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ABSTRACT
Synthesis and Doping of Ligand-Protected Atomically-Precise Metal
Nanoclusters
Maha Ahmad Alrefai Aljuhani

Rapidly expanding research in nanotechnology has led to exciting
progress in a versatile array of applications from medical diagnostics to
catalysis. This success resulted from the manipulation of the desired properties
of nanomaterials by controlling their size, shape, and composition. Among the
most thriving areas of research about nanoparticle is the synthesis and doping
of the ligand-protected atomically-precise metal nanoclusters. In this thesis, we
developed three different novel metal nanoclusters, such as doped Ag29 with
five gold (Au) atoms leading to enhance its quantum yield with remarkable
stability. We also developed half-doped (alloyed) cluster of Ni6 nanocluster with
molybdenum (Mo). This enabled enhanced stability and better catalytic activity.
The third metal nanocluster that we synthesized was Au28 nanocluster by using
di-thiolate as the ligand stabilizer instead of mono-thiolate. The new metal
clusters obtained have been characterized by spectroscopic, electrochemical
and crystallographic methods.
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Chapter 1.

1.1.

Introduction and Literature Review

Introduction
Energy is the convertible currency of technology. Without energy the

whole fabric of society as we know it would crumble. However the science is
understood, but knowledge derived is not sufficient, thus engineering solutions
should be found. Finding a clean and cheap alternative to conventional energy
has become an essential challenge for the scientific community.1 Recent
advances in nanotechnology have improved the ability to specifically tailor the
features and properties of Nanoparticles (NPs) for several applications.2 This
enticing possibility makes NPs an excellent material for catalysis which offers
clear advantages in this particular direction.3
NPs offer new inroads into low-dimensional physics that have never
ceased to surprise and continue to provide a fertile ground for applications. 2a, 4
NCs are a major class of nanoscale materials with the potential to revolutionize
the current photochemistry field in favour of solar cell. 5 In addition to their unique
properties their ability to function at the cellular and molecular level of biological
interactions makes them an attractive platform as contrast agents for imaging

12

and as carriers for drug delivery.6 In light of preceding explanations, we can point
out the fact that fluorescent nanomaterials are one of the main factors that must
be considered in discussions of sustainable development. 2b
The long-standing challenge of ligand protected metal clusters with cores
of a precise number of atoms is just beginning to be addressed successfully in
phenomenally stable photoluminescence leading to great enhancement in the
quantum yield, as well as the enhancement of catalytic activity by the effect of
doping.7 A conceptual approach that requires the use of metal with stabilizing
ligand to direct the assembly of precise number of atoms epitomizes this process
which is called Schriffin-Brust synthesis.8 This chemistry has yielded a new
material designed to be minute with a unique atomic gathering, consisting of a
few to tens of atoms, bringing new fascinating properties due to the quantum
confinement

effect.

Additionally

gives

molecular

like

properties,

thus

investigations of such finite aggregates of limiting small sizes open avenues for
systematic explorations of the physical properties and unifying principles that
underlie the transition from the molecular domain to the atomic level below 2
nm.9
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1.2.

Motivation

A

few

of

the

silver

clusters

are

fluorescent,

enhancing

the

photoluminescence (PL) of silver clusters is not well studied.10 For example, Ag29
NCs suffer from low fluorescent quantum yield (QY) which diminishes their
potential in optoelectronic applications.11 On the other hand, since the catalytic
activity of nanoparticles is size-dependent,3a thus smaller well-defined particle
size is highly desirable, for example gold NCs well known for their good catalytic
activity,12 but Ni NCs are not as famous as gold NCs, thus their field needs to be
further explored, in this account, here Ni6 NCs were introduced as a promising
catalyst for water splitting after incorporation of a heteroatom. Tailoring synthesis
of new gold materials at the atomic level helps to further explore their
fundamental aspects, although thiolated gold NCs have been investigated
extensively, so far there is no report about gold NCs stabilized by di-thiol ligand.
In light of these observations, we focus deeply on atomic level
manipulation of NCs by doping them by a heteroatom, which gives opportunities
to better understand the role of the doping element on the optical properties of
NCs and its influence on the catalytic activity of the NCs, also manipulating the
ligand shell of the NCs might brings drastic changes in NCs properties that will
helps in growing this field reforming the sustainable development.
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1.3.

1.3.1.

Literature Review

Historical Perspective
The foundation of modern photoelectrochemistry, marking its change from

a mere support of semiconductor nanomaterials as a building block to a thriving
research on nanotechnology direction.13 NCs which is a sub-class of NPs (Figure
1.1), it was laid down by the work of Kornberg’s group when they crystallized the
first gold nanocluster in 2007.9a

Figure 1.1. Diagram of nanomaterials from NPs to NCs size, structure, and application.
Adapted with permission from ref.
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1.3.2.

Synthesis
Nanoparticles first synthesized via the citrate method introduced in 1857

by Faraday,15 and later refined by Frens,16 then the two-phase method described
originally by Wilcoxon et al.,17 and later a considerable effort was focused on
systems of colloidal gold, for which a broad variety of synthetic procedures was
reported, while native colloidal gold solutions are only stable for a restricted time,
Brust et al.8 were able to overcome this problem by developing a facile method
for the in situ preparation of alkanethiol-stabilized gold NPs. Modified two–phase
synthesis was the first approach for synthesising metal NPs, 8a then one–phase
synthesis attempt done by whetten et al.,18 with a few modifications for these
methods NCs field start broadening, the typical synthesis showed in (Figure 1.2).

ClAuPPh3 or AgNO3
precursor
Organic solvent
NaBH4 in H2O
Thiol or Phosphine
ligand

Figure 1.2. Diagram of the typical synthesis route for NCs. Cluster image
adapted from ref.19
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Various approaches to synthesis of NCs have been attempted.
Traditionally their synthesis has been carried out by using silver nitrate or
Chloro(triphenylphosphine)gold(I) which are the popular metal source and
sodium borohydride is the most common reducing agent for NCs synthesis. 9c, 20
Methods used for synthesizing NCs can be classified as aqueous or
nonaqueous.20 Aqueous synthesis is preferable as it is straightforward,
homogeneous and greener.20
On the other hand, there is the solid-state route for synthesis in the
absence of solvent as done with Ag9 NCs.21 Sometimes size focusing synthesis
of NCs used.22 For separation of different size clusters exclusion chromatography
was used for organic-soluble clusters.23 Another method for size separation of
water-soluble clusters is to carry on a poly-acrylamide gel electrophoresis
(PAGE) in (Figure 1.3), after separation a selected fraction will be recognized by
its absorbance.20 A fast and effective technique to separate mono-dispersed NCs
simply by precipitating them by an anti-solvent.9c, 20

17

Figure 1.3. PAGE separation of a mixture of silver NCs. Adapted with permission from ref.23

A) Ligand Modification
Ligand shell imparts the solubility property to the nanoparticles either
becoming water-soluble or organic-soluble, it is worth noting that the type of the
ligand can also affects on the cluster size and its stability, also its
photoluminescence (PL).24 NCs are an optimal tool for tagging biomolecular
probes because of the ease of synthesis and functionalization with DNA/RNA
molecules, proteins, and other biomolecules that take advantage of the nobility of
NCs for biological application, (Figure 1.4).

18

Figure 1.4. Schematic illustration of different ligand shell of fluorescent AuNCs. Adapted with
permission from ref.

25

B) Doping
Doping refers to the process of introducing impurity atoms (heteroatom)
into a semiconductor region in a controllable manner in order to define the
electrical properties of this region, as well as imparting the nanoclusters with new
properties.26 Substituting one or more atoms with heteroatom(s) of other metal
elements (such as Au, Pd, Pt, Ag, and Cu) provides exciting opportunities to tune
the electronic and optical properties of NCs as well as a deep understanding of
the stability of NCs (Figure 1.5).7a, 27The pivotal roles of the nature of metal atoms
and the ligands signify the opportunity to tune the photoluminescence (PL)
quantum yield (QY) of NCs for practical applications.24, 28 In this direction, various
research groups followed the alloying or doping of the metal core of a cluster with
another suitable metal.29

19

Figure 1.5. Doping effect on optical properties of NCs. Adapted with permission from ref .7a

1.3.3.

Crystallization
The most challenging task in crystallization is growing single crystals of

nanoclusters, and thus this target needs to be resolved to determine the atom
packing for the NCs and resolving their structures.9a Crystallization refers to the
formation of solid crystals from a homogeneous solution, NCs geometric
structure usually distributes to core-shell pattern, (Figure 1.6).9a

M

M

Figure 1.6. Cartoon illustrating of the NCs geometric structure showing a metal core surrounded
by a monolayer M(SR)2 and M2(SR)3 motifs.
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The precise compositions and well-defined sizes shed valuable light on
understanding

the

structure−property

relationships.

Crystallization

of

nanoclusters still a largely unconquered area,9c a few structures have been
achieved since the earlier successes in Au102(SR)44,9a since then great advances
have been made in the structural determination of these nanoclusters, including
thiolate- protected gold NCs30 Au18,31 Au20,32 Au23,33 Au24,34 Au25,35 Au28,36 Au30,37
Au36,38 Au38,39 Au102,9a and phosphine-protected Au20,40 as well as the mixedligand protected NCs (both thiolate and phosphine) Au 24,41 Au25,42 and Au37.43 In
the other hand, Ag14,44 Ag2911 and Ag2545 are crystallized in silver NCs group.
Main methods used for crystallizing NCs are slow evaporation, or vapor-diffusion,
or layering (Liquid-Liquid Diffusion) with anti-solvent, the last two methods the
specific densities of the two liquids need to be different as displayed on (Figure
1.7).

Figure 1.7. Crystallization methods.Cluster image adapted from ref.35
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1.3.4.

Nanocluster Core and Ligand Shell
Reviewing recent progress in the field of small magic-number NCs is what

we are aiming to focus about here. Thiolated gold NCs,30, 46 beginning with the
smallest NCs composed of 15-gold-atom of gold species stabilized with
glutathione ligand in the cluster Aun(SG)m form, another thiolate form is Aun(SR)m
cluster, different stabilizing ligands used with gold to prevent their aggregation
such as; phenyl ethyl thiolate protected gold nanoclusters Au20(SC2H4Ph)16,
Au23(SC6H11)16

protected

by

cyclohexane

thiolate,

and

selenolate

in

Au24(SePh)20, for Au25 it stabilized with several ligands, also those phosphine
counterpart attract particular interest from researchers, as done with Au24 and
Au25.9c When it comes to the number of metal atoms there are some large NCs
larger than Au144(SR)60 have been published.22c
On the other hand, thiolated silver NCs studied surprisingly were scarce,
where Bakr et al. laid down its discovery in 2009.9b Ag7(DMSA)4 was the first
silver thiolate clusters with determined composition,47 another Agn(SR)m NCs are
Ag44,48 Ag2545 have also been stabilized, other sizes stabilized with glutathione
Agn(SG)m were Ag32(SG)19,49 Ag31(SG)19,50 Ag15(SG)11,50 and Ag11(SG)7,23, 51 for
mixed ligand we have Ag14(SC6H3F2)12(PPh3)8,44 Ag16(DPPE)4(SC6H3F2)14 and
{Ag32(DPPE)5(SC6H4CF3)24}2-,52 the most important for us is the lately published
tetravalent nanocluster Ag29(BDT)12(TPP)4 with dithiol ligand and phosphine

22

ligand.11 Lastly nickel NCs, only a few stable NCs developed in Ni NCs group
Ni39(SR)24, Ni41(SR)25, Ni6(SR)12.53
Hydrophilic and hydrophobic property depends on the type of the ligands,
Murray and co-workers reported stable, water soluble gold NCs protected by
thiolated poly(ethylene glycol), which can be readily functionalized.54 Gittins and
Caruso reported two different methods of transferring metal nanoparticles from
their organic solvent into water.55 Also water-soluble gold nanoparticles are
readily prepared using monohydroxy (1-mercaptoundec-11-yl) tetraethylene
glycol as a novel capping agent.56 So many silver NCs organic-soluble and
water-soluble produced.10, 28b, 48
In view of these prolonged efforts, till now the library of stable NCs
contains few nickel NCs and silver NCs, and numerous gold NCs. Application
and their most promising approaches, and discussing their advantages and
disadvantages, origins of nanostructure stability, catalytic activity, optical
absorption and fluorescence, as well as therapeutic applications, biosensing, cell
imaging, environmental analysis and light-energy conversion,57 all those are
rarely studied for nickel and silver NCs despite its importance, while a
tremendous amount of work has already been done for its counterpart gold
NCs.6b, 26, 28b, 58
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1.3.5.

Bimetallic Nanocluster
The structures of bimetallic nanoclusters have rarely been investigated,

efforts on the basis of this issue studied rarely, and few thiolate-protected Au-Ag
NCs in (Figure 1.8) recently synthesized. Bimetallic ligand-protected clusters
offer an additional degree of freedom which helps to explore the libraries for
more deep understanding of the structure properties at the atomic level.29

Figure 1.8. Crystal structure of bimetallic NCs. Adapted with permission from ref.59

Starting
nAgn(SR)24,

59b

with

doped

gold

NCs,

Au2Cu6(PPh2Py)2-(SR)6,60

Au38-

(Au-Ag)144(SR)60,61 Au25-xAgx(SR)18,59a Au144-xPdx(SR)60,62 and

Au144-xCux(SR)60.63 Since a few NCs produced with metal silver we have just few
doped silver NCs Ag4Ni2(DMSA)4,64 [Ag46Au24(SR)32](BPh4)2,27a Ag24Au(SR)1865
and our silver NCs addressed here which is Ag29-xAux(BDT)12(TPP)4.
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1.3.6.

Optical and Electronic Properties
There has been a steady growth of interest in optical materials that can

exhibit fine and controllable tunability in photoluminescence,

for gold

nanoparticles generally around a 500 nm wavelength surface plasmon
resonance observed. However, for NCs smaller than 2 nm in diameter, surface
plasmon resonance absorption band is not visible, discrete optical features
appear for monodispersed NCs.66 In contrast to traditional semiconductor
inorganic materials, the nanosized particles present a high ratio of area to
volume that favors functionalization with (bio)molecules to enhance their QY.6b
Over the past decades, noble metal NCs, because of their optical and
physicochemical properties, have been used in proof-of-concept demonstrations
of a wide range application.30 After the discovery of the fluorescent NCs they
start competing with the traditionally organic dyes and semiconductor quantum
dots those have been the dominant fluorophore. NCs are very stable against
photo-bleaching, have short lifetimes and have a high quantum yield. Ligand
modification and surface functionalization influence the fluorescence properties
of NCs,67 obtaining the high photo-stability and enhanced fluorescence of doped
NCs, taking an advantage of noble metals would be a novel class of luminescent
nanomaterials, beside that its band gap that drastically change with the number
of atoms (Figure 1.9). Also, the cluster structure plays an important rule due to

25

the quantum confinement effect, thus affecting on the optical properties and band
gab energy.68

Figure 1.9. Summarized estimated energy gaps (HOMO-LUMO gaps) and electrochemical
68

energy gaps to NCs. Adapted with permission from ref .

A) Quantum Yield
Quantum yield is one of the main properties of metal clusters. The
fluorescence quantum yield Øf (termed here fluorescence quantum yield) that
represents the number of emitted photons per number of absorbed photons, 69 Øf
is a key property that characterizes the ability of a fluorophore to convert
absorbed photons into emitted photons under various environmental conditions.
The determination of Øf can be performed in absolute measurements or relative
to a fluorescent standard material with a known Øf by optical or calorimetric
methods,70 Øf is affected by many different parameters such as temperature, dye

26

environment (solvent polarity and viscosity of the matrix), and dye concentration
in the case of aggregating chromophores as well as by the presence of potential
quenchers (e.g., oxygen).71 It is very important to understand how the electronic
structure changes with size in this smallest size regime. Clusters exhibit free
electron scaling characteristic of metallic behavior thus intuitive insight into the
origin of quantum yield is needed.72 Most emission quantum yield determinations
found in the literature are relative measurements vs. a standard whose quantum
efficiency has been accurately determined by absolute methods and only a very
small number of standards have been investigated in this manner. The most
popular

are

acridine

orange,73

fluorescein

sodium,74

and

tris(2,2'-

bipyridine)ruthenium(II) hexafluorophosphate,75 for measuring the relative
fluorescence quantum yield as:

 Grad x    x2 
 2 
x  ST 


Grad
ST

  ST 

1.3.7.

Catalytic Properties
Water oxidize to oxygen at a significantly more negative potential

compared to the standard redox potential of H2O/O2 redox couple if we applied
electricity on a semi-conductor this process called water electrolysis and this
phenomena discovered (1800s–1920s).76
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The best photo-catalyst for water splitting possesses a specific band
position its bottom of the conduction band has to be positioned at a greater
negative potential than the water reduction potential, and the top of the valence
band has to be located at a more positive potential than the water oxidation
potential. In electrolysis any semi-conductor or metal could be used, electrolysis
is defined as splitting apart with an electric current, splitting water occurs when a
direct current (DC) is passed between two electrodes immersed in water
separated by a non-electrical conducting aqueous to transport ions and
completing the circuit.77 The generally accepted theoretical voltage for
electrolysis is 1.23 volts at room temperature, and the energy required for water
splitting at a semiconductor electrode is therefore frequently reported as 1.62.4eV per electron-hole pair generated,78 Nickel is a popular electrode material
due to its high activity and availability as well as low cost contributing to both
HER and OER,76, 79 size of the catalyst is important,3a as we can see with Ni NCs
a good catalytic activity recorded under HER conditions.79b For gold NCs not so
much work has been done on water splitting with thiolated gold NCs, but
glutathione-capped gold monodisperse NCs shows a great enhancement to both
HER and OER when compared to gold NPs,80 also extraordinarily high
electrocatalytic activity achieved with gold clusters in the range Au3–11 these
clusters used are not truly monodisperse and/or the crystal structure is not
available.12a Alloyed NCs show potential for catalytic activity more than the
homo-metallic NCs.7b, 27a, 81
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1.3.8.

Conclusions
In summary, the advent of fluorescent NCs as a class of metal protected

NPs have made a great impact on scientific research, and new applications are
continually developed. In this chapter, we have mainly summarized the work that
has been done on thiolate and phosphine NCs, and the effectiveness of the
ligand type to engineer the structure or modifying its fundamental properties.
Varying the type of capping ligand or introducing a heteroatom to the cluster
structure such a strategy provide a powerful approach to vary vastly NCs
structures leading to introduce different properties. Indeed, this NCs laboratory
needs structural determination by X-ray single crystal, another strong evidence is
mass spectrometry electrospray ionization mass spectrometry (ESI-MS) or
matrix-assisted laser desorption/ionization (MALDI-MS). Another fingerprint proof
is the absorbance spectra of the NCs, which is characterized by using UV-Vis
spectroscopy, also fluorometer spectroscopy needed for measuring the excitation
and emission spectra.
This thesis presents an in-depth background chemistry of NCs synthesis
and paving the way to its applications, followed by specific aims and description
of the work undertaken. Results and relevant discussions are presented in
specific chapters, and an overall discussion outlines the way forward in this
exciting field.
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Chapter 2. Au-doped Ag29 Nanocluster for Fluorescencent Quantum Yield
Enhancement

2.1.

Abstract
Doped nanoclusters revealed great stability, enhancing the importance of

this material as fluorophores in a wide range of applications. Unfortunately, the
weak PL and moderate stability of atomically precise Ag29 nanoclusters (NCs)
suppress their utility. However, we enhanced its QY drastically after doping
reaching quantum yield values of 24% from 0.9%, a ≥26-fold PL QY
enhancement of the Ag29-xAux(BDT)12(TPP)4 cluster (BDT: 1,3-benzenedithiol;
TPP: triphenylphosphine) with a precise number of gold atoms x=1-5. The Audoped clusters exhibit enhanced stability and an intense red emission at ~660
nm. Single-crystal XRD, mass spectrometry, optical, and NMR spectroscopy
shed light on the PL enhancement mechanism and the probable locations of the
Au dopants within the cluster. 97
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2.2.

Introduction

Noble metal nanoclusters (NCs), consisting of a precise number of metal
atoms and ligands, exhibit unique molecular optical and physicochemical
properties due to their distinct electronic structures.9c, 58, 82 The typical size of NCs
lies in between atoms and plasmonic nanoparticles.9c, 45, 83Particularly, NCs of gold,
silver and their alloys have been widely explored due to light-energy conversion
applications,84 in addition to their catalytic activity,27a, 85biocompatibility,86 and
tunable emissions in the visible and near-infrared (NIR) regions.87
The photophysical properties of NCs were found to be influenced by their
intrinsic structure, core size, and environment including solvent, and protecting
ligand,58, 88while the origin of luminescence is not fully elucidated, the luminescent
NCs are in high demand; however, luminescence is believed to originate from
ligand-to-metal charge transfer (LMCT) and/or ligand-to-metal−metal charge
transfer (LMMCT).89 One of the fascinating molecular properties of NCs is
fluorescence which has been widely explored with gold, 24 thus according to the
given exceptional attributes of such materials, including their stability,
photoluminescence,6b and the demonstrated catalytic activity,12a,

90

it has a

significant effect when incorporated in alloying with another transition metal,
again optical and electronic properties of bimetallic silver–gold clusters are not
explored significantly,59b, 61, 91 and enhancing the PL for a noble metal will open

31

the doors for worldwide applications to benefit from this advantage. Some
attempts in this direction done for gold NCs by ligand shell modification and
alloying or doping of the metal core of the cluster with a heteroatom.89, 92 Silver
NCs doping still unconquered area.
Most of the fluorescent silver clusters are water-soluble and enhancing the
PL of organic-soluble silver clusters is not studied, the well characterized Ag29
cluster is organic soluble silver cluster which crystallized with combined ligand
dithiol and phosphine ligands, compared to the other Au NCs the main issue here
lies on the low QY,11 here we focus deeply on the atomic level manipulations for
enhancing its QY, substituting one or more silver atoms with heteroatoms of
another metal gives opportunities to better understand the role of the doping
element on the optical properties and its influence on the stability of cluster,
insights gained from previous work on gold cluster doped with silver approved
that each atom counts, so as they incorporate 13 silver atoms a 200-fold
photoluminescence QY enhancement observed, while with 12 atom incorporation
QY was barely increased.7a
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2.3.

Results and Discussion

Light spotted on a various research of the NC’s surface functionalization
with a variety of ligands such as thiols,23, 48 polymers,93 and proteins28b, 94 ligands,
which

are

not

just

affecting

on

the

structure,

but

also

on

the

photophysical properties, and stability. The advantage of alloying the cluster with
heteroatom helps for exploring our understanding of the structure properties, and
other fundamental insights.28a, 95
Among all the metals, gold and silver have shown the most attractive
behaviour, related to their stability and their interesting spectral features in the
visible region, gold and silver NCs have been well studied. 9c In contrast to that,
optical and electronic properties of bimetallic silver–gold clusters are not explored
significantly. The structures of bimetallic nanoclusters have rarely been
investigated, efforts on the basis of this issue studied rarely, and few thiolateprotected Au-Ag nanoclusters lately synthesized.27b, 59-61, 91, 96
The evolution of the optical properties for NCs will be revealed by more
insight into the factors that influence the QY, thus PL for pure NCs and dopped
NCs appealing them for practical application, so more strategies needed to
enhance their quantum yield, also more DFT calculations, growing single crystals
for structural determination, and a series of size discrete, atomically precise
clusters need to be prepared in the future for deep comprehension. Below, we
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present the way we followed to achieve doping Ag29 with gold atoms, and we
discuss the interesting results we got, regarding QY and stability. Doped samples
were synthesized following a similar protocol used for Ag29 synthesis, by the coreduction of Ag and Au precursors in the presence of BDT and TPP ligands.
During the synthesis, the incoming Au precursor concentration was varied from
0-40 mmol%.
First of all in order to characterize the Au/Ag alloy nanoclusters and the
intrinsic Ag29, in (Figure 2.1) the electrospray ionization mass spectrometry (ESI
MS) of Ag29 control and Au-doped Ag29 NCs, note that the ESI-MS data was
acquired by excluding phosphines (under high dry gas flow during MS
measurements),11 the data displayed confirm the idea we were following: starting
from the sample with 0% of gold and going up to 40% of gold, we notice that the
number of gold atoms inside the structure of Ag29 is increasing, leading to more
wide polydispersity and a different distribution of clusters in solution. The solution
containing the undoped Ag29(BDT)123- exhibits a clean signal at m/z 1603.4, while
the doped samples show a series of peaks corresponding to different numbers of
Au atoms alloyed into the silver clusters. The successful incorporation of Au
atoms into the Ag29 was further confirmed by the exact match between the
simulated and experimental mass spectra (Figure 2.1). 97 At least five Au atoms
have been incorporated resulting in [Ag29-xAux(BDT)12]3-, x=1-5. As the incoming
Au% increased from 10 to 40% during synthesis, the relative intensities
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corresponding to the alloy clusters that contain more Au atoms are also
increased. However, peaks for six and seven Au atoms-doped Ag29 are also
identifiable with comparably negligible intensity.

Figure 2.1. Negative mode ESI-MS of [Ag29(BDT)12]3- (0 % Au) and its Au-doped NCs [Ag293xAux(BDT)12] ,

x=1-7 synthesized by varying the incoming Au mmol%. Negative mode ESI-MS of

Ag29(BDT)12(TPP)4 and its Au-doped clusters compared with simulated spectra for various
97

compositions. Mass peaks without TPP are only shown here. Adapted with permission from ref .

Secondly, UV-Vis absorption spectra and fluorescence scans were
recorded, fixing the same concentration for the samples. From the results (Figure
2.2),

97

it is clear that the presence of the hetero-element tends to influence the

optical behaviour. The absorbance peak is blue-shifted for a peak at 447 nm (left
dotted line) probably due modulation in the electronic structure, moving the
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absorption band to lower wavelengths, if we go back in literature, similarities can
be found for a blue-shift of the UV-Vis peaks while doping Ag4448 and
Ag2598clusters with gold. Another example on Au20 doping by Zhang et al., Ag
dopant causes red-shift.99 All these features are noticeable here except the fact
that beside the blue shift the absorption onset red-shifted (Figure 2.2 dotted
arrows in A and C ) after Au-doping of Ag29. In addition, the shoulder peak at 510
nm (right dotted line) disappeared and the main absorption peak of Ag 29 at 447
nm broadened with increasing amounts of Au dopant. 97
On the other side, more interest is found in the photoluminescence;
(Figure 2.2) that shows the evolution of the fluorescence intensity of silver
nanoclusters after doping.

97

The emission spectra for all the samples were

recorded choosing the excitation wavelength at λex = 450 nm. The results
demonstrate a clear increase in the fluorescent intensity is going for doped
samples, and the emission is enhanced by a factor of 10 with the (40% Au)
doped sample. Furthermore, the emission maximum is slightly red-shifted (shift
increased consistently from 658 nm for 10% to 668 nm for 40%) compared to the
Ag29 control, this red-shift of PL peak (Figure 2.2 dotted lines in B and D) is also
in consistent with the red-shift in the low-energy edge of the corresponding UVVis data indicating the unique modulation in the HOMO-LUMO energy gap of
Ag29, again a proof of the doping evidence and a demonstration that the Stokes
shift is enlarging.

97

A similar PL red-shift was noted for Au25 upon doping with
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Cu.100 Excitation spectra of Ag29, and its 40% Au-doped sample reveal their
similar excitation maxima at 443 nm with different features in 500-700 nm range
(Figure 2.2E).
In order to get absolute values regarding the different behaviours of the
doped samples, we measured quantum yield (QY). Using the comparative
method with [Ru(bpy)3](PF6)2 (QY=0.095 in deaerated CH3CN at 298K), as
reported by Suzuki et al., we calculated QY for each sample. Encouraging results
prove that the yield is increasing, moving from 0.9% for Ag29 to high values like
19% for the sample alloying 30% of gold and, most of all, 23.4% for the one
doped with 40% of gold clearly demonstrating the role of the Au atoms in the QY
enhancement. Using large percentages of gold (but not beyond 40 mmol% Au,
where Ag29-xAux NCs did not form) leads to high QY, which is one of the most
important parameters to take into consideration when evaluating the potential of
novel metals.
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C

D

E

Figure 2.2. (A) Absorption spectra for all the doped samples. (B) Emission spectra for all doped
samples. The PL Intensity is increasing from 8.5104 for 0%Au to 7105 for 40%Au, so it’s
almost 10 times enhanced. (C) UV-Vis, (D) PL and (E) excitation spectra of Ag 29 (0% Au) and
40% Au-doped Ag29 clusters. Dotted arrows in A indicate the red-shift in the absorption onset
after Ag29 doping with Au. Dotted lines in C and D represent blue-shift and red-shift of peaks,
respectively. Dotted ellipse in E shows the difference in excitation spectra . Adapted with
permission from ref.
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A further step to exactly determine the structure of the doped clusters and
the precise positions of Au atoms, the position of gold in the core or shell
structure could influence the optical properties including QY enhancement. To
resolve the positions of Au atoms, attempts were made to grow single-crystals of
the Au-doped Ag29 clusters (Figure 2.3).

97

Single crystal structure revealed only

one doping atom in the middle of the core within all samples investigated. These
results seem to explain that, even if there are different possible position for the
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gold atom and different types of clusters in solution, only the thermodynamically
stable Ag28Au(BDT)12(TPP)4 cluster (Figure 2.3B) crystallized similar to
Ag24Au(SR)18. 98 (Ag29 and Ag28Au) possess a superatomic101 charge of 3- that
leads to a close-shell electronic configuration imparting the electronic stability to
the cluster. Other compositions didn't crystallize i.e., Ag29-xAux(BDT)12(TPP)4,
x=2-5, were likely because they contain mixtures of Au-doped clusters including
all possible isomers that prevented the growth of representative single-crystals. 97

C

Figure 2.3. X-ray crystal structures of (A) Ag29(BDT)12(TPP)4 and (B) Ag28Au(BDT)12(TPP)4. (C)
Possible locations of Au atoms in Ag29-xAux(BDT)12(TPP)4 clusters, x=1-5. Color spheres: green,
Ag; red, Au; yellow, S; pink, P; gray, C. For simplicity, H atoms are omitted. Adapted with
permission from ref.
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Following this idea, P-NMR measurements have been conducted in order
to show if the position of gold is able to influence the metal-ligand environment;
actually, if the doping element is located at the centre of the metal core, the
environment outside would not be influenced, and NMR spectra would not show
any shifts. Instead, if the gold is present also in the shell, we will observe a
shifting response, meaning that the ligand was bonded by a different types of
atoms (i.e., we can infer that the Ag atoms that are connected to phosphines
were replaced by Au atoms). According to the result collected from solution-state
P NMR analysis, which probes all the population of cluster compositions present
in the samples. The P NMR results (Figure 2.4) of Au-doped clusters display a
systematic shift in P signals with increasing Au mmol% in synthesis. NMR
spectroscopy on doped clusters probes the presence of a different ligand
environment, compared to the one of the Ag29. This means that the doped
atom(s) are present for sure in the shell structure. For further supporting the role
of gold in enhancing the stability, we take in consideration results got for gold
nanoclusters. Since the TPP molecules are more labile11 and weakly bound to Ag
than thiolates, there is no doubts that the increasing stability is related to the
increasing amount of gold, the four phosphines in the Ag29 cluster (Figure 2.3A)
that are bound to four individual Ag atoms. Based on ESI-MS (Figure 2.1) and P
NMR results, we propose that the remaining four Au atoms are most likely
present at the four phosphine-binding sites (Figure 2.3C). 97
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Figure 2.4. P NMR of pure TPP, Ag29(BDT)12(TPP)4, and Ag29-xAux(BDT)12(TPP)4 clusters.
97

Adapted with permission from ref.

We further investigate the stability of doped samples in dimethylformamide
(DMF) solution of silver/gold clusters; is the solvent in which the samples have
been dissolved. The samples have been stored in dark place, avoiding exposition
to light. Monitoring the stability of doped and undoped clusters after two months
Illustrative curves are shown (Figure 2.5), we discovered that the presence of
gold gives high stability to the cluster. We noticed that the alloyed 30% and 40%
samples gold kept showing the same emission intensity as they were completely
fresh while the undoped sample or samples containing few amount of gold have
reduced their PL intensity to half of the original one. 97
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Figure 2.5. Stability of Au-doped Ag29(BDT)12(TPP)4 NCs as a function of time monitored using
UV-Vis and PL. 0-40% corresponds to Au mmol% that was used during synthesis. After two
months, PL intensity is decreased to more than its half of the original one in the case of 0% Au; in
10% Au, PL decreased to half of the original one; 20, 30 and 40% Au samples show high stability
97

and almost constant emission intensity. Adapted with permission from ref.

In summary, we successfully doped Ag29(BDT)12(TPP)4 NCs with a
discrete number of Au atoms to enhance the PL QY by ≥26 times by maintaining
the Ag29 structural integrity. Our results clearly show that Au incorporation can
modify stability and modulate the optical properties of Ag 29 clusters. The
increasing of Au concentration can enhance the quantum yield values. Optical
characterization has been performed to evaluate the possibility of seeing
tuneable effects coming from the doping. The detailed characterization using
single-crystal XRD, optical spectroscopy, mass spectrometry, and NMR
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spectroscopy provided insights into the PL enhancement mechanism and the
possible locations of the Au heteroatom within the Ag29 framework. Our study
paves the way for practical application to this material and creating highly
luminescent noble metal nanoclusters, for sensing and colorimetric applications,
and also for understanding the origins of the PL in noble metal alloy
nanoparticles at the discrete atomic levels.

2.4.

Methodology

2.4.1.

Chemicals
All

chemicals,

including

silver

nitrate

(AgNO3,

99%),

chloro(triphenylphosphine)gold (I) (AuClPC18H15), sodium borohydride (NaBH4,
99.99% metals basis), triphenylphosphine (TPP), tris(4-fluorophenyl)phosphine
(TFPP),

benzene-1,3-dithiol

(BDT),

and

tris(2,2'-bipyridine)ruthenium(II)

hexafluorophosphate {[Ru(bpy)3] (PF6)2} dye were purchased from Sigma Aldrich
and

used

without

further

purifications.

Solvents

including

methanol,

dichloromethane (DCM), dimethylformamide (DMF), dimethylsulfoxide (DMSO)
were used from Sigma as received. Acetonitrile (ACN) was deaerated before
using. Distilled water (H2O) is obtained from Milli-Q (Millipore apparatus).
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2.4.2.

Synthesis
Synthesis of Au-doped Ag29 nanoclusters (NCs) is a modification of Ag29

synthesis,11 wherein mmol% of incoming metal precursors are varied (e.g., Au
source is varied from 0-40 mmol%) while maintaining the total metal ion
concentration 0.118 mmol (Table 2.1). The different mmol% of incoming
AuClPC18H15 was dissolved in 1 mL of dichloromethane (DCM) and added to
different amounts of AgNO3 dissolved in 4 mL of methanol while stirring.
Table 2.1. Different molar amounts of the doping element; for each sample, the total amount of
gold moles was dissolved in 1 ml of dichloromethane (DCM), while the total amount of silver
moles was dissolved in 4 ml of methanol (MeOH).

mmoles

0% Au

10% Au

20% Au

30% Au

40% Au

AgNO3

0.118

0.106

0.094

0.082

0.071

C18H15AuClP

0

0.0118

0.0236

0.0354

0.0472

To the mixture of Ag and Au precursors, for a given Au mmol%, 13.5 µL of
BDT followed by 200 mg of TPP were added and stirred. After that, 10.5 mg of
NaBH4 in 0.5 mL water was added and continued to stir under dark overnight.
The final black solutions were centrifuged. The precipitate was washed with
methanol, and the cluster was dried in vacuum. Crystals of Ag29 and Au-doped
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Ag29 NCs were obtained by drying the concentrated DMF solutions of clusters.
TFPP-protected Ag29 and Au-doped Ag29 were synthesized by just replacing TPP
with TFPP in original Au-doped Ag29 synthesis.

2.4.3.

Materials characterization

UV-Vis and PL Spectroscopy
The UV-Vis absorption spectra were recorded using a Cary 5000 UV-VisNIR spectrophotometer (Varian Inc.), while the emission spectra were measured
using a Jobin-Yvon-Horiba Nanolog spectrofluorometer.
Quantum yield (QY) Calculation
The first step in evaluating the fluorescence QY of an unknown sample is
to determine the best match of the excitation wavelength of a well-known
chromophore such as tris(2,2'-bipyridine)ruthenium(II) hexafluorophosphate
{[Ru(bpy)3](PF6)2} dye with nanoclusters which was 442 nm. The fluorescence
QY (Øf) of [Ru(bpy)3](PF6)2 is 0.095.75
Absorption spectra of the dye solution and the unknown sample were
recorded on a calibrated (Cary 5000 UV-Vis-NIR spectrophotometer). Chosen
excitation wavelength was at 442 nm. The fluorescence spectra were measured
with a Fluoromax 4 spectrofluorometer, in which 1 nm band slit was fixed for all
measurements. Grad values (slopes) of both the unknown and standard
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[Ru(bpy)3](PF6)2 were obtained by plotting the corresponding integrated
fluorescence intensity versus the corresponding absorbance. Refractive indices
(η) of acetonitrile were used, in which the dye and the NCs were dissolved, in the

 Grad x    x2
 2
 Grad ST    ST

equation,  x   ST 






ESI-MS
All mass spectra were collected by using a Bruker MicroTOF-II mass
spectrometer. The nanocluster samples in suitable solvents (acetone or DMF)
were electrosprayed using a stainless steel needle syringe. The instrument
parameters used: mass range: 100-10000 Da; capillary voltage: 3.0-4.0 kV;
sample flow rate: 500 µL/h; dry gas temperature: 80-150 °C.

NMR Spectroscopy
NMR spectra were acquired at 298 K using Bruker 600 AVANAC III
spectrometer equipped with Bruker BBO multinuclear probe (BrukerBioSpin,
Rheinstetten, Germany). To achieve a sufficient signal-to-noise ratio, the 31P
NMR spectra were recorded by collecting 1k scans with a recycle delay time of
5s and spectral width of 395 ppm digitized into 64 k data points. Each P NMR
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spectrum was induced by 1D sequence with proton power-gate decoupling using
(zgpg30)

program

from

Bruker

pulse

library.

Topspin

2.1

software

(BrukerBioSpin) was used in all experiments to collect and to analyse the data
Single Crystal XRD
Single-crystal XRD data were collected using a Bruker X8 diffractometer
containing Cu Kα (λ=1.54178 Å). The crystal was kept at T = 142(2) K during data
collection. Using Olex2102, the structure was solved with the ShelXT 103 structure
solution program, using the Direct Methods solution method. The model was
refined with version 2014/7 of ShelXL103 using Least Squares minimisation. All
non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and refined using the riding model.
Refine special details, because of the extremely truncated and weak data.
Various restraints were required to yield this model. The RIGU restraint was used
in order to obtain physically more realistic ADPs than was possible without any
restraints. One of the PPh3 groups (represented by only one P and one phenyl
ring, which expands to the full group by the application of symmetry) could not be
refined and has been included as a rigid group. Despite the severe shortcomings
of this structure (very low resolution, low I/sigma, high residual peaks and high Rvalues, there is no doubt that the basic connectivity reported here is correct. The
value of Z' is 0.33333.
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Table 2.2. Crystal data and structure refinement conditions for Ag29-xAux(BDT)12(TPP)4.

Identification code

Ag28Au(BDT)12(TPP)4

Empirical formula

C144H108Ag28AuP4S24

Formula weight

5948.94

Color

Dark red

Shape

Irregular

Temperature

142(2) K

Wavelength

1.54187 Å

Crystal system, space

Trigonal, R-3:r

group
Unit cell dimensions

a = b = c = 22.728(2) Å
α = β = γ = 72.48 deg

Volume

10386(3) Å3

Calculated density

1.902 gcm-3

2θ range for data collection

6.578 to 105.966

Reflections

12286

collected/unique
Refinement method

Least squares

Goodness-of-fit on F2

1.113

Final R indices (I > 2σ (I))

R1 = 0.1842
0.4539

wR2 =
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R indices (all data)

R1 = 0.2652
0.5130

wR2 =
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Chapter 3.

Mo-doped Ni6 Nanocluster via Galvanic Exchange for

Electrocatalytic Oxygen Evolution Reaction

3.1.

Abstract

Nickel nanoclusters (Ni NCs) didn't consider before for doping, this
highlights the challenge for doping Ni NCs, Ni6 chosen as one of the few stable
Ni NCs as a competitive opponent with other nanocatalysis for water splitting.
Here enhancement of catalytic activity for doped Ni NCs was around 1.5-fold mA
after doping, and contrary to expectation, strikingly high doping done reaching 3
atoms of molybdenum, which means half of the cluster atoms have been
replaced. Mass spectrometry, optical spectroscopy, and cyclic voltammetry shed
light on the catalytic enhancement mechanism and evidenced the Mo dopant
presence.

3.2.

Introduction

Catalysis is becoming a strategic field of science because it represents a
new way to meet the challenges of energy, and sustainability. These challenges
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are becoming the main concerns of the global vision of societal challenges and
world economy, the shared pressure has become an integral part of
sustainability.104 Catalysis

can

be

broadly

divided

into

two

branches,

homogeneous and heterogeneous; heterogeneous catalysts widely used for
oxygen evolution reaction (OER).105 One of the interesting heterogenous
catalysts is nanoparticles (NPs) their varied size, shape, and composition has
stretched the limits of technology in ways that scientists would never have
dreamt of a century ago.3a The “nano” in nano-catalysis refers to very small
particles in the nano-scale range, NPs have a large surface-to-volume ratio
relative to bulk materials, they offer an attractive alternative to conventional
catalysts.105a Nano-sized materials show novel properties as we down the scale
to sub-nanometer, NCs are in the ultra-small size regime below 2 nm.3a, 90
Our current target is to develop materials with high catalytic activity for
water splitting, especially water oxidation part called, oxygen evolution reaction
(OER), which support the fact for water reduction hydrogen evolution (HER)
should be higher.79b,
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Nickel is a popular electrode material due to its high

activity and availability as well as low cost contributing to both HER and OER.79b,
105c

Although Ni-Mo catalyst their nanopowder,79a and nanosheet107 studied

before, still unenlightened Ni NCs field not explored enough, Ni6(PET)12
investigated before for OER proving its importance in water splitting field,108 the
appearance of new properties upon combination of heteroatom into a
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nanocluster is noted,27a, 27b substituting one or more atoms with heteroatom from
other metal elements (such as Pd, Pt, Ag, and Cu) provides exciting
opportunities to tune the electronic and optical properties of NCs as well as a
deep understanding of the stability of nanoclusters.26 thus more insight on doping
effect of the catalytic activity for Ni6(PET)12 will be discussed here.

3.3.

Results and Discussion

The advantage of alloying the cluster with heteroatom helps for exploring
our understanding of more fundamental insights,26 The electro-catalytic behavior
for Ni–Mo nanoparticles, they possess high catalytic activity for hydrogen
evolution in the sodium hydroxide solution as reported before.79a, 107 The doping
of Ni6(PET)12 with Mo has been confirmed using matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS). Parent Ni cluster shows an intense
peak at m/z ~1995 corresponding to a composition of Ni6(PET)12 (Figure 3.1). In
addition, peaks for the loss of 2PET, Ni6(PET)2, and 4PET from Ni6(PET)12 were
also observed probably as fragments. The Mo-doped Ni cluster shows a
predominant peak at m/z ~2107 (Figure 3.1) along with the peak of Ni 6(PET)12 as
a minor product. A higher mass compared to Ni6(PET)12 suggests the
incorporation of Mo atoms. The difference (m/z 112) between these two mass
peaks i.e., 1995 and 2107 corresponds to the replacement of three Ni atoms of
Ni6(PET)12 with three Mo atoms that giving Ni3Mo3(PET)12.
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Figure 3.1. MALDI-MS of Ni6(PET)12 and its Mo-doped cluster Ni3Mo3(PET)12 in positive
ionization mode.

It is worth to mention that MALDI-MS was done for the sample doped with
0.126mmol of Mo. Observation in this work for optical properties in (Figure 3.2),
as we can see the shoulder around 550nm becomes sharper and the spectrum
slightly blue-shifted as we increased doping, the effect of doping observed until
0.126mmol of Mo, and further as we increase the amount of Mo as until
0.210mmol of Mo we cannot see the blue-shift anymore. Blue-shift effect
observed probably due modulation in the electronic structure, leading to move
the absorption band to lower wavelengths, if we go back in literature, similarities
can be found for a blue-shift of the UV-Vis peaks while doping NCs.7a, 48

53

Ni6(PET)12

Absorbance

Ni-Mo 0.042mmol
Ni-Mo 0.084mmol
Ni-Mo 0.126mmol
Ni-Mo 0.210mmol

350

400

450

500

550

600

650

700

750

800

Wavelength (nm)

Figure 3.2. Absorption for all doped samples compared to the Ni6(PET)12 NCs.

The OER mechanism is commonly starts with the one electron oxidation
step. Then formation of OHads and adsorption at a free metal site on the catalyst
(Catalyst*). Followed by oxidation of OHads into Oads, third step involves the
combination of Oads with a another water molecule to produce OOHads. The final
step is the oxidation leading to O2 gas releases and creating a free metal site for
additional catalytic cycle.108-109
H2O(l) + Catalyst* ↔ OHads + H+ + eOHads ↔ Oads + H++ eH2O(l) + Oads ↔ OOHads + H+ + eOOHads↔ Catalyst* + O(g) + H+ + e-
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The catalytic activity revealed for water oxidation for the half doped cluster
showed in (Figure 3.3) that Ni3Mo3(PET)12 NCs produced after the galvanic
exchange of Ni6(PET)12 NCs with Mo the catalytic activity was higher, but the
onset it was almost the same 0.55 V, corresponding to reversible hydrogen
electrode (RHE) equals 1.573 V, thus the over-potential is 343 mV.
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Figure 3.3. Cyclic-Voltammetry measurement comparison for parent Ni6(PET)12 and doped
Ni3Mo3(PET)12 NCs.

In summary, here we report the first ever stable half-doped NCs
enhancing its catalytic activity more than 1.5-fold mA, these findings point out
that doped Ni NCs will create a great impact on water splitting catalysis field,
because they show high reaction rates and good long-term stability. In view of
future work doping with another metal such iron already showed a great
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enhancement with Ni-Fe nanoparticles,110 however doping Ni nanocluster with
iron will take place in the future work.

3.4.

3.4.1.

Methodology

Chemicals
All chemicals including nickel (ii) nitrate hexahydrate, Ammonium

tetrathiomolybdate, tertaoctylamonium bromide (TOAB), sodium borohydride
(NaBH4, 99.99% metals basis), and 2-phenylethanethiol (PET, 98%), were
purchased from Sigma Aldrich and used without further purification. Methanol,
toluene (TO), and tetrahydrofuran (THF) solvents were of analytical grade, also
mill-Q water used.

3.4.2.

Synthesis
Same procedure followed for synthesis of atomically precise double-crown

nickel nanoclusters,53b with nickel (ii) nitrate hexahydrate (Ni), and PET ligand
stirred for 3h in 25mL tetrahydrofuran, then the reducing agent 160mg NaBH4 in
5mL ice cold water added and the reaction left for 20h. For washing, simply THF
evaporated then concentrated product washed with methanol several times.
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Doping of Mo into Ni NCs via galvanic replacement method. Water soluble
ammonium tetrathiomolybdate (Mo) (0.042, 0.084, 0.126, 0.210 mmol) in 6mL of
water transferred to 6mL of toluene by help of TOAB (0.08, 0.16, 0.24, and 0.40
mmol), after transferring Mo-TOAB 6mL to toluene, added to Ni NCs, which was
dissolved in toluene and centrifuged, so the dissolved Ni NCs was 0.05mg in
5mL of toluene solution of Ni NCs, then kept under stirring for 3h, then washed
with methanol.

3.4.3.

Electrochemical Characterization
The electrocatalytic measurement was performed using Ag/AgCl as a

reference electrode. All potentials were vs. Ag/AgCl, a Pt wire served as a
counter electrode. 10 uL of the catalyst was drop-casted on FTO, which acting as
working electrode. The electrolyte solution was 1M NaOH. All measurements
were performed on Gamry Reference 3000 potentiostat from Gamry instrument.
The measured potentials vs. Ag/AgCl were converted to the reversible hydrogen
electrode (RHE) scale according to the Nernst equation:

3.4.4.

Materials Characterization

UV-Vis Spectroscopy
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The UV-Vis absorption spectra were recorded using a Cary 5000 UV-VisNIR spectrophotometer (Varian Inc.).

MALDI-MS
All mass spectra were collected by using MALDI-MS of both Ni, and its
Mo-doped clusters were carried out using a Bruker Ultraflex MALDI time-of-flight
instrument. The cluster samples in DCM were mixed with the matrix trans-2-[3(4-tertbutylphenyl)-2-methyl-2-propenylidenemalononitrile (DCTB, 10 mg/mL in
DCM). The ratio of the cluster to the matrix is 1:400 v:v. The mixture of matrix
and clusters is drop-casted on a stainless steel MALDI plate and dried under
ambient conditions. The laser power was optimized to during the acquisition of
mass spectra.
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Chapter 4.

4.1.

Au28(BDT)4(TPP)9 Nanocluster

Abstract

Gold has been chosen as a material for its stability and its well-established
affinity for organic thiols, here is co-protected Au28(BDT)4(TPP)9 finding well be
addressed with success in stabilizing gold nanocluster for the first time by
dithiolate ligand, reveling unique features. Mass spectrometry, and optical
spectroscopy evidenced its features.

4.2.

Introduction

How little we still know about the golden world around us, the ligand
coordination modes and metal coordination environments can be utilized in the
transformation of these fragments into a sub-nano cluster entity with the help of a
widely used reducing agent in this field which is sodium borohydride.20
Nanocluster (NCs) despite its short history has already revealed a cornucopia of
new physics and potential applications.9c Understanding how size, shape, and
composition affect physical and chemical properties of metal NCs stabilized by a
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monolayer of ligands has been a long-standing major challenge for nanoscientists.24, 67b
Ligand-protected gold nanoclusters in nanoscience have been devoted to
understanding the changes for both fundamental research and applications in
catalysis,27a

biosensing,25

drug

delivery,28b

luminescence,111

and

optoelectronics.67b Determining structure of cluster is challenging due to the
difficulties in obtaining X-ray quality single crystal, thus mass spectrometry has
been the main evidence to identify and prove their compositions, and significant
advances have been made with thiolate-protected gold nanoclusters.72 The
crystal structures of Au20,40b Au24,34 Au25,35, 112 Au28,36 and so many others have
been determined.9c NCs might be produced with co-protected ligand as done
before with Au24,41 Au25,42 and Au37.43 Also; it might produces with a new ligand
as with Au19113 and Au24114 with ligand other than thiol or phosphine which were
alkynyl and slenolate ligands. Gold clusters also have been protected with ironcarbonyl,115 thus beyond the conventional thiolate and phosphine ligands, one
wonders if the ligand space can be further broadened to other types so that new
cluster structures, compositions, and interfaces can be discovered.
Developing a new NCs has enabled researchers to investigate the
fundamental properties of the sub-nanometer clusters at an unprecedented level,
revealing their unique atom-packing structures and understanding their optical
properties,9c but synthesizing NCs in particular size for a given metal is critical
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and only 2,4-dimethylbenzenethiol (DMBT) was found to be the first monothiol
ligand till date to synthesize both Ag2545 and Au25112 with the same number of
ligands and same overall cluster charge. Recently, Ag29 was synthesized using
benzene-1,3-dithiol (BDT) and triphenylphosphine (TPP) as ligands, 11 while the
use of a dithiol and phosphine for gold is awaited. To verify the possibility of
synthesizing a 29-atom gold cluster, similar to Ag2545 and Au25112 with DMBT
monothiol, here we used BDT and TPP as ligands.

4.3.

Results and Discussion

Here is the first-ever Au28(BDT)4(TPP)9 finding well be addressed. This
nanocluster is novel for several reasons: (a) it is the first co-protected gold
nanocluster containing 28 gold atoms; (b) it is the first gold NCs produced with a
di-thiolated ligand. The distinct features about NCs is their molecule-like
absorption, which can be observed with this gold NCs Au28(BDT)4(TPP)9 in
(figure 4.1), shows three distinct peaks at 450, 580, and 725nm and the absence
of plasmonic gold nanoparticles peak around 520nm suggest that the
synthesized product is indeed a nanocluster.
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Figure 4.1. UV-Vis absorption spectrum of [Au28(BDT)4(TPP)9]2+ NCs dissolved in DMF.

Although thiolated Au28 already reported with total structure determination
with thiolate ligand,36 but here phosphine ligand incorporation revealed on ESIMS (figure 4.2) which was triphenylphosphine coming from the gold salt used,
thus our cluster has been stabilized with two ligands di-thiol and phosphine which
is not reported before. ESI-MS of the cluster, in positive ion mode, shows a
predominant peak at m/z 4218 along with two other less predominant peaks at
m/z 4087 and 3956 (Figure 4.2). The expansion of m/z 4218 peak shows multiple
peaks, which are separated by the m/z 0.5 indicating the charge of the cluster to
be +2. After many trials to match the m/z 4218 peak with possible compositions
by considering the Au, TPP, and BDT, we arrived with a best possible formula of
the cluster [Au28(BDT)4(TPP)9]2+. The proposed composition of the cluster was
further verified by comparing the experimental mass spectrum with the simulated
one for [Au28(BDT)4(TPP)9]2+, which shows a perfect match with one another
(Figure 4.2, right inset). In consistent with this composition assignment, we
looked into details of other peaks at m/z 4087 and 3956. Upon close inspection
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of these peaks, it is confirmed that the species corresponding to these peaks are
also doubly charged. Interestingly, the difference between consecutive peaks at
m/z 4218, 4087 and 3956 corresponds to m/z 131. The total mass of m= 262
(131*2) corresponds to the molecular mass of single TPP. From, this it is clear
that the peaks down to [Au28(BDT)4(TPP)9]2+ are actually originated from parent
cluster [Au28(BDT)4(TPP)9]2+ by sequential loss of TPP ligands which is common
in Ag and Au clusters containing labile phosphines. However, we confirmed the
composition of the fragment [Au28(BDT)4(TPP)8]2+ by comparing its simulated
spectrum with the experiment (Figure 4.2, left inset). The exact match of these
spectra with each other further authenticates that [Au 28(BDT)4(TPP)8]2+ is a
fragment of [Au28(BDT)4(TPP)9]2+.
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Figure 4.2. ESI-MS of [Au28(BDT)4(TPP)9]2+ NCs in positive mode. Insets: comparisons of
experimental and simulated mass spectra of the compositions as shown.
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We designed a simple reaction involving di-thiol and phosphine ligands to
successfully synthesize a cationic gold cluster with a molecular formula of
[Au28(BDT)4(TPP)9]2+,

while

these

ligands

produce

an

anionic

cluster

[Ag29(BDT)12(TPP)4]3- with silver.11 The optical spectrum of an all-monothiolprotected Au28,36 was found to be strikingly different from [Au28(BDT)4(TPP)9]2+
indicating their structural differences, which need to be verified by crystalstructure determination. In other words, there may be many di-thiol gold
nanoclusters remaining to be unearthed, for future applications the use of
multifunctional di-thiol as linker molecules promises further possibilities of tuning
or switching the bulk electronic properties of the nanomaterial.

4.4.

4.4.1.

Methodology

Chemicals
All chemicals, including chloro(triphenylphosphine)gold (I) (AuClPC18H15),

sodium borohydride (NaBH4, 99.99% metals basis), and benzene-1,3-dithiol
(BDT), were purchased from Sigma Aldrich and used without further purifications.
Solvents including methanol, dichloromethane (DCM), and tetrahydrofuran (THF)
were used from Sigma as received. Distilled water is obtained from Milli-Q
(Millipore apparatus).
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4.4.2.

Synthesis
The

method

used

for

gold

NCs

synthesis

detailing

here,

chloro(triphenylphosphine)gold (I) (C18H15AuClP), sodium borohydride (NaBH4,
99.99% metals basis), and benzene-1,3-dithiol (BDT, 99%) utilized in the
transformation of these fragments into a nanocluster entity. 0.12mmol of gold salt
dissolved in 10mL of tetrahydrofuran (THF), then 27uL of BDT ligand added and
after five minutes reducing agent sodium borohydride 10.5mg in 0.5mL of water
added, reaction left for 3h under stirring, after evaporating the solvent
concentrated product washed with methanol. This cluster also could be
synthesized in a mixture of 10mL DCM and 5mL of methanol; also, it is
reproducible when the synthesis scaled down to half. NCs obtained dissolve in
several solvent such as dimethyl formamide (DMF), benzene also chloroform,
dichloromethane (DCM), tetrahydrofuran (THF) and many other organic solvents.

4.4.3.

Materials characterization

UV-Vis Spectroscopy
The UV-Vis absorption spectra were recorded using a Cary 5000 UV-VisNIR spectrophotometer (Varian Inc.).
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ESI-MS
All mass spectra were collected by using a Bruker Micro TOF-II mass
spectrometer. The nanocluster samples in suitable solvents (DCM or THF) were
electrosprayed using a stainless steel needle syringe. The instrument parameters
used: mass range: 100-10000 Da; capillary voltage: 3.0-4.0 kV; Sample flow rate:
500 µL/h; dry gas temperature: 80-150 °C.
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