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ABSTRACT

Metal clusters with ultra-small size offer many novel properties such as molecule-like
optical transitions, photoluminescence, quantized charging, chirality, and so on. Ligand-
protected metal nanoclusters with precise compositions appear to be promising building units
of various functional materials. Novel properties and promising applications make metal
clusters a prolific target of fundamental and applied research. The major challenges of the
nanocluster research are developing synthesis protocols for precise control of cluster size,
achieving tunability of nanocluster properties, and imparting stability and desired functionality
to the clusters particularly in aqueous and biological media. Cluster synthesis often involves
multi-step, two-phase methods and results in mixed-sized products that require time-
consuming post-synthesis size-separation and surface-modification steps. Therefore, we need
to develop straightforward synthesis protocols that can directly produce stable, atomically
precise metal nanoclusters in high yields. Further, we need to develop guiding principles for the
rational design of desired nanoclusters and tailoring the properties of the nanoclusters. The
thesis work attempts to address some of these challenges by taking the cases of two

representative nanoclusters, Au;g(SCH,CH,COOH)14 and Au,s(SCH,CH,COOH),g as examples.

We have developed straightforward direct synthesis methods capable of producing
atomically precise gold nanoclusters in high yield in an agueous medium. We have synthesized
two representative nanoclusters, Au.3(SCH,CH,COOH)14 and Au,s(SCH,CH,COOH):5. Among
various gold nanoclusters, Au,sLig (where L= ligand) is a ubiquitous nanocluster because of its
extraordinarily high stability, unlike Auigli4. Our synthesis of atomically-precise water-soluble
gold nanoclusters involved a common reducing agent, NaBH4, and a short carbon chain
bifunctional ligand, HSCH,CH,COOH (3-mercaptopropionic acid, MPA) under ambient
conditions. We have explored the essential factors that influence the size focusing and stability
of water-soluble gold clusters. The synthesis methods do not require maintenance of any
special reaction conditions, such as pH, temperatures (such as high or low temperatures),
special reagent, etc. By our choice of the bifunctional capping ligand, MPA, we were able to

impart water solubility to the gold clusters. Further, we have demonstrated that this kind of

iv



capping ligand allows tailoring of nanocluster stability and properties such as
photoluminescence, Raman scattering, catalytic properties, etc. over a wide range in aqueous
media simply via the variation of the pH of the media. It also allows transfer of the clusters into
an organic solvent such as toluene by using a phase transfer reagent such as
tetraoctylammonium bromide (TOAB). We have demonstrated that relative quantities of
capping agent to gold precursor ratio ([thiol/Au]) and the gold precursor to reducing agent
([Au]/[NaBH,4]) ratios play decisive roles in obtaining size-focused atomically-precise gold
nanoclusters. The work will open up new avenues for the rational synthesis of definite sized

clusters and tuning of their properties in agueous media.
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CHAPTER 1

General Introduction

1.1 Background: Ultra-small metal nanoclusters

In recent years, nanoscale materials, particularly metal nanoparticles (NPs) and
nanoclusters (NCs), have attracted substantial research interest due to their intriguing size and
shape dependent physicochemical properties and promising applications. Metal nanoclusters
are ultra-small (<2 nm) nanoparticles or nano molecules, typically composed of few tens to
hundreds of metal atoms protected by ligand molecules such as thiols, phosphines, amines,
selenates, etc. Nanoclusters generally denoted as M, (L), (where n and m represent the number
of metal atoms and capping ligands respectively). Because of the ultra-small size, the

physicochemical properties of metal NCs substantially differ from their bulk and nanoparticle

counterparts.
/Nanoclusters\
Figure 1.1 Size comparisons of nanoclusters | A tom @‘ Nanoparticle
o | e | @
with nanoparticles and atoms. A
\_ ~1-2nm 1-100 nm

In the case of nanoclusters that have a size <2 nm, continuous/semi-continuous density
of states breaks down into discrete energy levels (Figure 1.2) which results in the unique
molecule-like properties, such as HOMO-LUMO (highest occupied and lowest unoccupied
molecular orbital) electronic transitions, photoluminescence, quantized charging, intrinsic
magnetism, optical activity, and so on. Because of having dimensions in between metal atoms

and nanoparticles, clusters can provide a missing link between atoms and nanoparticles. Thus,



the study of the structure and properties of nanoclusters is very important in order to

understand the gradual emergence of various properties and crystal structures in solids.

Bulk material

Ultra-small nanoclusters

_}_ } Band gap

Decreasing the size

Figure 1.2 Evolution of band gaps and density of states (DOS) in bulk material, nanoparticles,

and nanoclusters.™ (E¢: Fermi level)

Among various metal nanosystems, gold nanoparticles and nanoclusters have gained a
tremendous attention because of their attractive optoelectronic properties, stability, ease of
surface modifications, and biocompatibility. The novel properties coupled with an ultra-small
size made gold nanoclusters promising candidates for various applications such as catalysis, bio-
sensing, fluorescent labeling, cellular imaging, heavy metal ion detection, and so on.>®!
Features and properties like the ultra-small size, bio-compatibility, less toxicity, and tunable

photo-luminescence of gold NCs are particularly useful for various biological applications.w_g]

1.2 Background: Gold Nanoclusters

Research on monolayer protected clusters picked up momentum after the reports of two-

phase gold nanoclusters synthesis by Brust and Schiffrin in 19949 since then gold



nanoclusters have been prepared by using a number of methods. A majority of them involves
two or more steps as in the classic “Brust two-phase organic-water solvent” method that uses a
variety of organic thiols (long chain or aromatic thiols as binding ligands). The thiol-capped
ultra-small nanoclusters show high stability in solution as well as solid form. Later, various

noble metal nanoclusters (mainly Au, Ag) had been synthesized by using other protecting

[11-15]

ligands such as sulfides, phosphines, amines, selenides etc.

Figure 1.3 pictorial representation of thiol-protected gold nanocluster

Brust’s two-phase method for the synthesis of monolayer-protected gold nanoclusters
motivated many scientists to prepare the gold nanoclusters protected by a variety of organic
capping ligands such as alkanethiols and aryl thiols (R—SH, R= alkyl, aryl groups). Among
various capping ligands, thiol capping ligands were widely used as suitable candidates for the
synthesis of gold nanoclusters, because sulfur (S) forms a strong covalent bond (Au-S) with gold.
Murray and co-workers employed various alkanethiols such as hexane thiol (C6-SH), octanethiol
(C8-SH), dodecanethiol (C12-SH) and arenethiols as capping ligands to prepare the ultra-small

monolayer-protected gold nanoparticles of ~ 1-2 nm dimensions. They had extensively studied



various electronic properties of the monolayer-protected gold nanoclusters. X6 Kornberg et
al. successfully synthesized the ultra-small gold nanoparticles of 1.5- 4 nm sizes by using various

carboxylic acid substituted thiol capping Iigands.“gl

Similarly, many other synthetic protocols
and protecting ligands were reported for the synthesis of ultra-small gold and other metal
nanoclusters. Whetten and co-workers reported the synthesis of ultra-small gold nanoclusters
by using organic thiol capping ligands (alkanethiol and aryl thiols) of different chain lengths. The
same group successfully synthesized and isolated the gold clusters of 38, 75, 101 and 146 atoms

and determined cluster sizes by using laser desorption ionization mass spectrometry technique

(LDI-ms).12021

One of the important issues in the nanocluster synthesis is the use of mainly organic
solvents (toluene, hexane, etc). In order to impart the strong sulfur-gold ‘soft-soft” interactions
and required inter-cluster steric repulsions, most of the effective capping ligands appear to be
long alkyl chain or aryl substituted thiols that are soluble in organic solvents.>* Thus, a
substantial body of work has been done in the synthesis, isolation, and characterization of
‘organic solvent soluble’ gold nanoclusters. Several potential applications of such nanoclusters
have also been demonstrated. On the contrary, the synthesis, characterization, and applications

of ‘water-soluble’ gold nanoclusters appear to be highly lagging.

1.3 Water soluble gold nanoclusters: Synthesis and applications

In recent times, ligand protected ultra-small gold nanoclusters have drawn the interest
of researchers because of their interesting physicochemical properties that are sometimes not
observed in their nanoparticle counterparts. Water-soluble or hydrophilic nanoclusters,
particularly of gold, can be very useful for various biological applications such as biological
labeling, bio-catalysis, and nano-bioconjugates because of their hydrophilic nature and better
bio-compatibility compared to organic soluble clusters.[”"! Organic solvent-soluble, hazardous
hydrophobic capping ligands restrict their usage in many biological applications. Recent studies

demonstrated the potential of applications of gold nanoclusters with hydrophilic capping



ligands in various biological fields such as fluorescent biological labeling, sensing, imaging[sl,

antimicrobial agents,'® drug delivery.® etc.

Recently Xie and co-workers studied how the capping ligand on cluster surface
influences the biological processes such as generation of intracellular reactive oxygen species
(ROS), cytotoxicity, and genotoxicity. They have employed mercaptopropionic acid (MPA) and
glutathione (GSH) protected Au NCs to study the role of capping ligands. According to their
studies, MPA-capped Au NCs yield higher intracellular reactive oxygen species (ROS) compared
to the glutathione-capped Au NCs, which could be attributed to the higher cellular
internalization of MPA-capped Au NCs over glutathione capped ones.”! The same group
demonstrated that Au-25 nanoclusters showed the superior antimicrobial activity towards both
Gram-positive and Gram-negative bacteria compared their larger nanoparticle counterparts.[9]
Zhang and co-workers studied the effect of Au NC charge on their stability in blood plasma,
biodistribution, excretion, toxicity and therapeutic potential. They have reported that charge of
nanocluster significantly influences the tumor uptake and renal clearance of nanoclusters in
vivo studies.”””! Water-soluble Au NCs display interesting fluorescence properties in the visible
spectrum. Bio-compatibility coupled with high photo-stability makes water-soluble Au NCs as
suitable candidates in cellular imaging and labeling applications in biology.[e’zgl

Thus, it is evident that the nanocluster surface chemistry plays important roles in
various catalytic and biological applications. Therefore, the selection of suitable capping ligands
is crucial in the gold nanocluster synthesis in order to make the clusters suitable for various
applications. Researchers have employed post-preparation ligand exchange to change the
organic solvent-water solubility and other properties of the nanoclusters. 2732 Attempts have
also been made to synthesize water-soluble gold, silver, and their alloy nanoclusters by using a
variety of water-soluble Iigands.[33_36] Often mixed sized clusters were observed as products.
Researchers employed mild reducing agents such as carbon monoxide (CO) and sodium
cyanoborohydride (NaBH3CN) to synthesize size selected water-soluble gold nanoclusters.”3

A weak reducing agent provides a mild and controllable reduction kinetics which favors the

controlled growth of nanoclusters. However, these reducing agents are poisonous in nature and
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require special handling conditions. On the other hand, strong reducing agents often result in
the faster reaction kinetics that leads to the formation mixed-sized clusters. In some cases, a
strong reducing agent such as NaBH; was employed with systematic pH control, in order to

regulate the reducing strength of NaBH, which depends on the pH of the reaction medium.?%4%

1.3.1 Obtaining atomically precise water-soluble gold nanoclusters

As it was mentioned above, one of the major challenges faced in the aqueous metal
nanocluster synthesis is the formation of poly-dispersed clusters, that is, the formation of a
mixture of different sized clusters. However, the physicochemical properties of the
nanoclusters are highly dependent on their size, geometry, and capping ligand. It is, therefore,
highly desirable to develop new synthesis protocols that can produce gold nanoclusters with
atomic precision in order to explore the properties as well various applications of the
nanoclusters. In the following sections, a few strategies that had been employed to obtain the

atomically precise gold nanoclusters are mentioned briefly.[“]

1.3.1.1 Post-synthesis separation of nanoclusters

Researchers had employed various post-synthesis analytical and chemical separation

techniques such as polyacrylamide gel electrophoresis (PAGE),[42'43] size exclusion

[44] [45]

chromatography (SEC), high-performance liquid chromatography (HPLC), thin-layer
chromatography (TLC),[46] fractional precipitation,W] and so on to separate the nanoclusters of
definite size and composition. First, Tsukuda and coworkers successfully isolated a series of
atomically precise glutathione protected gold nanoclusters by employing the polyacrylamide gel
electrophoresis (PAGE) separation technique.[‘m They employed electrospray ionization mass
spectrometry (ESI-MS) to determine the molecular formula of the synthesized clusters. The
isolated clusters were identified as Au1g(SG)11, Au21(SG)12, AUzs:1(SG)14+1, AU28(SG)16, AU32(SG)1sg,
Auzg(SG)y3 (SG= Glutathione). This is the first report on the successful mass determination of
atomically precise gold nanoclusters using ESI-MS.[#8] Currently, PAGE is a convenient

separating technique used to isolate the clusters of a given size. Other chromatographic

techniques such as size-exclusion chromatography (SEC), high-performance liquid



chromatography (HPLC), and thin-layer chromatography were also employed to separate a
number of nanoclusters such as Ausg(SR),4 and Auso(SR)2a, and Auss(SR)31.1*¢*°Y However, the
post-synthesis separation techniques are always time-consuming, cumbersome, and
economically less viable. Therefore, researchers have been exploring various kinetic and
thermodynamic control-based size focusing strategies in order to produce the atomically

precise gold nanoclusters in high yields.

1.3.1.2 Size focusing

“Size focusing” approach is a synthetic strategy, which allows producing the single sized
nanoclusters instead of polydispersed ones in the synthesis. Size focusing approach is a two-
step process. First, polydispersed gold clusters are formed and then the pre-synthesized
polydispersed nanoclusters are converted into a nearly single sized/monodispersed clusters by
the ligand or thermal etching processes.®**® The origin of size focusing lies in the inherent
stability difference of different-sized nanoclusters. Therefore, in size focusing process, the more
stable clusters form whereas at the expense of the less stable ones. Researchers reported the
synthesis of a number of atomically precise gold nanoclusters, e.g., Aus(SR)1g, Ausg(SR)24,

Au144(SR)60 and Ausz3(SR)79 by using the size focusing approaches.[54_57]

1.3.1.2.1 Core-etching (thermal and ligand etching) based size focusing methods

Core-etching is also a two-step size focusing method. This involves the conversion of an
initially synthesized polydispersed gold nanoclusters into nearly monodispersed (single-sized)
gold nanoclusters either by employing the higher temperatures (thermal induced etching)
and/or by using the excess thiol ligands (ligand-induced etching).[53’58_6°] For example, Jin’s
group and co-workers reported the synthesis of Aui3o(p-MBT)so, Auig4(mM-MBT)41 and Augg(o-
MBT),4 by using ligand-induced etching at 80-90°C in the presence of excess para-, meta-,
ortho-methylbenzenethiols.[m] Recently, Dass and coworkers reported the synthesis of three
distinct Au NCs namely, Ausg(SCH,CH,Ph),4 (SCH,CH,Ph = Phenylethanethiol), Ausg(SPh-tBu),s,
and Ausg(StBu)is (SPh-tBu = 4-tert-butylbenzenethiol) by using the ligand etching protocol. They

first synthesized polydispersed glutathione protected Au NCs followed by the ligand etching in



the presence of excess phenylethanethiol (PET) and 4-tert-butylbenzenethiol (SPh-tBu) capping
ligands at 80°C."*% Similarly, Ausg(PET),4 (PET = phenyletanethiol) Auas(SR)1s, Ausg(SCiaH2s)sa,
Au40(SR)24, Auss(SR)3; and several other definite sized Au NCs were prepared in high yields with

high purity by using the thermal and ligand-induced etching-based size focusing methods.

[55,63][58,64—-66]

1.4 Aim and theme of the thesis work

We have noted above that the physicochemical properties of nanoclusters are strongly
dependent on the cluster size, composition, structure, solvent medium, and so on. Therefore,
the major goals of the nanocluster research remain to be the size-selective synthesis, achieving
control of nanocluster properties, and imparting stability and desired functionality to the
clusters, particularly in aqueous and biological media. In order to avoid the cost and time-
consuming post-synthesis size-separation and surface-modification steps, we need to develop
straightforward synthesis protocols that can directly produce stable, atomically-precise metal
nanoclusters in high yields. Further, one needs to develop general guiding principles for the
rational design of desired nanoclusters and tailoring the properties of the nanoclusters. This
requires a detailed understanding of the factors that govern the formation of atomically-precise
nanoclusters. This kind of knowledge will open up new avenues for the preparation of various

definite sized clusters with different protecting ligands in different solvent media.

The thesis work focuses on the development of straightforward direct synthesis method
capable of producing atomically-precise gold nanoclusters in high yield in an aqueous medium.
We have taken the cases of two representative nanoclusters, Aug(MPA)14 and Auys(MPA);s.
Among various gold nanoclusters, Au,sLig (Wwhere L= ligand) is a ubiquitous nanocluster because
of its extraordinarily high stability, unlike Auiglis. We report the successful synthesis of
atomically-precise water-soluble gold nanoclusters by using the common reducing agent,
NaBH4, and a short carbon chain bifunctional ligand, MPA under ambient conditions. The
essential factors that influence the size focusing and stability of water-soluble gold clusters

were explored. The synthesis methods do not require maintenance of any special reaction



conditions, such as pH, temperatures (such as high or low temperatures), special reagent, etc.
We have chosen a very short carbon chain bifunctional capping ligand, 3-mercaptopropionic
acid (MPA), to impart water solubility to the gold clusters. Further, we have demonstrated that
this kind of capping ligand allows tailoring of nanocluster stability and properties such
photoluminescence, Raman scattering, etc. over a wide range in aqueous media simply via the
variation of pH of the media. It also allows transfer of the clusters into an organic solvent like
toluene by using a phase transfer reagent like tetraoctylammonium bromide (TOAB). We have
used the common strong reducing agent, NaBH4, without any pH control. We have
demonstrated that irrespective of the strength of the reducing agent, relative quantities of
capping agent to gold precursor ratio ([thiol/Au]) and the gold precursor to reducing agent
([Au]/[NaBH,4]) ratios play decisive roles in obtaining size-focused atomically-precise gold
nanoclusters. We have employed a number of techniques such as the polyacrylamide gel
electrophoresis (PAGE), UV-Visible and FTIR spectroscopies, transmission electron microscopy
(TEM), energy dispersive X-ray analysis (EDAX), thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS) and matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) to characterize the formation, composition, and purity of
the clusters. Further, we have studied the photoluminescence, Raman scattering,
electrochemical, and catalytic properties of the synthesized water-soluble nanoclusters
systems. The work reveals some important principles that can be useful in the development of
a general toolbox for the rational design of size-selective synthesis and tailoring the properties

of many metal nanoclusters.



CHAPTER 2

Instrumentations for Characterizations of Nanoclusters

The studies of syntheses, characterizations, and properties of ultra-small systems such
as nanoclusters are heavily dependent on various apparatus and analytical instruments. For
examples, ultraviolet-visible spectroscopy (UV-vis) and photoluminescence spectroscopy (PL)
were employed to study the optical absorption and excitation/emission properties of the
nanoclusters. Fourier transform infrared spectroscopy (FTIR) was used to study the gold-thiol
binding interactions in addition to the functional group's information of the capping ligands.
Transmission electron microscopy (TEM) was used to study the cluster size (and cluster
aggregation). Energy dispersive X-ray analysis (EDAX) and thermogravimetric analysis (TGA)
were used to determine the gold to thiol ratios in the cluster. Electrochemical band gaps
(HOMO-LUMO) of the cluster was measured by using differential pulse voltammetry (DPV)
technique by using an electrochemical apparatus. X-ray photoelectron spectroscopy (XPS) was
used to find the binding energy of Au and S. The molecular weight and molecular formula of the
gold clusters were determined by the matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS). Synthesized clusters were isolated by using
polyacrylamide gel electrophoresis (PAGE) separation technique. In this chapter, we briefly

discuss a few such instrumental techniques in the context of nanoclusters.

2.1 UV-Visible Spectroscopy

UV-Visible spectroscopy deals with the electronic transitions associated with the
molecules upon absorbing the ultraviolet (200-400nm) and/or visible (400-800nm)
electromagnetic radiations. Electronic transitions occur from ground state electronic energy
level to the higher electronic energy levels. The spectral peaks observed in the UV-Visible
absorption of nanoclusters correspond to different HOMO-LUMO transitions associated with

the gold nanoclusters. UV-Visible spectral features strongly vary with the cluster size, geometry
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and capping ligands. Atomically precise gold nanoclusters give rise to distinct spectral peaks in
UV-Visible spectra. Therefore, UV-Visible spectroscopy acts as a powerful tool in the studies of

the cluster formation and size estimation.

2.2 Infrared (IR) spectroscopic analysis

Infrared spectroscopy (IR) is a well-established spectroscopic method for the structural
and functional group identification of a molecule. Infrared spectroscopy utilizes the
electromagnetic radiation of 2.5 um to 25 pum (2500 nm to 25000 nm) wavelength. When IR
radiation is passed through a sample, some portion of the radiation is absorbed by the sample
due to the vibrations of a set of bonds and the rest of it is passed through (transmitted). The
resulting IR spectrum creates a molecular fingerprint of the sample. For a molecule to show
infrared absorptions, there must be a non-zero change in the electric dipole moment of the
molecule during the molecular vibrations. Infra-red analysis elucidates the structural properties
of the ligands connected to the metal nanoclusters. By comparing the IR absorption spectra of
pure ligands with that of the protected metal nanoclusters, the disappearance of the S-H
vibrational band (2535-2564 cm™) in the nanoclusters confirms the formation of metal-thiol
bonding through the sulfur atom. Infrared spectroscopy can also be used to identify the C-S

bonding, aggregation, and dimerization of the capping ligands, etc.

2.3 Photoluminescence (PL)

Photoluminescence (PL) spectroscopy is a very efficient, contactless, and nondestructive
technique, widely used to study the optoelectronic properties of molecules and semiconducting
nanosystems. Photoluminescence involves the spontaneous/instantaneous emission of light
from a material upon optical excitation (electromagnetic radiation). As photoluminescence
involves de-excitation of electrons from a higher energy level to a lower energy level, every
photoluminescent substance displays its own characteristic excitation and emission spectra
upon irradiation. Thiolate protected ultra-small metal nanoclusters act as promising candidates
for photoluminescence applications. Recent developments proved that water-soluble ultra-

small gold nanoclusters act as excellent PL alternatives in biomedical field due to their inherent
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biocompatibility and good photoluminescence (PL) properties. PL properties of Au NCs depend

on cluster core size and the nature of the protecting ligand.

2.4 Transmission electron microscopy (TEM)

In TEM, a beam of electrons is transmitted through a specimen to form highly magnified
images of specimens. Transmission electron microscope has the ability to display ultra-high
resolution images compared to traditional optical microscope where the optical lens is used to
magnify the image. Normal optical microscope gives the resolution in the order of millimeters
whereas TEM gives the nanometer scale resolution. Therefore, TEM is an indispensable tool in
the studies of the size and morphological features of ultra-small nanosystems with highly
magnified images. High-resolution transmission electron microscope (HRTEM) is used to
determine the ultra-small particle size and size distribution. However, during HRTEM
measurements of metal nanoclusters, it is advisable to use lower operating voltages (120-160

kV) in order to reduce the nanocluster damage/aggregation by the electron beam illumination.

2.5 Energy Dispersive X-ray Analysis (EDAX)

Energy Dispersive X-ray Analysis (EDAX, EDX or EDS) is a sophisticated analytical
technique that is used for the elemental analysis or chemical characterization of a material.
Energy dispersive x-ray systems are often attached to scanning electron microscope (SEM)
instrument where the SEM captures/selects the region of analysis in the sample and EDAX
provides the elemental analysis. SEM-EDAX is a powerful tool to examine the surface

morphology, the elemental composition and elemental mapping of a sample.

2.6 Thermogravimetric analysis (TGA)

TGA is a well-established thermal analytical technique where thermal changes of the
sample with time as a function of temperature can be measured to estimate the composition of
various components presented in the sample. The constant heating rate is essential to

understand the minute mass changes in the sample during the heating. SEM-EDAX and TGA
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both can provide the valuable information regarding the composition of the gold (Au), sulfur (S)
and organic content present in the gold nanocluster sample. Au/S ratio leads to find the

molecular formula of the synthesized cluster.

2.7 MALDI-MS (Matrix-Assisted Laser Desorption lonization mass spectrometry)

It is always a big challenge to determine the exact cluster size by employing only the
microscopic methods such as SEM and TEM because of the ultra-small size. Gold clusters had
been observed to undergo electron beam induced aggregation upon TEM measurements.>®!
within this regard, MALDI-MS (matrix-assisted laser desorption ionization mass spectrometry)
has emerged as an efficient and effective alternative analytical technique. MALDI-MS is widely

used for determining the molecular formula or mass of ligand-protected nanoclusters.

MALDI-MS contains three major components which are 1. High energy laser beam:
which converts the solid analyte molecules into gas phase charged ions. 2. Matrix: The matrix
transfers the laser energy from laser light source to the sample. 3. Detector: Which detects and
separates the ions based on their mass(m)-to-charge(z) ratios. Compared to the other
conventional mass spectrometric techniques MALDI-MS allows measuring the mass of high
molecular weight compounds such as biomolecules (such as DNA, proteins, peptides, and
sugars) and large organic molecules (such as polymers, dendrimers, etc). Because of ultra-small
size and less stability, nanoclusters usually have a propensity to undergo fragmentation or
aggregation during MALDI analysis. These difficulties make the MALDI- MS analysis quite

challenging.

In order to get the intact molecular ion peak in MALDI-MS, it is highly desirable to
choose the suitable matrix and tuning the intensity of laser beam during MALDI analysis. Dass
and co-workers demonstrated the roles of laser beam intensity and choice of the matrix in
getting the fine MALDI of Au,s(SCH,CH,Ph)g cluster.”? Matrices are low molecular weight
organic compounds (weak organic acids) having low vapor pressure with volatile nature. The

most commonly used matrices in MALDI-MS in cluster research are 3,5-dimethoxy-4-
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hydroxycinnamic acid (sinapinic acid), a-cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic
acid (DHB), and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB).
Different matrices are required for the organic solvent soluble and water-soluble nanoclusters
in order to get the proper ionization during MALDI analysis. For example, matrices like sinapinic
acid, cinnamic acid, DHB and CHCA usually gives intact molecular ion peaks for water-soluble
clusters whereas matrix like DCTB is commonly used for the formation of molecular ion peaks
of organic soluble clusters. These matrices are dissolved in highly pure solvents like water or

organic solvents (e.g., acetonitrile or ethanol).
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Figure 2.1 Different kinds of matrices used in MALDI-MS analysis

2.8 X-ray photoelectron spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS) (also known as Electron Spectroscopy for
Chemical Analysis, ESCA) is a widely used analytical technique to investigate the chemical
composition of surfaces, oxidation states, and relative composition of the constituents. XPS
characterization was used to identify the oxidation state and binding energy of the gold
clusters. Gold in gold nanoclusters shows their characteristic binding energy in XPS. XPS works
on the principles of the photoelectric effect. When an X-ray beam falls on the sample surface,

the energy of the X-ray photon is absorbed by the core electron of an atom. If the photon
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energy is more than the binding energy of the core electron, the core electron will then escape
from the atom and emit out of the surface. The binding energy of solids can be determined by

using the below equation.

BE = hv — KE — ()

Here BE is the binding energy of atom from where electron has ejected, KE is the kinetic energy

of electron and @ is the work function

2.9 Polyacrylamide Gel Electrophoresis (PAGE)

PAGE is a well-established analytical technique for the isolation and purification of
biomolecules such as proteins, nucleic acids, and enzymes etc. in biological research.
Electrophoresis is the migration of charged molecules in buffered solution in response to an
electric field created between a cathode and an anode. PAGE is a simple, rapid and highly
sensitive analytical technique for the separation of biomolecules with high accuracy. In PAGE,
migration of compounds depends on various factors such as the strength of the applied electric
field, net charge and size (molecular weight) of the molecules, ionic strength, viscosity and

temperature of the medium.

The typical polyacrylamide gels consist of acrylamide, N,N'- methylenebisacrylamide and
a buffer with an adjusted pH. Ammonium persulfate (APS) can be used as a suitable free radical
generator as well as stabilizer and ,N,N',N'-tetramethylethylenediamine (TEMED) is added to
initiate polymerization of acrylamide gels. The bisacrylamide forms cross-link in between
polyacrylamide molecules during the polymerization. The pore size of the gels can be
determined by the following two factors: (i) The total concentration of acrylamide and
bisacrylamide (%T) and (ii) the amount of crosslinker (%C). With the increasing %T, the pore size
inside the gel decreases. Thus, the higher percentage of gels (with smaller the pore sizes) are
required to separate smaller nanoclusters and vice versa. Decreasing %C results in a more open
pore structure because of the availability of few cross-linker molecules. When the %C increases,

the pore size decreases. Increasing %C beyond 5% also increases the pore size. In addition to
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the bisacrylamide, different varieties of crosslinkers such as piperazine diacrylate (PDA), N,N'-

bisacrylylcystamine (BAC), and N,N'-diallyltartardiamide (DATD) available.

PAGE separation principles were successfully employed to separate the ultra-small
nanoclusters based on their size and charge basis. First, Whetten’s group isolated the small-
sized glutathione capped gold nanoclusters by using the PAGE separation technique.[67] Later,
Tsukuda and co-workers made significant uses of PAGE in the isolation of atomically precise
water-soluble gold nanoclusters.®! Recently, Dass et al. demonstrated the PAGE separation of
glutathione-capped gold clusters and plasmonic particles from the mixture. They have
successfully isolated the 26 unique gold nanocluster and plasmonic particle constituents by

using different gel concentrations.®

2.10 Electrochemistry

Electrochemical measurements such as differential pulse voltammetry (DPV) and square
wave voltammetry (SWV) were used to measure the electrochemical redox band gap (HOMO-
LUMO) of the size selected clusters. Nanoclusters are too small to exhibit the continuum
charging behavior of bulk gold. The electrochemical band gap is the voltage difference between
first oxidation (O4) current peak and first reduction current peak (R1). The electrochemical band
gaps are comparable with the optical band gaps measured by the UV-Visible spectral studies.
Quantized double-layer charging (QDL) is observed for the cluster size (diameter) range = 1.6 —
2.2 nm, Aui40 — Auszis Whereas molecule-like voltammetric behavior has been observed in the
case of ultra-small thiol-protected gold nanoclusters such as Auss, Auss, Ausg, Auys, Augs, etc.
DPV and SWV can be employed as effective tools to understand the redox behavior and band

gaps of size-selected cluster species.
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CHAPTER 3

An Efficient One-Pot Synthesis of Stable Au;s(MPA); Nanocluster

in Aqueous Medium

3.1 Introduction

Ligand-protected metal clusters with precise compositions appear to be promising

68-72]

building units of various functional materials.! Quantum size effects and unique

geometrical structures of the ligand-protected metal clusters offer many novel properties such

67] [10,42,73] [72]

as molecule-like optical transitions,! photoluminescence (PL), guantized charging,
and so on. Novel properties along with ultra-small size and promising applications make metal
clusters a prolific target of fundamental and applied research. 56897479 Among various metal
clusters, thiolated gold clusters have drawn special attention because of their many additional
attractive features such as high chemical stability, facile surface chemistry, excellent

photostability, interesting photoluminescence properties, less toxicity, and so on.[28:80-82]

Thiolated gold clusters have shown huge potentials for various applications.[4'71'72'83]
Characteristics such as the small size, less toxicity, interesting photoluminescence along with
the absence of photo-bleaching make gold nanoclusters suitable as alternative biological
labels.?>#48! However, for various fundamental studies and specific applications, one requires

atomically-precise, stable nanoclusters of desired size, solubility, and functionality in high yield.

It has been quite challenging to synthesize atomically precise metal clusters in high yield.
Often the synthesis methods produce clusters of varied sizes, as a result, the yield is low and

14548861 £yrther, a majority of the gold

they require post-synthesis size-fractionations.
nanocluster syntheses involve two or more steps.[42’73’86] The most common nanocluster
synthesis is the classic ‘two-phase organic-water solvent’-based methods that use a variety of
organic thiols (long chain or aromatic thiols as binding Iigands).[lo] Organic thiols due to their

long alkyl chains and thiol groups act as good binding and protecting ligands for gold
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nanoclusters in organic solvents.?>2*#7] The stability of the gold nanoclusters increases with
increasing chain length of the thiolate ligand.!*®® The other approach that has been employed
to prepare nanoclusters is the ‘core-etching’ of relatively large/polydispersed clusters or
nanoparticles by the actions of excess binding ligands, suitable ions, and/or thermal
effects. 64878991

Dass and co-workers reported the preparation of glutathione protected gold
nanoclusters of different sizes and used the PAGE (polyacrylamide gel electrophoresis
technique) separation technique for the size separation.[36] Biirgi et al. synthesized N-isobutyryl-
L-cysteine and N-isobutyryl-D-cysteine bound gold nanoclusters of different sizes (Au10-12, Au-
15 and Au-18 gold atoms) and similarly employed the PAGE technique to separate nanoclusters
of different sizes."®” Yang et al. prepared water-soluble penicillamine-bound gold nanoclusters
and used a sequential size-selective precipitation technique for the size—separation.[93] Jin and
co-workers reported a one-pot synthesis method that produced glutathione(SG)-protected
Au,5(SG)1s nanoclusters along with 2 nm and 4 nm gold nanoparticles. They employed a
controlled methanol-induced precipitation method to separate Au,5(SG)1s nanoclusters and the
gold nanoparticles.[94]

In addition to the size-control, the stability and desired functionality of the metal clusters
particularly in agueous and biological media are the other important aspects of the cluster
synthesis.[%] Biological applications such as labeling, sensing, and catalysis require stable,
aqueous, non-toxic clusters with small hydrodynamic sizes and tailorable properties such as
optical absorptions, photoluminescence, etc. An appropriate choice of surface ligands is crucial
in improving the stability of the metal clusters as well as imparting desired properties. For
example, a few recent studies showed that the aggregations of Au(l)-thiolate based systems led
to exhibitions of intense fluorescence.®” %8 some studies employed post-preparation ligand
exchange to change the organic solvent-water solubility and other properties of the

nanoclusters.!*>°Y
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Here we report a facile, single step synthesis method that produces MPA-bound pure Auig
nanoclusters in an agueous medium at room temperature by using the typical reducing agent,
sodium borohydride (NaBH,). This synthesis method does not require any purification step or
pH control. The clusters can be produced in relatively large quantities and can be obtained in a

dry state which can be redispersed in water or methanol for further studies.

3.2 Materials and Methods

3.2.1 Materials

Hydrogen tetrachloroaurate (Ill) hydrate (HAuCls;-:3H,0), 3-mercaptopropionic acid
(MPA), sodium borohydride (NaBH,) were purchased from Sigma-Aldrich. Toluene, methanol,
and tetraoctylammonium bromide (TOAB) were received from SRL Chemicals Pvt. Ltd., India.
The chemicals were used as received. All the glassware were cleaned with aqua-regia. Millipore

water with a specific resistance of 18.2 MQ-cm was used throughout the experiment.

3.2.2 Synthesis

In a typical synthesis, an aqueous solution of HAuCl4-3H,0 (10 mM, 2.5 mL) was added
to that of MPA (5 mM, 12 mL) in a 250 mL round-bottomed flask. The molar ratio of MPA: Au
was 2.4:1 (with the final molar ratio of NaBH; to Au was [NaBH4]:[Au] = 10:1). After the
addition, the color of the solution changed from yellowish to colorless indicating the formation
of Au(l)-MPA complex. The solution was kept stirring continuously by using a magnetic stirrer
(~1000 rpm) at room temperature. Ice-cold NaBH4 (0.1 M, 2.5 mL) with the molar ratio of
NaBH,4: Au =10:1 was added to the reaction solution in 5 min after the addition of Au precursor.
Then the reaction solution changed its color from colorless to light brown. The stirring
continued for 3 hrs. The color of the reaction solution slowly changed from brown to light green

during this period.

3.2.3 Polyacrylamide gel electrophoresis (PAGE) separation
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Polyacrylamide gel electrophoresis (PAGE) was carried out by using GeNei-Vertical mini
Dual Gel System with a 1 mm spacer. After surveying gel compositions suitable for PAGE, we
chose 3% (acrylamide/Bis, 94:6) and 30% (acrylamide/Bis, 93:7) acrylamide monomers for the
stacking and separation gels, respectively. The eluting buffer consisted of 192 mM glycine and
25 mM tris(hydroxymethylamine). The solid MPA-bound Au nanoclusters were dissolved in 10%
(v/v) glycerol-water solution at a concentration of 20 mg/mL for loading. The sample solution
was loaded in 1 mm gel lanes and was run for 5 hrs continuously at a constant voltage of 120 V.
After the run, the band portion of the gel was cut, crushed and added to ultrapure water and
stored in the refrigerator overnight. UV-vis spectrum of the hydrosol was taken after removing

the gel lumps by centrifugation.

3.2.4 Other Characterizations

UV-Visible spectra were recorded on a PerkinElmer Lambda 35 UV-Visible spectrometer.
FT-IR spectra were measured by using Bruker Tensor 27 instrument in transmittance mode.
Thermogravimetric analysis (TGA) was done by using Shimadzu differential thermal analyzer
(DTG-60H, Japan) from 25-800°C with 20°C/min heating rate under nitrogen flow. X-ray
photoelectron spectroscopy (XPS) measurements of the clusters were performed by using
Kratos Axis Ultra DLD spectrometer with an X-ray source for monochromatic Al Ka radiation.
The binding energy of carbon (Cys) peak (284.8 eV) was used as a reference. SEM-EDAX studies
were done using HITACHI SU-1500 variable pressure scanning electron microscope (VP-SEM).
Transmission electron microscope (TEM) images were obtained on FEI-Tecnai 20G2 microscope.
Mass spectrometric studies were carried out by using matrix-assisted laser desorption
ionization time of flight MS (Autoflex Il MALDI TOF/TOF, Bruker Dalotnik GmbH, Germany)

equipped with smart beam laser (335nm; 1000Hz) in linear positive mode.

3.3 Results and Discussion

Figure 3.1 shows the time evolution of the optical spectra after the addition of NaBH, to
the solution of MPA and AuCI4_. A light brown color appeared immediately after the addition of

NaBH; to the reaction mixture and the UV-vis absorption spectrum exhibits small humps at
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wavelengths ~450 and ~560 nm. The humps developed further and then the brown color slowly
faded with the progress of the reaction. A new shoulder peak at ~620 nm in the UV-vis
spectrum developed in ~1.5 hours and the reaction solution showed greenish color in ~3 hours.
The distinct spectral features are indicative of the formation of highly pure Auis nanoclusters.
The spectral features of the final product are in nanoclusters good agreement with those of
Au1g(SG)14 prepared by the groups of Tsukuda'® and Xie*>*¥ and Au1g(SCgH11)14 by Jint1% gng
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Figure 3.1 Temporal development of UV-Visible absorption spectra during the formation of

Au1g(SC,H4CO,H)14

Based on the comparison of the optical spectra, we conclude that Au;g(MPA).4 was
formed selectively by the one-pot reaction, which will be further corroborated below by other
studies. We observed that an [MPA]:[Au] ratio of 2.4 (with [NaBH,4]:[Au] = 10) was necessary for
the synthesis of an atomically precise cluster, Auig(MPA)4. Other [MPA]/[Au] molar ratios
produced clusters of mixed sizes (Figure 3.2). Xie and co-workers reported the synthesis of BSA-
protected gold nanoclusters by maintaining the gold precursor to BSA (bovine serum albumin)
ratios."% These results suggest that appropriate kinetic and thermodynamic conditions must

be met for the facile high yield synthesis of size-selective clusters. As discussed earlier, an
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excess amount of MPA ligand could be involved in converting the initially formed small Au-MPA
clusters of various sizes selectively to Au;g(MPA)14 by chemical etching. It is interesting to note

that ubiquitous magic clusters Au,5(MPA);s were not produced under our synthetic conditions.

N W A O

Absorbance
© o o o o©o

—
L

300 400 500 600 700 800 9001,000
Wavelength (nm)

Figure 3.2 UV-Visible absorption spectra showing the effects of MPA to gold molar ratio on the

size selected synthesis of Au;g(SC,H4CO,H) 14 cluster

High monodispersity of the clusters was confirmed by the PAGE and TEM studies. A single
band on the PAGE!*! suggests the formation of a single sized nanocluster (inset, Figure 3.3).
The absorption spectrum of the PAGE separated nanocluster solution (Figure 3.3) matched
perfectly with that of the as-prepared nanocluster solution. Figure 3.4 shows a representative
TEM image of the Au;g(MPA)14 sample recorded by minimizing the electron beam exposure in
order to suppress the electron-beam-induced aggregation (Figure 3.5).[38] The TEM images

show monodisperse particles having sizes in the range of ~1.0 to 1.5 nm.
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Figure 3.3 UV-Visible spectrum of Au5(SC;H4CO,H)14 after PAGE separation. The inset shows a

photo-image of the gel after PAGE

.. 20 nm

Figure 3.4 A representative TEM image of Au;5(SC,H4CO,H)14 clusters
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Figure 3.5 Transmission electron microscope (TEM) images of Aui5(SC,H4CO,H)14 nanoclusters

showing electron beam induced aggregation.

Figure 3.6 shows the FT-IR spectra of MPA and Au;g(SC;H4CO;,H)14. IR spectrum of MPA

exhibited very broad band in the region of 2500-3500 cm™ assigned to carboxylic O-H

stretching, an intense peak at ~1695-1735 cm ™! for protonated carboxylic (C=0) stretching, a

peak at 654 cm ™ for C-S stretching, and a peak at ~2572 cm™ for S—H stretching. On the other

hand, in the IR spectrum of Au;g(SC,H4CO,H)14, the C=S stretching peak was blue-shifted to 667

cm ! and the S—H vibration peak disappeared, indicating that the MPA ligand is bound to the Au

cluster via S—Au bond.**%! The formation of the Au=S bond is supported by XPS. (Figure 3.7 &

3.8)

Figure 3.6 FT-IR spectra of MPA
(bottom) and  Auys(SC,H4CO5H)14
(top) (offset for clarity). The dotted
line shows the position of the (S—H)

vibrational frequency peak

3
S 0.6 —Au1s(MPA)14
= — MPA
'€ 0.4
2
® 0.21
= —\_/‘,.
0.0
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Figure 3.7 The S (sulfur) 2p core level X-ray — Experimental
- 360 - MultiPeakFit
photoemission spectra (XPS) of Au-MPA Peak 2p3/2
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Figure 3.7 shows the XPS spectra of the sulfur 2p region. The spectrum can be
reasonably fit by two doublets of Gaussian line shapes (with a fwhm of 0.7 eV) where each
doublet has a separation of 1.2 eV with 2:1 peak-area ratio arising from a spin-orbit coupling
(2p3/2 and 2p1/2).[104’105] The doublets with the sulfur 2ps;/, components peak at 161.2 eV and
161.8 eV. By comparison with literature, the lower energy component of the two could be
assigned to either metal sulfide or atomic sulfur.l1%1%81 Atomic sulfur might have formed during
the X-ray irradiation as was observed by Cavalleri et al.lom A calculation, by using the
relationship connecting the binding energy and the charge of sulfur, gives a charge of -0.39e
and -0.25e on S for binding energies of 161.2 eV and 161.8 eV respectively, which suggest a
covalent thiolate kind of bonds.[*% Therefore, it is likely that these peaks arise from two
different types of thiolates bound to two chemically different gold atoms in the nanocluster.
Ivashenko et al. had assigned the 161.8 eV binding energy peak to the chemisorbed RS-Au
species.[mg] However, researchers had reported the binding energies of S 2p;., in thiol
compounds attached to Au nanoparticles range between 162.6 eV-162.9 eV.110112 Tha ow
binding energy in the present case could be due to the formation of thiolate bonds with the low

coordinated gold atoms. 181314 cactner et al. reported that the S 2ps,, binding energy
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decreased in the order: unbound thiol or disulphide > thiolate in hollow site > thiolate in low-

coordination site.*%!

Figure 3.8 The Au (gold) 4f core 1,200y . Experimental Data
level X-ray photoemission spectra — MultiPeakFit
_1,000; Peak 1- 4f7
(XPS) (along with multi-peak curve | ¥ -- Peak 2- 4f7
iy — Peak 3- 47
fitting) of Au-MPA nanocluster |~ 800; Peak 1- 4f5
>
sample. Three 4f doublets (peaks "u;;
1, 2 and 3’s) with the Gaussian §
line functions of the same fwhm, £
4:3 area ratios and splittings of
3.7 eV were fit for the major two = 82 84 36 88
peaks of the experimental Binding Energy/eV
spectrum

Figure 3.8 shows the representative X-ray photoelectron spectra of the Au 4f region.
The spectrum shows Au 4f spin-orbit splitting with the Au 4f;, and 4fs,, doublet peaks
separated by 3.6 eV and a 4:3 area ratio. The binding energies of the Au 4f;,, and Au 4fs/, peaks
centered at 83.1 eV and 86.7 eV, respectively, were slightly lower than that of the bulk metallic
gold.ms] Researchers had observed earlier similar binding energies for 4f regions of gold.[116'117]
Observation of such low binding energy had been attributed to the initial state effect due to 6s-
5d charge reorganization for less coordinated surface atoms of gold.[115’118’119] A detailed shape
analysis of the Au 4f peaks with the deconvolution profiles obtained by using Gaussian line
functions reveals that the peaks are made of three doublets with binding energy separations
and area ratios characteristic of the 4f spin-orbit splitting of gold. This suggests that gold might
be present in three different oxidation states in the cluster. The Au 4f;,, components showed
peaks at 83.0, 83.3 and 83.6 eV. These binding energies could be assigned to the low
coordinated surface, core and/or thiol-bound gold atoms, respectively. It has been reported
earlier that the Au 4f;,, binding energy peak shifts by +0.3 eV in the Au(l) complexes with

respect to the Au(0) position. On the other hand, low coordinated surface atoms show a surface
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core-level shift of 0.3 to 0.4 eV with respect to the core atoms.™? A similar negative shift has
been reported for the presence of low-coordinated atoms that appear on the Au surface as a
result of the surface restructuring.™*® A shift of about +0.6 eV in the Au 4f,/, binding energy has
been observed with respect to that of Au® due to electron donation from Au atoms in the gold
nanoparticle to the surface thiolates.*®*! These reports qualitatively support three oxidation

states of gold in the cluster.

The chemical composition of Auig(SC,H4CO,H)14 is supported by the TGA and EDAX
analysis. The TGA data showed that the weight percentages of organic materials and Au were
29.2 and 70.8 wt%, respectively (Figure 3.9). These experimental values agree very closely with
the theoretical values for Au;g(SC;H4CO,H)14, i.e., 29.5 and 70.5 wt%, respectively. The atomic
ratio of Au:S was determined to be 1:0.75 by the EDAX analysis which agrees well with the
calculated value (1:0.78) for Au;5(SC,H4CO,H)14 (Figure 3.10).

100
3? 90
Figure 3.9 TGA graph of Au1g(MPA)14 e 29.2 % MPA
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Figure 3.10 A representative SEM-EDAX

spectrum of Au;g(MPA).4 nanocluster
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3.3.1 MALDI-MS analysis

Matrix-assisted laser desorption/ionization mass analysis technique has been often used
for the determination of the molecular composition of the nanoclusters synthesized. We
employed the matrix-assisted laser desorption ionization time of flight spectrometry (MALDI
TOF-MS) in order to determine the actual composition of the synthesized nanocluster. Figure
3.11 shows the MALDI-TOF MS of the gold nanoclusters. Here, the peak at m/z 4911.996 can be
assigned as  [((Auig(SCyH4CO,H)14)—(HSC,H4CO,H)], a  fragmentation peak of the
Auq5(SC,H4CO,H)14 nanocluster. Researchers had observed that water-soluble nanoclusters
protected by hydrophilic ligands undergo extensive fragmentation upon laser illumination
during MALDI-MS analysis and it is therefore not straightforward to find the parent molecular
ion in the MALDI-TOF MS.*822 A number of peaks in MALDI-MS appeared due to the loss of
MPA ligand (~ m/z 105 gap), Au-MPA (with a gap of m/z ~302= Au™’+ MPA'®), Au atoms (m/z
197), and/or sulfur atom (m/z 32). Some of the other mass spectral peaks at lower and higher
m/z regions can be attributed either to the gas phase aggregation of the clusters and clustering

of clusters arising from van der Waals attractive forces among clusters. 38101
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Figure 3.11 MALDI-TOF MS of Au15(SC,H4CO,H)14 nanocluster sample
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3.4 Conclusions

We have developed an efficient, single-step method for the preparation of pure
Au1g(MPA)14 nanoclusters in an aqueous medium at room temperature by using a conventional
reducing agent, NaBH4, and a hydrophilic, short carbon chain ligand, MPA. The relative
guantities of the gold precursor, MPA, and NaBH, play the key roles in obtaining size-focused,
atomically precise Auig clusters in high yield. The method is straightforward and does not
require any special reaction conditions such as pH or temperature control, reagent purity, etc.
The synthesized ultra-small nanoclusters can be transferred into an organic phase and obtained
in solid form. Techniques such as UV-Vis, fluorescence, and FT-IR spectroscopies, gel
electrophoresis (PAGE), TEM, EDAX, TGA, and MALDI-MS were employed for the

characterization and determination of the composition and purity of the cluster.
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CHAPTER 4

Synthesis of Ubiquitous Nanocluster, Au,s(MPA);g, in Aqueous Media

4.1 Introduction

We have mentioned in the previous chapter that atomically precise, ultra-small metal
nanoclusters protected with various capping ligands such as thiol, selenolate, phosphines
received great attention due to their widespread applications in various sectors,!’27% for
examples, catalysis, biosensing, fluorescent labeling, cellular imaging, heavy metal ion
detection, and so on.>**") small size, less toxicity, the absence of photo-bleaching and possible
manipulation of fluorescent properties of gold nanoclusters make them suitable as alternative
biological labels.®*#># Among various size-selected gold nanoclusters, Aujsls is one of the

most extensively studied cluster systems because of its extraordinarily high stability compared

to other Au NCs.

Single crystal X-ray structural studies revealed that AuysL;s prefer to exist in two
crystallographic forms such as Au,s icosahedral (ico-Au,s) and Auys bi-icosahedral (bi-Auss).
Because of two different crystal structures; ico-Au,s and bi-Auys, Auys NCs show distinct
electrochemical HOMO-LUMO bandgaps such as ~1.65 V and ~1.54 V respectively. HOMO-
LUMO band gaps of the cluster can be significantly modulated by changing the solvents and

(1281 \We have discussed earlier that the gold

counterions in the nanocluster systems.
nanoclusters have been prepared by using a number of synthesis methods, a majority of them
involve two or more steps.[lol In the early stages of cluster research, gold nanoclusters of a
given size were obtained by isolating them from the polydispersed cluster mixture by
employing post-synthetic separation techniques such as PAGE (polyacrylamide gel
electrophoresis) and various chromatographic techniques.[44’46’129] Such separation techniques

not only offer low yields but are time-consuming and expensive also. In recent years, several

procedural improvements have made in order to make the synthesis relatively easy and high
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yielding. Several ligand etching (thiol etching) and thermal etching based size focusing methods
have been developed to prepare the Au,s clusters by using different protecting ligands. Size
focusing methodology has led to the synthesis of series of atomically precise gold NCs with
different core sizes including Auas(SR)is, Ausg(SR)2s, Au1aa(SR)so, and the largest ever
AU333(SR)79.[52'55_57] In addition to the size focusing methods, ligand exchange induced “size-
conversion” methods have also been successfully used to synthesize the Au,s clusters with
different capping Iigands.[13’32’130_133]

There has been notable progress in the synthesis, isolation, and characterization of
organic soluble gold nanoclusters. However, relatively little progress has been witnessed in the
cases of water-soluble gold nanoclusters. Groups of Whetten® and Tsukuda™®¥ initiated the
synthesis of water-soluble gold nanoclusters by using glutathione capping ligand and NaBH, as
the reducing agent. It has been observed that it is difficult to prepare the size selected
nanoclusters by employing strong reducing agents alone in the reactions. A strong reducing
agent such as NaBH, is unable to control the reaction kinetics thereby often leading to the
formation of mixed sized clusters via rapid nucleation of clusters. Week reducing agents provide
the slow reduction environment and facilitate the formation of size-selected Au nanoclusters.
However, researchers used NaBH4 with systematic pH regulation to create a week reduction
environment because the reducing capability of NaBH; depends strongly on the pH of the
reaction medium. In recent years, Xie’s group has reported the synthesis of various mono- and
bi thiolate-protected Au,s NCs by using a number of hydrophilic protecting ligands and the pH-
controlled NaBH, reduction method."*” The same group reported the synthesis of water-soluble
Auys and other clusters such as Auig, Auis and Aujg.12, NCs by using carbon monoxide (CO) as a
weak reducing agent.[gg] Pradeep and coworkers reported the synthesis of Au;5(GSH),s cluster
by using sodium cyanoborohydride (NaBH3CN) which is a weak reducing agent.[38]

In this chapter, we report a simple, one-pot synthesis of atomically precise Au,s(MPA)5
nanoclusters in an aqueous medium at room temperature by using the strong reducing agent,
sodium borohydride (NaBH;) and a small capping ligand, mercaptopropionic acid (MPA).

Atomically precise Auys(MPA);s NCs were synthesized without maintaining the pH of the
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reaction. It is to be noted that earlier reports of size-selected cluster synthesis focused mainly
on the strength of the reducing agent and type of capping ligands. In this study, we
demonstrated that, in addition to these two factors, the [Thiol]:[Au] ratio as well as
[NaBH4]:[Au] ratio play pivotal roles in controlling the metal cluster size. The clusters can be
produced in relatively large quantities and can be transferred into an organic solvent and
obtained in a dry state which can be redispersed in water or methanol for further studies. The
nanoclusters were characterized by using polyacrylamide gel electrophoresis (PAGE), UV-Visible
and FTIR spectroscopies, transmission electron microscopy (TEM), energy dispersive X-ray

analysis (EDAX), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS).

4.2 Materials and Methods

4.2.1 Materials

Hydrogen tetrachloroaurate (Ill) hydrate (HAuCls;-:3H,0), 3-mercaptopropionic acid
(MPA), sodium borohydride (NaBH,) were purchased from Sigma-Aldrich. Toluene, methanol,
sodium hydroxide (NaOH), and tetraoctylammonium bromide (TOAB) were received from SRL
Chemicals Pvt. Ltd., India. The chemicals were used as received without any further purification.
Agua-regia was used to clean the glassware throughout the reaction. Millipore water with 18.2

MQ-cm specific resistance was used in the experiment.

4.2.2 Synthesis

In a typical synthesis, 80 mL of Millipore water was taken in a 250 mL round-bottomed
flask. Then an aqueous solution of MPA (5 mM, 12 mL) was added to it and mixed. The solution
was mixed by using a magnetic stirrer (~1000 rpm) at room temperature. The stirring continued
through the reaction till one hour after the addition of the last portion of NaBH,4. The molar
ratio of [MPA]:[Au] was 2.4. After the addition of MPA, an aqueous solution of HAuCl4.3H,0 (10
mM, 2.5 mL) was added to the reaction solution. Ice-cold NaBH,4 (0.1 M) was added to the Au(l)-
MPA complex solution in three steps. The final molar ratio of [NaBH,4]:[Au] was 22. In the first

step, 2.5 mL of NaBH; were added 5 min after the addition of MPA. Then 2 mL of NaBH4 were
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added after 1 hr. Similarly, 1 mL of NaBH4; were added after another 1 hr. The stirring continued
for 1 more hr, then the color of the reaction solution turned into dark brown, which is the

indication of the formation of atomically precise Au,s clusters.

4.2.3 Polyacrylamide gel electrophoresis (PAGE)

PAGE separation was carried out by using GeNei-Vertical mini Dual Gel System with a 1
mm spacer., We have chosen 3% (acrylamide/Bis, 94:6) and 25% (acrylamide/Bis, 93:7)
acrylamide monomers for the stacking and separation gels, respectively. The eluting buffer
consisted of 192 mM glycine and 25 mM tris(hydroxymethylamine). The solid Au,s(MPA)s
clusters were dissolved in 10% (v/v) glycerol-water solution at a concentration of 20 mg/mL.
The sample solution was loaded in 1 mm gel lanes and was run for 1.5 hrs continuously at a
constant voltage of 120 V. After the run, the band portion of the gel was cut, crushed and
added to ultrapure water and stored in the refrigerator overnight. The isolated cluster solutions
were centrifuged multiple times to remove the extra gel lumps. The purified clusters were used

for further studies.

4.2.4 Other Characterizations

UV-Visible spectra were recorded on a PerkinElmer Lambda 35 UV-Visible spectrometer.
The cluster stability under various pH conditions was studied with the help of UV-Visible
spectroscopy. The pH of the as-synthesized cluster solution was increased by the addition of
NaOH and was decreased by the addition of acetic acid or HCl solutions. FT-IR spectra were
measured by using Bruker Tensor 27 instrument in transmittance mode. X-ray photoelectron
spectroscopy (XPS) measurements of the clusters were performed by using Kratos Axis Ultra
DLD spectrometer with an X-ray source for monochromatic Al Ka radiation. The binding energy
of carbon (Cys) peak (284.8 eV) was used as a reference. Thermogravimetric analysis (TGA) was
done by using Shimadzu differential thermal analyzer (DTG-60H, Japan). The temperature was
varied from 25° to 800 °C under nitrogen flow with 20 °C/min heating rate. SEM-EDAX studies

were done using HITACHI SU-1500 variable pressure scanning electron microscope (VP-SEM).
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Transmission electron microscope (TEM) images were obtained on FEl-Tecnai 20G2
microscope.The differential pulse voltammetry (DPV) studies were carried out with

electrochemical analyzer CHI instruments model no. CHI440B.

4.3 Results and Discussion

Various kinetic and thermodynamic controls have been employed to achieve the size
focusing on nanoclusters.***57%37! gimilarly, researchers varied various reaction parameters
such as the strength of the reducing agent, pH of the reaction medium, and the nature of the
protecting ligands to achieve size focusing. In the present study, we have employed 3-
mercaptopropionic acid (MPA) as binding ligand and NaBH, as reducing agent without any pH
control. We have observed that in addition to the nature of the capping ligand and reducing
agent, appropriate selection of [thiol]:[Au] and [reducing agent]:[gold] ratios also play decisive
roles in the formation atomically precise cluster.*! We have employed [thiol]:[Au] ratio = 2.4
and [NaBH,]:[Au] = 22:1 for the synthesis of Auys nanocluster NaBH; was added in stepwise
manner instead of single step addition. Stepwise addition favors the formation of size-selected
nanoclusters. On the other hand, single step addition of NaBH,; produced polydispersed gold

nanoclusters, showing a featureless UV-Visible spectrum (Figure 4.1).
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Figure 4.1 UV-Visible spectra of the cluster: direct reduction vs. stepwise reduction
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UV-Visible spectroscopy was used to study the reduction kinetics of the Auys cluster
formation (Figure 4.2). After the 2 hours, the reaction solution started showing the
distinguishable Au,s cluster features in UV-Visible spectra. Around 3 hours of reaction time, the
color of the reaction solution turned into deep brown color, showing distinct absorption peaks
at 390, 440, 670 and 760 nm in the UV-vis spectra, which are the characteristic UV-Visible
absorption peaks for the Au,s clusters as reported earlier in the literature reported by various
research groups.7#%%134139-141 The different absorption peaks (humps) observed in UV-Visible
spectra arise due to the different kinds of HOMO-LUMO transitions in the cluster. The
absorption peak at 672 nm (1.55 eV) corresponds to the intraband (sp-sp) transitions. The
absorption features appearing in the lower wavelength region corresponding to the interband

transition (sp — d).[*®!

Stepwise addition of the strong reducing agent provides possibly a slow reduction
kinetics. However, even though borohydride addition steps result in the clusters of mixed sizes,
the presence of excess thiol ligands could favor size focusing via ligand-mediated etching of the
metastable/unstable cluster species, ultimately converting them to the single sized ubiquitous
Auys clusters. The temporal evolution of the UV-vis spectra supports this proposition. Our
synthesis possibly follows a combined kinetic and thermodynamic mechanism for the size-

selective synthesis.
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Figure 4.2 Temporal evolution of UV-Vis spectra during the formation of Au,s(MPA),g cluster in

aqueous solution.
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The synthesized Aujs clusters were transferred into organic phase (Toluene) by using
tetraoctylammonium bromide (TOABr) as phase transfer reagent.[m] After phase transfer,
clusters can be obtained in a dry state which can be redispersed in water or methanol for
further studies. Polyacrylamide gel electrophoresis (PAGE ) separation of the cluster gives a

single band, which confirmed the formation of a single cluster.®
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Figure 4.3 UV-Vis spectra of PAGE separated Au,s(MPA).g NCs (inset: PAGE band image)

Figure 4.3 shows the UV-Visible absorption spectra of the PAGE separated Au,s cluster,
which matches perfectly with the original Au,s cluster. TEM images (Figure 4.4) suggest that
synthesized clusters were monodispersed with an average size of ~1.5 nm. No electron beam

induced aggregation was noticed during the TEM analysis.

Figure 4.4 Representative TEM image of Auys

NCs
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The chemical composition of the Au,s(MPA)s is supported by EDAX and TGA analysis.
The Au:S atomic ratio in the as-synthesized cluster was determined to be 1:0.72 by using the

EDAX study (Figure 4.5) which is in good agreement with the Au:S atomic ratio of Au,5(MPA);g

Weight | Atomic
(%) (%)
C

cluster.

1391 2294

N 4698  58.15
) 1816  15.65
S 218 134
Au 1858  1.87
Br 0191  0.05
Total 100 100

Figure 4.5 A typical SEM-EDAX data of Au,s(MPA)+g cluster sample

The TGA data (Figure 4.6) showed the weight percentages of organic material and gold
were ~ 28 at % and ~ 72 wt%, these experimental values match very closely with the theoretical

organic and gold contents of the Au,s(MPA)g nanocluster.

Experimental value = 27.75 %
Calculated value = 27.70 %

Weight loss (%)

A
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Figure 4.6 The TGA graph of Au,s(MPA);g nanocluster sample
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We attempted to obtain the exact mass of the synthesized clusters by using matrix-
assisted laser desorption ionization time of flight spectrometer (MLADI TOF-MS). We did not

get any Auys(MPA);gs molecular ion peaks in MALDI because of the severe fragmentation

139,140]

problem in water-soluble clusters.!
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Figure 4.7 Differential Pulse Voltammetry (DPV) plot of Au,5(MPA);g in 0.1M KClI solution
showing the HOMO-LUMO band gap of the cluster

Atomically precise Au NCs show characteristic HOMO-LUMO band gaps which are highly

[128] | ee and co-workers have studied the

dependent on cluster size and geometry.
electrochemical HOMO-LUMO energy gaps of 3-mercaptopropylsulfonate (3-MPS) protected
Auys clusters in aqueous and organic phase. They reported that the HOMO-LUMO energy gap
of the Auys cluster varies from 1.39 to 1.66 V depending on solvent polarity. Band gaps obtained
from electrochemical measurements (differential pulse voltammetry (DPV) or square wave
voltammetry (SWV)) show good agreement with the optical band gaps obtained by the UV-Vis-

DRS (Ultraviolet-Visible Diffuse reflectance spectroscopy). Electrochemical methods were

widely employed to investigate the HOMO-LUMO band gaps for the organic soluble clusters by

38



using organic electrolytes such as tetrabutylammonium hexafluorophosphate (BusNPFg), unlike
the water-soluble clusters. Electrochemical HOMO-LUMO band gaps of the Au,s(MPA)4g cluster
was determined by differential pulse voltammetry (DPV) studies. The cluster showed ~1.57 eV

band gap which was characteristic of the Auss cluster system. 28144
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Figure 4.8 The Au 4f core level x-ray photoemission spectra (XPS) of Au,5(MPA).g sample

The X-ray photoelectron spectroscopy (XPS) study showed that the binding energies of
the Au 4f;;; and Au 4fs/; peaks centered at ~84.0 and 87.6 eV respectively, which were very

close to the reported binding energies of Auss clusters.”®”

4.4 Conclusions

This chapter reports the stepwise reduction method for the selective synthesis of highly
stable water-soluble Au,s(MPA)+g clusters by using NaBH, as reducing agent. Our method of the
Au NCs synthesis is much simpler than the most of the reported strategies. The method of
synthesis does not require maintenance of any special reaction conditions, such as pH, reagent
purity, high or low temperature, etc. The stepwise addition of NaBH, into the reaction solution
possibly provides milder reduction environment and/or ligand-induced etching-mediated size
focusing. The nanoclusters were characterized by using a number of techniques. This study
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shows an alternative straightforward route of size-selected cluster synthesis in an aqueous
medium. We note that the MPA ligand can be functionalized with desired molecules via its
carboxylic or thiol groups. Features like water solubility, functionality, and tailorable non-
bleaching photoluminescence make Au NCs as ideal alternative fluorescent probes for many

biological applications.
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CHAPTER 5

Tailoring the Stability and Photoluminescence Properties of

Nanoclusters in Aqueous Media

5.1 Introduction

Metal nanoclusters constitute to be a prolific area of research due to their novel
properties and applications. Metal nanoclusters have shown huge potentials for applications in
bio-sensing, fluorescent labeling, cellular imaging, catalysis, heavy metal ion detection, and so
on. Synthesis of nanoclusters of desired properties and the ability to tune the properties of the
nanoclusters are two major goals of the research in this field. Properties such as water
solubility, tunable stability, and photoluminescence make nanoclusters as promising candidates
for various applications. Water-soluble gold clusters hold great potential for biological labeling,
bio-catalysis, and nano-bioconjugates. Due to the small size, less toxicity, and non-bleaching
photoluminescence properties, gold nanoclusters are considered as alternative labels for
biological applications. Possible manipulation of photoluminescence properties provides an

additional arm for such applications.

The stability of the nanoclusters is an important factor in various studies and
applications. Highly stable NCs are required in the study of size-dependent properties and
exploration of their applications. Cluster stability is strongly influenced by the nature of the
capping ligand employed in the cluster synthesis. Capping ligands with long carbon chains and
bulky ligands (sterically hindered) offer efficient protection compared to the other small chain

22241931 The effects of surface charge on the stability of NCs have also been

capping ligands.
explored earlier. AbdulHalim et al. reported the synthesis of highly stable Agss(SR)s3g
nanoclusters by using the 5-mercapto-2-nitrobenzoic acid as capping ligand and pH-mediated
surface modification strategies for enhanced stability of the silver clusters.®>*¥ yuan et al.

demonstrated various ligand-shell engineering strategies to improve the stability of Auys
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clusters in agueous media.”! Recently, Nataraju et al. reported the phase transfer induced
stability of silver nanoclusters where sterically hindered tetraoctylammonium (TOA") counter
ions effectively enhanced the stability of silver clusters in toluene phase.[m] Kumar et al.
synthesized thermally highly stable, water-soluble Au,s nanocluster by using the captopril as
capping ligand (Captopril= (25)-1-[(2S)-2-methyl-3-sulfanylpropanoyl] pyrrolidine-2-carboxylic
acid). Au,s(Captopril);g clusters showed higher thermal stability over the Au,s(Glutathione)s
clusters in a water medium.? Similarly, Negishi and co-workers observed the enhanced
stability of selenolate protected Au-25 nanoclusters over the thiolate protected ones against
thermal dissolution and laser fragmentation.™! Jin and co-workers reported the effects of
ligand chain length on the photoluminescence of Auys NCs.**®! Therefore, in addition to the
cluster size, the surrounding or encapsulating ligands have significant impacts on various
properties (such as optical, catalytic, luminescence, biological and so on) of the Au NCs. Thus,
the selection of suitable capping ligand is essential in order to impart the desired properties
such as enhanced stability and photoluminescence of the cluster system.[l47'149]

Despite the substantial progress made in the field of nanocluster, we are far away from
establishing any essential general principles required for the rational design of size-selective
synthesis as well as tuning the properties of the nanoclusters. In this chapter, we explore how
the stability and photoluminescence of Auig(MPA)14, Auys(MPA).5 types of clusters can be tuned
in aqueous solutions. Since the MPA ligand has two dissociable functional groups, —SH and —
COOH, we have employed the pH variation strategy in order to tune the stability and

photoluminescence of Auig(MPA)14 and Auys(MPA)q5 clusters in aqueous media.

5.2 Methods and Characterizations

The cluster stability under various pH conditions was studied with the help of UV-Visible
spectroscopy. The pH of the reaction solution after the cluster synthesis was ~8.6. The pH of
the cluster solution was increased from 8.6 to 11.0 by the addition of NaOH and was decreased
from 8.6 to 5.0 by the addition of acetic acid or HCl solutions. FT-IR spectra were measured by

using Bruker Tensor 27 instrument in transmittance mode. Photoluminescence study was
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carried out with the Horiba Jobin Yvon Model FL3-22 Fluorolog spectrofluorimeter. The
guantum yields were calculated at room temperature by using rhodamine 6G (R6G) as the

reference.

5.3 Results and Discussion
5.3.1 Stability of the Aui13(MPA)14 Clusters

We have used MPA (HSC,H;CO,H) which is a water-soluble bifunctional ligand. Both the
functional groups are responsive towards the change in the pH of the solution. Thus, we used
pH variation as a simple tool for the tailoring the cluster stability and properties like
photoluminescence. The stability of the clusters under acidic and basic pH was monitored with
the help of their time-dependent UV-vis absorption spectra. Time-dependent UV-vis absorption
studies showed that the absorption intensity of Au;g(SC,H4CO,H)14 cluster began to decrease
after ~24 hr. This suggests that the as-synthesized cluster at pH ~8.6 was stable for ~24 hr
(Figure 5.1).

0.3 — Au18 cluster after synthesis
— 24 hr
48 hr
— 72 hr
0'2 96 hr

Absorbance

400 600 800 1,000
Wavelength (nm)

Figure 5.1 Time-dependent UV-visible absorption spectra of the Au;g(MPA)y4 cluster solution

(pH ~8.6)
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Figure 5.2 shows the time-dependent UV-Visible spectra of Auig(MPA).4 cluster in
toluene medium. In addition to the capping ligand, the solvent also plays a prime role in
rendering stability to the cluster. Stability of the Au-18 cluster is gradually decreasing with time

after transferring into toluene medium.
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Figure 5.2 Time-dependent UV-Visible absorption spectra of the Auig(MPA)14 cluster in toluene

solvent medium

Figure 5.3 shows the UV-Visible spectra of the aqueous dispersions of
Au1g(SC,H4CO,H)14 under different pH conditions. The pH value of the reaction solution after
the formation of Au.s(SC,H4CO,H)14 was ~8.6. It was observed that the UV-Visible spectra
retained the characteristic features of the aqueous solutions of Au;g(SC;H4CO,H)14 in the pH
range ~8-10 whereas those at pH<7 exhibited a spectral profile significantly different from that
of Au;g(SC,H4CO,H)14 with an isosbestic point at ~535 nm. Drastically different spectral feature
along with the presence of the isosbestic point under acidic conditions suggests a
transformation of Aug(SC,H4CO,H)14 to a specific species, which is corroborated by our

fluorescence studies. The spectra taken after 24 hr under acidic conditions showed
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characteristic features for the Au(lll)-complex, which could arise from the oxidative degradation

of AU18(5C2H4C02H)14 cluster.
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Figure 5.3 UV-Vis spectra of the aqueous solutions of Au;s(MPA)14 under different pH values: (a)

decreasing and (b) increasing pH

5.3.2 Stability of Au,5(MPA);s clusters

The pH of the original Auys(MPA)yg cluster solution after the synthesis was observed to
be ~9.40. Time-dependent UV-vis absorption studies of the Auys cluster showed that the UV-vis
spectral features of the as-synthesized original Au,s(MPA):s cluster began to deviate after
~8hours of preparation. However, the time-dependent UV-vis absorption studies under basic
pH showed that the cluster stability improved with increasing pH (from pH 9.4 to 12). (Figure
5.4) It was observed that the Au,s cluster at pH 12 showed the maximum stability of about 9
days. On the other hand, the stability of the cluster decreased significantly under acidic pH
(Figure 5.5). The clusters either undergo aggregation or transform into mixed sized clusters

under acidic conditions. It is interesting to note that the as-synthesized Auss clusters were more
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stable than the as-synthesized Au,s clusters. However, the stability of Au,s clusters enhanced

drastically at pH 12.
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Figure 5.4 UV-Vis spectra showing the stability of Au,s(MPA)5 clusters in basic pH: Auys original

cluster (pH 9.4) (a), Auys pH 10 (b), Auys pH 11 (c), and Au,s pH 12 (d)

Under basic conditions at higher pH, the majority of the carboxylic groups of the ligands

on the cluster surface undergoes deprotonation forming --COO(pK, of MPA: ~4.3), which

enhances the electrostatic repulsion among the clusters. These strong electrostatic repulsions

among the clusters offer enhanced stability to the clusters.
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Figure 5.5 UV-Vis spectra showing the stability of Au,s(MPA)g cluster in acidic pH (at pH 5)

At pH 12 clusters showed maximum stability. Recently, Yuan et al. reported how the
various parameters such as ligand chain length, mixed ligands, mixed ligands with opposite
charges contribute towards the stability enhancement of the Au,s cluster. The authors
observed that the cluster stability can be significantly enhanced (up to 144 hours) by using two
oppositely charged mixed thiolate capping ligands. It is worth noting that we have used a short
chain capping ligand such as mercaptopropionic acid (MPA), not a long chain or oppositely

charged mixed thiolate ligand system here.

5.3.3 Photoluminescence of Au13(MPA);4

Small  clusters show  molecule-like  photoluminescence (PL) properties.
Au15(SC,H4CO,H)14 clusters showed PL properties comparable to those of Au1s(SG)14 (Aem ~800
nm, QY ~0.4%),"® Auis(SCsH11)1a (Aem =735 nm, QY ~0.05%),"%! and (Aem =706 nm, QY
”0.1%).[101] Agueous Aug(SC,H4CO,H)14 clusters in basic pH (>8.5) showed a weak PL at Aem =

~800 nm when excited at A, = 560 nm (Figure 5.5a). The intensity of the PL peak at A, = ~800
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nm gradually increased with the increase in pH up to 10.0 (QY ~0.02 %). At pH ~6.0, we
observed two PL peaks at A = ~570 nm (QY ~0.1%) excited at Aex = 350 nm and Aem = ~690 Nm
(QY 0.03%) excited at Aex = 560 nm (Figures 5.6a and b). It should be noted that the Au-MPA
precursor complex at pH ~5.0 — 6.0 showed a similar emission at A¢m ~575 nm (QY ~0.35%)
when excited at Aex = 350 nm (Figure 5.7). However, in this case, the emission showed no

drastic change in the peak position upon changing the pH, unlike the nanocluster system.

-- Excitation spectrum (b)
- T -pH50 B
= =1 pH 6.0 -
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Figure 5.6 pH-Dependent photoluminescence spectra of Au1g(SC,H4CO,H)14 at Aex = 560 (a) and
350 (b) nm

A striking difference in the PL properties of the Au-MPA complex and the cluster was
observed when the solutions were excited with A¢, = 560 nm. The complex solutions did not
show any significant emissions. This indicates that the ~570 nm emission peak could arise from
Au(l)-MPA complex formed by the oxidative decomposition of the cluster in acidic condition.
The former shorter wavelength PL peak of the cluster disappeared at pH ~5.0, whereas the
latter peak at Aemy, = ~690 nm (QY ~ 0.12%) became very dominant (Figure 5.6b). This could be

due to the conversion of Au;g(SC,H4CO,H)q4 cluster to an unknown highly photoemissive

species(Figure 5.6b).
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Figure 5.7 pH-Dependent photoluminescence spectra of Au-MPA complex at A¢,=350 nm

The QY of the PL of Aug(SC,H4CO,H)14 could be enhanced by the phase transfer into
organic phase (toluene) by using a phase transfer reagent such as tetraoctylammonium
bromide (TOAB). The Au15(SC,H4CO,H)14 cluster was transferred from aqueous to toluene phase
within 3-5 min after mixing the aqueous dispersion of Aug(SC,H;CO,H)14 and the toluene
solution of TOAB. No significant difference was observed in the UV-vis absorption spectra
before and after the phase transfer (Figure 5.8a). This indicates that the phase transfer process
hardly affects the structure of Auig(SC,H4CO,H)14. The clusters extracted into toluene showed
PL at Aemy = ~800 nm with QY ~0.15%, which is much higher than that in water (Figure 5.8b).

Similar enhancement of PL QY was observed in the phase transfer of Auq, clusters protected by

mercaptosuccinic acid and could be ascribed to the suppression of the collisional quenching by
a thicker protecting Iayer.[SZ]
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Figure 5.8 (a) UV-vis absorption and (b) PL spectra of Au15(SC,H4CO,H)14 before and after the

water to organic phase transfer

5.3.4 Photoluminescence of Au,s5(MPA);g

The synthesized Au,s(MPA).s clusters showed red fluorescence in an aqueous medium. The
small capping ligand protected Au,s(MPA)ig clusters showed relatively weak fluorescence
compared to the previously reported Au,s clusters protected by bulky capping ligands. The
clusters showed the emission peak at 740 nm with 470 nm excitation wavelength. Like the Aug
clusters, the photoluminescence intensity of Au,s clusters gradually increased with decreasing
pH (acidic medium) (Figure 5.9). The calculated quantum yield (QY) of the Au,s original cluster
was 0.001%. QYs of Au,s clusters were as high as 0.007% at pH 5 whereas 0.0003% at pH 11.
The reported QY are comparable with the PL of Au,5(SG)is (SG= Glutathione) reported by
Pradeep and coworkers.?>*% Similar red luminescence had been observed earlier in the cases
of Auig and Auys clusters, 38148 However, the peak position and the fluorescence intensity not

only depend on the core but on the nature of capping also.
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Figure 5.9 The excitation and photoluminescence spectra of Au,s(MPA);s clusters in acidic and

basic media

Ultra-small metal nanoclusters show photoluminescence because of their molecular like
electronic states. The ultra-small size of clusters causes the strong quantum confinement of
free electrons in the particles. Thus, the continuous density of states metals breaks up into
discrete energy levels. This leads to the size-dependent photoluminescence and other
attractive molecule-like properties. In addition to the core, the surface ligands and cluster
charge play important roles in determining the photoluminescence properties of the Au
NCs.**®! The surface ligands had been proposed to influence the photoluminescence in two
ways: (i) the charge transfer from the ligands to the metal NC core through the Au-S bonds and
(ii) the direct donation of delocalized electrons of electron-rich atoms or groups of the ligands

to the metal core.

Our nanocluster solutions showed complex pH dependent photoluminescence property.
Although the exact details of the origin of such photoluminescence are not clear at this

moment, the pH-dependent PL behavior is possibly associated with the degree of MPA-
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mediated aggregation of the Au-MPA complex as well as the clusters. Researchers had earlier
reported solvent- and ion-mediated aggregation-induced emissions for ligand-protected gold
and copper clusters.™ At low pH, most of the —COOH groups (pK; 4.3; but the apparent
surface pK, may be different, ~6.4) and almost all thiol groups (pK,; ~10) remain protonated. As
a result, both the precursor complex molecules and Auig(MPA)14 clusters can form aggregates
via hydrogen bonding between —COOH groups; thus showing pH-dependent aggregation-
induced emission. When the pH value increases, the carboxylic (and, maybe, —SH) groups are
dissociated forming negatively charged carboxylate (and thiolate) species. The deprotonation
and the electrostatic repulsive force suppress the aggregation process. This explains the
decrease in emission intensity at two shorter wavelengths with the increase in pH of the
medium. However, the weak emission at Ao, = ~“800 nm that increases in intensity with the pH

increase could be ascribed to the free cluster fluorescence.

5.4 Conclusions

We have demonstrated that a simple factor such as pH of the cluster solution can be used to
tailor the properties of clusters by a judicious choice of the capping ligands. The Aug(MPA)4
and Au,5(MPA);g NCs exhibit interesting pH-tunable stability and photoluminescence (both
wavelength and quantum vyield). The selection of the bi-functional binding ligand such as 3-
mercaptopropionic acid provides simple tools for the tuning of the properties of the cluster in
an aqueous medium. Our results clearly demonstrate that the stability of the cluster can be
systematically improved by increasing the pH of the cluster media. The strong electrostatic
repulsive forces acting between cluster species in basic medium play a crucial role in enhancing
the stability of the cluster in basic medium. The tunable photoluminescence arises from the pH-
mediated assemblage and disassemblage phenomena of the bi-functional ligand, MPA.
Quantum yield of Aug cluster photoluminescence at ~800 nm increased with the increase in pH
value (0.02% at pH~10) and further increased to 0.1% after phase transfer by

tetraoctylammonium ions into toluene medium.
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CHAPTER 6

Catalytic Properties of Au;g(MPA)14and Au,s(MPA).s Nanoclusters:

Reductions of Ortho- and Para-Nitroanilines by NaBH, in Water

6.1 Introduction

Finely divided metals are highly desirable as catalysts in many chemical transformations.
Although bulk gold is relatively inert, in the late 1980s, Haruta and coworkers discovered the
exceptional catalytic behavior of supported gold nanoparticles towards the CO oxidation at sub-
ambient temperatures (200 K).“SZ] Since then researchers had employed finely divided gold,
particularly nanoscale gold particles, of different sizes and morphologies as catalysts in various
kinds of reactions. Nanoparticles show excellent catalytic properties, which are highly
dependent on the size and shape of the particles. In last two decades, gold nanoparticles
became irreplaceable catalysts for a wide range of chemical reactions.!*>371>%

Nanoscale systems constitute of broadly two regimes, namely, nanoclusters and
nanoparticles. Nanoparticles provide plenty of active sites for enhanced catalysis owing to their
structural features like corners, edges, steps, crystal facets, and defects and the large surface-
to-volume ratio. On the other hand, nanoclusters consist of a small number of atoms like
molecular entities. Thus, the nanoclusters could act as individual active sites and could show
strong catalytic activity. Further, it is worth noting that, from a given quantity of materials, the
number of ultra-small clusters that can be prepared is very large compared to that of
nanoparticles. Thus, the cluster catalysis requires a very small quantity of materials, which is an
important factor in the cases of precious metals. These interesting sets of properties make
nanoclusters very promising as catalysts. However, often solid-supported nanoclusters have

been used in catalysis.
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In recent years, ligand-protected gold nanoclusters have attracted tremendous
attention because of their ultra-small size (~1-2nm) and novel physicochemical properties.”
Au NCs can act as efficient catalysts for different chemical transformations because of ultra-
small size and tunable surface chemistry.®>*3%¢l Ujtra-small Au NCs protected by thiolate
capping ligands have been used as catalysts for various oxidation and reduction chemical
reactions. Ligand protected gold nanoclusters deposited on various solid supports such as metal
oxides (e.g., SiO,, TiO,, Al,O3, etc.), CNTs, graphene oxide, and activated carbon (AC) act as
promising catalysts for chemical transformations like oxidations of carbon monoxide (CO),
alcohols, alkenes, etc. and reductions of nitro derivative, carbonyls, etc.**”! In the cases of
supported metal nanocluster catalysts, metal-support interactions play a critical role in
influencing the catalytic activities of Au NCs. In addition, solid support protects the nanocluster
from aggregation during catalysis process. Hence, selection of suitable solid support is crucial in
enhancing the catalytic activity of clusters. Recently Fang et al. demonstrated the role of solid
support in tuning the catalytic activity of Auss NCs. 18l

The oxidation of carbon monoxide has been extensively studied by using various
supported Au NC catalysts.“sg] Several computational studies on the oxidation of carbon
monoxide by using supported Au NCs were also reported.[leo] Jin et al. and Chen et al. have
successfully employed the TiO,-supported Au,s(SR)1g and Auyg,(SPh)ss catalysts for the selective
oxidation of various organic sulfide derivatives into sulfoxides by using idosylbenzene (PhlO)
oxidant, 37161 Supported Auys(SR)1z and Auipy(SPh)ss/TiO, catalysts have shown excellent
catalytic activity under mild reaction conditions. Recently, Wan et al. have reported the
catalytic activity of Ausg/TiO, supported catalysts for the semi-hydrogenation of alkynes also

demonstrated the effects of the capping ligand in tuning the catalytic activity of Ausg NCs.

In addition to the heterogeneous catalysis, free-standing atomically precise Au NCs also
have been used as efficient catalysts in homogeneous catalysis. It is relatively easy to modulate
the accessibility, activity, and selectivity of the catalysts in homogeneous catalysis. Xie and
coworkers demonstrated various ligand shell engineering strategies to improve the catalytic

activity of Auys NCs in aqueous media. It was observed that the clusters with small capping
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ligands showed enhanced the catalytic activity by facilitating the better accessibility of the

(1821 Thiol-stabilized Aujsl;s clusters were

reactant molecules onto the catalyst surface.
employed as homogeneous catalysts for the reduction of 4-nitrophenol. They observed that
Auys clusters could retain their structural integrity during the catalysis because of their high
stability.[leg]

It is evident that the capping ligands play important roles in the catalytic activities of Au
NCs Bulkier ligands offer more steric hindrance and restrict the cluster-reactant interactions
during catalysis which could decrease the catalytic efficiency of Au NCs. Therefore, it is highly
desirable to choose the suitable surface capping ligand in order to achieve a higher catalytic
activity of Au NCs. Further, recent studies revealed that capping ligands could modulate the
reaction pathway also. Xie and co-workers reported that Au,s(p-MBA).s catalyst modulate the
reaction pathway of 4-nitrophenol hydrogenation.[l64] In this chapter, we describe a study on
the catalytic properties of mercaptopropionic acid (MPA) protected aqueous Augand Au,s NCs
towards the reduction of nitroanilines by a NaBH,; reducing agent in water solvent without

using any solid support. Water solubility and small surface capping ligand, MPA make Au

clusters as promising candidates for catalytic applications.

The reduction of nitroaromatic compounds to amino derivatives is a frequently studied
model reaction. This reaction can be easily monitored spectrophotometrically due to the color
change that occurs during the reaction. Ortho and para nitroanilnes are very important nitro
compounds, which can be readily used as the starting materials for the synthesis of
phenylenediamines (diaminobenzenes). Ortho- and para-phenylenediamines can act as
attractive intermediates in the preparation of many organic dyes, pigments, and ponmers.llss]
Further, ortho- and para-nitroanilines are very toxic to the humans as well as aquatic
organisms. Nitroanilines are considered as nonbiodegradable or slowly degradable which are
highly hazardous to the environment if released as a poIIutant.[166’167] Therefore, it is important
to design suitable catalysts for the efficient reduction of ortho- and para-nitroanilines under

ambient conditions. We demonstrate that our nanoclusters at ppm level concentrations show

superior catalytic activity in comparison with spherical Au nanoparticles.
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6.2 Materials and Methods

6.2.1 Materials

Hydrogen tetrachloroaurate (Ill) hydrate (HAuCls;-:3H,0), 3-mercaptopropionic acid
(MPA), sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. Toluene, methanol,
sodium hydroxide (NaOH), and tetraoctylammonium bromide (TOAB) were received from SRL
Chemicals Pvt. Ltd., India. The chemicals were used as received. Aqua-regia was used to clean
the glassware throughout the reaction. Millipore water with 18.2 MQ-cm specific resistance

was used throughout the experiment.
6.2.2 Characterizations

UV-Visible spectra were recorded on a PerkinElmer Lambda 35 UV-Visible spectrometer.
The pH of the reaction solution after the cluster synthesis was ~8.6. FT-IR spectra were

measured by using Bruker Tensor 27 instrument in transmittance mode.
6.2.3 Reduction of Nitroanilines

Reduction of nitroaniline to diaminobenzene by using NaBH4 was carried out at room
temperature (25 °C). In a typical reaction, 50 pL of Au NCs (0.0025 mg) was added to the NA
solution. 3x10™ M and 1.125x10™ M solutions of 2-NA and 4-NA, respectively, were used. After
mixing, 300 uL of NaBH; (0.1M) was added to initiate the reaction. The pH of the reaction
solution was ~5.8 before the addition of NaBH,; which changed to 9.45 after the addition of
NaBHj4. The progress of the reduction was monitored by using a UV-vis spectrophotometer as
nitroaniline absorbs in the UV-vis range of electromagnetic spectrum. The reaction was

performed in a quartz cuvette.

6.3 Results and Discussion

It has been demonstrated that various supported and non-supported thiol protected Au
NCs nanoclusters act as potential catalysts for the reduction of nitro compounds including
nitrobenzene, nitroanilines, nitrophenols and their derivatives.®>'%% |n most of the reports,

ultra-small Au NCs on different solid supports were employed for the efficient and selective
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reduction (hydrogenation) of nitro compounds.[lss] Capping agents play important roles in the
catalyzed reactions. We employed water-soluble MPA-capped Auj;gs and Au,s NCs as model
catalysts for the reduction of 2-nitroaniline and 4-nitroaniline by NaBH,4 at room temperature.
As synthesized MPA protected Auig and Auys clusters act as efficient catalysts for the reduction
of ortho- and para-nitroaniline (2-NA and 4-NA respectively) to respective diaminobenzenes.
Au,s cluster retains its structural integrity in catalysis reactions (which allows the cluster
recyclability) because of its remarkable stability and stable crystal structure. However, Auig
clusters undergo degradation during catalysis.mg}

Agueous nitroanilines show vyellow color. 2-NA shows it's characteristic UV-vis
absorption bands peaking at ~280 and 410nm whereas 4-NA shows at ~220 and 370nm in
water (Figures 6.1). Therefore, Au NCs catalyzed reduction kinetics was monitored by using UV-
vis spectroscopy. Figures 6.1 shows the time-dependent UV-vis absorption spectral change
during the Au NCs catalyzed reductions of nitroanilines by sodium borohydride at room

temperature.

The disappearance of yellow color indicates the progress of the reduction reaction, i.e.,
the conversion of a nitro group into amine group. We followed the reduction kinetics by
following the decrease in the absorbance of 420 nm and 370 nm peaks in the case of 2-NA and
4-NA respectively. The absorbances of the Au NCs do not affect the absorbance of nitroanilines
at these two wavelengths because the quantities of the Au NCs used as catalysts were
negligible. The new absorption bands that appeared indicate the formation of
diaminobenzenes. 4-NA showed greater induction period (~3 minutes). On the other hand, no
significant induction period was observed for 2-NA during the catalyzed reaction. Figure 6.1
shows that the absorbance decreases almost linearly with time after the induction period of 10

seconds.
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Figure 6.1 UV-Vis spectra and absorbance vs. time plot showing the Au,s catalyzed reduction of
ortho-nitroaniline (a,b) and para-nitroaniline (c,d) by using NaBH; as the reducing agent in

water solvent
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Figure 6.2 Control experiments: UV-Vis spectra showing the reduction of 2-NA (a) and 4-NA (b)

by NaBHj, in the absence of Au NC catalyst
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In the absence of Au NCs as catalysts, hardly any reduction occurs. The control experiments

show that the reduction reactions are extremely slow in the absence of Au NCs.

Figure 6.1 shows that the absorbance vs. time plot is linear up to ~80 to 90% of the
reaction. It suggests that Au NCs catalyzed nitroaniline reductions follow zero order reaction

kinetics according to equation (1).

Ac-Ao=-kt e (1)

Where A; and Ag are the absorbance values at times, t and 0 respectively, of the reaction and k
is the zero order rate constant or specific reaction rate. The magnitude of k can be a measure of
the catalytic efficiency. The rate constant, k, can be calculated from the slope of the straight
line obtained by plotting A, vs. t graph as shown in Figure 6.1. The rate constants (k's) were
determined to be 0.22 M.min™* and 0.16 M.min* for 2-NA and 4-NA respectively for 50uL of Au
NCs. We have used up to 200uL of Au NCs; however, the rate constants hardly changed in this
change range. The zero order reaction suggests that the catalyst is possibly saturated with the
reactants and the reaction might be a surface catalyzed reaction. It is not clear at present why
there is a longer induction period present and why the Au NCs catalyzed the reduction of 4-NA
has a smaller rate constant compared to that of 2-NA. These could be due to their structural
difference leading to different interactions with the Au NCs. The almost similar catalytic
property was observed in the case of Aujg NCs. It is interesting to note that a comparison of k
values revealed that the Au NCs showed superior catalytic activity compared to many gold

nanoparticle counterparts of 10 to 20 nm sizes, 1697172
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Figure 6.3 UV-Vis spectra showing the 2-NA catalysis with 100 and 200 uL Au NCs
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4-NA catalysis (Au25 100ulL)
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Figure 6.4 UV-Vis spectra showing the 4-NA catalysis with 100 and 200 uL Au NC

We know that finely divided particles and nanoparticles offer large surface-to-volume ratio
as well as many corners, edges, steps, crystal facets, defects, etc. which provide plenty of active

sites for enhanced chemical reactivity and/or catalysis. However, nanoclusters consist of only a
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small number of atoms like molecular entities. NCs have defined frontier orbitals, HOMO, and
LUMO, which can interact with other molecules. Thus, the small nanoclusters can act as
individual active sites and can exhibit huge catalytic activity owing to the presence of huge

numbers of ultra-small clusters-cum-active sites.

6.4 Conclusions

In this chapter, we described the catalytic properties of water-soluble clusters, Au;g(MPA)14
and Auys(MPA)gg, in the reduction of nitroanilines by using NaBH, as reducing agent in water
solvent media. Gold nanoclusters with hydrophilic binding ligands act as water-soluble
homogeneous catalysts. The as-synthesized Auig(MPA)14 and Au,s(MPA);s nanoclusters showed

superior catalytic effects compared to that of gold nanoparticles of 10-20 nm sizes.
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CHAPTER 7

Au;3(MPA)14 and Auy5(MPA);s Nanoclusters as Raman Substrates:

pH-Mediated Tuning of Raman Scattering Properties of MPA

7.1 Introduction

Surface-enhanced Raman scattering (SERS) is a well-established and highly sensitive
analytical technique which can provide valuable information about the molecular structure,

(17371781 |y recent years, surface-enhanced Raman

conformation and molecular interactions.
scattering spectroscopy (SERS) has gained tremendous attention because of its widespread
applications in various analytical techniques.”*7! Noble metal nanoparticles (particularly gold
and silver nanoparticles) of different sizes and shapes already being used as an excellent Raman
supporting materials for SERS because of their unique localized electromagnetic field
enhancement. 8418 Significant progress has been made in the synthesis of metal nanoparticle
systems of desired size, shape and composition in order to achieve the effective SERS signals of
the analyte molecules.!*®®

Recent reports have demonstrated that, in addition to the nanoparticle systems,
nanoclusters of silver and gold also act as efficient substrates for Raman signal

[187.188] Several theoretical and computational studies involving gold and silver

enhancements.
nanoclusters predicted moderate to high Raman signal enhancements of analyte
molecules.!”>1% Chakraborty et al. used Agis, cluster for the Raman enhancement of
Rhodamine 6G (R6G), crystal violet (CV), and adenine. The cluster showed strong enhancement

of the order of 10°.1*%

G.C. Schatz and co-workers reported detailed time-dependent density functional theory
(TDDFT) studies on Raman enhancement of Pyridine and Pyrazine molecules by using Agao
nanoclusters.’ 9% The same group systematically applied the time-dependent density

[193]

functional theory (TDDFT) in order to understand the size dependence of Raman
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enhancement of pyridine molecule adsorbed on silver clusters, Agn (n- 2-8, 20)- There have been
several other TDDFT studies on the Raman enhancement of pyrazine and pyridine molecules
on different silver and gold nanoclusters.!***** Most of the previous theoretical studies (DFT,
TDDFT) were focused on the SERS of silver nanoclusters, very limited reports were available on
SERS of gold nanoclusters. Aikens et al. studied the absorption and surface-enhanced Raman
scattering of pyridine molecule by using Au,o nanocluster system and reported nearly 10%-10*
fold Raman enhancement.™! Researchers reported that gold caged clusters such as M@Auy,
(M=V", Nb", Ta’, Cr, Mo, W, Mn*, Tc*, and Re") and bimetallic gold nanoclusters such as AusAls,
Au-Ag also act as efficient Raman substrates for various probe molecules.®*%¢71% Tjahuice et
al. have calculated the IR and Raman spectra of thiolate-protected gold lusters with
4,12,18,19,25 Au atoms by using DFT calculations.™® Varnholt et al. systematically studied the
Raman spectra of gold nanoclusters with different sizes and capping ligands to understand the
effect of cluster size and capping ligand on the binding of Au-S bond.”® In this Chapter, we
demonstrate how the Raman scattering property of the capping ligand, MPA, of Auig(MPA)4

and Au,5(MPA)g nanoclusters can be tailored by varying the pH of the cluster solutions.

7.2 Materials and Methods

Auig(MPA)14 and Auys(MPA)qg cluster solutions, 1M NaOH (aq. Solution), 0.1M HCI
solution and Millipore water (18.2 Mega Ohm resistance) were used. Synthesis of Au;g(MPA)14,
Au,5(MPA)g clusters are given in Chapters 2 and 3. The pH of Auig(MPA)14 and Auys(MPA)qg
cluster solutions after the synthesis was 8.6 and 9.40 respectively. The pH of the cluster

solutions was modulated by using 1M NaOH and 1M HClI solutions.

EZ Raman-N EM Wave Optronics spectrometer was used to study the Raman
enhancements, the UV-Visible spectrophotometer was employed to monitor absorption

spectra of clusters at different pH conditions.
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7.3 Results and Discussion

We have taken the Au,s(MPA):s and Auig(MPA)q4 nanoclusters (NCs) as model systems
in order to study the Raman enhancement of MPA capping ligand by using Au NCs as Raman
substrates. Figure 7.1 shows that the characteristic Raman signal intensity of the MPA ligand in
Au,s(MPA)5 original cluster is very small. MPA ligand interacts with the gold core through sulfur
atom (Au-S) which was evidenced by the FT-IR studies. Thiol group (—SH) of MPA molecule
gives its characteristic vibrational peak at 2575 cm’, which was absent in Au-MPA clusters. The
disappearance of —S—H vibrational peak ( at ~2575 cm™) confirms the formation of Au-S

bond.!2°Y

Upon the pH variation of the cluster solution, it was observed that the Raman spectra
of the cluster bound MPA are highly sensitive to the pH of the cluster medium. For example,
comparison of the Raman spectra of the free MPA and MPA bound to Au,s clusters (Figure 7.1)
shows that there is a significant increase in the Raman intensities of certain vibrational modes
of MPA molecule with the decrease in the pH of the medium. The detailed Raman peak
assignment and their intensity enhancements are given in Table 7.1. The vibrational peaks for
the MPA molecule were assigned mainly based on the literature values.”®™ we focused on a
few important vibrational modes such as Au-S—C stretching mode (~220 cm™), Au-S breathing
mode (~270 cm™), in-plane bending C—S—H (~890 cm?), C-S stretching mode (~760 cm™), 0—-C—
O rocking mode (~476 cm™), —CH, wagging modes (~1250 cm™, ~1320 cm™), in-plane bending
of —CH, (~1430cm™), and C=0 stretching mode (~1710 cm™).

The Au-S breathing (270 cm™) and Au-S—C stretching (~220 cm™) modes were
significantly enhanced when the pH of the medium decreased to 5. The appearance of the 220
and 270 cm™ vibrational peaks suggest that the MPA ligand binds to the cluster through sulfur
(Au=S bonding). This was corroborated by our FT-IR and XPS studies. In acidic medium,
symmetric stretching of C-S (~760 cm™) and in-plane bending of C-S—H (~890 cm™) vibrations
were enhanced up to ~50 and ~90 times respectively with respect to that of the original cluster

solution. Nearly 35 and 25 folds of enhancements were observed for the CH, wagging and
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bending modes respectively. The carbonyl stretching (CO) peak of MPA has enhanced ~130

folds at pH 5.

Table 7.1 SERS peak and corresponding Raman intensity of MPA bound Au,s(MPA)5 clusters at

different pH values

Vibrational

modes

breathing

Au-5-C

bending

cs
stretching
(sym)

-SH inplane
bending

C
wagging

CH2 inplane
bending

oco
rocking

Wavenumbers

(em-1)

~220cm™?

~ 270cm?

~760cm?

~890cm™

co ~1710cm?
stretching
H2

~ 1250, 1320 cm?

~1430cm-1

~ 476 cm?

35

72

14

25,35

14

Original
Au,(MPA),
cluster(pH

42

22

51

94

120

120

55

75

140

192

580

2090

1860

2400

1250

645

112

128

465

1470

1400

1400

865

410

63

75

140

540

520

660

363

168

33

30

135

335

330

380

202

130

12

23

31

145

79

47

45

We have observed the similar Raman enhancements in the case of Auig(MPA)y4 cluster

also. However, in spite of the same MPA concentration, higher Raman enhancement was

observed in the case of Au,s clusters under the same pH conditions.
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Figure 7.1 SERS spectra of Au,5(MPA);g nanocluster in basic media
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Figure 7.2 SERS spectra of Au,5(MPA).g NCs in acidic media
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Figure 7.3 Raman spectra of Au;g(MPA)4 under acidic and basic pH conditions

It’s generally believed that SERS signals are enhanced by two mechanisms: chemical and
electromagnetic enhancement mechanisms. Chemical enhancement is attributed to the change
in the polarizability owing to the charge-transfer (CT) between the substrate cluster and probe
molecule. On the other hand, the electromagnetic enhancement (EM) owes its origin to the
enhanced local electromagnetic field caused by the intra-metallic excitation.™® The clusters
are too small to exhibit the plasmon effect such as local field enhancement. Moreover, no
plasmonic particle features were observed in the UV-vis spectra in acidic pH which ruled out the
formation of nanoparticles. Therefore, we believe that the Raman enhancement in the cases of
such ultra-small clusters occurred via the chemical enhancement mechanism. However, the
total change in the polarizability of the system depends on various factors such as molecule-
cluster interactions, the charge transfer from the molecule to the metal cluster, and the

orientation of the molecule with respect to the substrate.””!
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In our cases, the Raman enhancement depends on the pH of the medium. We speculate
that pH-dependent aggregation of the clusters in acidic medium might bring two or more
clusters closer to each other thereby enhancing the Raman signal as was predicted by a
theoretical study by Schatz and coworkers.!**" Theoretical calculations showed that a pyrazine
molecule bridging two Agy clusters showed very high Raman enhancement (nearly 10° folds).
However, the relative orientation of the ligand molecule, interactions between the ligand
molecules as well as the ligand and the cluster have also been reported to strongly influence

the Raman signal intensities of the ligand molecules.

In order to better understand these factors, we collaborated on a Density Functional
Theory (DFT) based study on the pH-dependent Raman spectra of Aus clusters capped with
MPA. The interaction energy (Ei.) calculated based on zero point corrected electronic energy
(Ez) of dimer Aus-MPA-Con1 and dimer Aus-MPA-Con2 (Conl, con2 are conformations 1 and 2
respectively) were -29.9 and -18.5 kcal/mol respectively (Figure 7.4). In terms of free energy,
the Con1 is lower by 6.1 kcal/mol compared to Con2. This indicates that a dimer system bridged
by the interaction of MPA carbonyl oxygen of one cluster with the neighboring gold cluster is
more stable compared to the dimer formed by the ligand to ligand interaction through
carboxylic groups. Both the conformations show similar trends in acidic and basic conditions
(Figures 7.5 and 7.6). While the interaction energies of conl and 2 of the acidic dimer are -46.5
and -3.8 kcal/mol respectively, the energies for con1 and con2 of basic dimers are -120.9 and -
60.4 kcal/mol. Further discussion is carried out only on conformations 1 of acidic and basic

dimers.

Optimized dimer geometries of neutral, acidic and basic conditions shown in Figures 7.4
to 7.6 are C2 symmetric. Compared to the basic structure, the gold clusters aggregated largely
in an acidic environment (Figures 7.5 and 7.6). This agrees with experimental observation. The
Au-S bond length in acidic and basic structures was 2.6 A and 2.4 A respectively. The larger Au-S
bond lengths in acidic structure compared to that of basic geometry indicates that possibility of

gold cluster aggregation in the realistic acidic environment.
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The calculated static polarizability of neutral, acidic and basic dimers of Aus-MPA (all are
Conl) were 381.95, 418.72 and 371.52 a.u. respectively. The larger polarizability of acidic
structure compared to its counterparts indicates that change in charge distribution of acidic
dimer when it interacts with the external electric field is greater than that of other two dimers.
The larger change in the distribution of charge leads to a greater induced moment. We ponder
over the vibrational modes that cause for larger molecular polarization of the acidic structure in

the following discussion.

The interaction of light (or external electric field) with the molecule may lead to either
non-resonance (normal) or resonance Raman scattering. In normal condition, the molecular
vibration that leads to induced dipole moment is characterized as totally symmetric and non-
totally symmetric based on depolarization ratio (p). Comparison of Raman spectra along with
depolarization ratio on acidic and basic structures for all the modes of vibrations is shown in
Figure 7.7 and data of a few modes are shown in Table 7.2. From Figure 7.7, we notice that the
number of modes of depolarization ratio greater than 0.7 is more in acidic dimer compared to
that of basic dimer except in the frequency range 500-1000 cm™. In the range, 1500 - 2500 cm,
only the acidic structure shows intense spectral line at 2500 cm™ with Raman intensity of 173.9

a.u. The spectral peak is assigned to S-H stretching, which is absent in basic structure.

Experimentally observed enhanced Raman intensity of acidic structure compared to the
basic structure is agreed with theoretical Raman spectra for a few modes of vibrations, namely
vl and v2, in the frequency range of 500-1000 cm™ (Table 7.2). This is due to smaller
depolarization ratios of the modes in acidic structure (p = 0.3706, and 0.2791) compared to that
in basic structure (p = 0.7446). The mode, v3 is absent in basic structure. The modes v4 and v4'
are not comparable between the structures as the former couples SH rocking with CCC
symmetric stretching whereas the latter is only CCC symmetric stretching. The Raman intensity
of modes v5 and v6 are greater in basic structure as their depolarization ratios are smaller than
that of an acidic structure. The mode v7 is specific to the basic structure. Other modes v8- v10
can be seen only in acidic medium. Even though the depolarization ratio of mode, v10, is above

0.7, it shows large Raman intensity due to the electronic coupling of OH group with the gold
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cluster. The coupling leads to charge transfer and can be considered as chemical enhancement
of the mode. Out of all the 10 modes shown in the Table 7.2 only 4 modes are common v1, v2,
v5, v6 to both the structures. While the first two are intense spectral lines in acidic structure,
the last two are intense in basic structure. Five modes, v3, v4, v8- v10 are specific to acidic
structure and show significant peaks in the spectra. The v7 is seen only in basic structure.
Overall, data indicates greater polarizability of acidic structure compared to that of its basic
counterpart is due to significant Raman activity of S-H and O-H stretchings, which are absent in
basic structure. The theoretical study indicates that the acidic and basic structures of Au3-MPA
are different and number of modes that show intense Raman activity increases as medium
changes from basic to acidic nature. This may be the reason why the intensity of Raman

spectral lines increased in the acidic medium compared to that observed in basic medium.
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Table 7.2 Modes of vibrations, wavenumbers, Raman intensities and depolarization

ratios of dimer Aus-MPA, conl optimized at B3LYP/6-31++G U LANL2DZ level of theory in the

gas phase. Here, w: wavenumber, R.l.: Raman Intensity, p: Depolarization ratio.

Symbol Mode of Dimer Aus-MPA, conl
vibration
Acidic Basic
w cm? Rl (a.u.) p w cm? Rl (au) P
vl C-C-C-O 540.9 41.1 0.3706 546.8 9.2 0.7446
torsion 571.5 45.8 0.2791
v2  C-Sstretching 599.1 21.1 0.1818 640.7 14.8 0.3137
597.6 17.5 0.2405 641.5 0.0
v3 O-H&S-H 789.6 57.3 0.3541 - - -
rocking 827.6 52.5 0.3715
vd  S-Hrocking+ 840.8 12.7 0.2313 8474 29.4 0.1700
C-C-Csym. 843.6 7.6 0.4687 (v4':
Stretching C-C-C
sym.
Stretching
v5  C-C-Coutof 956.1 7.1 0.5812 942.9 38.9 0.3935
plane bending
v6 H-C-H in plane 11495.7 24.8 0.6136 15054 27.5 0.5749
bending 1511.5 17.3 0.6352
v  0=C=0 - - - 1542.1 78.3 0.4345
symmetric
stretching
v8 C=0 stretching 1658.8 41.6 0.1558 | - - -
1638.0 32.1 0.3041
v9 S-Hstretching  2500.2 173.9 0.2130 - - -
2497.4 145.2 0.1597
vl0 | O-H Stretching 2954.53 | 548.6 0.7189 | - - -
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Figure 7.4 Geometries of mercaptopropionic acid (MPA), Aus tagged MPA (Aus-MPA), and

dimers of Auz-MPA (Dimer Aus-MPA) optimized at B3LYP/6-31++G U LANL2DZ level of theory in

the gas phase. Here, Conl and con2 stand for conformation 1 and conformation 2 respectively.

(Color labels: yellow = Au, pink =S, red = Oxygen, grey = Carbon and white = Hydrogen)
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Figure 7.5 Geometries of Aus tagged MPA (acidic-Aus-MPA), and dimers of Aus-MPA (Acidic -
Dimer Aus-MPA) optimized at B3LYP/6-31++G U LANL2DZ level of theory in the gas phase. Here,
Con1 and con2 stand for conformation 1 and conformation 2 respectively. (Color labels: yellow

= Au, pink = S, red = Oxygen, grey = Carbon and white = Hydrogen)
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Figure 7.6 Geometries of Auz tagged MPA (basic-Aus-MPA), and dimers of Aus-MPA (Basic -
Dimer Aus-MPA) optimized at B3LYP/6-31++G U LANL2DZ level of theory in the gas phase. Here,
Con1 and con2 stand for conformation 1 and conformation 2 respectively. (Color labels: yellow

= Au, pink =S, red = Oxygen, grey = Carbon and white = Hydrogen)
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7.4 Conclusions

We have chosen Auig(MPA)y4 and Auys(MPA)4g cluster systems as the Raman substrates.
We demonstrated that as-synthesized clusters were poor Raman substrates. The Au NCs
become excellent Raman substrates under acidic pH conditions. This demonstrates that the pH
of the medium could be an important factor in modulating the Raman intensity of the Raman
probes. The Raman enhancements are attributed to the chemical interactions and/or charge
transfer between the MPA ligand and Au cluster core. The work shows also how the thiol

interactions with the clusters change with varying pH of the media.

We attempted to provide a theoretical justification to the experimentally seen
enhanced Raman spectra. Raman spectra of both structures are studied for a few modes of
vibrations along with their depolarization ratios. At lower frequency end, particularly in 500-
1000 cm™ region, a few spectral lines, vl and v2 show larger intensity in acidic structure
compared to its basic counterpart, which is a partial agreement with experimental observation.
Five modes, v3, v4, and v8- v10, are specific to acidic structure and show significant peaks in the
spectra. The theoretical study indicates that a number of modes that show intense Raman
activity increases as medium changes from basic to acidic nature. This may be the reason why
the intensity of Raman spectral lines increased in the acidic medium compared to that observed

in basic medium.

77



Chapter 8

Summary and General Conclusions

Ultra-small, metal nanoclusters considered to be a prolific area of research due to their
unique physical and chemical properties. Properties of the nanoclusters depend on their size,
geometry, and capping ligands. Synthesis of atomically precise nanoclusters is therefore of
paramount importance in order to explore their properties and applications. The synthesis,
characterization, and molecular formula determination of metal nanoclusters continue to be a
challenging task and there are no well-established guiding principles available to prepare the

nanoclusters of definite size/molecular formula.

Developing a toolbox that will help in the rational design of size-selective synthesis as
well as tuning of the properties of the nanoclusters will be of immense importance. Among all
other synthetic routes, “size focusing” route is the well demonstrated and relatively easier for
the synthesis of definitely sized nanoclusters. Size focusing methodology works in two steps. In
the first step, the formation of polydispersed nanoclusters takes place and the second step
involves with the conversion of poly-dispersed clusters into monodispersed clusters by using
thermal or ligand etching processes. Thermal and ligand etching based size focusing methods
require high temperatures and excess thiols with prolonged reaction times. Hence, it is
necessary to explore the alternate synthesis protocols which can produce the atomically precise
metal nanoclusters in high yields under ambient conditions. The dissertation work focused on
the synthesis of water-soluble atomically precise gold nanoclusters such as Auig(MPA).4 and
Au,5(MPA)s by using hydrophilic binding ligand, MPA, and a strong and conventional reducing
agent NaBH, under ambient conditions. The methods of synthesis were straightforward and do
not require any special reaction conditions such as pH, temperature control or prolonged
reaction times. The reported synthesis methods are effective, highly convenient, easy to handle
and economically viable prepare the atomically precise gold nanoclusters in high yields under

ambient conditions.

78



We demonstrated that the relative quantities of capping agent to the gold precursor
([thiol/Au] ratio) and the gold precursor to reducing agent ([Au]/[NaBH,] ratio) played decisive
roles in obtaining size-focused atomically precise gold nanoclusters. It was observed that the
systematic tuning of these ratios may result in different atomically precise gold nanoclusters.
The formation, composition, and purity of the product clusters were confirmed by using
polyacrylamide gel electrophoresis (PAGE), UV-visible and FTIR spectroscopies, transmission
electron microscopy (TEM), energy dispersive X-ray analysis (EDAX), thermogravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS) and matrix-assisted laser desorption ionization-

time of flight mass spectrometry (MALDI-TOF MS).

Surface capping ligands play a decisive role in the size determination and tuning of the
properties of definitely sized gold nanoclusters. Capping ligands also play dominant roles in
determining the stability, photoluminescence and catalytic properties of NCs. We have chosen
a bifunctional capping ligand, MPA, in our synthesis. This allowed us to tune/tailor the
nanocluster stability as well as the properties such as photoluminescence, Raman scattering,
and catalytic activity over a wide range in aqueous media simply via the variation of the pH of
the media. It was demonstrated that the stability of the clusters can be systematically improved
by increasing the pH of the cluster media. When the pH value increases, the carboxylic (—-COOH)
groups on the cluster surface are dissociated forming negatively charged carboxylate anion
species. The strong electrostatic repulsive forces exerted between the cluster species in basic
medium play a crucial role in enhancing the stability of the clusters in basic medium. On the

other hand, the stability of the cluster gradually decreases in acidic pH.

We observed that the photoluminescence property of the clusters could be modulated
by changing the pH of the cluster. Fluorescence intensity of the cluster systems significantly
increased with decreasing the pH of the media. At lower pH, the majority of the —COOH groups
and almost all thiol groups remain protonated. As a result, the neutral species both the
precursor complex molecules and Auig(MPA)y4 clusters can form aggregates and show pH-
dependent aggregation-induced emission. When the pH value increases, the carboxylic (and,

maybe, —SH) groups are dissociated forming negatively charged carboxylate (and thiolate)
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species. The deprotonation and the electrostatic repulsive force suppress the aggregation
process. This explains the decrease in emission intensity at two shorter wavelengths with the
increase in pH of the medium. However, the weak emission at A, = “800 nm that increases in

intensity with the pH increase could be ascribed to the free cluster fluorescence.

Ligand plays a decisive role in influencing the catalytic activity. Clusters with small
capping ligands pose less steric hindrance facilitating the better accessibility of the reactant
molecules onto the catalyst surface compared to the bulky capping ligands. We explored the
catalytic properties of water-soluble clusters, Auig(MPA);; and Auys(MPA)ig, by using the
reduction of nitroanilines by NaBH, in aqueous media. Gold nanoclusters with hydrophilic
binding ligands can act as water-soluble homogeneous catalysts. It was observed that water-
soluble ultra-small gold nanoclusters, Auig(MPA)14 and Au,s(MPA).s, showed superior catalytic
effects compared to that of gold nanoparticles of 10-20 nm size. This could be due to the

presence of a larger number of active sites in the nanocluster systems compared nanoparticles.

Metal nanoclusters with molecule-like definite compositions and structures can act as
reproducible nanoscale Raman substrates. We explored the Auig(MPA)1; and Au,s(MPA)qg
cluster systems as the Raman substrates and demonstrated how the Raman scattering property
of the capping ligand, MPA, on Auig(MPA)14; and Au,s(MPA).g nanoclusters can be tailored by
varying the pH of the cluster solutions. It was observed that the Raman spectra of the cluster
bound MPA are highly sensitive to the pH of the cluster medium. A comparison of the Raman
spectra of the free MPA with MPA bound to Au-25 clusters shows that there is a significant
increase in the Raman intensities of certain vibrational modes of MPA molecule with the
decrease in the pH of the medium (from pH 9.4 to 5.0). On the other hand, the Raman intensity
of most of these vibrational modes of MPA decreased when pH of the cluster was increased to
the basic region. The aggregation of the clusters in the acidic medium could give rise to the
Raman signal enhancement of some of the vibrational modes of MPA. The Raman
enhancements could be attributed to the chemical interactions and/or charge transfer between

the MPA ligand and Au cluster core. A computational work involving a simple system MPA
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protected Aus cluster system supported the aggregation-mediated polarizability change and

Raman signal enhancements.
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