEM-EELS measurements were carried out at
Irvine Materials Research Institute (Irvine, CA). XPS measurements were
obtained via collaboration with the University of Vienna.

4.1 Water-soluble p-MBA-protected gold nanoclusters

Three distinct sizes of pMBA-protected gold nanoclusters were synthesized by a
modified one-phase Brust-Schiffrin synthesis. Auio2(p-MBA)u-clusters were
synthesized by previously published protocol.?852 The other two sizes of Au
clusters were obtained under pH-controlled conditions, as shown in Scheme 1.
The synthesis of the cluster 1 [later assigned as Auzi0-230 (p-MBA)70.80]'% is a direct
procedure, yielding only one discrete size of particles.!? In this thesis, the
synthesis of cluster 2 was developed.’” Cluster 2 [later assigned as:
Auge142(PMBA)112115]1%7 was synthesized and purified by fractional precipitation.

All the synthesized clusters were characterized by several methods. The
purified product of Auin2(p-MBA)44 synthesis was successfully identified at the
University of Tokyo using a homemade time-of-flight (TOF) mass
spectrometer.’?> The monodispersity was confirmed by PAGE, NMR, UV-vis,
and TEM.>2125 The size range of synthesized cluster 1 and cluster 2 was estimated
from thermogravimetric analysis (TGA), HR-TEM and gel electrophoresis. The
evolution of optical properties was followed by UV-vis spectroscopy.!?” Powder
X-ray diffraction measurements were compared to theoretical reference powder
diffraction curves of reference systems: Aui46(p-MBA)s7, Au246(SCsHasCHs)so, and
Auz79(TBBT)ss-clusters. Based on experimental results the computational
predictions were developed, representing structural features for water-soluble
gold clusters.
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4.1.1 Syntheses
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SCHEME 1 General schematic route for water-soluble p-MBA-protected gold nanoclusters.
Both clusters were synthesized by pH-controlled synthesis. Cluster 1 is
synthesized in pH 9 and Cluster 2 in pH 11.

HAuCIly + pMBA

Modified Brust-Schiffrin synthesis of water-soluble Auie(p-MBA)44
cluster was performed as follows: gold salt precursor (HAuCls -3 H>O) and
p-mercaptobenzoic acid (p-MBA) ligand were dissolved in water and methanol,
respectively. Next, the gold salt and thiol were mixed in molar ratio 1:3, water
was added, and the pH was adjusted to 13. The mixture was stirred at room
temperature for 20 hours. The as-formed white polymer was then reduced by
adding solid NaBHj, followed by 5 hours of stirring. The product was
precipitated by addition of ammonium acetate and methanol and collected in a
microfuge at 35000 rpm for 15 minutes. The pellet was allowed to dry and
purified by fractional precipitation.

The purification of the product was accomplished by first removal of the
contaminant by precipitating the sample at 60% methanol. At this point, all the
big particles and impurities stay in the pellet, while the supernatant
contains the main product. The last step of purification involves adjusting the
supernatant to 0.12 M ammonium acetate, 78 % of methanol and centrifuging. The
pellet from precipitation contains Auip nanoclusters of approximately 1.4 nm in
diameter in electron microscopy images.

The two other sizes of gold monolayer-protected clusters (MPCs) were
synthesized by a similar approach. The synthesis of cluster 1 starts by dissolving
gold salt solution in water and p-MBA ligand in methanol immediately before
use and mixed in molar ratio 1:6 (Table 1). Following the addition of water, pH
was adjusted to 11 with NaOH. The mixture was equilibrated for 20 hours at
room temperature. A freshly prepared solution of reducing agent NaBHs was
added and the reaction proceeded for 4.5 hours at room temperature. The
reaction was quenched by precipitating the product with addition of NaCl and
methanol. The reaction yields monodisperse gold nanoclusters of approximately
1.8 nm in diameter from electron microscopy images.

The synthesis of cluster 2 was developed based on the synthetic protocols
of Auio2(p-MBA)44 and cluster 1 (see Table 1). The synthesis was carried out in
a similar manner, only at a lower pH. The pH was adjusted to 9 by addition
NaOH. The reaction product contains polydisperse clusters requiring fractional
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precipitation. The sample is first precipitated with 25% methanol. The
supernatant is adjusted to 80% methanol and centrifuged. After centrifugation,
the pellet contains cluster 2. The reaction yields gold NCs of approximately
2.2 nm in diameter from electron microscopy images.

Table 1. Synthesis protocols of p-MBA-protected gold nanoclusters. The values in
columns 2, 3, 7 correspond to the molar ratios.?”

polymerization reduction purification

Nanoclusters | pMBA | HAuCls | MeOH % | pH | MeOH % | NaBH4 MeOH %

Aul02 3 1 47 13 47 1.1 60
pure product
Cluster 1 6 1 28 1 26 1.8 without
fractional
precipitation
Cluster 2 6 1 25 9 25 1.8 25

4.1.2 Analysis of synthesized clusters

Dispersity and size range of the synthesized products were initially acquired
from PAGE, as shown in Figure 8(a). The previous studies have shown that
thiolate-protected gold nanoclusters appear as a single, distinct band in a
PAGE.”2120 Both products formed an individual band, indicating a monodisperse
cluster size, shown in Figure 9(a). The product synthesized at pH 11 (cluster 1)
had lower mobility compared to reference Auio2(p-MBA)44, indicating a larger
size of the cluster. Nanocluster synthesized at pH 9 (cluster 2) formed a single
band slightly above the previous products. Retention factors were determined to
be 0.77, 0.64 for cluster 1 and cluster 2, respectively. The dispersity was also
verified by HR-TEM, yielding a core diameter of the smaller cluster of 1.7+0.1 nm
and of the larger one of 2.2+0.1 nm.

The UV-vis spectra of the synthesized clusters were measured in D>O and
are shown in Figure 9(b). The spectra show size-dependent evolution of surface
plasmon resonance of three distinct sizes of monodisperse p-MBA-protected gold
nanoclusters. In contrast to the broad absorption of Auip2(p-MBA)s-cluster in the
entire UV-vis region, cluster 1 and cluster 2 exhibit a distinct absorption band at
530 nm, which is consistent with the surface plasmon resonance (SPR). Based on
the literature, the SPR feature begins to appear when the cluster consists of at
least 200 gold atoms and becomes more prominent with the size increase.
Therefore, these three clusters are good candidates to study threshold size for the
emergence of surface plasmon properties. The prediction of the nanocluster’s
symmetry, molecular composition and structure is discussed in the next
subsection.
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FIGUREY9 (a) PAGE bands of Auic, cluster 1 and cluster 2; Auig—cluster has higher
mobility comparing to cluster 1 (1) and cluster 2 (2). Cluster 2 moves the slowest
in the gel indicating the largest size of the cluster (b) UV-vis spectra of Auio,
cluster 1 and cluster 2 solvated in D>O.127

4.1.3 Atomic structure and composition

The atomic structure and molecular composition of synthesized clusters were
estimated based on experimentally measured powder XRD, HR-TEM, TGA to
evaluate the properties of selected, structurally known water-soluble thiolate-
gold clusters such as Auin2(p-MBA), Auiss(p-MBA)s;. Due to the lack of
experimentally resolved structures of large water-soluble clusters,
Au246(SCsHsCHa)so, and Auz79(TBBT)ss-nanoclusters were selected as the largest
representatives of thiolate protected clusters.

The atomic structure of synthesized clusters was investigated by comparing
experimental XRD patterns to the calculated XRD patterns of structurally known
thiolate clusters (Figure 10). Auis(p-MBA)s7-cluster displays an fcc-based
twinned core, and so far it is the largest structurally known soluble-in-water
cluster. The calculated XRD pattern of Auiscluster resembled the experimental
data of the synthesized clusters. The strongest diffraction peaks at 38.8, 66.2, and
75.7° 20 in both experimental patterns are located at the same diffraction angles
as those of the Auis(p-MBA)s7 cluster. To compare, Auxs(SCeHsCHas)so and
Auz79(TBBT)ss-nanoclusters display respectively dodecahedral and fcc cores. The
diffraction patterns show additional minor peaks at ~45 and ~50° 20 which are
not present in the experimental data sets of synthesized clusters. Besides, the
most prominent peaks (38.8, 66.2, and 75.7 °20) are shifted to lower 20 angles.
Based on these observations, we speculate that the metal cores of new clusters
most likely adopt a twinned fcc symmetry.
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FIGURE 10 Diffraction patterns of the nanoclusters; comparison of experimental patterns
of cluster 1 and cluster 2 with calculated patterns of Aus, Auzs and Auzrg
clusters.127

Based on cluster 1 and cluster 2 experimental diameters and the prediction of
twinned fcc octahedral arrangement, computationally aided models suggested
metal core candidates, Auxoi- core for the cluster 1 and Auaggs-core for cluster 2
(Figure 11a). The diameter of calculated models agreed with the experimental
diameter estimations, 1.7+0.1 nm and 2.2+0.1 nm respectively. The simulated
HR-TEM images of Auzo metal core remarkably support the imaging experiment
of cluster 1 (Figure 11b). The experiments and simulation clearly showed the
lattice fringes and characteristic stacking fault defects are only reproducible with
fcc symmetry, shown in Figure 11(b) [(b),(d)].

a)

Au-core of
Auygs(PMBA)s;

Symmetrical twinned truncated octahedra

Auyye Auyg Auygy
d,,=1.42 nm d,,=1.20 nm d,,=1.73 nm

FIGURE 11 (a) Range for possible basis for a metal core structure in twinned octahedral
arrangements; orange represents gold atoms and brown represents additional
layer of gold atoms on top of symmetrical Auyy, representing together the gold
core of Auus(p-MBA)sy cluster; (b) Simulated HR-TEM images of Auzo metal
core (white) in comparison to experimental images of cluster 1.127 The
experimental images show the lattice fringes and characteristic stacking fault
defects.

The prediction of the molecular composition of the synthesized
nanoclusters rely on the correlations to the selected structurally known clusters.
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To estimate the number of gold atoms, the correlation between total number of
gold atoms (metal-core and Au-S interface) as a function of diameter was made
in the selected known clusters (Figure 12). To estimate the number of ligands, the
correlation of the number of ligands to the spherical surface area in the known
structures was made. If the synthesized cluster 1 fits the trend and behavior of
thiolate protected gold clusters, it consists of 210 gold atoms and 71 ligands in
the protecting layer. The upper size limit of the gold atoms at 230 results in
2.1 nm diameter and 75 ligands.
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FIGURE 12 (a) Number of Au atoms of the spherical bare twinned fcc Au-clusters in the size
range relevant to cluster 1 and cluster 2. The plausible sizes 187 and 385 of the
metal core for the measured diameters are labeled in the figure. (b) upper: linear
fit correlates the number of Au atoms (metal core and Au-S interfaces) in the
cluster to the diameter of the cluster; lower: correlation of spherical surface area
to the number of ligands.1?

The predictions for the larger synthesized cluster 2 are not as accurate due to the
lack of a reference structure of a large thiolate-protected cluster. The
experimentally measured diameter of metal-core is 2.2 nm, which corresponds to
405 gold atoms based on the model. The addition of metal-ligand interface
(0.4 nm) results in a 2.6 nm particle. Based on previously described gold
atoms-to-diameter and spherical surface area-to-number of ligands correlations,
the composition of the larger cluster is 429 gold atoms in total and 113 ligands.

The computationally aided predictions for both clusters are in good
agreement with the experimentally determined number of ligands from
thermogravimetric analyses (TGA). Based on experimental TG, cluster 1 is
composed of 73—-80 ligands, whereas for cluster 2 111-116 surface ligands were
determined.
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As a summary, the best predictions of molecular composition for both
clusters are Auzi0-230(p-MBA)70-s0 and Auaze-142(p-MBA)112-115 for cluster 1 and
cluster 2 respectively. From now on, cluster 1 and cluster 2 are labeled as Auz3 and
Augso-nanoclusters.

4.2 Formation of gold superstructures

This chapter describes the experimental effort to synthesize atomically precise
structures by forming covalently bound molecular bridges between clusters. The
formation of nanocluster-based superstructures with atomic precision opens new
possibilities to learn the properties of this newly developed family of
superclusters, and then to utilize the knowledge to control them by chemical and
optical means by changing the size of nanocluster or linker molecules forming
the nanocluster superstructures. The experimental results and analyses in
combination with computational methods helped to gain insight into the nature
of the bonding between the clusters.

4.2.1 Synthesis design

A straightforward approach to produce covalently bound multimers of gold
MPCs was developed. Gold superstructures were synthesized by performing
a ligand-exchange reaction using two different sizes of gold nanoclusters as
building blocks, namely Auin2(p-MBA)s and Auzio-230(p-MBA)70-s0 (Auio2 and
Auzzo). The multimers were bound together with several different dithiol
molecules presented in Figure 13: biphenyl-4,4'-dithiol (BPDT) 1,
5,5'-bis(mercaptomethyl)-2,2"-bipyridine (BMM-BPy) 2, 4,4"-thiobisbenzenethiol
(TBBT) 3, benzene-1,4- dithiol (BDT) 4, 1,4-benzenedimethanethiol (BDMT) 5 and
dimercaptostilbene (DMS) 6.

= HS SH
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FIGURE 13 Molecular structure of the bifunctional thiols used to link gold NCs.128
Biphenyl-4,4'-dithiol ~ (BPDT) 1, 5,5'-bis(mercaptomethyl)-2,2"-bipyridine
BMM- BPy ) 2, 4,4"-thiobisbenzenethiol (TBBT) 3, benzene-1,4- dithiol (BDT) 4,
1,4-benzenedimethanethiol (BDMT) 5 and dimercaptostilbene (DMS) 6.
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A ligand-exchange reaction leading to superstructures formation was
carried out as follows: the stock solution of BPDT 1 in THF was added to the
water-solution of nanocluster (2:1 ratio of incoming thiol/gold clusters), and the
solution was stirred for 3.5 hours (Scheme 2). Next, the solution was quenched
with isopropanol and ammonium acetate and centrifuged at 3500 rpm for
10 minutes. The supernatant was removed and the pellet was resuspended and
washed in a 1:1 solution of H O/ THF. The solution was precipitated again and
washed to remove any remaining free thiol molecules.

a) S b)
COOH
&

BPDT, NaOH

28 -f‘ff 3 -5 U 1
CO% I co$ el 00,
—s ) rs-s ) )s
Au

Hs < V-sH

Biphenyl dithiol
(BPDT)

SCHEME 2 (a) Schematic representation of ligand exchange and linking reaction via two
BPDT 1 molecules; (b) Example of dimeric and trimeric linking reaction
products.125

4.2.2 Separation

The dithiol ligand-exchange procedure produces a large number of different
sizes of superclusters (dimers, trimers, etc.). The crude synthesis products can be
separated by gel electrophoresis based on mass and charge of the particle to a
very high degree. Figure 14(a) shows the gel separation of monodisperse
Auno-clusters after bond formation with six different dithiol molecules. The
indexes below each column specify the type of used dithiol, presented in Figure
13. The four lowest bands were labeled as M, D, T and Q bands. The most mobile
M band consists of a monomeric form of clusters as indicated from transmission
electron microscopy (TEM) images taken from the band after separation, shown
in Figure 14(b). The bands appearing above the M bands show dominantly
dimers for D bands, trimers for T bands and tetramers for Q bands, which were
also confirmed by TEM.
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FIGURE 14 (a) PAGE gel showing bands of Auxo-nanoclusters linked with different dithiol
molecules. Different dithiols are specified with the indexes below each column,
the ratio of used dithiol-to-MPC was 2:1 (b) TEM micrographs showing
(a) monomer from M band; (b) dimer from D band; (c) trimer from T band and
(d) tetramer from Q band.128

The results indicate that the preparation of gold superstructures is completely
general. Although all dithiols produce similar PAGE patterns, the yields of
different oligomer fractions seem to be strongly related to the type of dithiol used.

Next, the reaction yields with different dithiol-to-MPC ratios of the most
efficient BMM-BPy 2 linker were analyzed by the technique inspired by the
densitometric analysis of Western blot.126 A wet PAGE gel was scanned and the
mean pixel intensity of each separated fraction was calculated. The obtained
values were converted to absorbance values by using the conversion curve
obtained from calibration.

The oligomer yields are strongly related to the dithiol:MPC ratio. The
lowest 1:5 ratio showed that the reaction favors monomeric form of a cluster. The
formation of higher-order structures increases exponentially with respect to the
number of nanoclusters in oligomer when the dithiol-to-MPC ratio is increased
from 1:5 to 1:2, 1:1 and 2:1. At higher dithiol-to-MPC ratios the reaction saturates,
increasing the amount of large aggregates. The reaction yields did not have any
significant dependence on time at equimolar ratio, indicating that reaction most
likely reached an equilibrium after 15 minutes. The average experimental value
of each fraction of gold MPCs for 3.5 hours in 2:1 dithiol-to-MPC ratio were for
monomer 44%, dimer 27%, trimer 12%, tetramer 6% and for structures > 4 gold
clusters 5%.

4.2.3 Linking mechanism

The ability to create and separate covalently linked dimers opens up interesting
possibilities to study the mechanism and properties of these systems. In this
study, the reaction mechanism of bond formation between atomically precise
clusters and how many linkers are needed to bridge the clusters was investigated.
The outcome of this study is built on experimental results supported by
simulations. The distance analysis on pairs of covalently bound BPDT 1
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Auip2(p-MBA)g-nanoclusters was done by transmission electron microscopy,
shown in Figure 15(b) (red). The center-to-center distances in linked Auio2 dimers
yielded a distribution spanning from 1.8 nm to 3.4 nm, suggesting that two
nanoclusters could be linked by one, two or three BPDT 1 molecules.

The molecular dynamics (MD) simulations of the dimeric system was
performed with Gromacs (Groningen Machine for Chemical Simulation) for fully
protonated and deprotonated nanocluster systems, as shown in Figure 15(a).
Although simulation yielded a stable, dimeric system linked through two BPDT
1 molecules, the possibility of having one, three or more BPDT 1 molecules was
not excluded. The MD distance distribution for fully protonated system started
from 2.2 nm and extended to 3.6 nm for fully deprotonated [Figure 15(b),
grey&pink]. The extended distribution for fully deprotonated system could
explain the experimental tail distribution, taking into account that in the solution
clusters are mainly in deprotonated form during the measurements. In case of
more than one linker molecule connecting the clusters, dithiols are most likely
bridged by disulfide bonds connecting the clusters on both sides.

a) [1] b)
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FIGURE 15 (a) Snapshot of MD simulation of [1] fully protonated and [2] fully deprotonated
Au102MPC-(BPDT)2-Au10:MPC in H2O; (b) The distribution of center-to-center
distances of the linked Au1p2MPC dimers from the TEM images (red) and from
the simulation from fully protonated (grey) and fully deprotonated (pink)
system in water.12

The bonding between dimeric structures of Auzs-nanoclusters linked with
similarly sized BMM-BPy 2 molecules was studied by analyzing the reaction
yields at different reaction conditions. The analysis was performed by a set of
syntheses with different dithiol-to-gold clusters ratio followed by the PAGE run
and scanning the gel with a desktop scanner. A detailed analysis of reaction
yields showed that the formation of higher-order structures increases
exponentially with respect to the number of nanoclusters in oligomer up to a
certain point when only large aggregates are formed. The same trend was also
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observed in TEM statistics, where fractions of dimer, trimer and higher oligomers
were significantly higher comparing to a 1:5 dithiol-to-MPC ratio.

We speculate that similar behavior is observed in the polymerization
reaction where the polymerization probability changes rapidly at low dithiol-to-
MPC ratios and becomes saturated at higher ratios. Typically, polymerization
processes are controlled by controlling time. We found no significant differences
in the reaction yields after 0.25, 0.5, 3.5 and 7 hours, meaning that the reaction
either reached the end or is in dynamic equilibrium. In our system, reaction
equilibrium depends on ligand exchange rate, disulfide formation rate, ligand-
exchange equilibrium between outgoing thiol and incoming dithiol, and
disulfide equilibrium.

To simplify the problem, various hypotheses and assumptions were made
to investigate the mechanism of covalently linked oligomers. Ligand-exchange
and disulfide formation are the two primary competing processes in our system.
Given the experimental data, ligand exchange is a fast and random process
leading to the formation of a metastable state where gold nanoclusters have one,
two or more ligands exchanged to dithiols. The simulation of this metastable state
at equimolar ratio yielded 37% of NCs with no dithiol, 37% with one dithiol,
18% with two dithiols, 6%-three, and the remaining 2% have four or more dithiols.
After ligand exchange process, two bridging possibilities were taken into account,
formation of a single dithiol bridge (direct linking) or by two dithiol molecules
with a disulfide bond between them (indirect linking). The two bridging
possibilities were simulated taking into account the linking activity (fraction of
dithiols that act as molecular bridges), ligand exchange as one irreversible
process and ligand-exchange as continuous, two-way process that reaches a
dynamic equilibrium.

Although simulation did not exclude direct linking, the best experimental
match was found in case of indirect linking. Therefore, our system is most likely
in a dynamic equilibrium where molecular bridges between oligomers are
formed, by disulfide-bridged dithiols. Moreover, ligand-exchange is an ongoing
and dynamic process leading to re-equilibration, where linked superstructures
continuously form and break via ligand-exchange process. The simulated
distribution of oligomer fractions reproduces the experiments very well when a
chain length varies from single dithiol (35% linking activity) up to 2.85 dithiols.
The results are in a good agreement with our previous findings on similarly sized
BPDT 1 molecule, where chains of two, three or more dithiols formed dimers.
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4.3 Optical properties of gold MPC superstructures

This chapter presents some of the optical studies of covalently linked gold MPC-
based structures. The monomer, dimer and trimer fractions of BPDT 1 linked
Auige-clusters and Auo-clusters were purified and analyzed by UV-vis
spectroscopy. The study focused on changes in the UV-vis spectra upon linking
and their characterization. Of interest was the coupling in covalently linked gold
multimers. All the presented spectra were measured in D>O at constant pH (8.3).

4.3.1 Analysis of Auip2(p-MBA)s4 multimers

The UV-vis spectrum of covalently linked Auin-nanoclusters resembles the
spectra of the original clusters in the visible region, indicating that the cluster’s
core remains intact after the linking reaction, shown in Figure 16 (red). In the UV
region, an additional shoulder was observed in the linked clusters.

In the difference spectrum, the new feature at 308 nm closely resembles the
transition of molecular BPDT linker (grey), being slightly red-shifted.
We speculate that a new feature most likely originates from dithiol molecules
being bound to gold core.
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FIGURE 16 Normalized UV-vis spectra of Auin reference cluster (black) and Auioz linked
with BPDT molecule in DO (red), the arbitrarily scaled spectrum of molecular
BPDT in THF (grey), and the difference spectrum of spectra before and after
linking (linked Auio2 MPC - unlinked Auino MPC, blue, scaled by factor 10).12

4.3.2 Plasmon coupling in Auzi0-230(p-MBA)70-s0 multimers

To study the optical coupling of linked Auzso-nanoclusters the monomer (M),
dimer (D) and trimer (T) fractions were purified. The UV-vis spectrum of each
fraction is shown in Figure 17(a). To compare, the difference spectra between
dimer-monomer (D-M) and trimer-monomer (T-M), are presented in Figure 16(b).
The M, D and T spectra show the new features for the linked sample in the visible
region. The difference spectra reveal slightly red-shifted two broad peaks at 630
nm and 810 nm, becoming more prominent in the T-M difference spectrum.
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FIGURE 17 (a) Normalized UV-vis spectra of purified samples from M, D, and T bands. (b)
Difference spectra between samples from D and M bands (top) as well as from
T and M bands (bottom). The shaded areas indicate Gaussian components found
in the data and the dashed curves indicate the totals.12

We argue that the observed transition at 630 nm originate from the fact that
two clusters are in close proximity to each other, leading to optical coupling
similar to dipolar plasmon bonding mode observed in big plasmonic
nanoparticles. This behavior was also observed in case of a simple aggregation in
low pH that led to hybridization of LSPR modes of nearby nanoparticles.

The peak at 810 nm, however, was not observed in the unlinked form of
clusters and was sensitive to the number of gold cores forming the oligomer.
We speculate, that this feature is related to the electronic structure of the
molecular bridge, and could be assigned to a tunneling charge-transfer plasmon
(tCTP), because its properties match with the tCTP mode. This feature has also
been observed experimentally in much smaller linked systems.19 Clearly, in our
system the optical absorption changes upon linking and the peak at 810 nm is
strongly related to linking.

From the DFT simulations we learned that the tCTP mode is possible to
form when molecular states on the linker are close to the Fermi level of the system.
Simulation of slightly larger plasmonic disulfide-bridged BPDT 1 Aus14(SH)9s
nanoclusters model have revealed that there exist several molecular states
localized on the linker molecule that are energetically close to the combined
nanocluster system [Figure 18(c)-(e)] Therefore, we assumed that these molecular
states could act as a tunneling channel for the tCTP mode.
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FIGURE 18 (a) Projected density of states for Ausi4(SH)os-BPDT-BPDT-Aus14(SH)9s
calculated using DFT. Projection to sulfur (green) is scaled by 10 and
projection to carbon (blue) is scaled by 100 with respect to projection to
s/p (black) and d/f (cyan) orbitals of gold. (b) Geometry of the
Aus14(SH)os-BPDT-BPDT-Auz14(SH)os dimer wused in the calculation.
Hydrogens are omitted for clarity. Isosurfaces for orbitals
corresponding eigenenergies of (c) —0.84 eV, (d) 1.65 eV, and (e) 1.74 eV
with respect to the Fermi level 12>

44 Disulfide bridges: XPS and STEM-EELS atomic-scale
structure analysis

The soon-to-be-published results presented in the last section of this thesis are an
important extension to our previous studies. In this study, the atomic
composition of the bridge between the Auas-clusters was verified by X-ray
photoelectron spectroscopy (XPS). A detailed analysis of sulfur core-level peaks
confirms the presence of the disulfide bonds (R-S-S-R). The spatial analysis of
scanning transmission electron microscope (STEM) images in combination with
electron energy-loss spectroscopy (EELS) gives a structural confirmation of the
molecular linkage between gold nanoclusters. These results validate our
hypothesis of the proposed reaction mechanism and verify the chemical nature
of the covalent bridge between covalently linked gold nanoclusters. This study
will be published in the appropriate journal; hence, the results of this section are
not shown here, but they are referred to the attached manuscript submitted in
appendix (IV).

XPS measurements were utilized to confirm the presence of the disulfide
bonds forming the covalently linked BMM-BPy 2 gold nanoclusters (Figure 1,
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appendix IV). The photoemission data were collected at sulfur 2p and 2s core-
levels and Au 4f, C 1s, and O 1s core-levels. In Figure 2(a) (appendix IV) the
photoemission S 2p core-level spectrum shows two distinct components with two
spin-orbit doublets with energies at ~162.5 eV and 164.6 eV. The first component
with the energy at ~162.5 eV has been observed in the literature before, and was
attributed to the sulfur atoms bonded to the gold atoms of the cluster (S-Au).

The second component however, at the 164.6 eV bonding energy is weak
but still observable and it was previously attributed to the disulfide group that
bridges dithiol molecules together (R-S5-S-R). The weak signal is reasonable
because the relative number of disulfide bridges is lower than that of the S-Au
bonds in the sample. The 2s core-level spectrum shown in Figure 2(b) (appendix
IV) was measured to confirm the presence of these two components. Typically,
the components that are found in one transition should also be present in other
transitions. In fact, similar components with the same binding energy were found
in the sulfur 2s transition at ~228.5 eV and ~226.7 eV. In summary, we report that
the components at 162.5 eV and 164.6 eV in the S 2p band, and 226.7 eV and
228.5 eV in the S 2s band, correspond respectively to S-Au and S-S bonds.

Covalently linked Auzs-trimers were further analyzed by aberration
-corrected STEM coupled with EELS measurements. The EELS measurements
were performed on a couple of regions of the sample. The EELS intensities were
recorded at the core-loss regions, showing characteristic features for sulfur
(165 eV), carbon (284 eV), nitrogen (401 eV) and oxygen (532 eV) [shown in
Figure (3)b and S4, appendix IV]. The sulfur ionization edges were used to record
energy-filtered images from the various sample areas to trace the presence of
sulfur atoms, providing a spatial overview of the sulfur signals shown in
Figure S5(a)—(d), (appendix IV). The acquired data set identified the spatial
distribution of dominant features, i.e. high content of sulfur atoms in the
cluster core; however, the analysis and observation of individual sulfur atoms is
difficult. The signals corresponding to the sulfur atoms in the molecular bridge
are weak, since these atoms are very few in numbers. Due to the resolution limits,
it is perhaps not possible to differentiate two singlet sulfur signals coming from
the disulfide bridge. To reveal the presence of sulfur signals between
individually linked dimers or trimers, a detailed image analysis of sulfur
elemental maps and cross-sectional profiles was performed.

The cross-section profiles of the sulfur intensities taken across the line
indicated in the inset images are presented in Figure 4(a)—(d) and Figure S6
(appendix IV). In all presented cases, the most prominent features appear at the
exact location of the core of the nanocluster, corresponding to the sulfur atoms at
the ligand-gold core interface. Further analysis revealed the presence of signals
with low counts located between the clusters. These signals correspond to sulfur
signal and are highlighted with green rectangles in Figure 4(a)—(d) (appendix
IV). This could indicate the presence of one disulfide-bridge linking two dithiol
molecules. In some cases, the sulfur signal was not detected at all between the
nanoclusters [Figure 4(c) and S7, appendix IV], meaning that the gold clusters
are either connected by a direct link with a single dithiol molecule or the electron
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beam has affected the structure of Au oligomers. Interestingly, in Figure 4(d) the
vertical cyan line that passes through three nanoclusters shows two additional,
weak sulfur peaks between the clusters. The nanoclusters are ~1.5 nm apart and
the sulfur signals are spaced ~0.5 nm apart. This clearly indicated the presence of
two disulfide molecular bridges linking three dithiol molecules between two
gold nanoclusters.

These findings agree well with our previous study on the similarly sized
but more rigid BPDT 1 dithiol molecule, where the disulfide bridge between
BPDT 1 molecules linking the dimers was suggested, as discussed in paper I.
Moreover, the presented results also agree with the hypothesis on reaction
mechanism discussed in paper II between BMM-BPy 2 and Auzso nanoclusters,
where the distance between two nanoclusters was on average found to be 1-2.85
dithiols long.



5 CONCLUSION

The work presented in this thesis yields a straightforward, up-scalable, robust
synthesis to covalently bound water-soluble para-mercaptobenzoic acid (p-MBA)
protected gold nanoclusters with known atomic precision. The covalent linking
was achieved with two sizes of gold nanoclusters and different types of aryl
dithiol molecules, producing in high yield large numbers of geometrical
structures of linked gold clusters (dimer, trimers, etc.). The generality of this
approach is critical for future studies of rational design of nanoscale devices with
the precision of a single atom. Subsequently, a purification technique of
individual covalently linked structures (dimer, trimer, etc.) was developed,
resulting in efficient separation of a large number of different oligomer fractions
to a very high degree. Controllable chemistry to synthesize well-defined gold
superstructures and an efficient purification technique are the first steps towards
understanding fundamental phenomena of electronic and optical properties of
gold MPCs.

Our understanding of the reaction mechanism of superstructure formation
is based on nearly constant distances observed in transmission electron
microscopy (TEM) between singular Au clusters and the analysis of oligomer
reaction yields. The data are in good agreement with simulations, suggesting that
superstructures are dominantly linked by the formation of singular molecular
bridges. The molecular bridges are most likely formed by the formation of S-S
bonds between the terminal sulfurs of two (or more) dithiols connecting the
clusters. The previously made hypothesis and the presence of the disulfide bonds
was confirmed by using spectroscopic tools in combination with microscopic
STEM imaging,.

The system created in this work showed some inherently interesting optical
properties. Formation of a covalent linkage between Au2io-230(p-MBA)70-s0-
clusters led to optical changes in the NIR spectral window (650-1350 nm), which
for example, allow excitation by light in biological tissues. The first mode at 630
nm was associated with a mode similar to dipolar bonding modes, commonly
observed in big nanoparticles. We speculate that the second mode at 810 nm
might relate to the tCTP mode that was later observed by Biirgi group with much
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smaller systems.1® Nevertheless, the observed broad transition at 810 nm is
related to the fact that the two clusters are connected together through a
molecular linker.

The results presented in this work contribute to the understanding of
plasmonic coupling through molecular bridges. The knowledge on how gold
nanocluster oligomers are formed and understanding optical coupling through
molecular bridges are essential in the development of nanoplasmonic sensors
and devices. The ability to create superstructures opens new possibilities for
fundamental studies of the internal motion of the clusters and the connecting
ligands. Deeper understanding at the quantum level provides important
information and generalizations, which will deepen our understanding of
systems of large nanoparticles.
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We present synthesis, separation, and characterization of covalently-bound multimers of para-mercaptobenzoicacid (p-
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MBA) protected gold nanoclusters. The multimers were synthesized by performing a ligand-exchange reaction of pre-

characterized Auig,(p-MBA)4, nanocluster with biphenyl-4,4’-dithiol (BPDT). The reaction products were separated using

gel electrophoresis yielding several distinct bands. The bands were analyzed with transmission electron microscopy (TEM)

revealing monomer, dimer, and trimer fractions of the nanocluster. TEM analysis of dimers in combination with molecular

dynamics simulations suggest that the nanoclusters are covalently bound via a disulfide bridge between BPDT molecules.

The linking chemistry is not specific to Auig,(p-MBA)44. The same approach yields multimers also for a larger monodisperse

p-MBA —protected cluster of approximately 250 gold atoms, Au-yso(p-MBA),. Whereas the Auigy(p-MBA)4,

is not

plasmonic, Au-~,s0(p-MBA), nanocluster supports localized surface plasmon resonance (LSPR) at 530 nm. Multimers of

Au~y50(p-MBA), exhibit additional transitions in their UV-vis spectrum at 630 nm and at 810 nm, indicating presence of

hybridized LSPR modes. Well-defined structure and relatively small size make these systems excellent candidates for

connecting ab initio theoretical studies and experimental quantum plasmonics. Moreover, our work opens new

possibilities in controlled synthesis of advanced monodisperse nanocluster superstructures.

Introduction

Nanoparticles (NPs) and their superstructures have attracted a

lot of interest in fundamental research as well as in
nanotechnological applications. The main reason is that
physicochemical properties of nanoparticles are often

strikingly different from their bulk counterparts and depend on
shape,
nanoparticles.l’2 The properties of
influenced by their immediate surroundings including other
optical
nanoparticles is dominated by localized surface plasmon (LSPR)
that hybridizes with LSPRs of other nearby NPs.® The
hybridization leads to formation of “hotspots” in between of

composition, size, and internal structure of the

superstructures are

nanoparticles. For example, spectrum of metal

the NPs, where electromagnetic field intensity increases

orders of magnitudes. This had led to many applications. For
example, nanoparticle dimers can act as nanoscale distance
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probes because of their sensitivity to interparticle spacing.‘l'5
The field enhancement has been employed, for example, in
surface enhanced Raman spectroscopye, where sensitivity has
reached single molecule level’.

There exist several different approaches to fabricate NP
assemblies and superstructures. The most straightforward is to
simply aggregate NPs.® More stable structures can be achieved
with polymer or silica encasingg’10 or templating polymer
Iayersll. Lithography has been extensively used to fabricate
plasmonic nanoparticle assemblies in a controlled way.12
However, for several applications, it would be desirable to
have a controlled, wet-chemistry synthesis of superstructures.
Successful wet-chemistry approaches based on self-assembly
has been demonstrated, for example, with DNA—tempIating13
and with several different molecular linkers** 2.

Colloidal nanoparticles, in general, have a serious drawback
from the chemical point-of-view. Their structure is not well-
defined at the atomic level, and typical nanoparticle synthesis
produces a polydisperse sample of different sizes, shapes, and
This
homogeneous NP superstructures,

surface structures.’ seriously hinders synthesis of
and experiments that
require atomic-level control, for example, LSPR hybridization
through molecular states, are extremely difficult to carry out
reproducibly.

Monolayer protected clusters (MPC) are a special kind of NPs
which have a well-defined atomic structure that can be
accurately determined by mass spectrometry and by single-

. . - 19
crystal X-ray diffraction similar to small molecules.” For

J. Name., 2013, 00, 1-3 | 1



example, the crystal structure of para-mercaptobenzoicacid
(p-MBA) protected Auigr(p-MBA),, cluster, used in this work,
shows a core of 79 gold atoms protected by 19 RS—Au—SR and
two Au,(SR)s units in a well-defined motif. 2%

The atomically precise structures of MPC have enabled
accurate studies of their chemistry. Auip,(p-MBA)4 and other
MPCs are known to have preferred sites for ligand exchange
reactions, i.e., specific ligands are exchanged with higher

2223 A well-defined structure with

probability than others.
unequal

controlled synthesis of homogeneous NP superstructures.

ligand-exchange activities provides a basis for
An additional benefit of using MPCs to study fundamental
aspects of NP superstructures is that depending on the size
and shape of the metallic core, the electronic structure of MPC
can change from discrete molecular-like energy Ievelslg, to
24,25 26,27. The

changes in the electronic structure are reflected to their

semiconducting , and finally to metallic continuum

physicochemical properties, for example, UV-vis spectrum

9

changes from discrete peaks1 , to continuumzs, and finally to a

spectrum with clear LSPR**?7,

The well-defined atomic structure, preferred sites for ligand
exchange, and possibility to approach nanoparticle limit from
below in a controlled manner make MPCs excellent candidates
for accurate studies of emergent properties in NP
superstructures. Moreover, MPC superstructures and their
possible MPC specific properties are inherently interesting
themselves having potential applications in chemical sensing
and biomedical imagingzg. In this paper, we demonstrate a
synthesis of small covalently linked MPC superstructures via
ligand-exchange reaction where a biphenyl-4-4’-dithiol (BPDT)
replaces a p-MBA ligand and creates a covalent disulfide bridge
with another BPDT forming a MPC multimer. Furthermore, we
show that emergence of plasmonic coupling can be studied
using these MPC multimers. Previously, MPC dimers have been
demonstrated using dynamic diglyme bondingzg, however, in
our approach, dithiol-bridged MPCs form a covalently bound
system.

The rest of the paper is structured as follows. We begin by
describing synthesis and purification of Auig(p-MBA), and
Au~,50(p-MBA), clusters and their BPDT linked multimers (see
Fig. 1). Experimental analysis methods are described next,
followed by computational methods. Results and discussion
begins with characterization of Auyg,(p-MBA)44 and analysis of
Au~,50(p-MBA), followed by analysis of their multimers. TEM
dynamics (MD)
combined to explain the nature of the linking. In the last part

analyses and molecular simulations are

of the paper, we focus on UV-vis spectroscopy of Au~,so(p-
MBA),, multimers and interpretation of observed plasmonic
features supported by density functional theory simulations.

Materials and methods
Materials

All reagents were commercial and used as received unless
otherwise mentioned.

2| J. Name., 2012, 00, 1-3

Synthesis of nanoclusters. Two different MPCs

synthesized to be used as starting material for the multimer

were

synthesis. The smaller nanocluster, Au,p,(p-MBA),4, has been

20,21,22,24,25,30,31,32 .
We followed its

extensively studied before.
previously reported synthesis given in Ref. 30. The larger
nanocluster of approximately 250 gold atoms and unknown
number of p-MBAs (labelled as Au~,50(p-MBA),) required a
treatment of the initial Au,(p-MBA),, polymerization step at pH
of ~11 before reduction that nucleates the growth of the metal
core.”® The syntheses of both sizes produced mg-quantities of
material. Detailed description of the syntheses and purification
are given in ESI.

Synthesis of nanocluster multimers. The ligand exchange
reaction leading to multimers of Auig(p-MBA)s, was carried
out as follows. Stock solution of BPDT in THF was added to
water solution of Auigy(p-MBA)44 (2:1 ratio of thiol groups vs.
gold clusters) together with a few drops of NaOH. The reaction
was quenched after 3.5 hours with isopropanol and 5 M
NH4O0Ac, and the resulting black precipitate was centrifuged.
The supernatant was removed and the pellet was washed to
remove any remaining free thiol residue. The ligand-exchange
reaction of Au~,50(p-MBA),, was carried out the same way.
Separation of nanocluster multimers. Gel electrophoresis
(PAGE) was used to separate reaction products of Aujg(p-
MBA)ss and Au~y50(p-MBA),, multimer syntheses. Preparative
PAGE was performed with a 2 mm thick gel. Different PAGE
bands were mechanically cut from the acrylamide gel and
dissolved separately in small amount of water. Clusters were

\ ]
COOH

BPDT, NaOH
H,0, THF

s~ )~ H-s

Bipheny! dithiol
(BPDT)

Fig. 1 Schematic representation of the ligand exchange and linking reaction. The
scheme shows the molecular structure of biphenyl-4,4’-dithiol (BPDT), the covalent
linking via two BPDTs as an example, and examples of dimeric and trimeric reaction
products.

This journal is © The Royal Society of Chemistry 20xx



allowed to dissolve from the gel until significant coloration of
the solution was observed (typically overnight). Solution was
filtered through a centrifugal filter tube with a pore size of
0.22 um (time: 60 s, speed: rcf = 1.0) to remove excess gel
residues. The separation procedure was repeated for the
separated bands to obtain higher purity for TEM imaging and
optical absorption spectroscopy.

Experimental techniques

Polyacrylamide gel electrophoresis (PAGE). PAGE was run on
a 15 or 20 % polyacrylamide gel (29:1
acrylamide:bisacrylamide) using 2X TBE run buffer in a Bio-Rad
Mini-Protean Tetra System gel electrophoresis apparatus at
130 V.

Mass spectrometry (MS). Electrospray
spectrum of for Aujgy(p-MBA)s, sample was measured at the

ionization mass
University of Tokyo using a homemade TOF mass spectrometer
with a similar procedure and parameters as previously
reported in Ref. 31. The sample was dissolved in 50% (v/v)
methanol/water containing 0.07% triethylamine.

Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR
spectra were recorded on a Bruker Avance DRX 300 MHz (for
Auig2(p-MBA)44) 400 MHz (for  Au~s50(p-MBA),)

spectrometers.

and

UV-vis spectroscopy. Optical absorption measurements were
done with Perkin Elmer Lambda 850 UV/Vis -spectrometer
with 2 nm resolution.

Transmission electron microscopy (TEM) and image analysis.
TEM samples were prepared by drop-casting 40 mL of dilute
deionized water solution of linked nanoclusters on a glow
discharged 400 mesh holey carbon copper grid (Ted-Pella
ultrathin c). Solution was allowed to deposit for 15 min, after
which excess sample was removed and grid was allowed to dry
under vacuum overnight. Samples were imaged with 0.26 nm
point resolution using JEOL JEM-1400HC TEM operated at 80
kV or 120 kV, equipped with bottom mounted 11 Megapixel
CCD camera (Olympus SIS Quemesa).

TEM images were analyzed by semi-automatic procedure using
in-house developed code. First, a blob detector filter was
applied to TEM images, where the filter is difference of two
Gaussians of widths o and 20, and the value of o depends on
TEM magnification. After the automatic blob detection, the
found particles were verified by a human, and any false
positives were removed from further analysis. A 2D Gaussian
function was fitted to a slightly smoothed TEM intensity
around each detected and verified particle. Parameters of the
fitted 2D Gaussians are stored for further analysis.

Exposure time for determining particle size was chosen not to
saturate TEM images at the centers of particles. Size of the
particle is reported as the average of the long and short axis
full widths at half maximum (FWHM). For example, the crystal
structure of Auygy(p-MBA)4, yields FWHM of 1.1 nm when each
atom in the crystal structure is represented as a Gaussian
charge distribution with intensity proportional to atomic
number and width equal to 0.2 nm.

This journal is © The Royal Society of Chemistry 20xx

Computational methods

Molecular dynamics. The molecular (MD)
simulations were performed with Gromacs 46.7*" using
periodic boundary conditions; leap-frog integrator with 2 fs

time step; PME electrostatics with 1.0 nm cut-off and 0.12 nm

dynamics

grid spacing; and Lennard-Jones interaction with 1.0 nm cut-
off and dispersion correction for energy and pressure.
Simulated structures were placed in the center of cubic box
and then solvated using TIP3P water model. Counterions (Na®)
were added, when needed, to neutralize the system. All
simulations model NPT ensemble using velocity-rescale
thermostat (reference temperature 298.15 K) and Berendsen
barostat (reference pressure 1 bar). Total simulation time was
100 ns and sampling was started after 50 ns.

The force field parameters and charges for the gold-sulphur
units, and deprotonated and protonated p-MBA ligands were
obtained from Ref. 35. Existing force field parameters in
AMBER12%® were used for the BPDT molecule. The partial
charges for BPDT were calculated using structures consisting of
one, two, or three BPDT(s) capped by gold atoms at the ends.
The ground state geometries of the structures were obtained
using Gaussian09 software37, B3LYP functional, def2-TZVP
basis set, and W06 density fitting. The MD partial charges were
calculated using Ambertools12®® and RESP charge fitting
procedure38 in two stages with the charge of gold atoms set to
zero. Radius of gold atoms was set to 0.17 nm. The partial
charges can be found in ESI, Table S1. The force field
parameters for BPDT linker molecules and for the atom types
are listed in ESI, Table S2.

Dimeric Aujgy(p-MBA)43 — (BPDT),,— Au10z(p-MBA) 43 systems for
molecular dynamics were constructed by replacing the p-MBA
ligand labeled as “pMBA2” in Ref. 22 by a BPDT molecule. If
structure contained more than one BPDT molecule, a disulfide
bridge (RS—SR) was formed between BPDT molecules.

Density functional theory. The density functional theory (DFT)
calculations were performed using GPAW 0.10.0%°, GPAW
setups 0.9.11271 and PBE exchange-correlation functional. The
initial structure for DFT simulations was taken from a MD
simulation of deprotonated Auig(p-MBA);s — (BPDT), —
Auqg,(p-MBA),s3 where core-to-core distance was 3.4 nm. Both
Auqgy(p-MBA)43BPDT fragments were replaced by Auszq4(SH)gs
from Malola et al.** in a such way that gold atoms in Au—SH—
Au—SH—Au units of Auzy4(SH)ge
respective gold atoms of Au—-BPDT—Au—p-MBA-Au units of
Auig2(p-MBA)43BPDT. The geometry of BPDT—BPDT linker was
relaxed in a system where only Au-BPDT—Au—SH—-Au units

were aligned with the

were included in the DFT calculation and all gold atoms were
fixed.

Results and Discussion

Characterization of Au,g(p-MBA)s. The purified product of
Auqgy(p-MBA),4 synthesis was analyzed using PAGE, NMR, MS,
TEM, and UV-vis. The synthesis product showed up as a single
distinct band in PAGE (see Fig. 2, and ESI, Fig. S1) indicating a
monodisperse MPC. MPC was identified as Auigy(p-MBA)s4

J. Name., 2013, 00, 1-3 | 3



based on its NMR and mass spectra. Electrospray ionization
mass spectrum (see ESI, Fig. S2) shows peaks that correspond
to different mass to charge ratios of partially deprotonated
Auqgy(p-MBA)4s, and the NMR spectrum (see ESI, Fig. S3)
reproduces the characteristic NMR fingerprint of Aujg(p-
MBA)MAS'2 UV-vis spectrum (see Fig. 3) and TEM diameter of 1.2
+ 0.3 nm (see ESI, Fig. S4) are also in agreement with previous
studies.’®*>*

Analysis of Au-,59(p-MBA),,. Previous studies have shown that
MPCs in this size range have preferred sizes,26’27'41 and the
4142 product of
Au~y50(p-MBA), synthesis forms a single distinct band in PAGE
(see Fig. 2) indicating a monodisperse MPC. The band had
lower mobility than Auigy(p-MBA)44 in the PAGE run indicating
larger size (see ESI, Fig. S1A). This is consistent with TEM
analysis, that yields 1.6 + 0.3 nm core diameter (see ESI, Fig.
S4). A rough estimate for the number of gold atoms can be
obtained by assuming relatively similar shape and density for
the two MPCs (N1py/V102 = N,/V,), and then scaling the number
of gold atoms in Aujg(p-MBA)s, by their relative volume
calculated from the estimated core diameters: N, = 102 x (1.6
nm/1.2 nm)3 = 240.

UV-vis spectrum (see Fig. 3) shows a weak LSPR band at 530 £
15 nm. Recent studies have shown that LSPR begins to appear
when MPC has approximately 200 gold atoms and becomes

sizes appear as individual bands in PAGE.

Aujgp Au_250
- 2 ’ ] (%),
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Fig. 2 PAGE bands of the Auig,(p-MBA)4, and Au-~,s0(p-MBA), clusters and their linked
multimers. Auyg,(p-MBA)4, gels are from a different run than Au-,s0(p-MBA), gels, thus
the run distances are not comparable. See ESI, Fig. S1A for samples in a same PAGE
run.
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Fig. 3 Normalized UV-vis spectra of Aujo,(p-MBA)4, (black) and Au-,s(p-MBA), (red)
clusters in H,0. LSPR absorption maximum of Au-;s(p-MBA), at 530 + 15 nm is
indicated with a dashed line.
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stronger as the cluster size increases. Our spectrum is
comparable to the reported spectra of 51 kDaZG, 45 kDa and 53
kDa cIustersU, with estimated number of gold atoms 250, 226,
and 253, respectively. We label our larger MPC as Au~,so(p-
MBA), based on these TEM and UV-vis estimates.

Analysis of Aujga(p-MBA),, multimers. Crude product from the
Auqgy(p-MBA),, ligand-exchange synthesis was analyzed with
The

spectrum essentially reproduces the spectrum of Aujg(p-

UV-vis spectroscopy after purification (see Fig. 4).
MBA)44 in the visible region,25 indicating that the cluster core
remains intact in the reaction. New electronic transitions
appear in the UV-region seen as spectral broadening of the
ligand transitions, and the difference spectrum (see Fig. 4)
reveals a new maximum in the linked clusters at 308 nm. The
BPDT

measured in H,0, but they are red-shifted. Although, optical

features closely resemble transitions of molecular

coupling between the cores of Auyp,(p-MBA),44 cannot be ruled
out based on these observations, it is more likely that the
observed feature originates from BPDT molecules bound to
gold. Similar changes in the UV-vis spectrum has been
reported before for diacetylene linked 1.1 nm AuNPs."’

The crude synthesis product was further analyzed by PAGE,
where the sample separated to several distinct bands (see Fig.
1, and ESI, Fig. S1A). We label the three lowest bands as M, D,
and T bands. The most intense and most mobile M band was
aligned with the Aujg,(p-MBA),, reference band indicating that
M band is unreacted Auip(p-MBA)s or monomeric Auqg(p-
MBA)ss, (BPDT),.
dominantly monomeric MPCs for the M band (see Fig. 5a, ESI
Fig. S5). The D and T bands are clearly less mobile than the M
band having shorter running distance than the Aug(p-MBA)44

This was confirmed by TEM showing

reference. TEM imaging of these bands shows dominantly
dimers for the D band and a large fraction of trimers in T band
(see Figs. 5b-c, ESI Figs. S5B-C).

TEM analysis of center-to-center distances in the D band
yielded a distribution spanning from 1.8 nm up to 3.4 nm (see
Fig. 5d). To gain insight into the nature of the bonding
between multimers, we performed MD simulations of
Au9,MPCs linked with one or more BPDT molecules. Atomistic

models were constructed based on the known Aujg,(p-MBA)44

14
—Au,, MPC

IS — Au,,, MPClinked
e — BPDT
@ — Difference (x10)
e
@
2
[}
[%2]
Q
<

0 .

T T T T T T T T T T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 4 Normalized UV-vis spectra of Aujp(p-MBA),, before (black) and after (red)
linking with BPDT in H,0, arbitrarily scaled spectrum of molecular BPDT in H,O (grey),
and difference spectrum of spectra before and after linking (linked Auyp, MPC -
unlinked Au,0; MPC, blue, scaled by factor 10).
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Fig. 5 TEM images of a) monomeric, b) dimeric, and c) trimeric Au;5,MPCs in M, D, and T bands, respectively. Distribution of center-to-center distances of the linked Au;5,MPC
dimers d) from TEM images (number of particles, n = 220), and e) from simulation of fully-protonated (grey) and fully-deprotonated (purple) Au;;,MPC — (BPDT), — Au3p,MPC in

H,0. The estimated core size of 1.2 nm is marked with a dashed vertical line.

X-ray structure”® as described in Materials and Methods. The
simulations were done in water both for the fully protonated
and deprotonated forms of p-MBA ligand surface.

Simulations of the Augy(p-MBA)43-BPDT-Au;g,(p-MBA),3 dimer
indicated that the linkage by a single BPDT is rather rigid and
both sterically electrostatically demanding. The
deprotonated system was not stable unless electrostatic

and

repulsion was screened by adding a significant amount of salt.
The simulation in saline solution produced a very narrow
center-to-center distance distribution between 2.5 — 2.7 nm
(see Fig. S6A) that is unable to reproduce the full range of
experimentally observed distances.

Simulations of Aujgy(p-MBA)s3—(BPDT),—Auqg,(p-MBA),3 dimer
with a disulfide bridge between the BPDT molecules indicated
a stable and flexible system (see Fig. 6). The center-to-center
distances started from 2.2 nm for the fully protonated system

a)

b) Y

Fig. 6 Snapshot from MD simulation of a) fully protonated and b) fully deprotonated
Au10;MPC — (BPDT); — Au;0;MPC in H,0. Orange: Au; yellow: S; cyan, C; red: O. The
disulfide bridge is highlighted by a yellow bond at the center.

This journal is © The Royal Society of Chemistry 20xx

and extended up to 3.6 nm for the fully deprotonated systemes,
agreeing with the tails of the experimental distribution (see
Fig. 5c). The simulated distributions of fully protonated and
deprotonated clusters are relatively narrow and peak at the
ends of the experimental spectrum. This suggests that
Au19,MPCs are neither fully protonated nor fully deprotonated
forming a distribution of distances based on the protonation
level. Distances below 2.2 nm in the experimental distribution
can be addressed to the roughness of the TEM support film
leading to tilted dimers with respect to the imaging plane.
Simulations of dimers, where three BPDT molecules connect
fully deprotonated MPCs, yield a distribution which spans from
3.5 nm to 4.5 nm being above experimentally observed values
(see ESI, Fig. S6E). Although, this does not exclude possibility of
triple linker, it suggests that triple linking is rare. Dimers linked
with multiple BPDT bridges are very unlikely due to low BPDT
concentration used in the experiment (only two BPDT per 44
p-MBA). Therefore, the most straightforward explanation is
that Au;o;MPC dimers are linked primarily by two BPDT
molecules with a single disulfide bridge between them.
Analysis of Au~,50(p-MBA),, multimers. We did a similar PAGE
analysis and separation for the crude product of Auw~,so(p-
MBA), ligand exchange reaction as for Auig,(p-MBA)4. PAGE
showed several distinct bands, however, the bands were less
mobile than linked Au;9,MPCs by a factor comparable to the
mobility difference between unlinked MPCs (see Fig. 2, ESI Fig.
S1). TEM imaging of the three lowest bands, M, D, and T,
revealed dominantly monomeric, dimeric, and trimeric
structures of Au-~,s0(p-MBA),, respectively (see Fig. 7a-d and
ESI, Figs. S7-9). The distributions of multimer core counts in M,
D, and T bands in Fig. 7d were obtained from a concentrated
sample prepared for UV-vis spectroscopy. The purity of the
samples can be further increased by using less concentrated
material in PAGE (see ESI, Figure S10).

Note that the D and T bands are very narrow, as in the case of
Auqpo(p-MBA)4,. This provides additional evidence that the
AU~,50(p-MBA), is a monodisperse MPC.

J. Name., 2013, 00, 1-3 | 5
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estimated core size of 1.6 nm is marked with a dashed vertical line.

TEM analysis of center-to-center distances in the D band of
Au~,50MPCs was rather broad spanning from 2.6 nm up to 4.4
nm (see Fig 7e). The larger diameter of Au~,so(p-MBA),, adds a
constant shift of 0.4 nm to the Aujg(p-MBA),, distribution.
The tail of the distribution extending up to 4.4 nm can be
explained by contribution from dimers bound by three (or
more) BPDT molecules. The larger electrostatic repulsion
between Au-~;50MPCs compared to Au;;,MPCs might favor
longer linkers. Remarkably, the distribution of the angles in the
TEM analysis of trimers showed a dominant peak at 60°
indicating equilateral triangular multimers (see Fig. 7f), which
is also clearly visible in the micrographs in addition to bent or
linear geometries (see Fig. 7c, and ESI Fig. S9). The preference
for equilateral triangles could be explained by a covalent
bridge between each pair of MPCs in a trimer (see Fig. 1, and
ESI, Fig S11).

Plasmon coupling in Au-;50(p-MBA), multimers. To study
optical properties of the plasmonic Au~yso(p-MBA),, we ran
PAGE multiple times to prepare concentrated samples from M,
D, and T bands. UV-vis absorption spectrum from the
concentrated M band was equal to unlinked Au~,s50(p-MBA), in
the visible region, but it showed changes in the UV region as in
the case of Au;p,MPCs. Comparison of spectra from M, D, and
T bands, normalized to the main LSPR peak at 530 nm, (see Fig.
8a, and ESI, Figure S12) shows interesting new features for the
linked Au~,50MPCs in the visible region. The difference
between normalized spectra of D and M bands (Fig. 8b) has
two broad and significantly red-shifted peaks. These features
become stronger in the difference spectrum between T and M
bands. If we fit two Gaussian functions with an exponential
background to the difference spectra, the fit reproduces these
features extremely well in both cases. The obtained peak
positions, 630 nm and 810 nm, are the same for the D and T
bands. The features are weak compared to the main LSPR

6 | J. Name., 2012, 00, 1-3

band, but they are locally significant altering absorption
intensity up to ~10%. More importantly, they are reproducible
(see ESI, Figure S13).

It is difficult to ascertain the origin of these modes
experimentally. We observed, however, significant red-shift of
the main LSPR peak when unlinked Au-~;soMPCs were
agglomerated by reducing pH down to 3.5 (see ESI, Fig S14).
This is typical plasmonic nanoparticle behavior which
originates from the coupling of LSPR modes between nearby
NPs.? The observed feature peaks at 635 nm in the difference
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Fig. 8 a) Normalized UV-vis spectra of purified samples from M, D, and T bands. b)
Difference spectra between samples from D and M bands (top) as well as from T and M
bands (bottom). The shaded areas indicate Gaussian components found in the data and
the dashed curves indicate the totals.
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spectrum between low and high pH (see ESI, Fig S14). This
strongly suggests that the peak at 630 nm in the spectra of
Au~50MPC dimers and trimers originates from a coupled
plasmon mode, called bonding dipolar plasmon (BDP) mode,
where LSPRs of two nearby particles oscillate in—phase.3
Therefore, this feature would not be directly related to the
linker molecule, but only to the fact that two plasmonic
particles are close to each other.

Using parameters relevant to our system (particle diameter 1.6
nm and edge-to-edge distance 1.4 nm), the well-known
“plasmon ruler equation”43 predicts a minor plasmon shift (<
10 nm) as compared to the observed shift of 100 nm from 530
nm to 630 nm. The failure of the plasmon ruler equation here
could be due to its incompatibility to sub-2 nm MPCs for which
atomistic details play an important role. The thickness of the
ligand layer is comparable to the diameter of the metal core,
and therefore, hybridization of the metallic core with the pi-
electrons of the ligand layer might have significantly larger
influence than in larger NPs.

We did not observe the peak at 810 nm in unlinked Au~;50MPC
agglomerates, and it is sensitive to the number of cores in the
multimer. Therefore, we assign this mode to quantum-
mechanical effects depending on the electronic structure of
the molecular bridge. Previous studies of linked NPs have

shown that a tunneling charge transfer plasmon (tCTP) can

form between NPs when they are connected with a molecular

. I 44-48
linker or similar structure.

This mode typically exists
together with the BDP mode, it is red-shifted with respect to
the BDP mode, and it depends sensitively on the tunneling
properties of the NP — molecule — NP junction. Moreover,
tunneling through molecular states allows coupling over much
longer distances than the normal charge transfer plasmon
(CTP), that happens only over very short (< 1 nm) insulating
gaps and causes blue-shift instead of red-shift**4%>°

Simulations of a simple two-level system between plasmonic
NPs have showed that tCTP mode forms when a molecular
state localized on the linker is near the Fermi level of the
combined system.47 To examine whether such localized states
could exists in Au~50MPC multimers, we performed DFT
simulations on a model system. While we do not have
currently information of the atomic structure of Au~,5;MPC,
we have previously done density functional theory (DFT)
calculations on a slightly larger plasmonic Ausi4(SH)9s model
MPC.*”® We now built a model system (see Fig. 9) by linking two
such clusters via a disulfide-bridged BPDT pair and solved for
its electronic structure using DFT. Several molecular states that
are localized on BPDT were found starting 0.8 eV below
(occupied states) and 1.7 eV above (unoccupied states) the
Fermi level (see Fig. 9). These states are close enough to the
Fermi level, that when coupled to LSPRs of MPCs in an optical
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Fig. 9 a) Projected density of states for Aus;4(SH)es—BPDT-BPDT—Aus14(SH)gs calculated using DFT. Projection to sulfur (green) is scaled by 10 and projection to carbon (blue) is
scaled by 100 with respect to projection to s/p (black) and d/f (cyan) orbitals of gold. b) Geometry of Aus;4(SH)ss—BPDT-BPDT—Aus14(SH)ss dimer used in the calculation. Hydrogens
are omitted for clarity. Isosurfaces for orbitals corresponding eigenenergies of c) -0.84 eV, d) 1.65 eV, and e) 1.74 eV with respect to the Fermi level.
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excitation, they could act as tunneling channels for the tCTP
mode, and therefore, account for the observed absorption in
700 - 900 nm range and possibly longer wavelengths.

Another possible explanation for the observed 810 nm peak is
that the incoming BPDT ligand would alter the electronic
structure of Au~,509(p-MBA), and thus introduce new transitions
near 800 nm. This is highly unlikely as the 810nm mode does
not appear in the spectrum of Au~;50MPC monomer or linked
Au;9,MPCs. Another BDP mode as the origin of 810 nm peak is
also not plausible, because larger spectral red-shift would
require shorter interparticle distance, which is not possible
based on our MD simulations. All observations are in
agreement with our proposed interpretation that the 810 nm
peak originates from a tCTP or similar mode, nevertheless,
further theoretical and experimental studies are needed to
uncover the details of the plasmonic coupling in the linked
AU~250MPC multimers.

Conclusions

We have achieved covalent linking between two gold
nanoparticles which have a precisely known atomic structure,
Auqgy(p-MBA)44. In our approach, a BPDT molecule replaces a
p-MBA ligand molecule in a ligand exchange reaction and
becomes a part of the protecting ligand layer. The covalent
disulfide bridge between two BPDT ligands joins the ligand
layers and metal cores of two clusters forming a single unit
with a well-defined atomic structure comparable to a
molecule. This is an important step towards synthesis of
atomically-precise MPC superstructures. Our approach differs
from the previous studies, where linking has been noncovalent
or atomic-level structure of the particle was unknown.

Moreover, we synthesized a larger, plasmonic monodisperse
MPC, Au~,50(p-MBA),,, and its multimers. Changes in the UV-vis
spectra of Au~,50MPC multimer indicated two hybridized LSPR
modes with much larger red-shifts than expected from
experiments of colloidal NPs. We assigned the first mode as
the typical BDP mode in plasmonic NP aggregates. The second
mode, however, is likely to originate from a tCTP, where
tunneling happens through molecular states of disulfide
bridged BPDT molecules.

smallest systems reported which are essentially monodisperse,

AU~50MPC  multimers are the

and show plasmonic coupling over a single covalently bound
bridge.
candidates for connecting experimental observations to ab-

molecular Therefore, these systems are ideal

initio level theory in the field of nanoplasmonics.
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ABSTRACT: Controlled synthesis of nanostructure oligomers requires detailed
understanding of their wet chemistry and the forces driving the polymerization
process. In this paper, we report the main factors affecting the reaction yields of a
dithiol-induced synthesis of covalently bound nanocluster dimers and oligomers
and present a detailed analysis of possible reaction mechanisms. We synthesize
the nanocluster oligomers using monodisperse para-mercaptobenzoic acid (p-
MBA)-protected gold nanoclusters with a nominal composition of Au_,s,(p-
MBA), to minimize ensemble effects on size, shape, and surface structure. Ligand
exchange was performed on the nanoclusters with five different dithiol linkers:
5,5'-bis(mercaptomethyl)-2,2'-bipyridine, 4,4”-thiobisbenzenethiol, benzene-1,4-
dithiol, 1,4-benzenedimethanethiol, and dimercaptostilbene. Oligomer yields
depend strongly on the used dithiol and on the dithiol-to-nanocluster ratio.

Detailed analysis of the reaction yields in combination with simulations suggests that the system reaches a dynamic equilibrium,
where ligand exchange happens continuously forming and breaking nanocluster oligomers that are bound together by short
chains of disulfide-bridged dithiols. Despite the dynamic nature of the system, dithiol-induced polymerization of nanoclusters is a
general and straightforward approach to produce dimers and larger oligomers of thiol-protected nanoclusters. Our work provides
physical insight into, offers tools for, and reveals challenges in the controlled synthesis of covalently bound nanoparticle

assemblies.

1. INTRODUCTION

Controlled assembly of metal nanoparticles to predetermined
superstructures has been under extensive study during the past
decades." Nanoparticle assemblies can have striking optical,”
chiro-optical,3 and electronic effects,” that can be used, for
example, in sensing,s’é photocatalysis,”® and nanoelec-
tronics.”'® Several approaches have been used to fabricate
metal nanoparticle dimers and larger superstructures, such as,
simple aggregation,"' polymer or silica encasing,">"* templating
polymer layers,"* lithography,"® and wet-chemistry linking
approaches.'®™>' The wet-chemistry linking approaches to
synthesize gold nanostructures have the advantage of being
scalable to milligram quantities and enable better control of
superstructure formation via molecular interactions. For
example, DNA-linking and templating has been successfully
applied to design well-defined superstructures.”'® Covalent
cross-linking of gold nanoparticles with dithiols and multithiols
is a well-known approach to form dimers and larger
oligomers.'”~*° However, achieving completely homogeneous
samples and control of the interparticle molecular bridges at the
level of molecular precision are extremely difficult, and detailed
molecular-level understanding of the linking mechanisms has
not been fully achieved yet.** This is mainly because colloidal
nanoparticles are not homogeneous but form a distribution of
sizes, shapes, and surface structures.”

Small monolayer-protected gold nanoclusters
(AuMPCs)**** are monodisperse, and they have an atomically

<7 ACS Publications  © 2018 American Chemical Society

well-defined structure, which can be determined by single-
crystal X-ray diffraction”®™® or electron tomography.” In
contrast to colloidal nanoparticles that form a continuous
distribution of sizes, MPCs are known to form a discrete and
relatively sparse distribution of preferred cluster sizes.*>’' A
special class of AuMPCs are thiol-protected AuMPCs,
Au,,(SR),, where strong binding and covalent nature of Au—
S bond make them more stable and easier to handle under
ambient conditions than commonly used larger nanoparticles.
Recently, several thiol-protected AuMPCs with a diameter over
2 nm have been synthesized.’* > Their properties are
approaching the properties of colloidal nanoparticles being
metallic and plasmonic while still remaining well-defined and
monodisperse. Thanks to their monodispersity and well-
defined atomic structure combined with stability and
structure-dependent properties, large MPCs and their super-
structures are excellent candidates for fundamental studies of
nanoscience, for example, for studying emergence of plasmonic
effects and hot-electron generation in nanoparticle dimers with
unpreceded accuracy.

Several alternatives exist for forming molecular bridges
between metal nanoclusters. Cross-linking of small gold clusters
with organic molecules has been demonstrated using
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dithiothreitol, diacetylene, chiral dithiol, diglyme, and biphe-
nyldithiol.*>**7*® In our previous work, where we used
biphenyl-4,4’-dithiol (BPDT) to cross-link two different
MPCs, namely Au,p,(p-MBA),, and Au.,5(p-MBA), we
showed that dimers and trimers of monodisperse MPCs can
be produced with a straightforward single-step reaction. Here,
we extend this work in two ways. We show that the dithiol
linking is general in the sense that it works with several different
dithiols (in addition to different MPCs, as we demonstrated
before®®), and we propose a possible reaction mechanism.

In Experimental Methods section, we briefly review the
synthesis that yields dithiol-linked MPC oligomers, and in
addition to the commonly used standard analysis methods, we
introduce a rapid method to analyze reaction yields of different
oligomer fractions quantitatively. In Results and Discussion, we
demonstrate that the synthesis is able to produce MPC
oligomers with a variety of dithiols. Figure 1 shows the

coo\Hn

coo\H n-1
o 3

o
HS

coo\H nt

Rouos
S
2 3
Hs.
SH O
Hs. =

4 5 SH

Figure 1. Suggested ligand exchange and the linking reaction of
AuMPCs. The scheme also shows the molecular structure of the
dithiols used to cross-link Au_,5(p-MBA,). BMM-BPy 1, TBBT 2,
BDT 3, BDMT 4, and DMS 5.

structures of the used dithiol linkers and the proposed linking
mechanism of AuMPCs. We focus on 35,5'-bis-
(mercaptomethyl)-2,2'-bipyridine (BMM-BPy) 1 and analyze
the effects of dithiol-to-MPC ratio and reaction time to
oligomer reaction yields. Finally, we discuss the possible
reaction mechanisms and narrow down the options with a
combination of simulations and experimental data.

2. EXPERIMENTAL METHODS

Synthesis of Au.,5,(p-MBA), nanoclusters was carried out, as
described in detail in our previous publication.*®

2.1. Synthesis of Dithiol-Linked Au_,5,(p-MBA),, Nano-
cluster Oligomers. Dithiol cross-linked oligomers were
prepared by a similar ligand-exchange synthesis previously
reported for 4,4'-biphenyldithiol.*® Briefly, stock solutions of
BMM-BPy 1, 4,4"-thiobisbenzenethiol (TBBT) 2, benzene-1,4-
dithiol (BDT) 3, 1,4-benzenedimethanethiol (BDMT) 4, and

dimercaptostilbene (DMS) S were initially prepared in
tetrahydrofuran. Different dithiol solutions (1—5) were added
to a Au,,50(p-MBA), water solution with a resulting 2:1 molar
ratio (dithiol/MPC). The concentration of Au.,5(p-MBA),
was calculated from the estimated molecular weight of 65 kDa
(~250 gold atoms and ~100 thiolates). The ligand-exchange
reaction was quenched after 3.5 h by adding isopropanol and 5
M NH,OAc to the reaction mixture. The resulting black
precipitate was centrifuged, and the supernatant containing any
remaining free thiol residue was removed. The pellet containing
the reaction products was dissolved to H,0O. The linking
reaction was carried out for BMM-BPy 1 also with dithiol-to-
MPC ratios of 1:5, 1:2, 1:1, 2:1, and 10:1. Notable difference to
our previously reported synthesis is the omission of adding
concentrated NaOH in the dithiol/MPC reaction mixture. We
have discovered that the linking occurs efficiently also without
addition of a base.

2.2. Polyacrylamide Gel Electrophoresis. Polyacryla-
mide gel electrophoresis (PAGE) was used to separate reaction
products of Au.,50(p-MBA), oligomer syntheses with different
dithiols. Electrophoretic separation was performed using a Bio-
Rad Mini-Protean Tetra System apparatus operated at 130 V.
Polyacrylamide gels (15 w/v %, 29:1 acrylamide/bisacrylamide)
with 1.0 mm thickness were used in the separation. Run buffer
in the experiments was 2X Tris/borate/EDTA.

2.3. UV—Vis Spectroscopy. Optical absorption measure-
ments were carried out with PerkinElmer Lambda 850 UV—vis
spectrometer with 2 nm resolution. To measure UV—vis
absorption directly from the PAGE gels, each electrophoreti-
cally separated column was mechanically cut from the gel and
compressed between two quartz microscopy slides. Light beam
was accurately positioned on individual gel bands by locally
maximizing the absorption using an XYZ-micrometer stage
positioned inside the spectrometer.

2.4. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) samples were prepared by drop-
casting 8 pL of dilute deionized water solution of linked
nanoclusters on a glow discharged 400 mesh holey carbon
copper grid (Ted-Pella ultrathin c). Solution was allowed to
deposit for 15 min, after which excess sample was removed, and
the grid was allowed to dry under vacuum overnight. Samples
were imaged with JEOL JEM-1400HC TEM operated at 80 kV,
equipped with bottom mounted 11 Megapixel CCD camera
(Olympus SIS Quemesa).

2.5. Analysis of Reaction Yields with a Desktop
Scanner. We developed a method where a standard desktop
scanner is used to evaluate rapidly reaction yields of nanocluster
oligomers. First, a desktop scanner (Canon imageRUNNER)
was calibrated against a set of neutral density filters, in the
following way. Each of the neutral density filters was measured
with a UV—vis spectrometer to obtain its absorbance. Then, the
same set of filters was scanned with a white A4 paper as a
background. The grayscale values obtained from the scanned
image were plotted against absorbance of each filter at S00 nm
(see Figure S1). The data were fitted to obtain a conversion
curve from grayscale values to the corresponding absorbance
values.

The calibration was followed by the actual analysis. First, a
normal PAGE run was performed. Then, the wet PAGE gel—
still between the glass plates—was immediately scanned. The
same white A4 paper that was used in the calibration was used
again as the background. The scanned image was converted to a
grayscale image. A narrow, rectangular area was selected around
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the darkness maxima of each PAGE column, and the mean
intensity of pixels in each row was calculated. The grayscale
values were converted to the corresponding absorbance values
using the conversion curve obtained from the calibration. The
PAGE running distance was calculated by transforming the
distance from pixels to millimeters by multiplying with the
scanner’s known resolution, dots-per-inch. This gives us
integrated absorbance as a function of the PAGE running
distance in millimeters. Because absorption in the visible range
changes negligibly between different MPC oligomer fractions,
the measured absorbance is directly proportional to the number
of cluster cores in the corresponding gel position. The
absorbance values can then be integrated over a band, and
the integrated values can be directly converted to reaction
yields, as the number of clusters per reaction product, that is,
per oligomer in a PAGE band is known from TEM.

2.6. Simulations. Simulations of linking were initialized by
taking 100 000 nanoclusters, represented as an array of two
integersl Meluster and Mdithioly where initially Meluster = 1 and Mdithiol =
0. Then, dithiols were assigned one-by-one randomly and
independently until the desired dithiol-to-MPC ratio was
reached, ngﬁggd = dithiol-to-MPC ratio. Next, a simple Monte-
Carlo molecular kinetics was performed. At each time-step, a
pair of nanoclusters, or later oligomers, was selected randomly,
that is, two random array elements, 1 and n%, were selected.
In the case of direct linking with a single dithiol, a molecular
bridge was formed between nanoclusters, if at least one of the
two nanoclusters had dithiol available for linking, . >0 or
7%, > 0. In the case of linking via disulfide bridge, a molecular
bridge was formed between nanoclusters, if both nanoclusters
had at least one dithiol available for linking, ngi,)ail >0 and nﬁ{,)aﬂ >
0. Whether any dithiols were available for linking or not was
determined by how many nanoclusters and dithiols were
already in the nanocluster or oligomer. In the case of direct
linking with a single dithiol, each molecular bridge reduced
available dithiols for linking by one, n,y1 = fgimiol — (Meuster —
1). In the case of linking via disulfide bridge, each molecular
bridge reduced available dithiols for linking by two, n,,; =
Ngithiol — 2(Nuster — 1)- If enough available dithiols were found,
a new molecular bridge was created and the selected pair of
nanoclusters/oligomers was merged as a new larger oligomer,
n® = 1@ 4+ 10 and the old ones were removed, n) = n¥) = 0.
This procedure was repeated until the distribution of oligomers
converged.

Breaking of dithiol bridges, breaking via ligand exchange,
formation of dithiol polymers, passivation of dithiols with p-
MBA, unequal ligand-exchange probabilities, and so forth were
not considered in the simulations to keep the model minimal.
Addition of these effects would introduce adjustable parameters
complicating the interpretation and discussion of simulation
results without adding significant value.

3. RESULTS AND DISCUSSION

3.1. Qualitative Analysis of Au_,5,(p-MBA),
Oligomers. Crude products from the Au_,s,(p-MBA),
ligand-exchange synthesis with different dithiols were analyzed
initially by PAGE. Reaction products of all five tested dithiols
(1-5) produced qualitatively similar patterns, as seen in Figure
2. In all cases, distinct bands formed above the unlinked cluster
band, which means that reaction products in these bands have
lower mobility than the reference unlinked cluster. Similar
patterns were observed also in our previous study, where BPDT
was used as the linker molecule.*®

- )] ) T S S ) )

Figure 2. PAGE gel showing bands of Au_,o(p-MBA), linked with
different dithiols. The index of the dithiol used is specified below each
column (see Figure 1). Ratio of dithiol-to-MPC was 2:1 in all cases.

We confirmed that the observed bands originate from
different oligomers using TEM imaging, as shown in Figures 3

Figure 3. TEM micrographs showing (a) monomers of Au_,s(p-
MBA), from M band; (b) dimers linked with BMM-BPy 1 from D
band; (c) trimers from T band; and (d) tetramers from Q band.

and S2—SS, for BMM-BPy 1. The most mobile M band consists
of monomers, whereas D-, T-, and Q bands contain a dominant
fraction of dimeric, trimeric, and tetrameric forms, respectively.
As all of the tested linking reactions with different dithiols
produced PAGE patterns indicating significant presence of
oligomers, the dithiol linking approach appears to be a general
synthetic strategy to produce covalently bound nanocluster
oligomers.

3.2. Quantitative Analysis of Au_,;¢(p-MBA),
Oligomers. Although similar PAGE patterns are observed
with all dithiols, the reaction yields of different oligomer
fractions depend strongly on the particular dithiol used. To
compare the relative yields between dithiols, we determined
them quantitatively. We applied a rapid method inspired by the
densiometric analysis of Western blot>” and the use of PAGE to
separate different MPCs.*****” The method uses a standard
desktop scanner to analyze a complete PAGE gel at once. Each
PAGE gel has multiple wells, each of which can be used to
separate products of a different reaction. Single PAGE run
followed by scanning can therefore analyze reaction yields of
ten or more MPC linking reactions at once (see Experimental
Methods section for the details of the method).

DOI: 10.1021/acs.jpcc.8002988
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Normalized absorbance profiles obtained with the scanning
method along each column of PAGE bands of Figure 2 are
shown in Figure 4. To validate our scanning method, we

0.5 F

absorbance (a.u.)

1.0 | 5
0.5 |
30 25 20 15 10 5 0

PAGE run distance (mm)

Figure 4. Absorbance of linked Au._,5(p-MBA), as a function of the
PAGE running distance for different dithiols. Indices of the dithiols are
given in the top-right corner of each panel. The solid blue lines are the
integrated absorbances obtained with the scanning method along each
column of the PAGE gel. The black crosses are the integrated
absorbances obtained from the UV—vis spectrum and scaled for an
optimal fit to the scanning method.

performed a UV—vis spectroscopy measurement for each
visible band in the same PAGE gel. The absorption spectrum
(see Figure S6) was integrated from 400 to 600 nm to obtain
an integrated absorbance. The integrated absorbance is directly
proportional to the local concentration of nanoclusters because
the UV—vis spectrum changes negligibly in this region between
different oligomers. The integrated absorbance values obtained
with this method are shown in Figure 4 as crosses.

The results of the scanning method for BMM-Bpy 1, BDT 3,
BDMT 4, and 4,4'-DMS § linked Au._,5o(p-MBA), oligomers
are in near-perfect agreement with the results determined from
the integrated UV—vis absorbance, as seen in Figure 4. The
relative absorbance of TBBT 2 differs somewhat between the
two methods, although the trend is similar. We speculate that
this small discrepancy originates from experimental uncertain-
ties in acquiring UV—vis spectra from the cut gel samples. The
scanning approach is significantly faster and easier to measure
than the UV—vis approach, and therefore it provides a fast and
reliable way to obtain local nanocluster concentration profiles
along each PAGE column for linked MPC systems.

3.2.1. Linking Efficiency. The profiles in Figure 4 show that
BMM-BPy 1 is clearly the most effective in forming higher

order oligomers when the dithiol-to-MPC molar ratio was 2:1,
whereas BDT 3 is the least effective. It is not surprising that
BMM-BPy 1 is more efficient than BDT because BMM-BPy 1
is significantly longer than BDT 3. Actually, BDT 3 is so short,
sulfur-to-sulfur distance being 0.6 nm, that it would probably
require at least three BDT 3 molecules to bridge metallic cores
of two MPCs through their p-MBA ligand layers, if the
thickness of the ligand layer is evaluated from the known
structure of Auloz(p—MBA)M.28 However, the length of the
dithiol linker cannot be the only factor affecting the efficiency
of oligomer formation. 4,4’-DMS $ has practically the same
length (1.3 nm) as BMM-BPy 1 (1.2 nm), but its efficiency for
producing dimers is an order of magnitude lower than BMM-
BPy 1 and only just above the shortest linker BDT 3 (see
Figure 4). This clearly indicates that also other factors than the
length of the linker are important to oligomer formation.
Possible candidates are, for example, steric effects and dithiol—
p-MBA interactions. One would also expect that the chemical
group attached to the terminal sulfurs would play an important
role in the reaction. This is likely to be the case, but again, it
cannot be the only determining factor. For example, BMM-BPy
1 and BDMT 4 have the same methylphenyl group attached to
the sulfur but still have significantly different linking efficiencies.
Therefore, the linking efficiency must be an interplay between
the different factors mentioned above, and further studies are
required to explain different contributions in detail. Our
findings are in agreement with Salassa et al., who demonstrated
that ligand distributions of Au,5(SR);5_,(SR’),,” depend on the
thiol pair used for the synthesis and for the subsequent ligand
exchange.*

3.2.2. Reaction Conditions. Next, we will focus on the most
efficient linker molecule BMM-BPy 1 and analyze its reaction
yields in different reaction conditions. We performed the ligand
exchange of Au_,5,(p-MBA), with BMM-BPy 1 using different
dithiol-to-MPC molar ratios of 1:5, 1:2, 1:1, 2:1, and 10:1.
PAGE gel separation of the first four ratios are shown in Figure
S7, and the corresponding absorption profiles are shown in
Figure 5. A PAGE gel including ratio 10:1 is shown in Figure
S8a. The absorption profiles show that the lowest dithiol
concentration (1:5) strongly favors monomeric form yielding
only a small fraction of dimers and negligible amounts of higher
oligomers, as expected (see Figures S8b and S9). The trimer
and larger oligomer yields increase rapidly when dithiol-to-
nanocluster molar ratio is increased from 1:5 to 1:2, 1:1, and
2:1. As the concentration is increased further, the reaction
begins to produce large amounts of nanocluster aggregates that
remain immobile in the PAGE wells, as seen in Figure S8.

A similar trend can be observed in TEM statistics where
relative abundances of different oligomers in the crude product
were determined from TEM micrographs. The statistics of two
different linker-to-MPC molar ratios are shown in Figure S9.
The fractions of dimers, trimers, and larger oligomers are
significantly higher in 2:1 molar ratio than in 1:5 ratio. PAGE
and TEM distributions are not entirely comparable because
some noncovalent agglomeration is prone to happen in TEM
sample preparation, nevertheless, the trend is clear.

To gain more insights to the reaction mechanism, we
performed quantitative analysis of reaction yields as a function
of the dithiol-to-MPC ratio by processing the absorbance data
produced by the scanning approach in a following way. The
reaction yields were estimated from the absorbance data by
integrating the area under each PAGE band. The integrated
area is proportional to the number of MPCs in the band. As
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Figure 5. Absorbance of BMM-BPy 1-linked Au_,5,(p-MBA), as a
function of the PAGE running distance. The molar ratios are given in
the top-right corner of each panel. The lowest panel shows the
unlinked Au,,5o(p-MBA), reference band (ratio 0:1).

each band has approximately a Gaussian profile, we fitted a set
of Gaussian functions on top of a linear background (see Figure
$10). The number of MPCs in a band can be converted to its
relative concentration of oligomers (relative to other bands) by
dividing the number of MPCs in the band by the number of
MPC per oligomer known from TEM. The oligomer reaction
yields as a function of dithiol-to-MPC ratio for Au.,s(p-
MBA), linked with BMM-BPy 1 are shown in Figure 6a.

3.2.3. Saturation of Oligomer Yields. The reaction yields
decrease approximately exponentially with respect to the
number of nanoclusters in the oligomer, that is, monomer-to-
dimer ratio is close to dimer-to-trimer ratio, and trimer-to-
tetramer ratio. A similar behavior is observed in step-growth
polymerization,"" which has been demonstrated to happen also
for nanoparticles.*” In step-growth polymerization, bifunctional
(or multifunctional) monomers form dimers with probability (1
— p(t))p(t), and longer oligomers with

B =(1-pp"" 6y

where P, is probability of finding an oligomer with n
monomeric units, and p is the probability for a single
polymerization step. The exponential curves are shown as
solid lines in Figure 6a, ratio-versus-yield-a correspond to P,/
P,. The above equation (eq 1) holds only for ideal bifunctional
monomers (—A—) or bifunctional polymerizing units (e.g,
—[A-B]-) and only for the equimolar case. For a non-
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Figure 6. (a) Oligomer reaction yields normalized to the monomer
yield as a function of the oligomer size for dithiol-to-MPC ratios of 1:5
(purple circles), 1:2 (cyan squares), 1:1 (blue diamonds), and 2:1
(green crosses). The reaction yields decrease approximately
exponentially as the number of nanoclusters in the oligomer increases.
Solid lines are linear least-squares fits to log,o(P,/P;). (b) Fit
parameter p as a function of dithiol-to-MPC ratio (black crosses), fit to
eq 4 with r,5 equal to dithiol-to-MPC ratio R, that is, one dithiol per
MPC (dot-dashed green), fit to eq 4 with r,y = R/2, that is, two
dithiols per MPC (dashed blue).

equimolar case, we can take into account the dependence on
the dithiol-to-MPC ratio by replacing the degree of polymer-
ization for the equimolar case

X=(-p)" ®

by the degree of polymerization for a nonequimolar case

-1
2
X=|1-p —
[ peql+r 1]
‘AB 3)

where ry; is the ratio of A and B in the bifunctional unit.*'
From these equations, we see that the fit parameter p should
depend on the ratio r,p as

2
p(rap) = p —

A1+ rpp

(4)

In Figure 6b, the fit parameter p is shown as a function of the
dithiol-to-MPC ratio R together with fits to eq 4 with r,3 = R
and r,g = R/2. The first fit, r,5 = R/2, corresponds to a
polymerization unit with one dithiol per MPC, that is, one
dithiol directly connecting two MPCs (—D—MPC-D-
MPC-). Whereas the second fit, r,5 = R/2, corresponds to
two dithiols per MPC, that is, two dithiols connecting two
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MPCs via a disulfide bridge (-D—MPC—D—D—MPC—D-).
Experimental observations and both fits have the same trend,
where the polymerization probability p(R) changes rapidly at
low dithiol-to-MPC ratios, but become saturated at higher
ratios. In other words, increasing the dithiol-to-MPC ratio
beyond certain point does not increase the yields of dimers,
trimers, and tetramers significantly, but leads to increasing
formation of large aggregates. The fits are used here only to
demonstrate the trend. We will present a more rigorous analysis
and an elaborate discussion below.

3.2.4. Reaction Time and Equilibrium. A typical way to
control a polymerization reaction is to control its reaction time.
We examined this aspect by performing syntheses using 0.2,
0.5, 3.5, and 7 h reaction times for the equimolar case (i.e., 1:1
ratio). The resulting oligomer yields are shown in Figure 7,
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Figure 7. Oligomer yields for equimolar case (1:1) as a function of the
reaction time (0.25, 0.5, 3.5, and 7 h) of two different syntheses. The
shapes (circles and squares) denote different nanocluster synthesis
batches. At each time, we have four values corresponding with (from
top to bottom) monomer (black), dimer (blue), trimer (green), and
tetramer (cyan). Simulated oligomer yields at equilibrium for ligand-
exchange linking (solid) and for disulfide linking (dashed) with the
optimal linking activities of 35 and 80%, correspondingly, are shown as
vertical lines (for details, see discussion below). The reaction yields are
given as a fraction of MPCs in the corresponding oligomeric form. The
linking activity (%) is defined as the fraction of dithiols that act as
molecular bridges, with respect to the total number of the dithiols.

where we observe that the reaction yields have no significant
dependence on time. Therefore, the reaction must have reached
its end or equilibrium, or at least, be in the slowly varying
asymptotic region near the equilibrium. We will use this
information in the following discussion of full kinetic model.
3.3. Kinetic Model. We have shown that our experimental
results agree surprisingly well with step-growth polymerization,
and it serves as a good starting point for the discussion, but it is
an oversimplification of the process. In reality, the ligand-
exchange process must be (at least up to a certain degree, for
example, within preferred sites) a stochastic process, where
ligand exchange can happen once, twice, or more times per
MPC. This leads to MPCs with one, two, or more dithiol
“arms”, whereas some of the MPCs are left without any dithiol
arms. The distribution of arms per MPC depends on the
dithiol-to-MPC ratio. The ligand exchange can also happen in

reverse direction, where an already exchanged dithiol is
replaced by an exchanged p-MBA from the solution. In
addition, we have another competing process: the disulfide
bridge formation between dithiols.

Therefore, the key factors in the formation of the equilibrium
(or a long-lived metastable state) in dithiol-MPC systems are
(1) ligand-exchange rate, (2) disulfide formation rate, (3)
ligand-exchange equilibrium between p-MBA and dithiol, and
(4) disulfide equilibrium. Some of the rates and equilibriums
might be different for free versus MPC-bound dithiols, and for
monomers versus oligomers. To gain insights into this rather
complex system, we will test different simplifying hypotheses
and their validity. We have collected different hypotheses and
their results in Figures 8 and S11.

3.3.1. Hypothesis: Fast Disulfide Formation (Figure S11x).
Let us first assume that disulfide formation reaction strongly
favors disulfides over thiols/thiolates. This assumption is
supported by earlier research where dithiols were observed to
polymerize in water-forming disulfide-bridged chains and
rings.43’44 In addition, our observation that when we add
dithiol to water alone, we observe the formation of a white
milky haze indicating the same polymerization process.

If we combine a hypothesis of irreversible disulfide formation
with a hypothesis that this reaction is much faster than ligand
exchange, we should observe long polymer chains of dithiols
connecting two MPCs at the ends (see Figure S11). This would
result in extremely low oligomer yields at equimolar dithiol-to-
MPC ratio, however, as we observe significant amounts of
oligomers, for example, in Figure 7, this combination of
hypotheses is not valid.

3.3.2. Hypothesis: Fast Ligand-Exchange (Figure S11a). If
we take an opposite hypothesis for the reaction speeds, that is,
if ligand-exchange reaction is much faster than disulphide
formation, a metastable state begins to form, where MPCs have
one or more ligands exchanged to dithiols, but no molecular
bridges have formed between MPCs yet (see Figures 8a and
S1la). How many of the dithiols become exchanged depends
on the dithiol, for example, some dithiols will have strong steric
hindrance or have chemical groups that strongly repel
neighboring p-MBAs leading to low-exchange probabilities,
whereas others might be preferred over p-MBA for the opposite
reasons. Nevertheless, in general, there exists a strong entropic
force to drive dithiols from the solution to the ligand layer at
equimolar dithiol-to-MPC ratio for the following reason.
Initially, all dithiols are in the solution and all p-MBAs are in
the ligand layer. Entropy drives dithiols to the ligand layer until
the ligand layer and the solution have equal dithiol-to-p-MBA
ratio (~1:100 in the equimolar case). Because the ligand layer
has two orders of more thiols than in the solution, entropy
drives dithiols to the ligand layer, until it has two orders of
more dithiols than in the solution. In other words, unless
dithiols are energetically disfavored, the metastable state has
nearly all dithiols bound to MPCs.

3.3.2.1. Simplifying Assumption: Entropy Dominates. We
assume, as given below, that the ligand exchange does not
energetically favor or disfavor dithiol, and that the equilibrium
is determined mainly by entropy. If dithiol is favored or
disfavored slightly, this leads to readjustment of distribution
without altering the qualitative behavior of the system.

3.3.2.2. Simplifying Assumption: Negligible Dithiol—
Dithiol Interactions. As more than one dithiol per MPC
must be exchanged to form trimers and larger oligomers, we
must consider dithiol—dithiol interactions. We will assume that

DOI: 10.1021/acs.jpcc.8002988
J. Phys. Chem. C 2018, 122, 1252412533



The Journal of Physical Chemistry C
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Figure 8. Schematic presentation of hypotheses and their outcomes (see also Figure S11): (a) formation of a metastable state if ligand exchange is
faster than disulfide formation, (b) formation of oligomers bridged by single dithiol, (c) formation of oligomers bridged by two dithiols with a
disulfide bond between them, (d) re-equilibration caused by ligand exchange after the initial formation of oligomers via disulfide bridging. Values in
parenthesis are the fractions of MPCs in the specified form. Values in the top-right panel are for 100% (left) and for 35% (right) linking activity.
Values in the bottom-right panel are for 100% (left) and for 80% (center) linking activity without re-equilibration, and for 70% linking activity after
the re-equilibration via ligand exchange. Values in the parentheses outside of the boxes are the average of the experimental values for 3.5 h and 7 h
reaction times, as shown in Figure 7. The error is calculated as the maximum absolute deviation from the average.

only a few dithiols exchange, and that the exchanged dithiols
are on average far enough from each other to not interact
significantly. If no significant dithiol-to-dithiol interaction exists
when dithiols are bound to MPC, then the ligand-exchange
process should be random and independent from how many
dithiols have already been exchanged. As we are using low
dithiol-to-MPC ratio, the assumption of negligible dithiol—
dithiol interactions is justified.

3.3.2.3. Metastable State. Examples of simulated metastable
states based on the above assumptions of fast, nearly one-way
ligand-exchange reaction, where exchanges happen randomly
and independently, are shown in Figure S12. When dithiol-to-
MPC ratio is below 1:10, fraction of MPCs with one dithiol
grows linearly as a function of ratio and practically no MPCs
with two or more dithiols exist. Behavior diverges rapidly from
linear as the ratio grows, and at equimolar ratio, only 37% of
MPC have one dithiol and still 37% of MPC have no dithiol,
18% have two dithiols, 6% have three, and the remaining 2%
have four or more dithiols. Above equimolar ratio, the fraction
of MPCs with multiple dithiols increases rapidly, and at 4:1
ratio, it reaches 90%.

After the formation of the metastable state, molecular bridges
begin to form between MPCs. This could happen in two ways.
The first option is that a single dithiol forms a direct bridge
from one MPC to another (see Figures 8b and S11b). The
second option is that two or more dithiols form disulfide
bridges that connect two MPCs (see Figures 8c and Sllc).
Simulations of these two cases are shown in Figure 9, where we
have still assumed that both reactions are one way (k| = k} = 0).

3.3.3. Hypothesis: Direct Linking with Single Dithiol
(Figure S11b). We observe that direct linking with a single
dithiol would produce practically only large aggregates at
equimolar ratio (see Figures 8b and S11b), which does not
match with the experiment (see, e.g,, Figure 7). Either direct
dithiol linking does not happen or all dithiols are not active in
linking. If we assume that only 35% of dithiols form dithiol
bridges between MPCs, that is, the effective dithiol-to-MPC
ratio is 0.35, we have an excellent match with the experimental
reaction yields (see Figure 7). Here, we defined the linking
activity (%) as the fraction of the dithiols that act as molecular
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Figure 9. Simulated fractions of MPCs in the form of monomers
(black), dimers (blue), trimers (green), tetramers (cyan), pentamers
(magenta), and larger than pentamer (dashed red) for (a) linking
where a molecular bridge between MPCs forms via ligand exchange,
and for (b) linking where a bridge forms via disulfide bond formation.
Panel (a) was simulated with one dithiol molecule in the bridge
(minimum for a dithiol bridge), and panel (b) with one dithiol pair
(minimum for a disulfide bridge).

bridges, with respect to the total number of the dithiols in the
system that includes free dithiols and exchanged but non-
bridging dithiols, in addition to the bridging ligands. Assuming
reduced “linking activity” of 35% for dithiols is reasonable
because it is possible that (1) not all dithiols become
exchanged, that (2) not all exchanged dithiols form bridges,
and/or that (3) exchanged p-MBAs passivate some of the
dithiols.

3.3.4. Hypothesis: Indirect Linking via Disulfide Bridge
(Figure ST1c). Direct linking with a single dithiol and linking
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activity of 35% offers a one-possible explanation, but other
explanations are not yet ruled out. The second option for
forming oligomers starting from the metastable state is that the
exchanged dithiols form disulfide bridges between the MPCs
(see Figures 8c and Sllc). If we assume that this is an
irreversible reaction and that ligand exchange does not happen
anymore (k, > 0; k;, ki, ki, ki, kj = 0), our simulations at
equimolar ratio yield a distribution of oligomers that is
somewhat similar to the experimental data. The match is
much better than direct linking with 100% linking activity, but
it is clearly not as good as direct linking with 35% activity. Even
if we take an optimal linking activity of 80% for the disulfide
linking, the match is not nearly as good as the direct linking
with the optimal activity of 35%, especially for dimer (see
Figure 7).

The above assumption that ligand exchange does not happen
after the metastable state has formed was made to simplify
simulations and discussion, and it is clearly not valid in a
general case. The only case when it would be valid is when
dithiols are energetically strongly favored over p-MBAs in the
ligand layer. Therefore, we consider next a more general case,
where the ligand-exchange process is a continuous, two-way
process that reaches a dynamic equilibrium.

3.3.5. Hypothesis: Ligand-Exchange Equilibrium Together
with Slow Disulfide Formation (Figure S11d). If we make an
assumption that the ligand-exchange process is happening to
both directions continuously and that the already formed
disulfide bridges do not break, we have the following process:
random, two-way dithiol exchange (k,, k}, ks, kj, > 0) together
with slow, one-way disulfide bridge formation (k, > 0; k{ = 0;
ky k;y > k;). Initially, the metastable state forms reaching
dynamic equilibrium as before. Occasionally, disulfide forms
bridging two MPCs together with a chain of two dithiols to
form a dimer. As the ligand exchange is an ongoing process, the
formed disulfide-bound dithiol chain can also be exchanged.
This results in MPC without dithiols (more precisely, MPC
that has lost one of its dithiol chains) and MPC with a chain of
dithiols that is bound only from one end. MPC, with a chain
bound only from one end, can bind to any other MPC without
forming a new disulfide bridge. In other words, it behaves
similar to MPC in the direct dithiol linking via ligand exchange,
but instead of a single dithiol, it has a chain of dithiols attached
to it. Slowly, every dithiol becomes part of a disulfide bridge,
and in the end, the ligand-exchange process happens only with
disulfide-bridged chains (see Figures 8d and S11d).

3.3.5.1. Chains of Two Dithiols. Let us ignore the formation
of dithiol chains longer than two for a moment. The above
process will end up to an equilibrium that is equal to the direct
ligand-exchange linking with a single dithiol, except that a chain
of two bridged disulphides connect MPCs instead of a single
dithiol, that is, the chain acts as a single, long dithiol. The
dithiol-to-MPC ratio of the direct linking case must be now
replaced by chain-to-MPC ratio, but otherwise the two
processes lead to exactly the same distribution.

Because a chain of two dithiols has twice as many dithiols as
a single dithiol, the optimal dithiol linking activity is simply
70%, and the match with the experiment is as good as with a
single dithiol and 35% linking activity.

3.3.5.2. Distribution of Chain Lengths. When chains longer
than two dithiols form, the linking activity for the chain rises
above 70%. The upper limit of 100% is reached, when the
average chain length is approximately 2.85 dithiols, for example,
with an exponential distribution, where a chain of two dithiols

12531

has a probability of 54%, a chain of three 25%, a chain of four
11%, and so forth. This is relevant as we have previously
demonstrated that BPDT, a dithiol of similar size as BMM-BPy
1, forms dimers that have chains of three or more dithiols, in
addition to chains of two.*

3.3.5.3. Dynamic Chains. Formation of chains longer than
two dithiols is actually quite likely in the above scenario (see
Figures 8d and S11d). Chains can grow or shrink via thiol-
disulfide exchange,* as long as free thiol is present in the
solution. Nevertheless, thiol-disulfide exchange reaction should
have lower rate than ligand exchange, or otherwise, the
distribution of oligomer yields would resemble more the
dynamics of the disulfide linking without ligand exchange (see
Figures 8c and Sl1c).

3.3.6. Summary of the Kinetic Model. After this discussion,
we can summarize the requirements for reproducing the
experimental data for BMM-BPy 1: (1) equilibrium has been
reached, (2) equilibrium has significant fraction of dithiols
bound to MPCs, (3) equilibrium favors disulfide formation
over breaking (k, > k}), and (4) ligand exchange happens more
frequently than disulfide formation (k; or ky > k,).
Requirements 1 and 2 are supported directly by experimental
observations. Requirement 3 is supported directly by
experimental data for short chains of dithiols (and it is
irrelevant for the unlikely case that linking happens only via
single dithiols). Requirement 4 is supported by a combination
of simulations and experiments. These requirements lead to a
distribution of oligomers that originates (dominantly) from a
process, where molecular bridges between MPCs form via
ligand exchange. The simulated distribution reproduces the
experimental data extremely well, when the average chain
length for the molecular bridges is from a single dithiol up to
2.85 dithiols and the corresponding dithiol linking activity is
from 35% up to 100%, respectively.

4. CONCLUSIONS

We have demonstrated that covalent linking between MPCs
can be achieved with several different dithiols indicating
generality of the ligand-exchange-based dithiol-linking ap-
proach. We observed that oligomer yields depend strongly on
the dithiol used, but we found no simple trend based on the
length of the dithiol or the functional groups in the dithiol. The
yields depend strongly also on the dithiol-to-MPC ratio. Too
low ratio leads to low oligomer yields, whereas too high ratio
leads to excessive aggregation that reduces the yields. The
optimal ratio is found in a relatively narrow range, for BMM-
BPy 1, between 1:1 and 2:1. Nevertheless, we showed that this
range can be found in a straightforward way by a set of
syntheses with different ratios followed by a PAGE run and
scanning of the PAGE gel with a desktop scanner. The scanning
approach is also suitable for extensive studies with different
dithiols, MPCs, and reaction conditions to find trends and to
gain deeper understanding of the dithiol-induced oligomeriza-
tion of MPCs and nanoparticles.

We discussed several different options for a possible reaction
mechanism based on the experimental observations obtained
with our rapid scanning approach and simulations of reaction
kinetics. We found that the best match with the experimental
observations is achieved with simulations of a system at
dynamic equilibrium, where MPCs are linked by short chains of
disulfide-bridged dithiols that continuously form and break via a
ligand-exchange process. The shortest possible chain length is
one dithiol requiring that only ~35% of the dithiols are
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contributing to the molecular bridges between MPCs, in the
case of BMM-BPy 1. However, based on our previous results
on a similarly sized BPDT dithiol, the dithiol chains are more
likely two or more dithiols long, the upper limit for the average
chain length being ~2.85 dithiols, in the case of BMM-BPy 1.

Our result that the system at dynamic equilibrium, where
ligand exchange happens continuously, is in agreement with the
recent studies of ligand exchange in MPCs.*****" This has
implications for the stability of the system. As long as dithiol-to-
MPC ratio remains unchanged and the distribution of
oligomers is not altered in other ways, the system should be
stable and self-repairing in solution. However, immediately, if
the equilibrium distribution is disturbed, for example, by
extracting one pure fraction of dimers, the system begins to re-
equilibrate in solution converting dimers to monomers, trimers,
tetramers, and so forth. We have observed slow redistribution
of oligomers in our previous work, even in the absence of free
thiol (see Supporting Information of ref 36). Therefore, a
purified oligomer fraction must be stored as a dry solid, or
some other approach, such as, encapsulation, must be applied
to prevent further ligand exchange.

To conclude, our work on dithiol-induced oligomerization of
MPCs provides tools and knowledge for developing controlled
synthesis of covalently bound MPCs and nanoparticles for
scientific and industrial applications.
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ABSTRACT: Water-soluble gold nanoclusters with well-
defined molecular structures and stability possess particular
biophysical properties making them excellent candidates for
biological applications as well as for fundamental spectro-
scopic studies. The currently existing synthetic protocols for
atomically monodisperse thiolate-protected gold nanoclusters
(AuMPCs) have been widely expanded with organothiolates,
yet the direct synthesis reports for water-soluble AuMPCs are
still deficient. Here, we demonstrate a wet-chemistry pH-
controlled synthesis of two large water-soluble nanoclusters
utilizing p-mercaptobenzoic acid (pMBA), affording different

pH9

+BH,

Ausze Anz(pM\?A)uzrns
H,0 pH 11 %

Au* + RSH Au,(pMBA)y —>
+BH,
AU210230(PMBA) 0.0
pH 13 ¥
+BH, Auy02(PMBA) 44

sizes of plasmonic AuMPCs on the preparative scale (~7 mg). AuMPCs are essentially homogenous in size and are stable in
solution and the solid state. Number of characterization methods were used to gain detailed information about the size,
symmetry, molecular composition, and structure of these systems, i.e., high-resolution transmission electron microscopy,
powder X-ray diffraction, NMR, UV—vis, thermogravimetry, and polyacrylamide gel electrophoresis. On the basis of the
conducted experimental analyses and computationally aided predictions it can be evidenced that both clusters exhibit twinned
face-centered cubic symmetry with the molecular composition of Au,y_530(PMBA)7o_go and Aty 44 (PMBA) |1, ys, referred
from now on as Au250 and AuS00, respectively. For future reference, toxicity of both gold clusters in various concentrations on
cultures of Gram-positive and Gram-negative bacteria was investigated.

1. INTRODUCTION

The unique properties of gold nanoparticles have been studied
extensively.'~* The size and shape of the particles define their
electronic and physical properties, whereas tuning the nature of
the protecting organic layer gives a control of the solubility and
chemical functionality of the particles." The versatile surface
chemistry and size-dependent properties make them universal
materials in high technology applications such as sensory
probes, electronic conductors, therapeutic agents, drug delivery
in biological and medical applications, and catalysis.” "
Colloidal nanoparticles are not well suited for accurate
studies of their chemistry. A typical nanoparticle synthesis
produces a polydisperse sample of different sizes, shapes, and
surface structures. Therefore, experiments that require atomic-
level control are extremely difficult to carry out. In this regard,
monolayer-protected gold clusters (AuMPCs) are small
(usually <2 nm) nanoparticles with well-defined structures,
consisting of a metallic core and a protecting ligand layer.”>~**
The structures range from small, more molecular-like species,
with quantized electronic transitions, to larger, more nano-
particle-like clusters with hundreds of metal atoms, exhibiting
localized surface plasmon resonance (SPR).>'*'® Contrary to
colloidal gold nanoparticles, AuMPC synthesis produces a
well-organized structure, with a specific number of atoms,

<7 ACS Publications  © 2019 American Chemical Society 2602

similar to a molecule that has enabled accurate studies of their
chemistry, as well as the direct comparison of experimental and
theoretical results.'” Currently, many sizes of organosoluble
nanoclusters are widely deployed;'®™>® however, the direct
syntheses of larger (>200 gold atoms) water-soluble nano-
clusters are still not yet fully understood.

Water-soluble gold nanoclusters were previously reported as
universal labeling tools for bioimaging due to contrast
properties, low toxicity, and high solubility. For example,
Au,,(pMBA),, was described as a good tracking candidate for
accurate site-specific covalent conjugation to the viral capsid
surface where the covalently bound nanoclusters keep the
viruses stable, allowing better visualization of their entry into
complex endosomal structures.* The surface properties,
particularly the solvent/organic interface of p-mercaptobenzoic
acid (pMBA)-protected gold clusters, are altered depending on
the protonation state of the cluster." The clusters become
water-soluble only when the carboxylic group of the pMBA-
ligand is deprotonated, which is an important aspect for
chemical modifications. Moreover, water-soluble clusters do

Received: November 14, 2018
Revised:  January 7, 2019
Published: January 7, 2019

DOI: 10.1021/acs.jpcc.8b11056
J. Phys. Chem. C 2019, 123, 2602—2612



The Journal of Physical Chemistry C

not require any toxic solvent treatment, which makes them a
good candidate for green chemistry approaches, and widen the
range of applicability to more polar solvents.

AuMPCs have a great response to light at the resonant
wavelength.>*** The plasmonic and near-infrared (NIR)
absorbance is well detectable in deep-tissue samples. We
have previously studied covalently bound multimers of gold
nanoclusters and discovered that the examined system displays
coupled plasmonic modes in the NIR therapeutic spectral
window (650—1350 nm) which could be potentially used for
imaging biological samples.”® Ability to covalently link
AuMPCs through the conductive molecule opens up new
prospects to study the fundamental physical properties of
molecular electronic devices and internal motions of the
particles and binding ligands.”® Recently, Biirgi et al. reported
the successful assembly of Au,;(SBut),s multimers via ligand
exchange and studied electron transfer between clusters.””
Developments of larger precise analogs of structures that can
be modeled with the ab initio (density functional theory) level
of theory could expand the knowledge of quantum plasmonics
and emergence of bulk properties of metals.

Currently existing synthetic protocols for producing
AuMPCs are most extensively carried out using organosoluble
ligands, organothiolates, in particular phenylethane-
thiol.'*>>* The synthesis generally produces a set of
heterogeneous particles, requiring etching, size focusing, and/
or other methods to narrow size distribution.'®*”~>* The key,
to the characteristic stability and the atomically precise size
control of those particles is the role of the protecting ligand
layer. Covalently bound ligands govern the kinetic control and
thermodynamic selection of the robust sizes in synthesis.” In
contrast to the AuMPCs, the colloidal gold nanoparticles are
typically protected by a weakly bound surfactant or even
without any protecting ligand layer, significantly affecting their
stability leading to extensive aggregation. For water-soluble
gold nanoclusters, the synthetic control is obtained by the
precise selection of reaction conditions, in a way that the
single-sized product is favored.>*** To produce a large panel of
uniform clusters of chosen sizes, the synthetic parameters of
these direct synthesis methods need to be explored
thoroughly.*® Among several water-soluble thiols that can
stabilize gold nanoclusters, mercaptobenzoic acid (MBA) has
been actively used.>' ~*' More specifically, syntheses have been
developed for 3-MBA (mMBA)*>’"*°. and 4-MBA
(pMBA)31_36’41’42—pr0tected clusters, e.g, Aug(mMBA)j,,
Auyyy(mMBA),, and Au,(pMBA)g, Auypy(pMBA),, and
Auy4(pMBA)s;. Among pMBA-stabilized particles, only
Au,4,(pMBA) and Au,,(pMBA),, were synthesized without
any size focusing methods, resulting in the direct synthesis
protocol. In this work, we are focusing on pMBA-stabilized
gold nanoclusters to study synthetic parameters of direct
synthesis methods.

Precise characterization of individual gold nanoclusters with
respect to their composition and structure has been made by
various techniques.”®***" However, despite significant devel-
opment in structure determination techniques within past few
years, atomic-level information of clusters bigger than 100 gold
atoms is still a grand challenge to achieve, particularly for
water-soluble clusters. Thereby, with the lack of information
on structure—property relationship applicability of the clusters
remains limited.

In this paper, through the systematic variation of reaction
conditions, we synthesized stable, water-soluble pMBA-thiolate
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gold nanoclusters. We found that controlling pH in different
MeOH/H,0 conditions produces different sizes of pMBA-
clusters. To our knowledge, this is the first straightforward wet-
chemistry synthesis to produce larger, water-soluble pMBA-
protected gold nanoclusters in milligram scale. Experimental
and theoretical evidence helped us to predict molecular
composition of these larger pMBA-clusters to be
Aty 0_230(PMBA) 70_50 and Aty gsn(pMBA) 115 referred
further on as Au250 (synthesis previously published by us)*>**
and AuS500, respectively. The synthesized clusters are stable in
both solid and solution at room temperature for at least 6
months, as determined by polyacrylamide gel electrophoresis
(PAGE) and UV—vis analysis. For future studies, the toxicity
of both gold clusters was also studied. As a result, neither
Au250 or AuS00 caused significant decrease or elevation in the
growth densities of Bacillus thuringiensis HER1410, Escherichia
coli HB101, or Klebsiella pneumoniae.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. Materials. All reagents were commercial and used as
received unless otherwise mentioned.

2.2. Synthesis and Separation. pMBA-thiol-protected
AuMPCs were synthesized under pH-controlled conditions.
Different solvent compositions were used to fine-tune the
reduction kinetics of the MPC growth leading to the discrete
cluster size (Figure 1). Smaller nanocluster Au250 was

pMBA

|

Au102 Au2s50 Auso0

Figure 1. PAGE bands of Aul02, Au250, and AuS00 nanoclusters.

synthesized at higher pH (around 11) with a mixed solvent
of 26% MeOH (v/v) in water,” whereas larger nanocluster
AuS00 was synthesized at a slightly lower pH (around 9) with
a solvent mixture of 24% MeOH in water.

In a typical synthesis, HAuCl, first reacts with excess pMBA-
thiol in basic aqueous solution to form colorless Au(I)SR
aggregated complexes. Then, NaBH, is added to reduce
Au(I)SR into Aux(pMBA)y. The synthesis of smaller Au250
nanocluster produces one single size of AuMPCs. Detailed
description of the syntheses and purification are given in the
Supporting Information (SI).

Due to the lack of crystal structure, several characterization
techniques were conducted to gain detailed information about
the size, symmetry, molecular composition, and structure of
these systems. The as-obtained products were analyzed using
polyacrylamide gel electrophoresis (PAGE), thermogravimetric
analysis (TGA), powder X-ray diffraction (PXRD), NMR
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Scheme 1. Schematic Representation of Gold Nanocluster Synthesis
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spectroscopy, high-resolution transmission electron micros-
copy (HR-TEM), UV—vis spectroscopy, and mass spectrom-
etry. Unfortunately, all the attempts to measure ESI-mass
spectrometry have not been successful, most likely due to large
amounts of possible charge states of the protective pMBA-
ligand layer as shown in Scheme 1.

2.3. Polyacrylamide Gel Electrophoresis (PAGE).
PAGE was run on a 15% polyacrylamide gel (29:1
acrylamide/bisacrylamide) using 2X TBE run buffer in a Bio-
Rad Mini-Protean Tetra System gel electrophoresis apparatus
at 130 V.

2.4. Spectroscopy. 2.4.1. NMR. '"H NMR spectra were
recorded on a Bruker Avance III HD 800 MHz spectrometer,
equipped with a cryogenically cooled 'H, *C, N triple-
resonance PFG Cryoprobe. All spectra were measured at 303
K

2.4.2. UV—vis Spectroscopy. The spectra of AuMPCs were
measured in dH,O using quartz cuvettes and a PerkinElmer
Lambda 850 UV/Vis-spectrometer with 2 nm resolution.

2.4.3. Thermogravimetric Analysis (TG). Thermal proper-
ties of Au nanoclusters were examined by a PerkinElmer Pyris
1 thermogravimetric analyzer. TG runs were carried out in an
open platinum pan under an air atmosphere (flow rate of 60
mL/min) with a heating rate of 10 °C/min in the temperature
range of 20—800 °C. Analyses were made twice for each cluster
type. Temperature calibration of the analyzer was made by
using Curie transition temperatures of Alumel, nickel,
Perkalloy, and Fe standards. The weight balance was calibrated
by measuring the standard weight of 50 mg at room
temperature. The sample weights used in the measurements
were about 1-3 mg.

2.4.4. Powder X-ray Diffraction (PXRD) Measurements.
The powder X-ray diffraction data were measured by a
PANalytical X'Pert PRO diffractometer in Bragg—Brentano
geometry using Cu Kal radiation (Johannsson type mono-
chromator; 4 = 1.5406 A) with 45 kV and 40 mA power
settings. A sample was prepared on a reflection-free silicon-
made plate with an aid of petrolatum jelly. Diffraction patterns
were recorded from a spinning sample by an X'Celerator
detector using a continuous scanning mode in a 26 range of 2—
140° with a step size of 0.017° and with the overall data
recording time of ~45 h per pattern. Data processing was
made with the PANalytical HighScore Plus version 4.7
program and phase identification data were retrieved from
ICDD PD4+ database.”® Theoretical powder diffraction curves
were calculated as described in ref 44.

2.4.5. High-Resolution Transmission Electron Microscopy
(HR-TEM). HR-TEM samples were prepared by drop-casting 8
UL of aqueous solution of clusters on a glow discharged 400
mesh lacey carbon copper grid. Solution was allowed to adsorb
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for 1S min, after which the excess sample was removed and
washed with water and MeOH. Grid was allowed to dry
overnight. The samples were imaged with 0.2 nm point
resolution using JEOL JEM-2200FS Cs-corrected HR-TEM
operated at 200 kV.

Simulated HR-TEM images were created from a cluster
model with the following algorithm. A unit vector with random
orientation was sampled from uniform angular distribution.
Each gold atom in the cluster model was replaced by a
Gaussian density distribution with a variance of 1.4 A and the
density was projected onto the plane defined by the random
unit vector. Finally, the resulting projected density was
converted to a grayscale image.

2.5. Prediction of the Molecular Composition.
Computationally aided predictions of the molecular composi-
tion were done in three ways. In the first approach,
theoretically calculated TG percentages of the selected
structurally known reference systems were correlated with
the number of Au atoms and the ligands in the systems. In the
second approach, the bare Au-cluster models of twinned face-
centered cubic (fcc) symmetry were used to estimate the
number of metal atoms in the core of the synthesized clusters.
In the third approach, compositions were predicted by using
linear dependence of the number of gold atoms in the cluster
on the volume of the cluster and also by the linear dependence
of the number of ligands on the surface area of the cluster.
More detailed information is provided in the SI.

2.6. Bacteria/Toxicity Test. Bacterial biotoxicity of Au250
and AuS00 was spectroscopically determined against three
bacterial species, B. thuringiensis strain HER1410 (Gram-
positive), common lab-strain E. coli K-12 HB101 (Gram-
negative), and multidrug-resistant patient isolate K. pneumo-
niae. (Gram-negative). All strains were initially cultured in S
mL of LB medium in +37 °C and shaken at 210 rpm overnight.
Cultures for spectroscopic assay were prepared by adding
aqueous solution of Au250 or AuS00 in the final concen-
trations of 0.14, 1.4, 14, or 140 and 0.13, 1.3, 13, or 130 ug/
mL, respectively, into 1:1000 diluted bacterial cultures. The
absorbance of bacterial cultures was measured at +37 °C at
595 nm in 5 min intervals for 20 h to determine the bacterial
growth and the maximum population densities. The absorption
of Au250, Au500, and growth media was subtracted from the
maximum population densities to measure the bacterial cell-
induced absorption under different Au250 and AuS00
exposures. Each measurement was conducted three times.

3. RESULTS AND DISCUSSION

3.1. Synthesis Products. Two parameters, pH and MeOH
concentrations affected the outcome of the synthesis. Au
nanoclusters were synthesized by pH control in different
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Table 1. Synthesis Protocols of pMBA-Protected Gold Nanoclusters”

polymerization reduction
nanoclusters pMBA HAuCl, MeOH (%) pH MeOH (%) NaBH, purification MeOH (%)
Aul02 3 1 47 13 47 1.1 60
Au250 6 1 28 11 26 1.8 pure product without fractional precipitation
AuS00 6 1 25 9 25 1.8 25
“The values in columns 2nd, 3rd, and 7th correspond to the molar ratios
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Figure 2. HR-TEM images of the assumed (a) Au250 and (b) AuS00 pMBA-protected nanoclusters. Right panel corresponds to the histogram

showing the upper size of the selected particle on the left panel.

MeOH compositions yielding two different discrete products
of a stable water-soluble cluster protected by pMBA-thiol in
milligram scale. These syntheses do not involve any additional
size-focusing step and in the case of Au250, the synthesis
produces only one discrete size of particle. Additionally, the
Au,p,(pMBA),, nanocluster was synthesized as a good
reference point to compare synthetic trends, dispersity, and
the size of the particles. The reference Au,p,(pMBA),,
nanocluster was synthesized following previously reported
synthesis.** The polymerization step requires a relatively high
pH of ~13 and conditions of 47% of MeOH. To enable facile
comparison of the reaction conditions, we divided the reaction
protocols into 3 stages to extract the information on direct
synthesis conditions. The first stage involves the polymer-
ization process, second stage involves reduction, and the last
stage involves purification (Table 1).
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To synthesize smaller Au250 nanoclusters, HAuCl, and
pMBA-thiol were dissolved in methanol and mixed, leading to
the formation of a white precipitate. The initial Au,(pMBA),
polymerization step requires treatment at a pH of ~11 prior to
reduction, nucleating the growth of the metal core. After
reduction of Au(I)—pMBA precursors with NaBH,, excess of
methanol is added and the reaction is quenched producing one
discrete size of particle.

Upon lowering the pH, a larger AuS00 nanocluster was
found. HAuCl, and pMBA-thiol were dissolved in 86% of
methanol rapidly forming a white precipitate, which was
dissolved at pH ~ 9. The final product still contains a
polydisperse cluster mixture, similar to Au;o,(pMBA),,
synthesis, and requires fractional precipitation. The separation
is done at 25% of methanol and centrifuged at 5000g for 15
min. Next, the supernatant is adjusted to 80% methanol and
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centrifuged. The pellet from precipitation at 80% methanol is
the final product.

The pH value of the pMBA-cluster effects its protonation
state and surface properties. The solvent/organic interface of
the protecting ligand can be easily altered becoming water-
soluble when the carboxylic group of the pMBA-ligand is
deprotonated and methanol-soluble when protonated. At the
same time, by tuning the pH value during the polymerization
step, the size of the cluster can be controlled. The larger AuS00
cluster favors slightly lower but still alkaline pH 9 and low
MeOH concentration of 25%, whereas Au250 was synthesized
at pH 11 and the solvent mixture of 28% (v/v) MeOH in
water.

When dissolved in water the new products display different
colors (yellowish, brownish, reddish) indicating that they have
different sizes. The syntheses of both sizes produced mg-
quantities (~7 mg) of solid material. Each reaction product
was analyzed using polyacrylamide gel electrophoresis (PAGE)
and based on the initial size estimation they were assigned as
Au250 and AuS00, respectively.

Recently, Azubel and Kornberg reported that apart from the
thiol-to-gold ratio, the size and uniformity of mMBA %old
particles is highly dependent on the adjustment of pH.*’ In
contrast to 4-MBA (pMBA), the mMBA ligand induces
different properties for the Au nanocluster mainly due to the
meta-position of the acidic group in the phenyl ring, thus
resulting in a dissimilar ligand orientation and geometry.*
Nevertheless, smaller mMBA clusters of 68 and 144 gold atoms
were synthesized at pH 13.” In the case of 4-MBA clusters,
Au,(,(pMBA),, (Aul02) is synthesized also at pH 13 and
these larger ones Au250 and AuS00 by lowering the pH from
11 to 9. The synthesis conditions for smaller water-soluble
MBA-protected nanocluster seem to favor high pH conditions.

3.2. Characterization of AuMPCs. The size range
information of the crude product was preliminarily acquired
from their mobility in PAGE gel (Figure 2). The size
information and the number of gold atoms per product were
further examined with HR-TEM. The determined Au contents
were further used for estimating number of ligands by
thermogravimetry. With UV—vis spectroscopy, new insight
into size-dependent evolution of surface plasmon resonance
(Figure 3) was obtained. The powder X-ray diffraction
(PXRD) technique was used to validate the structural features
that were obtained by HR-TEM. Finally, based on all the
gathered data about the size, symmetry, molecular composi-
tion, and structure of these clusters, computational prediction
was developed for representing structural features of water-
soluble pMBA-protected Au250 and AuS00 nanoclusters.

3.2.1. PAGE. Dispersity and the size of the prepared
AuMPCs were compared with the reference cluster
Au,,(pMBA),, (Figures 1 and S1). The products formed by
the wet-chemistry approach showed up as a single well-defined
band in PAGE, indicating monodispersity of AuMPCs. The
particles were initially analyzed by the determination of
electrophoretic mobility. Both products had lower mobility
than Au,o,(pMBA),, in the same PAGE run indicating larger
sized clusters. Using Aul02 as a reference sample, retention
factors (r;) were determined to be 0.77 and 0.64 for Au250 and
AuS00, respectively. The product possesses stability in both
solid and solution at room temperature for at least 6 months,
as determined by PAGE and UV—vis analysis.

3.2.2. HR-TEM. Images of the AuMPCs were acquired by the
Gatan software, which was also used to determine the diameter
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Figure 3. UV—vis spectra of Aul02 (black), Au250 (blue), and
AuS00 (orange) clusters in dH,O. A distinct absorption feature
corresponding to a localized surface plasmon resonance is observed at
530 nm for the Au250 and AuS00 nanoclusters.

of the selected particles (Figures 2 and S2—S4). The biggest
challenge in HR-TEM measurements is its interpretation due
to the number of interferences (and low signal-noise ratio
when measuring at atomic resolution). Therefore, edge-to-edge
particle size determination is often difficult. The diameters in
Figure 2 correspond to the maximum limit of the size, in other
words, the size with an error limit of 0.1 nm. We estimated the
diameter of the smaller product to be 1.7 + 0.1 nm, which fits
to our previously reported size estimation™ that was based on
the Gaussian fit from low-resolution TEM images, yielding the
diameter in the range of 1.6 + 0.3 nm (Figure 2a). The metal
core diameter of the larger product was determined to be
2.240.1 nm (Figures 2b and S4).

3.2.3. UV—vis. The optical spectra obtained from the two
clusters were also compared to the reference spectrum of
Au,p,(pMBA),, (Figure 3). In contrast to Au,p,(pMBA),,,
both clusters exhibited an absorption peak at 530 nm which is
consistent with the surface plasmon resonance (SPR).** With
an increase in the cluster size, the SPR features increases. The
same properties were observed in the case of Au250 and
AuS00 clusters. As far as we know, the prepared particles are
the biggest water-soluble nanoclusters synthesized by direct
chemical approaches and demonstrating SPR. The spectrum of
Au250 is compatible to the recently published spectra of 51,*
45,”® and 53 kDa clusters,” with the estimated number of gold
atoms at 250, 226, and 253, respectively. In case of AuS00, the
absorption spectrum is compatible with the reported spectra of
75 and 88 kDa clusters™ with estimated gold atoms at 356
and 459.

3.2.4. 'H NMR. 'H spectra of Au250 and Au300 exhibit a
typical broad signal for gold clusters between 5.2 and 9.2 ppm
(Figure SS). Additionally, two sharp signals (doublets) can be
seen at 7.60 and 7.79 ppm in both spectra, which fit to the free
pMBA-ligand. However, the 'H spectrum of AuS00 shows an
additional fine structure in comparison to Au250, which is
relatively featureless. Without considering the free pMBA
signals, the AuS00 spectrum shows 14 doublet signals (7.92,
7.82, 7.70, 7.65, 7.34, 7.30, 7.14, 6.66, 6.62, 6.55, 6.51, 6.25,
6.19, and 5.79 ppm) and a singlet at 7.61 ppm. These peaks are
characteristic for the AuS00 nanocluster, but it is still not clear
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whether they belong to the cluster structures. In different
synthesis products, they appear at the same positions, but with
varying intensities.

3.2.5. Thermogravimetric Analysis (TG). The weight loss of
organic substance upon heating is commonly used to estimate
the number of ligands in monolayer-protected gold clusters
(the image of the Au residuals after a TG run, see Figure S6).
Thermal stability and number of organosulfur ligands on the
Au, nanoclusters (n = 102, 250, 500) were examined by
thermogravimetric analysis (TG). In Figure 4, recorded TG
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Figure 4. TG curves of Aul02, Au250, and Au500 clusters measured
with a heating rate of 10 °C/min under an air atmosphere.

curves show gentle descending weight loss (sample depend-
ently 0.4—2 wt %) from 20 up to about 200 °C (Table 2) that
is caused by the gradual evaporation of residual surface bound
water. Thermal decomposition of all three Au-clusters initiate
slowly above 220 °C followed by major weight loss from 270
to 500, 600, and 700 °C along with an increase in the size of
the Au-cluster. The observed weight loss of the major steps
corresponds to thermal decomposition processes and/or
desorption of surface ligands (pMBA), and were determined
to be 25.92, 21.32, and 19.60 wt % for Aul02, Au250, and
AuS00 clusters, respectively (Table 2).

The number of surface ligands can be estimated via the
observed residual weight of each TG run (74.08, 78.68, and
83.11% for Aul02, Au250, and AuS00, respectively) by
calculating those as moles of Au. The number of gold atoms
used here are based on computationally aided predictions
explained in detail later in Section 3.2.6. The original molar
mass of the Aux(SR)y cluster can then be calculated based on
the expected 1 to 1 stoichiometry between the gold containing
residual and the original Aux(SR)y cluster, from which the
number of surface ligands (SR), can then be evaluated by
taking into account the molar mass of the (SR) ligand.
Functionality of the method was confirmed by the reference

cluster Aul02 for which 45 + 1 surface ligands are determined
by the analysis, agreeing well with the number of ligands (44)
reported in the single crystal structure of the cluster by
Jadzinsky et al.*® Similarly, 73—80 and 111—116 surface
ligands were determined for Au250 and AuS00 clusters,
respectively. The determined number of ligands also match
remarkably well with those obtained by our computational
predictions (see Section 3.2.6).

3.2.6. Toxicity on Bacteria. Neither Au250 nor AuS00
caused significant decrease or elevation in the growth densities
of B. thuringiensis HER1410, E. coli HB101, or K. pneumoniae in
concentrations 0.14—14 pg/mL of Au250 or 0.13—13 pug/mL
of AuS00 (Figure 5). In higher concentrations (140 and 130

1
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Bacterial culture density (Abssos,,.) a
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Figure S. Spectroscopic biotoxicity assay of gold nanoclusters (a)
Au250 and (b) AuS00 on bacterial species B. thuringiensis, E. coli, and
K. pneumoniae. Maximum absorption (595 nm) of bacterial cultures
were measured in the presence of either Au250 or AuS00 in different
concentrations during 20 h of cultivation (N = 3). The slight decline
of absorbance in the highest concentration was due to increasing
background absorption. Error bars: standard deviation.

Table 2. TG Results for Aul02, Au250, and AuS00 Nanoclusters

sample name 1st weight loss® (%) temp. (°C) 2nd weight loss” (%) temp. (°C) residual® (%) no. of ligands no. of Au atoms
Aul02 2.13 24-214 25.92 214-800 74.08 45 102
Au2S0 0.37 24—-190 21.32 190—-800 78.68 73—80 210-230
AuS00 0.40 24—-192 16.90 192—-800 83.11 111-116 426—442

“Residual water. bLigand removal. “Residual weight corresponding to gold content.
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ug/mL), the self-absorption of Au250 and AuS00 obscured the
optical density of the cultures, and thus the changes in bacterial
growth could not be reliably observed. Nevertheless, based on
the results, Au250 and Au500 do not seem to affect bacterial
viability.

3.3. Exploring the Atomic Structure. Before predicting
the molecular compositions of the clusters, we first present a
short discussion on the structural patterns of water-soluble
pMBA-protected cluster systems. We compare measured
powder X-ray diffraction results of the synthesized clusters
with the symmetries of selected, structurally known, thiolate-
protected clusters. We also present a range for possible basis
for the metal core structure of Au250 and AuS00 nanoclusters
based on experimental and theoretical data.

3.3.1. Powder X-ray Diffraction (PXRD) Analysis. Compar-
ison of the experimental XRD patterns of Au250 and AuS00
nanoclusters with the calculated reference systems of
Auy6(PMBA)s7, Auyys(SCH,CHs)go, and Auyyo(TBBT)g, is
illustrated in Figure 6. The Au,, nanocluster displays the

)

Auy46PMBAs; calc
Auyys(SR)g calc
Auy7Sg, calc
Au250 exp
Au500 exp

twinned-FCC
decahedral
FCC

Intensity a.u.

twinned-FCC
20 40 60 80 100 120
20

twinned-FCC

Figure 6. (a) Diffraction patterns of the nanoclusters. Comparison of
the experimental patterns of Au250 (black line) and AuS00 (orange
line) with the calculated patterns of Aul46, Au246, and Au279
clusters. The diffraction hump and very sharp peak at 20° 20 in
experimental patterns are caused by the sample holder and the
adhesive used for attaching the samples to the holder. Structural
models of (b) Auys(PMBA)g;, (c) Atyys(SR)s, and (d) AuyzeSgy.

decahedral core and Au,,;(pMBA)s; represents the largest so
far solved water-soluble cluster with the fcc-based twinned
core.* The XRD patterns of both clusters show the strongest
diffraction peak at ~40° 26, two relatively broad peaks at
~60—80° 26, and some minor peaks at ~45 and ~50° 26.
With phase identification routine, the observed diffraction
peaks are characteristic for gold phase crystallizing in the cubic
face-centered crystal system and no additional unindexed peaks
remain in the patterns (large hump 15—20° and very sharp

peak at 21.4° 20 originates from a sample holder/adhesive
substance).” The calculated XRD pattern of Au,,s(pMBA);; is
remarkably similar to the experimental data of Au250 and
AuS00 clusters. The diffraction peaks at 38.8, 66.2, and 75.7°
in both experimental patterns have similar shape features and
are located at the equal diffraction angles compared to that in
the Aul46 pattern. Instead, the simulated patterns of
decahedral Au246 and fcc Au279 clusters show additional
minor peaks at ~45 and ~50° 26 that are not visible in the
XRD patterns of AuS00 and Au250 clusters. Moreover, the
peak maximums of the main peaks in Au246 and Au279 are
also somewhat shifted to lower 26 angles and the shape
properties of the peaks are subtly different. Described
observations suggest that the metal core of both Au250 and
AuS00 nanoclusters most likely adopts the fcc symmetry,
which is also twinned as indicated by the computational
analyses represented in the following chapters.

3.3.2. Building Model for Twinned fcc Metal Core
Structures of Au250 and Au500. On the basis of the obtained
information from powder XRD analysis, we start evaluating
possible basis for the metal core structure of Au250 and AuS00
nanoclusters. Ranges of possible candidates with the same
twinned fcc arrangement are shown in Figure 7. The size range
of the clusters was estimated based on PAGE. Furthermore,
the estimated diameters of the clusters from HR-TEM, 1.7 +
0.1 nm for Au250 and 22 #+ 0.1 nm for AuS00 are in
agreement with the modeled metal core of Au,y and Auyg,
respectively. Therefore, we believe that they are possible
candidates to start building a structural model of the
synthesized clusters.

3.3.3. HR-TEM Image versus Twinned fcc Core. HR-TEM
images represent further the symmetries of the AuMPCs. The
simulated HR-TEM images of the Au,, metal core clearly
support the imaging experiments of Au250 (Figure 8). The
observation of the lattice fringes in Figure 8c clearly shows the
effects that can be only seen in both, fcc and twinned fcc
arrangements. The experimental Figure 8c shows 7—9 rows of
atomic layer giving excellent estimation of structural
information at atomic resolution. The uncertainty in image
interpretation is often due to poor contrast and number of
interferences. Therefore, we simulated images of the Au,,
metal core and compared them with our experimental findings.
In the simulated image, there are 7 rows of the atomic layer
(Figure 8c). The simulated images contain only the metal core
atoms and the question arises how protected is the gold core
under electron beam. In other words, for analysis, it is
important to know whether the Au—S layer protecting the gold

Au-core of
Auy6(PMBA)s;

Auzg
d,,=1.20 nm

Symmetrical twinned truncated octahedra

Auzgy
d,,=1.73 nm

Figure 7. Range for possible basis for a metal core structure in twinned fcc octahedral arrangement. Orange color represents gold atoms and brown
color represents the additional layer of atoms on top of symmetrical Au,, (left) representing together the Au-core of Au,,s(pMBA)s;.
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Figure 8. Comparison of HR-TEM images of Au250 and simulated
images of the Au201 metal core from different directions.

core is visible in the HR-TEM images. Simulated HR-TEM
images and experimental equivalents (Figure 8a,b,d) show the
effects that are reproducible only with the stacking fault defect
for fcc symmetry. Nevertheless, the symmetry found from
powder XRD and HR-TEM are the same, which indicates that
the core structure will remain the same under electron beam.

3.4. Predicting Molecular Composition. There is
enough complementary experimental information for attempt-
ing the determination of the molecular composition of the
investigated clusters. Herein, we provide computationally aided
predictions for the molecular compositions by reflecting the
measured results of the synthesized clusters to the properties of
selected, structurally known, thiolate-protected clusters of a
similar size. Selected known reference systems include clusters
with a close to spherical shape such as Au,,(pMBA),,,
Au145(PMBA)57: Auys(SCeH,CHs)so, and  Auy, (TBBT)s,,
matching the overall shape of the synthesized pMBA-protected
particles. The clusters are selected from the size ranging from
100—-300, including the two known pMBA-clusters. Due to the
absence of experimentally resolved structures of larger size
water-soluble clusters, we included two of the largest thiolate-
protected clusters, despite them being protected with different
types of aromatic ligands.

By assuming the pMBA-ligand for the selected known cluster
compositions, trends of theoretical TG weight loss percentages
can be predicted with respect to the number of Au atoms and
the number of ligands as shown in Figure 9. Behavior shown in
the figure is quite monotonous and by assuming that the
behavior is valid also for the synthesized clusters, the
composition Au,;o(pMBA),, can be predicted for the smaller
cluster. It is noteworthy that this composition would match
perfectly with the magic electron shell closing of spherical
clusters at 138 e, by assuming that gold provides 210 Au(6s)-
based free electrons to the system and the Au-gpMBA bonding
withdraws 72 electrons out from the system.*

The second method for size estimation is based on the
diameters of the clusters determined from the HR-TEM
images, the probable sizes of the metal core of the clusters can
be estimated computationally. Figure 10 shows the number of
metal atoms as a function of diameter as calculated for the bare
metal clusters of twinned fcc symmetry. Model clusters were
generated as described in the Materials and Experimental
Methods Section. Using the experimentally measured diame-
ters, the two synthesized clusters have approximately 187 + 30
and 385 + 50 Au atoms in their metal cores based on the
correlation shown in Figure 10. The number of metal atoms in
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Figure 9. (a) Number of Au atoms in the thiolated clusters as a
function of theoretically calculated thermogravimetric (TG) weight
loss percentages of Au content. (b) Number of ligands in the thiolated
clusters as a function of theoretically calculated ligand TG
percentages. Both are drawn using the pMBA-ligand.

the Au—S interface varies from 23 to 40 in the case of the
selected four known reference clusters. Assuming further that
30—40 Au atoms would participate in protecting units, the
smaller synthesized particle would have approximately 220—
230 Au atoms in total, depending on the actual Au—S interface
conformation. Furthermore, we can estimate that at least 40
Au atoms should be contributing to the Au—S interface of the
larger synthesized cluster increasing the size to >425 Au atoms
in total.

Third, we did linear fitting on the properties of the selected
known clusters. We correlated the diameter of the cluster
including the metal core and the Au—S interface to the number
of gold atoms in the cluster as shown in Figure 11a. We also
correlated the number of ligands in the cluster to the spherical
surface area as shown in Figure 11b. The two linear
correlations can be used to predict the molecular composition
by relying on experimentally measured diameters or on the
estimated total number of gold atoms in the synthesized
clusters.

For the smaller Au250 cluster, the size ranging from 210—
230 Au atoms was already estimated to be realistic. Fixing the
number of gold atoms to 210 gives a prediction of 2.1 nm
diameter for the cluster (including the metal core and the Au—
S interface) and further 71 ligands for the protecting layer.
Both are in agreement with the experimentally measured
results. For example, the 1.7 nm diameter of the metal core
should be increased at maximum twice the Au—S bond (0.235
nm) when adding the metal—ligand interface. With the same
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Figure 10. Number of Au atoms of the spherical bare twinned fcc Au-
clusters in the size range relevant for the investigated pMBA-clusters
in (a) and (b). The plausible sizes 187 and 385 of the metal core for
the measured diameters are labeled in the figure. On the basis of the
0.1 nm error limits the minimum and maximum values are also given.

procedure, the upper size limit for the number of gold atoms at
230 gives a prediction of 2.1 nm diameter and 75 ligands, for
which the closest composition matching the measured TG
percentages would be Au,3,(pMBA)g.

For the larger AuS00 cluster, prediction of the molecular
composition can be also made although the reliability is not
equally good due to the lack of reference structures. For the
larger cluster, we take the measured diameter 2.2 nm of the
core and add to it approximately 0.4 nm from the metal—
ligand interface. For the 2.6 nm spherical particle, correlations
predict that the total number of Au atoms should be 429 and
the number of ligands should be 113. Molecular composition
would be Au,,y(SR);3, which has a very good match with the
measured TG weight loss percentages. All the nearby
compositions within 0.1 TG-percentage units from the
measured results are included in compositions
Atge_4(pMBA)1,_15s. The prediction of 426—442 gold
atoms in total is reasonable compared to the estimated core
size of 385 Au atoms, which would mean that 40—60 Au atoms
were included in the protecting units. The number of single
bridged ligands, not resembling a conformation of any
protecting unit, increases in the Au—S interface as the cluster
size increases. This can be realized by analyzing the structures
of the known reference clusters Au;o,(SR)4, Aups(SR)sr,
Auy6(SR)gg, and Au,;9(SR)g,. Their Au—S interfaces include
respectively 0% (0/44), 12.3% (7/57), 12.5% (10/80), and
21.4% (18/84) of bridged ligands. At the same time the
relative number of Au atoms in the Au—S interface decreases
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Figure 11. (a) Linear fitting done by correlating the number of Au
atoms in the cluster to the diameter of the cluster taking into account
the metal core and Au—S interface atoms and (b) by correlating the
corresponding spherical surface area to the number of ligands. Fitted
parameters: (a) a = 0.328 nm, b = 0.129 nm and (b) a = 5.40 nm™2, b
—2.02. Diameters of the clusters are determined including the Au-
core and the Au—S interface as described in the Materials and
Experimental Methods Section.

as the cluster size increases, at least within the represented size
range.

As a summary, the best computationally aided predictions
for the molecular compositions are Auy;y_;30(pMBA);o_g, for
the smaller cluster and Auyy6_44,(PMBA)1,_1,5 for the larger
cluster.

4. CONCLUSIONS

In this work, we synthesized, in milligram scale, stable sizes of
water-soluble pMBA-protected gold nanoclusters by control-
ling the pH in different MeOH/H,O conditions. The products
were carefully analyzed by various analytical techniques and
characterized for approximate mass and structural composi-
tion. So far, water-soluble clusters have been observed in
decahedral (Au,q,(pMBA),,),* fcc-like (Augg(mMBA);, and
Auyy,(mMBA),)*® and twinned fcc (Au,,5(pMBA)g,;) symme-
tries.”" The results in this paper indicate that twinned fcc
symmetry is favored in larger pMBA-protected clusters as
shown in the case of Au250 and AuS00. Combining all the
experimental information and computational analysis, we came
to the final prediction of the molecular composition of the
synthesized clusters, namely Au,;o_,3(pMBA),;_go and
Augg_4(PMBA) 15_11s. The structural knowledge of these
clusters is crucial when applying these to biological studies.
There is still a lack of well-defined, water-soluble particles,
which could serve as universal labeling tools for bioimaging.
Attaching gold nanoclusters to the biological systems will allow
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the investigation of viruses, including their entry mechanism
into cells. The development of cluster-based sensors by
chemically modifying the ligand layer of the water-soluble
gold nanoclusters is one of the possibilities to achieve
controllable application in biosciences and to study, for
example, the nature of viral genome release in cells (during
infection). In addition, in the field of spectroscopy in physical
chemistry, the plasmonic nanoclusters are important model
systems to study the emergence of bulk properties in metal,
and using them as building blocks could deepen the
understanding of energy transfer processes, which are of
interest in molecular electronics.

This work introduces some overall trends in synthetic
methods and structural compositions for two larger water-
soluble AuMPCs. These play a crucial role in understanding
the relation of their diverse properties and increase the
usability of gold nanoclusters.
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