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Monolayer protected clusters (MPCs) possess unique physicochemical properties
such as well-defined molecular structures (i.e., they are a class of molecular
nanoparticles), discrete electronic transitions, and strong luminescence that are not
accessible to conventional nanoparticles. Such unique properties, along with ultrasmall
size and biocompatibility, enable these MPCs to be successfully used in a wide range of
applications, including imaging, sensing, catalysis, and as antimicrobial agents. As a
result, synthesis and structural determinations of MPCs have gained great research
interest in the nanoparticle community. Over the past two decades, many groups were
able to synthesize metal MPCs with various nuclearities. In addition, structural
identification and molecular formula determinations have become feasible with
improvements in characterization techniques such as high-resolution mass spectrometry
(HRMS) and single-crystal X-ray diffraction (XRD).

Despite the advancements in synthesis and structural determination, the

mechanistic means of post-synthetic modifications of these MPCs, such as surface



modification and alloying, remain largely unexplored. It is crucial to understand the
reactivity of MPCs in order to exploit their applicability in different fields. The key to the
understanding of such reactions is the ability to characterize MPCs precisely.

There are many techniques that are commonly used to characterize MPCs,
including optical absorption spectroscopy, transmission electron microscopy (TEM),
nuclear magnetic resonance (NMR) spectroscopy, vibrational spectroscopy, and HRMS.
HRMS is unique compared to the other techniques because, as an analytical tool, HRMS
can perform three main tasks: measuring core composition, characterizing ligand shell,
and determining the molecular formula (including intrinsic charge) for MPCs
simultaneously. Additionally, the unique isotopic patterns and fragmentation data from
mass spectrometry enables the characterization of MPCs. Various advanced mass
spectrometric techniques such as high-resolution electrospray ionization mass
spectrometry (HR-ESI MS) and matrix-assisted laser desorption mass spectrometry
(MALDI MS) have become more utilized in the characterization of MPCs.

In the first part of the thesis, the all-silver MaAgaa(p-MBA)30 MPC was used as a
model platform to study post-synthetic galvanic substitution reactions, where M is a
mono cationic counterion, and p-MBA is para-mercaptobenzoic acid. Gold was chosen as
a hetero metal for the substitution because gold and silver are isoelectronic and have the
same atomic radius, and a variety of hetero ligands (SR = thiolate) were used in
conjunction with the gold. Metal core modifications were carried out by galvanic
exchange reaction with a Au(SR) polymer, substituting gold for silver to form
MasAUxAGas-x(P-MBA)30 and MsAuxAgas-x(p-MBA)30-y(SR)y clusters. The range of

product composition was determined, and the patterns of product distributions were



evaluated. Moreover, chemical properties such as stability and reactivity were studied as
a function of product composition.

The electronic and steric effects of ligands in ligand exchange reactions were
investigated using the same model system, MsAgas(p-MBA)30. Several parameters,
including the introduction of electronically distinct functional groups and the introduction
of bulky groups, were varied to find the characteristics of thiolate-for-thiolate exchange,
to synthesize M4Aga4(SR)30. It has been found that most ligands preserve the precise
structure of the parent particle while replacing native ligands with incoming ligands

comprising a variety of functional groups.
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Chapter 1

Introduction

1.1 Evolution of nanotechnology

Although nanotechnology is a fairly new area of science, the main concepts have
been developing over the last fifty years. But most interestingly, people have been
employing nanotechnology for over more than a thousand years for various purposes. For
example, the evidence of usage of nanomaterials dates back to the fourth century, where
Romans used nano-sized metals to decorate glasses and cups. One of the most famous
examples is the Lycurgus cup, in which the glass was embedded with nanoparticles of
gold and silver that changes color depending on the location of the light source. Besides
the Romans, medieval stained-glass artisans also explored the effect of the addition of
small metal particles in glass to create colored glass windows. They trapped gold and
silver nanoparticles in the 'glass matrix' to generate the ruby red and deep yellow colors
in the windows. The use of nano-sized metals had been extended even to areas in
medieval medicine! and ceramics.?

However, scientific interest in nanoparticles did not begin until the synthesis of

colloidal suspensions of gold by Michael Faraday in the mid-1850s. He was able to



synthesize the "ruby-colored" solution by reducing gold chloride.® Although his work
was groundbreaking, it was not well understood at that time due to the limited availability
of characterization technology and lack of knowledge in areas such as quantum science.
But since the invention of the electron microscope and the emergence of quantum
mechanics in the early 1900s, the development of nanotechnology has significantly
accelerated.

One of the revolutionary points in nanotechnology's history came in a lecture by
the great physicist Richard Feynman in 1959, entitled "There is plenty of room at the
bottom' (Feynman, 1959).% During his talk, he highlighted the possibility of working at a
micro-and nanoscale and discussed the controlling of atoms and molecules and their
subsequent manipulation on a small scale.

His words motivated researchers to build up new instruments and technologies
with atomic precision. With the invention of the scanning tunneling microscope (STM),
atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and other modern instruments, it is possible to study
nanoparticles at the atomic level. These recent innovations have expanded the ability to
control and engineer nanomaterials, making this area a hot topic in material science and

engineering.

1.2 Nanoparticles

A nanoparticle can be defined as a particle with at least one dimension in the
range of a 1-100 nm. Thus, a nanoparticle could be one dimensional such as nanowires,

or it could be two dimensional such as a thin surface or a coating whose thickness is on a



nanometer scale. The nanoparticles, colloids, and quantum dots (small particles of
semiconductor materials) fall in the category of three-dimensional nanomaterials.

Nanoparticles usually have different sizes. The properties and applications of
nanoparticles depend on their size. For conventional colloidal nanoparticles, the optical
and electronic properties change monotonically (i.e., their properties scale with their
size). But nanoparticles with smaller sizes (<3 nm) can show discrete optical and

electronic properties that do not scale with their size and behave more like molecules.

1.3 Monolayer-protected clusters (MPCs)

Metal monolayer-protected clusters (MPCs) are a relatively new form of
nanomaterials composed of a precise number of metal atoms and organic ligands.>® The
atomically precise MPCs differ from other unprotected nanoparticles mainly due to their
ultra-small core size (<3 nm).” A monolayer protected cluster is composed of two
defining parts-metal core and protecting ligands, which dominate the character of these
nanoparticles. These MPCs generally show quantum properties, such as tunable band
gaps with HOMO-LUMO transitions, quantized charging, strong luminescence, and
discrete optical absorbance bands.’-1° Therefore, considering their well-defined molecular
structure and property together, MPCs could also be referred to as "molecular
nanoparticles.” Extensive research is currently being carried out to assess possible
applications of MPCs in which their size-specific physical and chemical properties would
be advantageous. Potential applications are expected to be found in various fields,

including sensing, imaging, antimicrobials, and catalysis.



Moreover, the atomic precision in synthesis and ease of tracking the size and
structure evolution suggest these metal NCs as an ideal model platform for pursuing total
synthesis chemistry of monolayer protected Nobel metal clusters.

Like any other molecular species, monolayer-protected clusters (MPCs) or
molecular nanoparticles (MNPSs) can be identified by their molecular formula. MPCs
have particle sizes less than 3 nm. MPCs are atomically precise. MPCs also have a
specific molecular structure.!* Generally, MPCs have two distinct parts in their structure.
The inorganic metal forms the core of the MPCs. Organic ligands form a passivation
shell, typically forming capping motifs with the metal to protect the inner metallic core.
MPCs have the potential for several important applications such as antimicrobials,
catalysis, and bio-imaging due to their unique optical and electronic properties.*?%°

The synthesis of metal MPCs was first reported in the early 1990s, ultimately
derived from colloidal particles. In 1994, the Whyman group from the University of
Liverpool synthesized gold MPCs using a two-phase method.'® The Whetten group from
the Georgia Institute of Technology reported an improved synthesis of gold MPCs along
with their mass spectrometric analysis in 1996.1” The Murray group from the University
of North Carolina at Chapel Hill also reported similar results around that time.8-2

In 2004, the Tsukuda group demonstrated the synthesis of a magic-number series
of gold-glutathione (Au:SG) MPCs in a one-pot reaction, and they were able to correctly
assign molecular formulae to some of the Au:SG MPCs.??2 In 2007, the Kornberg group
published the first-ever crystal structure of a metal MPC ([Au102(p-MBA)44], where p-
MBA = para-mercaptobenzoic acid) in Science.?® In 2009, the Stellacci group reported

the so-called intensely and broadly absorbing nanoparticles (IBANs), which were silver



MPCs protected by aryl-thiol ligands.?* IBANs showed molecular signatures in their
optical spectra that were completely different from plasmonic nanoparticles and were
later identified as [Aga4(SR)s0]* MPCs.? In 2010, the Bigioni group reported the
synthesis of a magic-number series of silver-glutathione (Ag:SG) (where SG is
deprotonated glutathione) MPCs in a one-pot reaction.?® They later reported the crystal
structure of [Agas(p-MBA)30]* MPCs in 2013 in Nature.!* The crystal structures

allowed a deeper understanding of these MPCs.

1.4 Stability of metal MPCs

The notion of an electronic origin of cluster stability was developed when Knight

et al. used gas-phase mass spectrometry of sodium metal clusters and observed some
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Figure 1-1. The cluster abundance spectrum of gas phase sodium clusters (a)
Experimental (b) Theoretical and (c) The calculated effective potential for Nasg gas phase
cluster with filled energy levels. Reprinted with permission from reference 28. Copyright
1993 American Physical Society.

clusters were more abundant than others. The sodium metal clusters of N = 8, 20, 40, 58,



and 92, where N is the number of Na atoms, showed higher abundances when compared
to other nanoclusters. They believed that the stability of sodium nanoclusters with "magic
numbers™ corresponding to N = 8, 20, 40, 58, and 92 was due to a closed electron shell
(Figure1-1a). These results compared favorably with theoretical models (Figure 1-1b).?’

The stability of these particles has been explained by the "superatom electronic
theory,” which is based on a Jellium model. The Jellium model is a quantum mechanical
model for delocalized electrons in solids where the positive charges are assumed to be
uniformly distributed in space. According to the jellium model, a cluster is treated as an
object consisting of two parts: a system of valence electrons and an ionic core. From the
theoretical point of view, the nanocluster's electronic and optical properties were
successfully described by means of the Jellium model?®3°, And theoretically calculated
electronic shell structure for a Naso gas-phase cluster is shown in Figure 1-1c.

Unlike bulk materials, the energy levels in MPCs are close but do not overlap due
to the quantum confinement. The superatomic orbital theory treats the metal core as a
large spherical "superatom' and uses valence electrons to fill the superatomic orbitals,
which are analogous to regular atomic orbitals.3! One important difference is the set of
angular momentum quantum numbers. The appropriate building up principle of filling
delocalized electrons in "superatomic orbitals" of metal clusters is, 152 | 1P® | 1D*°| 25? |
1R 2P 1G*8 | ....... , Where, S-P—-D-F-G—H- denote the superatomic orbitals with
corresponding angular-momentum quantum numbers, with vertical lines representing
closed shells.3!

In the solution phase, clusters are protected by ligands such as thiolates through

bonding with surface metal atoms. Depending on the nature of ligands, the electron count



may change. Therefore, the formula for calculating the number of free delocalized
electrons is given by,

n=Mv-L-z
where n is the electron count for the MPC, M is the number of metal atoms,
v is the number of valence electrons of the metal, L is the number of ligands, and Z is the
overall cluster charge.?® For example, [Agas(p- MBA)3o]* has 18 electrons, which is
calculated as 44*1 — 30 — (— 4), wheren=44,v=1, M =30, and z=—4. This
corresponds to the complete filling of the 1S? | 1P® | 1D*° | based on this 18-electron
count.* Aus(SR)1s~ with 8 free electrons,®? Auss(SR)ss with 34 free electrons® and
Au102(SR)a4 with 58 free electrons.®* Like any other molecule satisfies the octet rule,

these ligand-protected clusters satisfy the super-atom model electronic structure.

1.5 Characterization techniques for metal MPCs

There are many techniques that are commonly used to characterize MPCs. For the
characterization of core size, ultraviolet-visible (UV-Vis)?? spectroscopy and
transmission electron (TEM) microscopy can be used. UV-Vis measures the presence or
absence of surface plasmon bands or characteristic absorbance spectra of MPCs, while
TEM compares and contrasts core and ligand shell according to electron density.®
Techniques such as nuclear magnetic resonance (NMR) or infrared spectroscopy (IR)%*
are used to characterize the ligand shell.>> Sometimes combined techniques, such as
thermal gravimetric analysis coupled with TEM, can be used to determine the

approximate molecular formula of MPCs.*® Mass spectrometric techniques (electrospray



ionization (ESI) and matrix-assisted laser desorption ionization (MALDI)) are widely

used to assign molecular formulae of metal MPCs.3"-%

1.6 Mass spectrometric analyses of metal MPCs

Mass spectrometry (MS) is unique compared to other techniques. As an analytical
tool, MS can perform all three tasks — measuring core size, characterizing ligand shells,
and determining molecular formula simultaneously. Researchers have used mass
spectrometry to characterize clusters. It can give information mainly about the core size
as well as the ligand shell composition. Various advanced mass spectrometric techniques
such as high-resolution (HR) ESI-MS, MALDI-MS, etc., have been used to study the
MPCs and thereby understand their chemistry.*

The first use of mass spectrometry in the area of gas-phase molecular clusters was
reported in 1985 to identifying and understanding Ceo and Cro clusters of the fullerene
family.*! Several analyses of metals such as alkali, alkaline earth, and transition metals
have been studied in the gas phase.?” #2*3 In most cases, magic numbers of n = 2, 8, 20,
and 92 atoms have been observed as discontinuous variation in intensities. Later, mass
spectrometric analysis has extended to analyze noble metal cluster systems synthesized in
solution. Both Whetten and Murray groups initiated mass spectrometric characterization
of such metal clusters.3 4446 A variety of clusters having different core masses and
various ligand shells have been identified at that time. In most of the cases, clusters were
alkane thiol protected.*’ In contrast, some gold clusters were protected with glutathione,*
and functionalized alkenethiols.'® %° Both TEM analysis and LDI mass spectral analysis

data were used to assign molecular masses for few clusters reported around the 1990s.4



48,50 However, some of these tentatively assigned mass numbers were reassigned later
with more sensitive and high-resolution electrospray analysis.??

In the 1990s, MPC analyses only reported weights of the metal core in kDa units
but not exact molecular formulas because the ionization techniques which were used at
that time, such as LDI, often result in fragmentation of clusters making formula
determination difficult.!” Soft ionization techniques such as MALDI and ESI became
more widely employed as they keep ligand-protected clusters intact during ionization.
Comparatively, ESI provides gentler ionization but works best in narrow m/z range,

while MALDI is more destructive but provides a higher m/z range.

1.7 Objectives of the research

Metal MPCs have the potential to be used in various applications (optoelectronics,
antimicrobial, bio-imaging, catalysis)®* due to their well-defined molecular structure and
unique physicochemical properties, such as discrete electronic transitions, and strong
luminescence. Prior to applying the metal MPCs, it is necessary to precisely understand
the physicochemical properties of metal MPCs. Many researchers reported synthesizing
metal MPCs with various chemical compositions. Structural identification, electronic
properties, and a molecular formula of those metal MPCs were studied with various
analytical techniques such as UV-Vis spectroscopy, NMR, high-resolution ESI-MS,
MALDI-MS, TEM, and XRD.

Despite the advancements in the synthesis and structural determination, the
mechanistic means of post-synthetic modifications of these MPCs, such as surface

modification and alloying, remain largely unexplored. It is crucial to understand the



reactivity of metal MPCs in order to exploit their applicability in different fields. The key
to the understanding of such reactions is the ability to characterize MPCs precisely.

In the first part of the thesis, the all-silver MsAgas(p-MBA)30 MPC was used as a
model platform, where M is a monocationic counterion, and p-MBA serves as a
protecting ligand. Metal core modifications were carried out by substituting gold for
silver to form MaAuxAgax(p-MBA)z0 and MsAuxAgasx(p-MBA)z0.y(SR)y (SR = thiolate)
clusters. Gold was chosen as a hetero metal for the substitution because gold and silver
are isoelectronic and have the same atomic radius. But, differences in the chemical and
optical properties of the two metals provide useful contrast for the comparison. The
galvanic exchange was used for the preparation of the bimetallic product. The range of
product composition was determined, and the patterns of product distributions were
evaluated. Moreover, chemical properties such as stability and reactivity were studied as
a function of product composition.

The electronic and steric effects of ligands in ligand exchange was also
investigated using the same model system, MsAgas(p-MBA)30. Several parameters,
including the introduction of electronically distinct functional groups (mercaptophenol,
chlorothiophenol, bromothiophenol, flurothiophenol) and the introduction of a bulky
group (tert-butylbenzethiol), were varied to find the characteristics required for thiolate

exchange to the synthesis of M4Aga(SR)s30.
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Chapter 2

Metal exchange of monolayer protected clusters

2.1 Introduction

The functionalization and modification of MPC clusters in response to various
applications would make them more effective as nanomaterials. Previous studies have
shown that both chemical and physical properties of MPCs can be modified either by
heteroatom substitution®2>° or ligand substitution.>¢-°

The bimetallic MPCs can be synthesized by co-reduction, i.e. simultaneous
reduction of two different metal precursors, or by a galvanic exchange reaction between
monometallic MPCs and metal ions of a heterometal .52 Galvanic exchange is a simple
oxidation-reduction reaction that occurs when the oxidized form of metal (M1) reacts
with the reduced form of metal (M2). The reaction is spontaneous when the oxidized
form (M1) has a more positive standard reduction potential than that of the reduced form
(M2). The atoms of M1 spontaneously replace atoms of M2 since M1 is more
energetically favorable in the reduced form. Galvanic exchange in MPCs is expected to

involve the same number of electrons in the oxidation and reduction reactions.

11



So far, three types of metal exchange reactions have been reported: (i) metal
exchange with metal salts,%35 (ii) metal exchange with complexes,®>° and (iii) metal
exchange between nanoclusters.’®"® Thiols are the most common ligands used in these

types of reactions, including metal-thiolate complexes and thiol-passivated metal MPCs.

The Murray group reported the metal exchange of MPCs using metal salts for the
first time. Their attempt to exchange Au with Ag using dodecanethiolate-protected Ag
clusters and HAuCl4 in THF resulted in the decomposition of Ag MPCs within ten minutes.
The Au for Ag exchange reaction was successful when Au-thiolate complexes were used
instead of Au salts, however®®. Typically, the metal exchange reactions with metal salts are
not efficient in producing alloy nanoclusters. Most of the time, these reactions only lead to
few or no metal atoms exchanged, but they tend to accelerate parent nanocluster
degradation. On the other hand, metal-ligand complexes and inter-cluster reactions produce
alloy nanoclusters efficiently.

During these reactions, metal atoms are exchanged between metal complexes and
metal clusters, thereby forming alloy clusters. Very little has been discovered in terms of
the molecular-level mechanism of these reactions. However, experimental results imply
that the metal exchange reaction involved in clusters below 3 nm size regime does not
necessarily follow the galvanic sequence of metal activity’*"°. Unlike inter-cluster metal
exchange reactions, metal complex cluster reactions keep the number of constituent
atoms constant during the exchange. Therefore, these reactions do not change the original
geometry of a cluster while altering its composition. Compared to co-reduction
(simultaneous reduction of two types of metals)’®"’, this method allows a higher number

of atoms with a wide range redox potentials to be exchanged more easily but in a more

12



controlled manner. Over the past decade, various alloy clusters such as AuzsxAgx(SR)1s
(x = 1-8),%* ® AuzsxCux(SR)1s (X = 1-9),”® Au24Cd(SR)1s,"®"® Au2sHg(SR)1s,"® & Auaa
xAgxCd(SR)1s (X = 2-6),3" AU24xAgxHg(SR)1s (X = 1-8),”* 8 Agos.xAux(SR)1s(X = 1,
2),8283 AgoaxAuxPt(SR)1s (X = 1, 2, 4-9),%8 8 and AuzsxAgx(SR)24 (x = 1-11)" 8 have
been reported by different groups using this type of exchange reaction.

Comparatively, alloy reactions involving metal-ligand complexes produce alloy
nanoclusters more efficiently than inter-cluster reactions or metal salts. A significant
amount of work has already been done to establish better synthetic routes to produce
alloy nanoclusters using this class of reactions. However, such synthetic pathways remain
poorly understood, and mechanistic details of the reactions to explain their efficiency are
still unknown.

The role of the ligand in modulating the reactivity of metal cores is well studied.
In fact, in the area of colloidal nanoparticles, the ligand role in the shape-controlled
growth of nanoparticles is significant.2>%¢ How ligands affect surface reactivity of MPCs
is becoming an interesting topic of investigation. Some previous metal exchange studies
using ligand metal complexes led us to hypothesize that the ligand has a significant effect
on metal exchange reaction.

So herein, we ask a few fundamental questions (i) Do ligands influence metal
exchange and how? (ii) Do ligands exchange along with hetero metal atoms? (iii) Is there
any correlation between the number of metal atoms and ligands that exchange? (iv) How

does the electronic or steric nature of ligands affect the exchange process?
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2.2 Experimental

2.2.1 Chemicals

The following reagents were purchased from Fisher Chemical: sodium
borohydride, ethanol, methanol, toluene, N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), citric acid, acetic acid, sodium hydroxide, cesium hydroxide. Silver
nitrate and 4-mercaptophenol were purchased from Sigma-Aldrich. Gold (I11) chloride
was synthesized in-house dissolving gold ingot in aqua regia. The p-MBA was purified
by selective dissolution and recrystallization. All other reagents were used without further

purification. De-ionized water (18.2 MQ c¢m) was used.

2.2.2 Synthesis of MsAUxAg4sx(P-MBA)z0.y(SCeH4OH)y by Galvanic

Exchange

The galvanic exchange reactions of MaAgaa(p-MBA)30 with Au- SCsH4OH were
carried out in DMF, where SCsH4OH corresponds to 4-mercaptophenol with a
deprotonated thiol group. The molar ratios of MsAgas(p-MBA)30 and gold-thiolate used
were 1:1, 1:3, 1:6, 1:12, 1:18, 1:24 and 1:44, respectively. A stock solution of MsAgaa(p-
MBA)so was prepared as described elsewhere.! 7 The concentration of the stock
solution was determined using the molar absorption coefficient of MsAgas(p-MBA)s0.”
The gold thiolates and MsAgas(p-MBA)z0 solutions were mixed according to the above-
mentioned ratios for the galvanic exchange reactions. The reactions were monitored by

using UV-visible absorption spectroscopy and mass spectrometry.
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2.2.3 Synthesis of gold thiolate

A stock solution of gold-thiolate was prepared by reacting a 1:3 molar ratio of
HAUCI4.3H20 and 4-mercaptophenol in water/DMSO solvent (7:4 by volume). The
reaction mixture was sonicated for 5 min and stirred for 5 min. An insoluble mass of gold
thiolate formed and segregated out of the solvent, which was later solubilized by adding
an aqueous cesium hydroxide solution (50% by weight). Cesium hydroxide raised the pH
to ~10, which deprotonated the carboxylic acid group present in the thiol ligand and
made the gold thiolate soluble in polar solvents. 1200 uL of acetic acid was added in
order to protonate the thiol ligands and precipitate the gold thiolate out of the solvent. At
this point, the reaction mixture was centrifuged, and the supernatant was discarded. The
sediment was re-dissolved in highly basic water/DMSO solvent (7:4 by volume, pH=12).
The gold thiolate was precipitated again out of the solvent by adding 1 mL of
concentrated nitric acid. The reaction mixture was centrifuged, and the supernatant was
discarded. The process of dissolution of gold thiolate with cesium hydroxide solution and
precipitation with acetic acid was done twice to remove unreacted materials and residual
ions. The final supernatant obtained was free of Au**and CI-.

The gold thiolate precipitate was dissolved in neat DMF. The calibration curves
of gold-thiolate solutions, based on phenyl ring absorbance at ~308 nm versus
concentrations, were plotted and used for quantifying the number of gold thiolates. Thus,
a prepared gold-thiolate solution was used as a stock solution for reacting with the

solution of M4Agas(p-MBA)30 nanoparticles.
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2.2.3 Optical measurements

Optical absorption spectra were recorded on a Perkin ElImer Lambda 950
spectrophotometer. Spectra of MaAuxAgssx(p-MBA)30-y(SPhOH)y were measured in
neat DMF solvents. For samples made by galvanic exchange reaction, solutions were

centrifuged and diluted 40 times to 2 mL and measured in a 5 mm cuvette.

2.2.4 Electrospray ionization mass spectrometry

High-resolution mass spectrometry data were collected on a Synapt HDMS G1
quadrupole time-of-flight ion mobility mass spectrometer equipped with a nanoflow
electrospray ionization source (Waters Corp.) using homemade fused silica emitters. All
mass spectra were collected in negative V-mode. The following instrumental parameters
were used during data acquisition: capillary voltage, 2.0-4.0 kV; sampling cone, 7- 20V;
extraction cone, 4.0 V; cone gas, 0 L/h; nanoflow; trap collision energy, 0.5 V; transfer
collision energy, 1.0 V; source temperature, 40 °C; desolvation temperature, 120 °C. The
external calibration of the instrument was done in negative ion mode using cesium iodide
in the range of 100 < m/z < 5000. Data were collected and processed using MassLynx 4.1
software (Waters Corp.). Isotopic patterns were simulated using mMass 5.5 freeware
(copyright, Martin Strohalm). All samples were dissolved in DMF with a concentration
of approximately 2.5 mg/mL. For sample preparation of galvanic exchange experiments,
300 pL of each sample were precipitated by 350 pL of DMF. Precipitates were collected
by centrifugation at 5000 RCF for 30 s. Isolated nanoparticles were protonated in 300 pL
of DMF three times following precipitation with toluene and centrifugation. The first

protonation was carried out by adding approximately ~20 crystals of citric acid and the
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second and third protonation were each carried out by adding 20 pL of formic acid. After
the third protonation, NPs were cleaned by one more precipitation-dissolution cycle with
no additives. Final samples were centrifuged at 16000 RCF for 2 min to get rid of any

insoluble material prior to ESI-MS analysis.

2.3 Results and Discussion

Murray's group showed the efficiency of galvanic exchange reactions when using
metal-ligand complexes over the metal salts as reactants.®® In the present study,
monometallic MsAgas(p-MBA)30 nanoparticles can be transformed into bimetallic as
well as surface-modified MsAuxAgasx(p-MBA)30(SCsHsOH)y nanoparticles by their
reaction with metal-thiolate species, which contains the gold and 4-mercaptophenol. The
transformation of MsAgas(p-MBA)30 into MaAuxAgasx(p-MBA)z0y(SCsHsOH)y by
galvanic exchange occurred as step wise reactions between gold-thiolate polymers. Each
sequential reaction involves the substitution of one gold atom for one silver atom and
substitution of one p-MBA ligand to one HSC¢H4OH ligand. The general equation for

any reaction can be written as follows.

MsAuxAgas(p-MBA)z0 + Aun(p-SCsH4sOH)n =

M4AUXAg43-x(p'MBA)30-y(SC6H4OH)y + AUn-x(p'SC6H4OH)n-yAgx(p'M BA)y (1)

where 0 < x < 12 and where 0 <y < 3. The Aun(p-SCeH4OH)n and Aun-x(p-SCsH2OH)n.y
Agx(p-MBA)y represent the metal thiolates before and after the exchange reaction,

respectively.
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Galvanic exchange reactions were carried out in DMF and were incubated for 24 hours in
the freezer. A series of spectra shows the evolution of the exchanged species as a function
of time. As shown in Figure 2-1, after 24 hours the optical spectra did not change

significantly, suggesting that equilibrium was already reached.
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Figure 2-1. Optical absorption spectra of MsAuxAgasx(p-MBA)30y(SCsH4sOH)y species
synthesized with a 1:44 input ratio of Ag44:Au-(SCsH4OH) as a function of time.
Absorbances were not adjusted but spectra were offset for clarity.

per MsAgas(p-MBA)3 MPC. For example, for a reaction mixture that contained one gold
atom for one silver atom, the input ratio would be 1:44. The distribution of exchange as a

function of input ratio shown in figure 2-2.
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Figure 2-2. ESI-MS spectra showing the distribution of MAuAgux(PMBA)z0.y
(SCeHsOH)y species synthesized by galvanic exchange using different
M.Agas(pPMBA)30:Au-(SCsH4OH) input ratios.

ESI-MS analysis of galvanic exchange reactions' product distributions showed
complex patterns of peaks for both metal and ligand substitutions. The highest intense
peak to the left in each distribution corresponds to the zero-metal exchange. For clarity
and to interpret the results clearly, the ESI-MS spectra were stacked and rescaled as in

figure 2-3.
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Figure 2-3. Rescaled ESI-MS spectra showing distribution of MsAuxAgasx(pPMBA)z0.y
(SPhOH)y  species synthesized by galvanic exchange using different
M.Aga4(pMBA)z0:Au-(SCsH4OH) input ratios. Peaks correspond to 0 ligands exchanged,
1 ligand exchanged, 2 ligands exchanged, and 3 ligands exchanged species colored in

black, red, blue and green, respectively.

The panel to the left in figure 2-2 shows zero (0) metal atom substitution with
ligand exchange. The extent of the ligand substitution increased as the gold-polymer
concentration increased. The masses of SCeH4OH and p-MBA are 125.18 Da and 153.19
Da, respectively, Therefore, substitution of p-SCsH4+OH for p-MBA would decrease the
mass of Agsa(pMBA)30 by 28.01 Da (7 m/z for the 4- ion). This mass difference
corresponds to the observed peak spacing towards the lower m/z range. Maximum ligand

substitution is limited to 3 ligands. The data confirmed that the gold thiolate is carefully
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cleaned with no free ligands, and the ligand substitution can be attributed to the gold
thiolate.

There are three possible species that correspond to the observed peak patterns in
the panel to the right in figure 2-3: (i) zero ligand-exchanged species (black), (ii) species
with one ligand exchange (red), and (iii) two ligand exchanged species (blue). Each
product distributions shift towards the higher m/z range with increasing input ratio up to
1:12, and distributions become stable from 1:12 to 1:44 input ratio (see black peaks in
Fig. 2-2). The input ratio did not match with the average number of gold atom
substitution. The product distributions of galvanic exchange with heteroligand metal
complex (Au- SCsH4OH) are different from those of homoligand metal complex (Au-
pPMBA) as well as co-reduction reactions. But the substitution was limited to 12 gold
heteroatoms, as in the galvanic exchange with Au-pMBA as well as co-reduction
reaction. All the metal only exchanged product distributions were fitted with Gaussian

functions (see Figure 2-4), confirming random substitution.

21



input

o ratio
/\ 1 1:44
/\ 1 1:24
(//(_\ {1 1:18

Relative intensity(a.u.)

{1 1:12
L 1 M 1 M 1 M 1 " -

- A | 16
" 1 L 1 " ? " 1 " 1
L/\ 113

2 . 4 . 6 8 . 10 . 12

Au atom incorporated

Figure 2-4. Gaussian fits to metal atom substituted peak distributions.

Both one ligand (red peaks) and two ligands (blue peaks) follow similar
distributions to the metal only substitution. For both cases, the average number of
substitutions increased with an increasing input ratio up to 1:12. Then the distributions
shifts stop and increase uniformly up to 1:44 input ratio. Both one ligand and two ligand
product distributions were fitted with Gaussian functions (see figure 2-5, 2-6), confirming
random substitution. Three ligands (green peaks) substitution only appear for high input
ratios visible next to the zero metal substituted peaks. In the rest of the distributions three

ligand peaks are not visible due to the peak overlap and the low intensity.
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Figure 2-6. Gaussian fits to metal atom exchange with two ligands
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All the distributions with only metal substitution, one ligand substitution, and
two ligand substitutions fit with Gaussians. That confirmed the metal atom substitutions
and ligand substitutions are independent of one another. However, both the gold atom
and ligand are parts of the same reactant molecule. It is, therefore, surprising that gold
atom substitution and ligand substitutions are uncorrelated. Also, galvanic exchange with
metal atom alone was found to be less efficient than metal-ligand complex, which
suggests possible ligand role in metal exchange reactions. Metal atom exchange
mechanism likely involves ligands, but those ligands remain where they came from,
either in the ligand complex or on the cluster. According to the metal atom and ligand
substitution patterns, it's clear that metal is much more efficient in substitution than

ligand, but it is not clear if they are determined by thermodynamics or Kinetics.

2.4 Conclusions

According to the metal atom and ligand substitution patterns, it's clear that metal is
much more efficient in substitution than ligand, but it is not clear if they are determined
by thermodynamics or kinetics. Metal atom substitution is strongly preferred over ligand
substitution, possibly due to stronger electrophilicity of Au or due to kinetic barriers. No
correlation was found between heteroatom and ligand substitution, even though metal
atom substitution involves ligands in some way. Metal atom exchange mechanism likely
involves ligands, but those ligands remain where they came from, either in the ligand
complex or on the cluster. Metal substitution and ligand substitution reaction mechanisms
are independent and different. In each reaction, either a metal atom is substituted, or a

ligand is substituted, not both together.
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Chapter 3

Ligand exchange reactions of MPCs

3.1. Introduction

Ligand-exchange reactions on MPCs®® 8788 are widely used as a principal mode
of modification and functionalization of nanoparticles. Ligand exchange reactions are
important to modify the optical ® electronic,*and structural properties® of thiolate
MPC:s. It is also possible to modify MPCs to perform specific tasks such as
photosensitivity®® and molecular recognition.® Moreover, most MPCs are synthesized
with protective ligands and solvents that are not usable for applications. In such a
situations ligand exchange becomes a crucial post-synthetic modification technique for
tuning surface properties. Also, these ligand exchange reactions have recently been used
for size-selective synthesis can be used as a method to get monodisperse products of
MPC where direct synthetic methods lead to polydisperse products distributions.%3-4

These ligand substitution reactions have been widely studied for the exchange site
in gold MPCs, mainly using nuclear magnetic resonance spectroscopy and mass
spectrometry as the main characterization techniques.®”- %% Other techniques such as
single-crystal X-ray diffraction structure analysis,®’%® reversed-phase high-performance
liquid chromatography (RP-HPLC), and theoretical techniques such as density functional
theory calculations,®®1% have also been used for the understanding of ligand substitution

reactions.
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Ackerson and co-workers identified the preferable ligand-exchange sites on
Au102(p-MBA)44.%8 Based on x-ray crystal structure measurements, they found that the
incoming p-bromothiophenol ligands first attack top or bottom sites along the Cs axis of
the clusters. Out of the 22 possible symmetric ligand sites on the cluster, only these two
sites were found to be partially exchanged with the incoming ligands during a fast 5 min
exchange reaction, confirming those two sites are kinetically favorable for ligand
exchange to occur. The site preference can be explained by the solvent accessibility of
the involved surface Au atoms and is further supported by DFT calculations with a
detailed mechanistic pathway.%

The same group used a small nanocluster of Auzs(SR)1s to determine initial
exchange sites.®” Two oppositely distributed ligands[[l don’t know what this means]]
were found to exchange incoming ligands, confirming site-specificity. The involved gold
atoms were found to be more accessible to the solvent, consistent with the previous
study.®® Theoretical studies by Aikens and co-workers found that the terminal-ligands and
staple gold atoms were favorable sites for ligand exchange.®® Also, the Negishi group
reported a specific site preference in ligand exchange reactions of PdAu24(SR)1s with a
different isomeric form of the ligand.%

Although many studies have been carried out to functionalize and modify gold
MPCs, less attention has been paid to the Ag MPCs.%? Among Agn(SR)m clusters, the
MasAgas(p-MBA)30 nanoparticle (see Figure 3-1a) is a promising model system for
studying the chemistry of MPCs since it is a well-defined and well-studied system that

can act as a molecular laboratory to investigate a variety of basic questions regarding the
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Figure 3-1. Structure of a NasAgas(p-MBA)30 mNP. (a) Complete structure showing
silver core and p-MBA ligands. (b) Six Ag2Ss units cap the dodecahedral core to
complete the inorganic structure. (c) A alternative view of the Ag2Ss mounts, separated
from the dodecahedral Ags> core. Color scheme: gray, carbon; orange, oxygen; blue,
exterior silver atoms in the mounts; gold, bridging sulfur atoms in the mounts.
Reproduced with permission from reference 1. Copyright 2013 Nature Publishing
Group.

ligand exchange process: site-specificity of the substitution, the extent of the substitution,
and nature of the substitution.

The inner core of MsAus(pMBA )30 is composed of the 12 atoms innermost
icosahedral shell surrounded by 20 atoms in a dodecahedral outer shell. The core is
surrounded by six octahedrally-arranged Ag2(SR)s capping mounts. Each of these mounts
contains 2 Ag atoms and 5 ligands. Each mount has 4 chemically equivalent ligand
positions at the base and one additional bridging ligand position on top. The bridging
position is a more accessible position to incoming ligands to substitute.

In this study, [Ausa(p-MBA)30]* was used to study the ligand exchange with p-
mercaptophenol (SHPhOH), p-fluorothiophenol, (4-FTP), p-chlorothiphenol (4- CPT), p-

bromothophenol (4-BTP) as ligands to probe questions mentioned above.
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3.2 Experimental

3.2.1 Chemicals

Silver nitrate (AgNO3), 4-mercaptobenzoic acid (p-MBA, technical grade, 90%),
4-mercaptophenol (97%), 4-fluorothiophenol (4-FTP, 98%), 4-chlorothiophenol (4-CTP,
97%), 4-bromothiophenol (4-BTP, 95%), 2-bromothiophenol (2-BTP, 97%), N,N-
dimethylformamide (DMF, 99%), dimethyl sulfoxide (DMSO, 99%), cesium hydroxide
(CsOH, 50% wi/w solution), citric acid (ACS reagent, >99.5%) and toluene (anhydrous,
99.8%) were purchased from Sigma Aldrich. The pMBA was purified by selective
dissolution in methanol. All other chemicals were used without further purification. De-

ionized water (18.2 MQ cm) was used.

3.2.2 Ligand exchange on MsAga4(p-MBA)30 using 4-HSCsH4OH, 4-FTP,
4-CTP and, 4-BTP.

The ligand exchange reactions of MsAgas(p-MBA)30 with all ligands were carried
out in DMF. A stock solution of MsAga4(p-MBA)30 was prepared as described
elsewhere.> 7 The concentration of the stock solution was determined using the molar
absorption coefficient of MsAgaa(p-MBA)s0.”” The stock solutions of each ligand were
prepared in DMF (0.05M). The molar ratios of M4Agas(p-MBA )30 and 4-HSCsHsOH/4-
FTP used were 1:1, 1:6 and, 1:12 and only 1:1 ratio was used with other ligands. The
Agss and ligand solutions were mixed in the above-mentioned ratios and the resulting
mixtures were vortexed vigorously, incubated in the freezer for 6 hours. The ligand
exchange reactions were monitored by using UV-visible absorption spectroscopy and

Mass SpPectroscopy.
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3.2.4 Electrospray ionization mass spectrometry (ESI-MS)

High resolution mass spectrometry data were collected on a Synapt HDMS G1
quadrupole-time-of-flight ion mobility mass spectrometer equipped with a nanoflow
electrospray ionization source (Waters Corp.), using homemade fused silica emitters. All
mass spectra were collected in negative V-mode. Following instrumental parameters
were used during data acquisition : capillary voltage, -2.0-4.0 kV; sampling cone,7- 20V;
extraction cone, 4.0 V; cone gas, 0 L/h; nanoflow, 0.1 bar; trap collision energy, 0.5 V;
transfer collision energy, 1.0 V; source temperature, 40 °C; desolvation temperature, 120
°C. The external calibration of the instrument was done in negative mode using cesium
iodide in the range of 100 < m/z < 5000. Data were collected and processed using
MassLynx 4.1 software (Waters Corp.). The sample preparation was carried out by taking
an aliquot from the reaction mixture, centrifuging out any solid particles and diluting the

supernatant with the DMF to the optimal concentration.

3.3 Results and Discussion

3.3.1 Preferential exchange sites

The ligand exchange reaction was performed by reacting [Auas(p-MBA)s0]* and
4-SHPhOH and 4-FTP in DMF. The molar ratios of cluster to ligand were set to 1:1, 1:6
and 1:12 to determine the exchange site in low ligand-exchanged products. After 6 h of

reaction, the excess ligands and insoluble byproducts were removed from the mixture.
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Figure 3-2. Negative-ion ESI mass spectra of the products prepared by reaction of
NaszAuss(p-MBA)3z0 with 4-HSCsH4OH in DMF at different input ratios.

Figures 3-2 and 3-3 show ESI mass spectra of product distributions of ligand
exchange of NasAuas(p-MBA)3o between 4-HSCsHsOH and 4-FTP respectively. Peaks
were ascribed to [Ausa(p-MBA)30x(4-HSCeH4OH),]* (x = 1 to 13) and [Auas(p-MBA)30-x
(4-FTP)«]* (x = 1 to 16). The results confirm that ligand exchange occurred in both
reactions, with the number of substituting ligands increased with increasing input ratio. In
both ligand exchange reactions, less intense peaks can be observed around 2300 m/z.
These peaks correspond to the species produced from [Agas(p-MBA)29]*. Similar results
were obtained for both ligands, and both product distributions are random toward higher

input ratios.
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Figure 3-3. Negative-ion ESI mass spectra of the products prepared by reaction of
NasAuas(p-MBA)30 with (4-FTP) in DMF at different input ratios.

This indicates that ligand substitution, either random or possible internal
rearrangement after substitution. The bridge position may act as an entry point to the
incoming ligands, and once substituted, ligands may move to the base positions leaving
the bridge position open for the next substitution. Both ligands exhibit similar
characteristics. The substitutions are often close but less than the input ratio for both

ligands. Therefore, the extent of reactions <1, and both reactions are product favored.
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3.3.2 Nature of the substitution

This study focused on the ligand exchange of Agas with halogen (F, CI, Br)
substituted thiophenols. All thiophenols used were para-substituted, to minimize possible
steric effects. Halogenated thiophenols are one of the simplest model systems to study the
electronic nature of the ligand substitution as they contain electronically different
substituents (F, Cl and, Br) with a common aromatic moiety. Investigation of the nature
of the substitution of the ligand as a function of that substituent’s electron induction
ability offers insight into how the electronic nature of the ligand determines the extent of
the reaction process. The halogens follow induction order as F > Cl > Br based on their
electronegativity and the reactivity of ligands should vary according to that order. To test
the hypothesis 1:1 ligand exchange between Agas and halogens substituted thiophenols
were carried out.

Figure 3-4 shows ESI mass spectra of product distributions from ligand exchange
reactions of MsAuss(p-MBA)30 with 4-FTP, 4-CTP, and 4-BTP, all of which were carried
out under the same reaction conditions. Peaks in each spectrum were ascribed to
[Ausa(p-MBA)z0x(4-FTP)x]* (x = 1 to 3), [Auas(p-MBA)s0x (4-CTP)x]* (x = 1 to 6) and
[Auaa(p-MBA)30x(4-BTP)«]* (x = 1 to 4), respectively. This confirms that ligand
exchange occurred in all three reactions and that those exchange reactions occurred to
different extents. The greatest extent of the reaction was exhibited by 4-CTP with 6
exchanged ligands and 4-FTP was the lowest with 3 exchanged ligands. The results
clearly do not follow the induction order of the halides, which was contrary to
expectations. This indicates that induction alone does not account for the reactivity of the

ligands toward substitution into MsAuas(p-MBA)30.
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Figure 3-4. Negative-ion ESI mass spectra of the products prepared by reaction of
MaAuaa(p-MBA)z0 with 4-FTP, 4-CTP and 4-BTP in DCM at 1:1 input ratio.

4-FTP behaves differently in comparison to the other halogenated thiophenols (4-
CTP, 4-BTP), wherein it is much less reactive than would be expected based upon
induction alone and the assumption of an electrophilic substitution mechanism. This
anomalous observation can be explained using theoretical and mechanistic models.
Fluorobenzene exhibits both inductive electron withdrawal from the benzene ring and =

electron donation (mesomeric effect) to the benzene ring at the same time. The
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mesomeric (resonance) effect is much stronger for fluorine than for other halogens (Cl,
Br) and acts as an activation group rather than inductively pulling electron density from

the phenyl ring.
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Figure 3-5. Negative-ion ESI mass spectra of the products prepared by reaction of
MaAuaa(p-MBA)z0 with 4-FTP, 4-CTP and, 4-BTP in DCM at 1:1 input ratio
arranged according to extent of the reaction (4-CTP and 4-FTP axes are reversed; all
are rescaled such that the abscissa corresponds to the number of ligands substituted).
By considering the net impact of both induction and mesomeric effect, the activity
can be rearranged as F < Br <Cl. Measurements of the extent of ligand substitution agree
with this order (see Figure 3-5), with a maximum of ~3 ligands exchanged for 4-FTP, 4

or 5 ligands exchanged for 4-BTP, and 6 or 7 ligands exchanged for 4-CTP. From the

correspondence between the extent of ligand substitution and the electrophilicity of the
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ligands, based on the electron-withdrawing nature and mesomeric effect of the ring
substituents, it can be concluded that the ligand substitution in Agaa is electrophilic in

nature.

3.4 Conclusions

The site preference of ligands during ligand substitution reactions, extent of the
substitution and the nature of the ligand exchange reactions were investigated using the
model system, MsAgas(p-MBA)30. The study shows random substitution for both ligands
(4-HSCeH4OH and 4-FTP) confirming no final site preference for ligands on MaAga4(p-
MBA)3 cluster. It was found that the average number of substitutions for both ligands
are close but less than the input ratio. Also, both exchange reactions were found to be
product-favored. The ligand substitution reactions on MsAgas(p-MBA)30 were found to be

electrophilic in nature.
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Chapter 4

Conclusions

Monolayer protected clusters (MPCs) have received great research interest due to
their potential applicability in various fields, including optoelectronics, biomedicine,
catalysis, and photochemistry. The field of metal MPCs has significantly advanced with
Brust et al.'s pioneering work in the synthesis of small metal nanoparticles in the early
1990s. Back then, the synthesis and characterization of new MPCs received greater
interest. Even today, researchers work extensively in the synthesis and characterization of
new clusters. So far, various clusters have been reported with successful formulae
determinations and crystal structures.

Despite the significant achievements in synthesis and structural determinations,
the molecular level understanding of reactivity and post-synthetic modification of these
materials is still lacking. It is crucial to study and understand different aspects of these
MPCs to use them in applications. Post synthetic functionalization and modifications of
MPCs are important considerations for their intended application. Mainly there are two
modes of functionalization: heteroatom substitution or heteroligand substitution.

The studies of Ag MPCs have lagged behind the gold analogs due to their high
reactivity and susceptibility to oxidation and aggregation. Despite that, Ag MPCs are

expanding their roles in many areas due to desirable optical and electronic properties. In
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this study, we have presented experimental results for basic functionalization reactions on
Agas as an important step towards the goal of understanding their post-synthetic
chemistry.

First, bimetallic and surface functionalized nanoparticles were synthesized by
galvanic exchange using a complex composed of both a heterometal (Au) and a
heteroligand (4-HSCsH4OH). Nanoparticles with up to 12 substituted Au atoms were
found in the series, and the maximum number of ligands exchange was found to be 3. No
correlation was found between heteroatom and heteroligand substitution reactions,
indicating independent mechanisms. The metal atom exchange mechanism likely
involves ligands, but those ligands remained where they were at the beginning of the
reaction, whether in the ligand complex or on the cluster. It was found that metal
substitution reaction was more efficient than ligand substitution, but it is not clear if they
were determined by thermodynamics or kinetics.

Second, experimental results for only ligand substitution onto M4Ag44(SR)3o clusters
were also presented, using different ligands. The study showed random substitution for
both 4-HSCegH4OH and 4-FTP ligands, with numbers of substitutions well beyond 6,
confirming no final site preference for ligands on MaAgas(p-MBA)zo clusters. It was
found that the average number of substitutions for both ligands was close to but less than
the input ratio. Also, both exchange reactions were found to be product-favored. Halogen
substituted thiophenols were used to investigate the nature of the ligand substitution and
the ligand substitution reactions on MsAgas(p-MBA)30 were found to be electrophilic in

nature.
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