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Abstract

Atom-precise water-soluble amine-terminated Au nanoclusters (NCs) with various core
sizes have been synthesized by a new single-phase synthetic method. The formed NCs are narrow-
sized and the core size and size distribution can be controlled by the reducing agent concentration,
with the formation of smaller NC core diameters at higher concentrations of the reducing agent.
Furthermore, based on UV-Vis spectroscopy, three absorption peaks at around 690, 440, and 390
nm were observed at 0.30 M of the reducing agent, which are spectroscopic fingerprints of Auys
NCs and are strongly suggestive of the formation of fluorenylmethyloxycarbonyl (Fmoc)-glycine
(Gly)-cystamine (CSA)-protected Auzs(SR)is NCs. The reactivity of surface amine functional
groups of the resulting amine-terminated Au NCs was investigated by the Michael addition
reaction of the primary amines with methyl acrylate. Based on the UV-Vis spectra and
Transmission Electron Microscopy (TEM) images, the size of the NCs remained unchanged during
the synthesis and after the functionalization reaction which suggests the high stability of these
particles. The functionalization of the ligand was confirmed by Proton Nuclear Magnetic

Resonance Spectroscopy ('"H NMR) and the NC size was characterized by TEM.

In the second part of this study, two synthetic methods, direct synthesis and post-
functionalization (divergent synthesis) have been used to produce Au cluster-cored dendrimers.
The ester-terminated Au cluster-cored dendrimers formed by direct synthesis are stable and
resistant to aggregation in solution and in the presence of an excess of reducing agent. In contrast,
amine-terminated cluster-cored dendrimers undergo aggregation in solution over time due to the
high reactivity of the surface, which makes them unstable and limits their applications. The

divergent method involves repeated two-reaction sequences on Gly-CSA Au NCs, consisting of



Michael addition and subsequent amidation by ethylenediamine, and produces stable amine-
terminated Au cluster-cored dendrimers with no change in core size after the reaction based on
TEM images. Therefore, various amine and ester-terminated Au cluster-cored dendrimers with
various dendron generations and core sizes can be formed using the divergent strategy. Direct
synthesis does not allow for control of cluster size, while the divergent method does not give fully
uniform dendrons at higher generations. Finally, the catalytic activity of these Au cluster-cored

dendrimers has been studied for the reduction of 4-nitrophenol.
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Chapter 1

1 Introduction

Recently, gold nanoclusters (Au NCs) have received a great deal of attention in
nanoscience and nanotechnology because of their unique geometric and electronic structures and
their key applications in catalysis'*, biomedicine®*, sensing™® and biosensing’. The optical and
chemical properties of thiolate-protected Au NCs directly depend on the Au core size, and due to
the small size of the Au NCs, they behave as molecules rather than metallic nanoparticles. For
example, thiolate-protected Au NCs of different sizes show unique molecular transitions in the
UV-Vis region.®’ In addition, recent studies revealed that the catalytic activities of Au NCs are
also size-dependent.>!? Therefore, designing new strategies to generate different atom-precise NCs

is a key focus in recent NC research.

In the past few decades, a broad range of thiolate ligands with a variety of functional groups
have been used to stabilize Au NCs.!!"!* The organic surface properties, such as type of ligand
functionality, ligand bulkiness, as well as ligand coverage of Au NCs control properties such as
the solubility, stability, and applications of Au NCs.!! Direct synthesis of Au NCs with reactive
functional groups, such as carboxylic acids and amines, is a big challenge due to the competitive
binding of these functional groups to the Au surface. Furthermore, sometimes the same NC core
size cannot be achieved using ligands with different functional groups under the same reaction

conditions. To overcome these challenges, post-functionalization strategies can be used for surface



modification and tailoring desirable ligands and functionalities on the surface of NCs.

This thesis includes the design and synthesis of ligands, the preparation and modification
of Au NCs of various core sizes, as well as the characterization and application of functional Au
NCs in catalysis. In this thesis, [ use a new single-phase synthetic method to produce narrow-sized
and stable amine-terminated Au NCs with various core sizes. I show that the core size directly
depends on the concentration of the reducing agent and higher concentrations of reducing agent
result in smaller core sizes, including AuxsLis systems. The reactivity of surface amine and ester
functional groups of Au NCs is investigated by the Michael addition reaction of primary amines
with methyl acrylate and amide coupling reactions of ester groups with ethylenediamine; results
show that the resulting NCs can be easily functionalized. Repeating the two-reaction
sequences consisting of Michael addition and subsequent amidation produces Au cluster-core

dendrimers.

1.1 Nanomaterials

Zero-dimensional colloidal nanomaterials can be classified based on the size of colloids
into two main classes: nanoparticles (NPs) and NCs.!? In this classification, NPs are objects with
a structural diameter between 2 and 100 nm and NCs are below 2 nm in size. NPs and NCs are
generally considered as intermediate species between bulk metals and metal atoms (Figure 1.1).
The main difference between NCs and NPs is their electronic properties which result in different
physical properties.'®!7 Metallic NPs have electronic properties of the bulk material, while metallic

clusters typically behave as molecules.



Nanoparticle Cluster Single atom

Electronic
Structures

Geometric
Structures

Metal energy band  Molecular orbitals Atomic orbitals

Figure 1.1. Energy levels of atoms, NCs, NPs, and bulk metals.!> Reprinted with permission from

ref 15. Copyright 2019 Chemistry-Sustainability-Energy-Materials.

1.1.1 AuNPs

Many efforts have been applied to the synthesis and understanding of the fundamental
physical and chemical properties of monodisperse Au NPs and NCs. There are various synthetic
methods and capping agents that can produce Au NPs with different core sizes. Ligand stabilized
Au NPs (often also called Au monolayer-protected clusters) are often prepared by the reduction of
Au salts in the presence of an appropriate stabilizing ligand, often thiolates or phosphines, which
help prevent particle agglomeration. The ligand can change the electronic properties of those metal

atoms which are linked with the ligand molecules.'®

The unique optical properties of Au NPs give them a wide range of applications in both
biology and technology.!?° These properties are often due to the interaction of the electrons of
Au NPs with light. At a specific wavelength, Au NPs have a strong surface plasmon resonance
(SPR) absorption in the visible region (Figure 1.2) due to the resonance of incident photon

frequency with the collective oscillation of electrons on the surface of the Au NPs which results



in strong absorption and scattering of light.'®?!?> The resonance frequency of this phenomenon
(SPR) depends on the size, shape, and dielectric constant of the NPs. Au NCs, as well as bulk Au,

do not show such SPR bands.

A : B
V4
dielectric
'T \L N N R *“ ~ "
e cloud
metal

Figure 1.2. SPR absorption in NPs.?* Reprinted with permission from ref 23. Copyright 2016
Royal Society of Chemistry.

1.1.2 AuNCs

The term “cluster” was applied by Cotton for the first time in the 1960s to compounds
containing metal-metal bonds.?* Au NCs generally contain countable numbers of atoms (from a
dozen to a few hundred) and the diameters range from subnanometer to ~2.2 nm.?> Among ligand-
stabilized NCs, thiolate-functionalized Au NCs as functional materials have attracted attention for
many years.?® These NCs have very strong bonds between the metal core and thiolate ligands that
provide them molecule-like stability. The properties of Au NCs are very sensitive to the number
of atoms in the particle.?’ Therefore, atom-precise Au NCs are represented by their exact formula,
Aun(SR)m, where, n and m represent the number of metal atoms and thiolate ligands (—SR),

respectively.



1.1.2.1 The Importance of Small Au NCs

Au NCs show distinctive quantum confinement effects due to their ultra-small core size
(<2 nm).?”?® This property results in a discrete electronic structure and molecule-like properties,
such as HOMO-LUMO electronic transitions and enhanced photoluminescence. Furthermore, Au
NCs have a high surface-to-volume ratio, which makes them good candidates for catalysts and
further surface modification and bioconjugation.? All the above properties make Au NCs suitable
for a wide range of applications such as nanoelectronics, catalysis, chemical and biological
sensing, biomedicine, and optical applications.>** There is a class of stable and highly functional
NCs which are called magic number NCs. Some of the NCs that are included in this class are
AuasLig, Ausglos, and Auiasleo (Where L is typically thiolate ligands). Their geometry makes them
more stable as molecules compared to other NCs; furthermore, Auzs and Auzs are much more
thermodynamically stable than other NC systems due to electronic effects.?> AuxsLis NCs can be
6

precipitated, redissolved, and even purified by chromatography without any change in properties.>

Note that in many cases the NCs have a -1 charge state.

1.1.2.2 AuzsLis NCs

AwsLigs” NCs are a ubiquitous system and have size-specific physical and chemical
properties like photoluminescence, redox behavior, and catalytic activity that cannot be observed
in metallic bulk Au.>” AuysLis NCs are stable in both solution and the solid state and can be

considered a molecular species.?¢*



1.1.2.2.1 Structure and Applications

Figure 1.3 shows the single-crystal structure of [OctsN'][Auzs(SCH2CH,Ph)is 1.3° The
structure of Auas(RS)is can be written Aui3[(RS)3Auz]s in which there is an icosahedral Auis core
surrounded by six RS-Au-RS-Au-RS protecting staple motifs. In this structure, each of the surface
atoms of the core is connected to one sulfur atom. So, the actual protective ligands in the structure
of Auzs(RS)is are the Aux(SR); staples. These motifs are attached to the metal core as a bidentate
ligand which provides a close-packed structure with a shielded metal core. The reason for this

unexpected structure is not due to geometric constraints but rather due to electronic interactions

30,31

which lead to a highly stable structure.

Figure 1.3. Crystal structure of [OctsN"][Auzs(SCH,CH,Ph)s ], the central Au; cluster is on the left; in
the middle figure, yellow atoms in the staples are S and Au atoms are red; the blue colour on the right is
the charge balancing cation (OctsN").3° Reprinted with permission from ref 39. Copyright 2010 American

Chemical Society.

AuzsLig NCs show three absorption peaks in their UV-Vis spectra at 690, 450, and 400 nm.
These peaks are a fingerprint for thiolate-functionalized AuasLig NCs. The first band with the
lowest energy at 690 nm (1.55 eV, peak a in Figure 1.4b) belongs to the transition of electrons
from the HOMO to the LUMO. The second band at 450 nm (2.63 eV, peak b in Figure 1.4b)

corresponds to the transition of an electron from the HOMO to the LUMO+1 and +2 and the

6



HOMO-2 to the LUMO orbitals. Finally, the third band at 400 nm (3.3 eV, peak ¢ in Figure 1.4b)

shows the HOMO-5 to the LUMO electron transition.>!
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Figure 1.4. (a) Kohn-Sham orbital energy level diagram and (b) UV-Vis spectrum of Auzs NCs.>!
Reprinted with permission from ref 31. Copyright 2008 American Chemical Society.

Recently, AuxsLig NCs have received increased attention due to their unique optical and

27,34 and

electronic properties which make them promising in various applications in catalysis
electrocatalysis,***! sensing,>® and biomedicine.*** For example, Au NCs, including Auas(SR)1s,

were shown to possess antimicrobial activity which is absent in bulk Au and Au NPs.>* These

properties can likely be further improved by modifying the surface chemistry of the NCs.

1.1.2.2.2 Synthetic Routes

There is significant interest in developing new synthetic methods to produce atom-precise
NCs and at the same time have control over the surface functionality of these NCs. However, to
date, there have been few reports published that allow one to synthesize particular atom-precise
NCs in bulk quantities.** Therefore, due to the importance of this type of material, researchers

have been trying to develop synthetic methods for the size-controlled synthesis of Au NCs. Despite



the large advances in the fabrication of atom-precise Au NCs, a vast majority of Au NCs are

stabilized by ligands that cannot be used for further chemistry, such as alkanethiolates.>#3%4>

Typically, four strategies have been used for the synthesis of atom-precise Aun(SR)m NCs,
including AuasLis (Figure 1.5).46 High-resolution separation is the first strategy that can separate
NCs of a specific size according to their number of constituent atoms from a mixture of NCs of
various sizes (Figure 1.5a). There are different methods for high-resolution separation of Au NCs
such as polyacrylamide gel electrophoresis and solvent extraction.*’ Recently, reverse-phase
HPLC has been used widely for high-resolution separation of Au NCs.*3* The second method
involves exposing polydisperse NCs to severe oxidizing or reducing conditions (Figure 1.5b). In
this strategy, the most thermodynamically stable NCs survive the harsh conditions while less stable
NCs are converted into stable NCs. For example, Jin and coworkers reported the synthesis of
monodisperse Auzg(SCoH4Ph)24 NCs by chemical etching of size-mixed Aum(SR), NCs using
excess free ligand. ® In this study, the Aum(SR)s NCs were exposed to excess phenylethanethiol
(PhC,H4SH) for 40 h at 80 °C. The Auss(SC2H4Ph)24 NCs show higher stability against etching
than other NCs in the mixture. In the third strategy, atom-precise NCs are synthesized by
controlling the growth rate of the NCs during the synthesis (Figure 1.5¢). This can happen by
choosing an appropriate reducing agent under controlled reaction conditions. In the fourth strategy,
ligand exchange of stable atom-precise NCs generates stable NCs with different chemical
compositions, due to the dependency of the chemical composition on the ligand shell (Figure 1.5d).
In this method, the ligand of the NCs can typically be exchanged with bulkier ligands to get more

stable atom-precise NCs and several functional ligands could be introduced with this method.
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Figure 1.5. Typical methods for the precise synthesis of monodisperse atom-precise NCs: (a) high-
resolution separation, (b) size focusing under severe conditions, (c¢) controlling the growth rate,

and (d) ligand exchange.*® Reprinted with permission from ref 46. Copyright 2016 Elsevier.

1.2 Functionalization of Au NPs and NCs

Functionalization is a useful tool to make metal NPs and NCs more attractive for different
applications.’®>! Various types of functionalization methods have been applied to create NPs and
NCs with new and desired functions. One effective method involves the control of the functional
group of the ligands which leads to more control over chemical and physical properties. Pradeep
and coworkers have found that place-exchange reactions of Au2sSGis (SG-glutathione thiolate) by
functionalized -SG or other ligands such as 3-mercapto-2-butanol change the photoluminescence
properties of the NCs.*? Heteroatom doping, which is another method, can result in new functional

NPs and NCs. For example, it was observed that doping Au atoms in Pd NCs results in a high
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activity catalyst for the glucose oxidation reaction due to negatively charged surface Au atoms.>”
Controlling bonding interactions between a metal and the ligand is another way to change the
physical and chemical properties of these particles.>* For example, changing the bond from Au-S
to Au-Se results in a decrease in charge transfer from Au to the ligand in Au-Se bonds compared

to Au-S bonds which results in bonds with less ionic character.>>

Well-defined structures of NPs and NCs with specific properties can be tailored by
controlling two parameters:>® 1. Control of the size and composition of the core which can control
the electronic and optical properties of NPs and NCs. For example, by choosing different reaction
conditions during synthesis or by some modifications after synthesis such as size-selective
purification,”’ one can have control over the size of the NP and NC core. 2. Judicious choice of
ligands which can control chemical properties of the NPs and NCs such as solubility, reactivity,

surface chemistry, and binding affinity.

Place-exchange reactions can produce functionalized Au NPs and NCs that preserve the
core dimensions of precursor particles but exhibit unique physical and chemical properties like
increased stability against heat-induced aggregation and decomposition.>®® Figure 1.6 shows the
one-pot protocol developed by Schiffrin and coworkers to produce Au NCs, followed by a place-
exchange reaction to form Au NCs with mixed ligands.>*®® Reaction time strongly depends on the
incoming ligand chain length and generally increases with increasing the chain length. This trend
is due to steric effects that reduce the reactivity of the ligands.>® Challenges for place-exchange
reactions include incomplete exchange and a narrow choice of ligands. Other parameters that can
be controlled (especially for Au NCs) are the precise nature of the atom-precise cluster and the

identity of the new ligand. In place-exchange reactions, the size of the cluster core can also be
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changed during the exchange.’® The preservation of the small core dimensions and narrow size
dispersity of the NCs are essential especially for electronic and optical applications which require

functionalized NCs with controlled physical properties. !
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Figure 1.6. Formation of a wide variety of Au NPs and NCs with various ligands by using place-
exchange reactions.>® Reprinted with permission from ref 50. Copyright 1998 American Chemical

Society.

Post-functionalization is the most convenient method to produce functionalized Au NCs
(Figure 1.7). Amide and ester coupling reactions are useful synthetic routes and powerful
activating agents to produce a variety of functionalized NCs.%? Ester coupling reactions
(esterification) provide an efficient method of functionalizing and bioconjugating Au NCs.%
Recently, Hokkin and coworkers reported the site-specific conjugation of functionalized Au NCs
to viruses.* They used N-(6-hydroxyhexyl)maleimide as a linker molecule that binds to the NCs

with an ester bond; the functionalized Au NCs can then conjugate with viruses via Michael

addition reactions.
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Figure 1.7. Functionalization of Au NCs using coupling (a,c) and Sn2 reactions (b). Adapted from
ref 58.8

The other common coupling method to conjugate Au NCs to various functionalized head
groups is the amide coupling reaction.®® Carboxylic acid and active ester groups can be reacted
with primary amines by a condensation reaction to yield amide bonds. Since amine functional
groups are highly reactive, amide linkages are a common strategy for covalent coupling
conjugations.’>%® For example, Forbes and coworkers have constructed Au NCs with biological
moieties attached by a synthetic route based on amide and ester coupling reactions to form
AuyssLso NCs with various structural groups.®? They used coupling reactions between alcohols or
amines with NCs bearing carboxylic acid groups and also between carboxylic acids with NCs

bearing alcohol groups.
12



One major challenge with post-functionalization is that further functionalization performed
on the surface of particles can often result in some (undesirable) growth in the Au core size.®® This
is even more problematic with atom-precise Au NCs that are used for a specific application in
which the core size is an important factor. Therefore, an effective approach is needed for the
generation of desirable functional group surfaces on Au NCs using post-functionalization

strategies, and at the same time retain control over the core size.

1.2.1 Synthetic Routes

Ligands with functional chemical groups provide a chance to use Au NPs in different areas
such as catalysis, delivery applications, and biomolecule or chemical sensing.’!**$7 For this
approach there are three ways to achieve such functional ligands: (I) direct synthesis, (II) post-

functionalization, and (III) place-exchange reactions. 3%:61:67:68

In direct synthesis, functionalized ligands are used to prepare the desired Au NPs with
activated functional groups.®® This method has a big drawback in that these functionalized ligands
may not be stable in reaction conditions or may interfere with the synthesis of Au NPs (for
example, by coordinating to the Au salt and/or the Au NP surface). Therefore, there is a demand

to develop other alternative strategies.

Place-exchange reactions developed by Murray and coworkers are a powerful tool to
change the functionality of the ligand shell of ligand stabilized NPs and NCs.®"7%7! This approach
is used to produce various organic and water-soluble NPs and NCs with a diverse range of core
sizes and functional groups on ligand shells. For example, Brifias et al. used citrate- and
dimethylaminopyridine Au NPs in place-exchange reaction to produce water-soluble NPs using

water-soluble ligands such as amino acids, peptides, and carbohydrates.®! Place-exchange
13



reactions are limited by several challenges. The first challenge is that incorporating functional
ligands into the ligand shell is not easy due to synthetic incompatibilities.”” Secondly, complete
replacement of the original ligand with a new ligand is a big challenge that is hard to control, and

the use of different ligands can lead to incomplete or even no exchange.

Another approach to prepare functionalized Au NPs is using ligands that have terminal
reactive functional groups that can undergo secondary synthetic reactions like nucleophile
substitution reactions (e.g. Sn2 reactions) and coupling reactions.’® The most important reactions
that can produce a variety of structural groups on Au NPs are amide and ester coupling reactions.
These reactions can be made by diverse amine, carboxylic acid, or alcohol molecules (Figure 1.7).
For example, Murray and coworkers studied the Sn2 reactivity of w-bromoalkanethiolate-
functionalized monolayer-protected Au clusters (MPCs) with primary amines.>® They studied the
effect of the bulkiness of the incoming nucleophiles as well as the chain length of the w-
bromoalkanethiolates on the Sx2 reactivity of Au MPCs. Also, they published a series of amide
and ester coupling reactions on hydroxyl and carboxylate MPCs with a variety of reagents and

produced various polyfunctionalized Au MPCs.%?

1.2.2 Applications of Functionalized Au NPs and NCs

One important strategy that allows one to tailor Au NPs for desired applications is to
functionalize them and modify their physicochemical properties. The initial interaction of NPs
with cells is a fundamental factor controlling the efficiency of such NPs in biomedical applications
and strongly depends on the surface moieties that exist on both NPs and cells.®’ It is believed that
type, charge, and length of the surface ligand of NPs play an important role in their antimicrobial
efficiency.* Recently, Au NPs have been received huge attention as an attractive vehicle for the
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delivery of small drug molecules and large biomolecules (like DNA, RNA, and proteins) due to
their unique chemical and physical properties’”® (Figure 1.8). The first advantage that makes Au
NPs a good candidate for drug delivery purposes is their inert and non-toxic core.”* Au NPs can
be synthesized easily with a wide range of core sizes (2-150 nm). In addition, the ease of

functionalization through thiol linkages allows one to control the surface chemistry.”

Au NPs and NCs are amongst the most investigated nanomaterials in sensing applications
due to their unique optical properties. Sensing can either involve plasmonic interactions and/or
luminescence from NPs or NCs. Various functionalized Au NPs have been generated to be used
as sensors for biological specimens, such as DNA, RNA, cells, metal ions, small organic
compounds, and proteins.’® For example, Au NPs modified by synthetic biopolymers can be used
as potential bio-sensors for labelling, imaging, and assaying.”’ The role of the biopolymers is to

decrease the high surface energy of the Au NPs and as a result, prevent the aggregation of NPs.
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Figure 1.8. Biological apphcatlons of Au NPs.” Reprinted with permission from ref 67. Copyright
2008 Elsevier.

Finally, Au NPs and NCs have been shown to exhibit catalytic activity for the formation
of C-C, C-N, C-S,and C-O bonds, and can also be catalysts for oxidation and reduction
reactions.”®” For example, it has been recently observed that Au NPs are capable of catalyzing
the regioselective hydroamination of alkynes.®® For this purpose, the Au NPs are supported on a
natural polysaccharide biopolymer (chitosan). Also, it has been reported that Au/CeO> catalyzes
the Sonogashira cross-coupling of aryl halides and terminal alkyls to form C-C bonds.?' Even
though the catalytic reactions take place on the surface of Au particles, functional groups and
length of ligands/capping agents can control the activity and selectivity of the catalyst. Recently,
our group reported the reduction of 4-nitrophenol using AuasLis NCs with a variety of

alkanethiolate ligands, such as phenylethanethiol, hexanethiol and dodecanethiol.>* The effect of
16



ligand chain length and composition on the reduction of 4-nitrophenol was studied, and it was
observed that there was a decrease in reaction rate by increasing the chain length of ligands due to

greater availability of the Au surface when using short-chain thiol ligands.

1.3 Amine-Functionalized Au NCs

The most common functional groups on the surface of Au NCs are hydroxyl groups and
carboxylic acids, along with a limited number of amine systems.!!*82 Generation of amine-
terminated Au NCs and subsequent post-functionalization can give access to a diverse selection of
organic surface functional groups on Au NCs.>® Attractive features of incorporating surface amine
groups are the following: 1) high reactivity of these functional groups makes them highly attractive
to be used for coupling reactions, 2) a wide variety of target molecules with carboxylic acid and
alcohol substituents are available for post-synthetic reactions, 3) the place-exchange pathway
which is often required to form functionalized Au NCs is avoided. However, the formation of
amine-terminated Au NCs by direct synthesis is a large challenge due to the strong affinity of both
amine and thiol groups towards Au. In addition, the stability of amine-terminated Au NCs in water

can be problematic due to the aggregation of the NCs via hydrogen bonding.

So far, very few examples of atom-precise Au NCs with amine terminal groups have been
reported.®*® In 2002, Hicks et al. synthesized 4-mercaptophenylamine Au MPCs and used them
for the preparation of polymer/MPC multilayers by post-functionalization strategies.®® Later in
2012, Auzs(Cys)i1s Au NCs (Cys = cysteine) were synthesized by a protection-deprotection method
using cetyltrimethylammonium bromide (CTAB) as a protecting layer.®® Steric protection of
organic ligands controls the reduction process during the synthesis and leads to the formation of

atom-precise Au NCs (Figure 1.9).!''8% The protecting groups are attached to the ligands by
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electrostatic interactions. Therefore, the presence of negatively charged organic ligands is crucial

in this method which limits the scope.
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Figure 1.9. Synthesis of cysteine-Auxs NCs by the protection-deprotection method.®® Reprinted
with permission from ref 88. Copyright 2012 American Chemical Society.

In 2012, CO-directed synthesis of atom-precise Auzs(Cys)ig NCs was shown by Xie and
coworkers.?* Recently, Gavriilidis and coworkers have also reported the synthesis of Auzs(Cys)is
NCs by employing CO as a reducing agent in a tube-in-tube membrane reactor under 80 °C.”
Using CO as a mild reducing agent causes slow growth and controls the size-focusing process.
However, the reduction capability of CO is pH-dependent and pH-induced aggregation could take

place during the process.”!

In another study, Lavenn et al. developed a new synthetic strategy for the synthesis of

AuzsLi7 NCs with 4-aminothiophenolate ligands (HSPhNH>) and found the clusters to be partly
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stabilized by amino-Au interactions.®’ Xie and coworkers reported the synthesis of various mono-
, bi-, tri-functionalized thiolate protected Auzs NCs including Auzs(Cys)x(MPA)isx NCs (MPA =
3-mercaptopropanoic acid) using a NaOH-mediated NaBHs reduction method.®® This bi-
functionalized ligand Au NC was the first report of direct synthesis of Au NCs bearing amino

groups.

Previously our group studied the synthesis, characterization and post functionalization of
Au NPs protected with glycine-cystamine (Gly-CSA) groups.®3%6? Peptide-stabilized Au MPCs
were synthesized via the Brust-Schiffrin method by using tert-butyloxycarbonyl(Boc)-Gly-CSA
or fluorenylmethyloxycarbonyl(Fmoc)-Gly-CSA capping agents, followed by deprotection. In
both systems, atom-precise NCs were not formed. Deprotection of Boc in acidic solution gave
Gly-CSA protected Au NPs which were 4 nm in size according to a weak plasmon shoulder around
540 nm at UV-Vis spectra. A small shift in the UV-Vis spectra from 530 nm to 540 nm and a slight
increase in the intensity of the surface plasmon resonance band after deprotection suggests that
there was growth and aggregation between particles. No such growth was seen in the Fmoc system
after deprotection with piperidine. Further studies were carried out towards understanding the
surface properties and reactivity of the Au NPs and found that these amine-terminated Au NPs

could be functionalized by amide coupling reaction with activated esters. %2

1.4 Dendrimers

Dendrimers are highly branched, star-shaped synthetic macromolecules with well-defined
compositions and structures which consist of three parts: a central core, branches, and functional
surface groups.”>®° They have attracted growing interest among researchers because of their
unique properties, such as size, reactivity and diversity of end groups, easy preparation, and
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biocompatibility which make them suitable for biological, catalysis, and sensing applications.”®
190 High density of reactive functional groups of dendrimers makes them a suitable carrier in drug
delivery and gene therapy. Their branched molecular structure significantly improves some
physical and chemical properties of dendrimers compared to linear chain polymers. Branch end
groups are responsible for some properties, such as solubility and reactivity of dendrimers. As a
result, dendrimers with different chemical structures have different solubility and can have host-
guest interactions with guest molecules. A variety of dendrimers with a wide range of structure
and end groups have been discovered, such as poly(amidoamine) (PAMAM) dendrimers,

poly(propyleneimine) (PPI) dendrimers, PEGylated dendrimers, and many others. !
1.4.1 Structure and synthesis

Dendrimers consist of three parts: a central core, branching layer, and end groups.!?%!%

The generation of a dendrimer is defined as the number of repeat units in the branches from the
core towards the end groups. Various generations of dendrimers can be formed by stepwise organic
reactions. Dendrimers can be generated with a variety of sizes, end groups, and the number of
branches. There are two strategies for dendrimer synthesis: divergent and convergent approaches.
In divergent strategies, the synthesis is initiated with a multifunctional core, such as
ethylenediamine. Different generations of dendrimers can be formed by a sequential series of
reactions from the core outward. In convergent approaches, dendrons are synthesized first from
the small molecules and are eventually attached to the core; thus, the reaction proceeds inward in

this strategy.
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1.4.2 Dendrimer-Encapsulated NPs (DENs)

Dendrimer-Encapsulated NPs (DENs) are of scientific and technological interest due to the
uniform structure and composition of dendrimers which make them suitable to host metal NPs. 1%
The metal NPs are entrapped within dendrimers and do not agglomerate. The dendrimer controls
the availability of the surface of a metal NP and can be a selective gate for small molecules. Also,
the terminal functional groups of dendrimers can be used to control some properties of the metal-
encapsulated NPs such as solubility and facilitate the linking of these materials with other surfaces
and molecules. For example, recently Fujita and coworkers have used poly(amidoamine)-

dendrimer-encapsulated Au NPs as a catalyst for carboxylative cyclization of various propargylic

amines.'®

Recent studies suggest that Au DENs are interesting materials for applications in biology
and medicine.!*® Au DENSs prepared using amine-terminated dendrimers as a template have been
used in cancer cell targeting and imaging by covalently linking the DENs to ligands such as folic
acid and imaging molecules such as fluorescein isothiocyanate molecules. To decrease the toxicity
and keep a neutral charge on the particle surface, a final acetylation step was done to convert the

remaining amine-terminal groups to acetamides. "’

Recently, Shi et al.'%® have reported the synthesis of AuAg alloy DENs using generation-
5 poly(amidoamine) dendrimers as templates. The formed NPs had variable and controllable sizes,
optical properties, X-ray attenuation characteristics, and high cytocompatibility after acetylation
and showed great potential for CT imaging and other biomedical applications. Similarly,

poly(amidoamine) (PAMAM) dendrimers modified with Gd(III) chelators and polyethylene
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glycol have been used as templates to synthesize Au DENs for dual-mode computed tomography

(CT)/ magnetic resonance (MR) imaging applications.'?”

1.4.3 Nanoparticle-Cored Dendrimers (NCDs)

Nanoparticle-cored dendrimers (NCDs) are a class of materials that possess a metal NP
core stabilized by dendrons of different generations.!'® The huge advantage of these materials over
DENSs is their high stability. Furthermore, the stabilization of nanometer-sized particles with
dendrons provides a small core with a thin organic layer with a precisely defined structure and
composition, and tunable surface chemistry which makes them promising materials for many
biomedical applications such as drug delivery, gene therapy, and biosensing. %1911 Synthetic
methodologies for NCDs are classified into three categories, as shown in Figure 1.10.!'? Direct
synthesis is one of the strategies in which the thiol-containing dendrons and/or dendrimers are used
as stabilizers during the synthesis of the NP. NCDs formed by this method have a large void space
close to the metal core and a large fraction of the surface area of the metallic core is
unpassivated.'!> These features can increase the catalytic activity of the NP without sacrificing
colloidal stability. The second method involves place-exchange reactions of the thiolate protecting
groups by suitably capped dendrons. However, as mentioned earlier, using place exchange
strategies causes some disadvantages such as 1) complete exchange can be hard to achieve, 2)
functional ligands cannot be used in this method, and 3) it can result in NCDs with different core
sizes. Post-functionalization is the third strategy that involves sequential reactions on the organic
surface of MPCs (divergent approach) or reaction of the end groups of MPCs with suitable

dendrons (convergent approach) to make NCDs of different generations.!'? This method provides
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a wide variety of NCDs with various end groups and dendron generations as well as a uniform

core size.
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Figure 1.10. Three general synthetic strategies of NCDs.!!” Reprinted with permission from ref

110. Copyright 2015 The Royal Society of Chemistry.

1.4.4 DENs and NCDs in Catalysis

Recently, stabilization of NPs such as Pd, Pt, and Au by dendrimers and their application
in catalysis have been increasingly reported.'!® For example, Pd-NCDs are an effective catalyst
for Heck and Suzuki reactions,''* and Pt-NCDs have been produced and used as a catalyst for the
reduction of nitrobenzenes.!!® In particular, research attention has been focused on Au-NCDs due
to their stability and unique features. Many chemical reactions such as carbon monoxide oxidation,
selective hydrogenation of alkenes, and selective epoxidation of alkenes are catalyzed by Au

catalysts.!! In all these reactions, the size of the NPs, as well as the surface chemistry and density
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of the dendrons/dendrimers, reportedly affected the catalytic activity and selectivity of Au
catalysts, such that they could vary with chain length and composition. Chen and coworkers have
modified generation-5 polyamidoamine by maleic anhydride and cysteamine,!!” followed by using
the modified dendrimers to generate dendrimer-encapsulated Au NPs. The resulting NPs were
reported to have higher stability, compatibility, and catalytic activity due to the ligand
composition. Consequently, many methods have been developed to prepare Au NPs with specific
size and surface properties.** In addition, it has been shown that catalysts consist of sterically bulky
surfaces, such as dendrimer-templated catalysts, are effective for enabling chemical separations
based on the size, shape, and charge of the organic surface of catalysts or the species being
separated.!!®!"” Crooks and coworkers studied the catalytic activity of three different generations
of hydroxyl-terminated poly(amidoamine)-encapsulated Pd NPs.!?° They reported lower turnover
frequencies for higher generations of dendrimer-encapsulated NPs and larger substrates. By
controlling the steric hindrance of the ligand, it is possible to selectively control the access of
substrates to the Au clusters. Generally, a higher density of the organic layer and organic ligands

with sterically-bulky structures have preference for linear or small substrates.>*

1.5 Thesis Objectives

Designing new strategies to generate atom-precise Au NCs is becoming more prominent
due to their unique geometric and electronic structures and key applications as catalysts and
biomarkers.!”’ Since direct synthesis of atom-precise Au NCs with functionalized ligands is a big
challenge, it is highly desirable to synthesize atom-precise Au NCs bearing reactive functional
groups such as primary amines and generate a variety of functionalities on the surface of these

NCs by using a post-functionalization strategy. The second chapter of this thesis provides a
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synthetic method to produce monodisperse water-soluble amine-terminated Au NCs. This method
is also a suitable strategy to produce stable atom-precise amine-terminated Auzs NCs. Also, it
describes the subsequent functionalization of Au NCs by methyl acrylate via a Michael addition

reaction with no change in core size.

Au cluster-cored dendrimers have received intense attention due to their molecular-like
stability. There are various synthetic methods available for the preparation of amine-terminated
Au cluster-cored dendrimers using thiolate-functionalized PAMAM-dendrons. However, due to
the existence of amine functional groups, control of the size and agglomeration of these particles
is a big challenge.'”! As a result, a surface modification approach is needed to make desirable
functional groups on the organic surface and avoid any agglomeration after preparation.
Furthermore, while cluster-cored dendrimers have been made via direct synthetic routes starting
with branched ligands, divergent approaches that build functional groups on a cluster have not
been attempted. The third chapter of this thesis looks to address whether making such clusters
using such a divergent approach (post-functionalization) is viable, and what the
advantages/disadvantages of such an approach are compared to convergent (direct synthesis)
approaches in which the dendrons are made first, followed by cluster formation. Post
functionalization should allow for greater control of the core size of the cluster, but may also result
in a great degree of defects in the ligands due to incomplete reactions. In this chapter, a synthetic
strategy has been developed to generate amine-terminated cluster-cored dendrimers with various
core sizes and dendron generations. Finally, the catalytic activity of these Au cluster-cored
dendrimers covered by different ligands has been studied for 4-nitrophenol reduction reactions,

and structure/activity relationships are examined.
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Chapter 2

2 Size-Controlled Synthesis of Modifiable Glycine-Terminated Au Nanoclusters as a

Platform for Further Functionalization

2.1 Abstract

An improved and simple synthetic method for producing stable narrow-sized glycine-
cystamine (Gly-CSA)-protected Au nanoclusters (NCs) from protected Fmoc-glycine-cystamine-
(Fmoc-Gly-CSA-) protected Au NCs is demonstrated in this study. The NC size and size
distribution can be controlled directly as a function of reducing agent concentration with the
formation of smaller NC core diameters at higher concentrations of NaBH4. Furthermore, when
using 0.30 M NaBHy4, three UV-Vis absorption peaks at 690, 440, and 390 nm were seen, which
are consistent with the formation of Fmoc-Gly-CSA-protected AuxsLig NCs. After deprotection of
the Gly-CSA functionalized Au NCs, the reactivity of the primary amine groups was investigated.
Methyl acrylate-glycine-cystamine (MA-Gly-CSA)-protected Au NCs with terminal acetyl groups
were formed via a Michael addition reaction of terminal amine groups with methyl acrylate. This
reaction resulted in the formation of ester-terminated Au NCs including atom-precise MA-Gly-
CSA Aus(SR)1s NCs. The functionalization was confirmed by '"H NMR and UV-Vis spectra and
TEM images of MA-Gly-CSA- and Gly-CSA-protected Au NCs showed the size of the NCs

remained unchanged after the reaction. With controllable NC size and facile functionalization of
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the Gly-CSA-protected Au NCs, these clusters have promising potential as scaffolds for

biomedical applications.

2.2 Introduction

It is well-recognized that modifying the organic surface of nanoclusters (NCs) is a useful
strategy to form new functional groups on metal NCs which makes them attractive for different
applications.!? One effective functionalization method involves terminal functional groups on the
ligands which can be further derivatized to allow more control over chemical and physical
properties.>* Despite the large advances in the fabrication of atom-precise Au NCs, a vast majority
of fundamental studies have been done on Au NCs stabilized by ligands that cannot be used for
further chemistry, such as alkanethiolates.’ Up to now, the most common functional groups on
the surface of Au NCs are hydroxyl, carboxylate, ester, and amine groups.’ Several studies have
shown the preparation of carboxylic acid-terminated Au NCs with potential applications in many
fields such as catalysts, sensors, and biological probes.!%!? For example, Li ef al. reported on the
preparation of different ligands terminated with carboxylic acids for the functionalization of Au
NCs (AuasLis) and studied the catalytic activity of the NCs for 4-nitrophenol hydrogenation. '
More recently, Lu ef al. have prepared 11-mercaptoundecanoic acid-functionalized Au NCs and
showed they can be used for selective fluorometric hydrogen sulfide determination via a solvent-
mediated aggregation-enhanced emission mechanism.!* Furthermore, post-functionalization
studies of Au NCs and particularly, atom-precise Au NCs, are quite rare."'>'® Murray and
coworkers studied the Sn2 reactivity of w-bromoalkanethiolate-functionalized monolayer-
protected gold clusters (MPCs) with primary amines.! Also, they published a series of amide and

ester coupling reactions on hydroxyl and carboxylate MPCs and produced various
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polyfunctionalized Au MPCs.!> Mathew et al. demonstrated surface functionalization of AuasLis
NCs by the formation of host/guest inclusion complexes between the (#-butyl)benzyl groups of the
Au surface and S-cyclodextrin.!” Also, Gunawardene et al. reported the surface modification of
[AuasLis]” NCs with azide moieties using azide-amide cycloaddition chemistry.!® Such methods

open up the possibility of functionalization and surface modification of very prominent Auzs NCs.

It is highly desirable to directly synthesize Au NCs with terminal amine surfaces due to
their high reactivity which makes it a very useful functional group for further chemical
functionalization. However, the formation of thiol-protected Au NCs with amine terminal groups
by direct synthesis is a significant challenge due to the strong affinity of both nitrogen and sulfur
groups towards Au and the aggregation of amine-terminated Au NCs via hydrogen bonding. "’
While a number of carboxylic acid and hydroxyl-terminated Au NCs have been synthesized,?*?!
very few examples of amine-terminated gold NCs have been reported.'*!*?2-26 In early work,
Murray and coworkers reported ion-pair chromatography for size separation of polydisperse Au
MPCs using N-acetyl-L-cysteine and tiopronin ligands.?? Xie and coworkers introduced a CO-
directed synthesis to produce atom-precise Au NCs (Auzs(Cys)is) with cysteine ligands.!® The Xie
research group has also shown that steric protection using cetyltrimethylammonium bromide
(CTAB) can control the reduction process during the synthesis and lead to the formation of
Au(Cys)2s NCs.!%% The same group developed a NaOH-mediated NaBH4 reduction method to
prepare various mono-, bi-, tri-functionalized thiolate protected Auzs NCs including
Aus(Cys)x(MPA)1sx NCs (MPA = 3-mercaptopropanoic acid).!>?° Lavenn et al. developed a new
synthesis strategy for the synthesis of AuzsL17 NCs with 4-aminothiophenolate ligands (HSPhNH>)
and found the clusters to be partly stable due to amino-Au interactions.>* Place exchange pathways

using thiolate ligands have also been used to functionalize NCs to add desired functional groups

41



such as carboxylic acids and amines.?? However, this method is not facile, gives poor control over
exact ligand exchange, and complete exchange is challenging. There are no effective synthetic
protocols for atomically precise Au NCs bearing reactive primary amines. Therefore, a new and

effective approach is essential for the generation of such atom-precise amine-terminated Au NCs.

Previously we studied the synthesis of glycine-cystamine stabilized MPCs which the
surface chemistry can be modified by amide coupling reactions.?’”? This work presents a new
synthetic strategy that effectively overcomes some of the problems like the poor long-term stability
of previously reported peptide-stabilized MPCs, and shows that atom-precise systems can be
obtained. In this work we used a new single-phase synthetic method to produce narrow-sized and
stable amine-terminated Au NCs with various core sizes in high yield using Fmoc-protected
glycine-cystamine ligands; the use of the Fmoc protecting group prevents unwanted interactions
between Au surfaces and amines during the Au NC synthesis. We show that the core size directly
depends on the concentration of the reducing agent, and higher concentrations of reducing agent
resulted in smaller core sizes, including Auxs(SR)1s systems. Following Fmoc deprotection, stable
Au NCs with primary amine functional groups on the surface were generated with little to no
change of NC size. The reactivity of surface amine functional groups of Gly-CSA-protected Au
NCs was investigated by the Michael addition reaction of these primary amines with methyl
acrylate, and we show that the resulting NCs can be functionalized to give branched dendritic
surfaces. Such amine-terminated Au NCs are appealing because they offer possibilities of post-

functionalization of various molecules and biomolecules by coupling with amine groups.
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2.3 Experimental Section

2.3.1 Materials

All solvents and chemicals were purchased commercially and used as received without any
further purification. N-hydroxybenzotriazole (HOBT) and O-benzotriazole-N,N,N',N'-
tetramethyl-uronium hexafluorophosphate (HBtU) were purchased from AK Scientific. Cystamine
dihydrochloride (98%), triethylamine (EtsN, 99.5%), sodium cyanide (97%), sodium borohydride
(NaBHa4), tetrahydrofuran (THF), dichloromethane (CH2Cl>), methanol (MeOH), and acetonitrile
(CH3CN) were purchased from Fisher Scientific. Fmoc-glycine (Fmoc-Gly-OH) was purchased
from Millipore Sigma. Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCls-3H20, 99.9% on metal
basis), tetraoctylammonium bromide (TOAB, 98%), piperidine (99%), and methyl acrylate (99%)
were purchased from Sigma Aldrich. Deionized water (resistivity 18.2 MQ.cm) was used for all
experiments. Deuterated chloroform (CDCl3, 99.8 atom % D), deuterium oxide (D20, 99.9 atom
% D), and deuterated dimethylsulfoxide (ds-DMSO, 99.9 atom % D) were purchased from

Cambridge Isotope Laboratories.

2.3.2 Synthesis of Fmoc-Gly-CSA

Fmoc-Gly-CSA was synthesized by established literature protocols previously reported.*
Briefly, Fmoc-Gly-OH (20 mmol, 5.94 g), cystamine dihydrochloride (10 mmol, 2.25 g), HOBT
hydrate (30 mmol, 4.59 g), and HBTU (30 mmol, 1138 g) were added to 300 mL CH>CL in a
round-bottomed flask. Then 10 mL of triethylamine was added to the solution. The mixture was
milky white in colour before the addition of triethylamine, and after adding the solution became
clear. The mixture was left for 24 h and became milky white in colour again. Then the white solid

was collected by filtration and washed several times by chloroform and methanol. The organic
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layer was washed with saturated NaHCO3 following by several washings with methanol and water.
The solvent was removed by rotary evaporation under vacuum and the remaining product was
washed several times by chloroform and methanol to remove impurities and excess triethylamine.
Yield: (6.15 g, 87%); '"H NMR (500 MHZ, ds-DMSO, ppm): § 8.06 (t, 1H, J= 5.2 Hz, cystamine
NH), 7.89 (d, 2H, J="7.5 Hz, Fmoc Ar), 7.72 (d, 2H, J=7.5 Hz, Fmoc Ar), 7.54 (t, 1H, H= 6.0 Hz,
Gly NH), 7.42 (t, 2H, J="7.5 Hz, Fmoc), 7.33 (t, 2H, J= 7.2 Hz, Fmoc), 4.29 (d, 2H, J=7 Hz, Fmoc
CH>), 4.22 (t, 1H, J= 6.7 Hz, Fmoc CH), 3.60 (d, 2H, J= 6 Hz, Gly CH3), 3.34-3.37 (m, 2H,
cystamine CH,-N), 2.78 (t, 2H, J=6.7 Hz, CH,S); '*C NMR (125 MHz, ds-DMSO, ppm): § 37.5
(CH2-S), 38.5 (CH2-NH cystamine), 43.9 (CHz of Gly), 47.1 (CH of Fmoc), 66.2 (CH; of Fmoc),

120.6, 125.7, 127.5, 128.1, 141.2, 144.3, 156.9 (C=O of Fmoc), 169.7 (C=0 of Fmoc).

2.3.3 Synthesis of Fmoc-Gly-CSA- and Gly-CSA-Protected Au NCs

HAuCls-3H>0 (0.147 mmol, 50 mg) was added to 10 mL THF followed by the addition of
TOAB (0.177 mmol, 0.10 g). The colour changed from yellow to red. After 10 min, Fmoc-Gly-
CSA (0.294 mmol, 0.21 g) was added to the solution. After stirring for 5 min, freshly prepared
NaBHy4 (using variable concentrations) in 2.0 mL water was added to the solution all at once. In
total, four concentrations of NaBH4 (0.15, 0.23, 0.30, and 0.32 M) were used in this synthesis.
After 48 h, the solution was centrifuged (8000 rpm, 5 min) to remove larger particles. The resulting

supernatant is pale brown and contains Fmoc-Gly-CSA-protected Au NCs.

Fmoc-protected Au NCs were either precipitated out by methanol for characterization or
were directly reacted to remove Fmoc protecting groups from the surface by piperidine and form
Gly-CSA-protected Au NCs. To obtain purified Fmoc-Gly-CSA Au NCs, 10 mL methanol was

added to the supernatant and the precipitate was collected by centrifugation at 8000 rpm for 10
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min. The resulting brown powder was washed several times with methanol for further purification.
To remove the protecting Fmoc group from the Au NCs, 5 mL piperidine was added to the
supernatant immediately following the synthesis of Fmoc-Gly-CSA Au NCs. After stirring for 30
min, the solution was centrifuged (8000 rpm, 5 min), and the Gly-CSA-protected Au NCs were
washed several times by CHCI3 for further purification. Fmoc-Gly-CSA Au NC yields (mg): for

0.15 M NaBHa4: 4.5 mg; for 0.23 M NaBH4: 4.3 mg; for 0.30 M NaBHa4: 4.0 mg.

2.3.4 Synthesis of MA-Gly-CSA-Protected Au NCs

Au NCs synthesized using 0.23 M and 0.30 M NaBH4 were used to study the reactivity of
amine groups on Gly-CSA-protected Au NCs. Gly-CSA-protected Au NCs (5.0 mg) were
dissolved in a 6 mL mixture of water:acetonitrile (1:1 volume ratio) followed by the addition of
methyl acrylate (33.1 mmol, 3.0 mL). The reaction mixture was kept under N> for 24 h. Then 10
mL CH>Cl, was added to the solution and the organic phase was separated and dried over sodium
sulfate. CH>Cl» and excess methyl acrylate were removed under vacuum. The yield of the resulting

MA-Gly-CSA Au NCs and Auxs(CSA-Gly-MA)1s NCs was 4.6 mg and 4.5 mg, respectively.

2.3.5 Cyanide Etching of MA-Gly-CSA-Protected Au NCs

A solution of MA-Gly-CSA-protected Au NCs in chloroform (5.0 mg/ml) was mixed with
an aqueous solution of sodium cyanide (1.0 M) in a 1:1 volume ratio. The mixture was stirred at
room temperature under air until the organic layer turned colourless. The organic layer was

separated and washed with water several times and characterized by 'H NMR.
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2.3.6 Characterization

UV-Vis analyses were done using a Varian Cary 50 UV-Visible spectrophotometer with
an optical path length of 1 cm. Au NCs were analyzed by transmission electron microscopy (TEM)
using a Hitachi HT 7700 TEM operating at 100 kV. TEM samples were prepared by drop-casting
NC solutions onto a carbon-coated 400 mesh Cu TEM grid (Electron Microscopy Sciences,
Hatfield, PA) and dried under ambient conditions prior to TEM analysis. Average NC diameters
were determined by manually measuring about 100 NCs from images obtained for each sample
using the Image]J program.’! All NMR spectra (1D and 2D-COSY) were recorded on a Bruker
AMX-500 spectrometer operating at 500 and 125 MHz for 'H and '3C, respectively. Chemical
shifts were referenced to the residual proton and carbon signals of deuterated solvents. Fourier-
Transform Infrared Spectroscopy (FTIR) measurements were made on a Bruker Tension 27 ATR

FTIR spectrometer.

2.4 Results and Discussion

Previously, we reported the synthesis and characterization of peptide-stabilized Au MPCs
via the Brust-Schiffrin method by using Boc-Gly-CSA and Fmoc-Gly-CSA capping agents,
followed by deprotection of the Boc or Fmoc groups.?’?° We observed that smaller, more
monodisperse Au MPCs were formed by using a much bulkier protecting group (Fmoc). However,
the synthesized Gly-CSA-protected Au MPCs were not atom-precise and pH-dependent
aggregation between particles after deprotection was seen.?”** In this study we proposed a new

single-phase synthetic approach to address these challenges (Scheme 2. 1).
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Scheme 2.1. Synthesis of Gly-CSA-protected Au NCs (note, only one thiolate is shown for
clarity).

To investigate the influence of the amount of reducing agent on the size of Fmoc-Gly-
CSA-protected Au NCs and to examine if atom-precise clusters could be obtained, Au NCs were
prepared by using various concentrations of sodium borohydride (NaBH4). Recently, we found
that atom-precise Au MPCs could be synthesized using a novel BH4™ purification strategy.’> We
utilized this approach in the present study and found that by tuning the amount of NaBH4, fairly
monodisperse atom-precise Gly-CSA-protected Au NCs could be formed. According to UV-Vis
measurements, increasing the concentration of the reducing agent in the reaction mixture in the
range from 0.15 M up to 0.32 M results in the formation of Au Fmoc-Gly-CSA-protected NCs
with decreasing core diameter (Figure 2.1a), albeit with a small sacrifice in yields. As seen in
Figure 2.1a, a weak and broad surface plasmon band at 520-530 nm in the UV-Vis was observed
using 0.15 M NaBHg4, whereas at 0.23 M NaBH4 the plasmon band disappeared, which indicates a
decreasing core size. As seen in Figure 2.1b, at 0.30 M NaBHaj, three absorption peaks were
observed at around 690, 440, and 390 nm which are spectroscopic fingerprints of Auzs NCs and
are strongly suggestive of the formation of Fmoc-Gly-CSA-protected Auzs(SR)1s NCs.?” We were
not able to obtain mass spectrometric verification of this structure wusing 1,8,9-
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trihydroxyanthracene as the matrix in THF; however, TEM analysis (below) confirms that the
resulting clusters have a core size that is consistent with Aus clusters. With a further increase in
the concentration of the reducing agent concentration (0.32 M NaBH4 and above), rapid

precipitation takes place, and the solution turns clear immediately (i.e., no clusters remain in

solution).
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Figure 2.1. UV-Vis spectra of Fmoc-Gly-CSA-protected Au NCs synthesized using (a) various
concentrations of NaBH4 and (b) 0.30 M NaBHa.

Figure 2.2 shows TEM images of the NCs which show that the diameter of the Au cores
decreases with increased NaBH4 concentration. The formed Fmoc-Gly-CSA-protected Au NCs
shown are almost monodisperse with average sizes of 2.2 £ 0.3 nm (0.15 M NaBH4, Figure 2.2a),
1.7+ 0.3 nm (0.23 M NaBH4, Figure 2.2¢), and 1.1 £ 0.2 nm (0.30 M NaBH4, Figure 2.2e). Particle
size histograms can be found in Figure 2.3. In order to obtain amine-terminated Au NCs, the Fmoc
group was removed by using piperidine. Subsequent centrifugation results in water-soluble amine-
terminated Au NCs as shown in Scheme 2.1. UV-Vis and TEM analysis were conducted before
and after deprotection. Little to no change in the UV-Vis spectra of Au NCs after deprotection

(Figure 2.4) was seen, which suggests that there was no change in NC size upon deprotection by
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piperidine, demonstrating the stability of the particles. Figure 2.2b, d, f show TEM images of the
final Gly-CSA-protected Au NCs after deprotection. The TEM results clearly show that after
deprotection the Au NC sizes remained fairly consistent in both systems, with average NC sizes
0f2.0 + 0.4 nm (0.15 M NaBH4, Figure 2.2b), 1.8 + 0.3 nm (0.23 M NaBH4, Figure 2.2d) and 1.2

+ 0.3 nm (0.30 M NaBHg4, Figure 2.2f). For the latter, the average TEM NC size is a good

agreement with literature values reported for AuasLis NC core sizes.™

Figure 2.2. TEM images of Au NCs (a) before and (b) after deprotection using 0.15 M NaBH4 for
synthesis, (c) before and (d) after deprotection using 0.23 M NaBH4 for synthesis, and (e) before

(f) after deprotection using 0.30 M NaBH4 for synthesis.
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before and (b) after deprotection using 0.15 M NaBH4 for synthesis, (c) before and (d) after

deprotection using 0.23 M NaBHy4 for synthesis, and (e) before (f) after deprotection using 0.30 M

NaBHy4 for synthesis.
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Figure 2.4. UV-Vis spectra of Fmoc-Gly-CSA and Gly-CSA-protected Au NCs synthesized using
(a) 0.30 M NaBH4 and (b) 0.23 M NaBHa4. Spectra for Fmoc-Gly CSA systems were collected in
THF, while spectra for Gly-CSA systems were collected in H>O.

"H NMR measurements of the Fmoc-Gly-CSA ligand and Fmoc-Gly-CSA-protected Au
NCs are shown in Figure 2.5. Broad peaks are seen in the range between 6.8-8.5 ppm which are
assigned to aromatic hydrogens of the fluorenyl ring of the Fmoc group. Broad overlapping peaks
in the range between 3.5-4.3 ppm are assigned to the methylene group on the glycine, the
methylene group on the cystamine, and the methylene and methine hydrogens of the Fmoc group,
respectively. The 'H NMR peaks of ligands attached to Au NCs (Figure 2.5b and c¢) are all
broadened compared to free ligands (shown in Figure 2.5a). This is likely because of spin-spin
relaxation (T2) broadening due to the larger NC size.** In addition, deviations in Au-SR binding
sites and as a result, distribution of chemical shifts could also contribute to broadening.
Furthermore, the proton from the methylene group of cystamine which is attached to sulfur group
is highly broadened such that it cannot be seen. The higher broadening of groups near the core

relative to end groups has been reported by others and is a result of faster spin-spin relaxation (T2)
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due to higher packing density closer to the core and as a result, restricted movements of those

groups.>>?’

a)
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Figure 2.5. 'H NMR spectra of (a) free Fmoc-Gly-CSA, (b) Fmoc-Gly-CSA-protected Au NCs in
ds-DMSO and (c) Gly-CSA-protected Au NCs in D>O. NCs were synthesized using 0.30 M
NaBHa.

Figure 2.5¢ shows the 'H NMR of particles after deprotection. '"H NMR of the Gly-CSA-
protected Au NCs in D2O shows no peaks for the fluorenyl ring of the Fmoc group, indicating that
deprotection with piperidine was successful. Two broad peaks at about 3.6 and 3.8 ppm are
assigned to methylene protons of cystamine and glycine, respectively. A significantly broad signal
at 3.3 ppm is assigned to the methylene protons of cystamine that are attached to sulfur groups.
The hydrogens of the amine group are absent in D>O due to hydrogen-deuterium exchange, but

they appear at around 8.0 ppm as a broad peak in ds-DMSO (shown later in Figure 2.8a).

The stability of Fmoc-Gly-CSA- and Gly-CSA-protected Au NCs were studied in solution.
The stability towards precipitation of Fmoc-Gly-CSA-protected Au NCs in THF is size-dependent

and the higher the reducing agent concentration, the smaller the NC size and as a result, the lower
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the solubility/stability of Fmoc-protected Au NCs in THF. For these particles, -m stacking of the
aromatic groups in Fmoc may promote particle self-assembly and subsequent precipitation. For
example, Fmoc-Gly-CSA-protected Auzs NCs were not easily redispersed in THF after
purification. This is likely due to the higher density of the ligand around the small Au core of Au»s
NCs, and as a result, higher m-mr interactions. In contrast, Fmoc-Gly-CSA-protected Au NCs
prepared at lower concentrations of NaBH4 (0.15 M and 0.23 M) are stable against aggregation
during and after the purification process. Furthermore, it is observed that these Au NCs
(synthesized using 0.15 M and 0.23 M NaBHy) are stable in THF for several weeks and the core
size of the NCs prepared at 0.23 M NaBH4 remained unchanged in THF for three weeks at room
temperature. After deprotection, the Gly-CSA-protected Au NCs exhibit high stability in solution
due to lack of - interactions. These particles were stable in water for at least three months after
air was removed under vacuum (Figure 2.6a) and only showed moderate aggregation when stored
under N> without first pumping out dissolved O» from the water (Figure 2.6b). However, particle
growth and precipitation were observed for Gly-CSA-protected Au NCs dispersed in water and
stored for one month in air. (Figure 2.6¢) The growth and precipitation of the NCs while stored in
the air suggests that slow thiol oxidation occurs in the presence of Oz, which has been reported for

other systems.*¢

Figure 2.6. Stability of Gly-CSA-protected Auzs NCs in water (a) after removal of air under

vacuum, (b) under N2, and (c) under air stored for one month.
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After synthesis of the Gly-CSA-protected Au NCs, functionalization of the primary
terminal amine groups was investigated. The reactivity of Au MPCs derivatized with Gly-CSA
was previously studied by our group.?’?® Previously we studied the amide coupling reaction
between terminal amine groups on MPCs and various activated esters and found that further
functionalization can be performed, albeit sometimes with some (undesirable) growth in the Au
core size. In this work, the reaction of Gly-CSA-protected Au NCs and methyl acrylate was
investigated, and reactive ester functional groups were formed on the surface of Au NCs which
can be a potential site for further functionalization and bio-conjugation. The synthetic strategy
used is shown in Scheme 2.2; two methyl acrylate groups were coupled to each primary amine by
a Michael addition reaction. Au NCs first synthesized at 0.23 M and 0.30 M NaBH4 were each
used to study the reactivity of amine groups on Gly-CSA-protected Au NCs. Figure 2.7 shows the
UV-Vis spectra and TEM images of the final clusters after reaction with methyl acrylate. As shown
in Figure 2.7a and 2.7b, the UV-Vis spectra of particles after reaction are similar to the initial Gly-
CSA-protected Au NCs. In addition, the final particles are fairly monodisperse based on TEM
images, with average particle sizes of 1.8 = 0.3 nm for the 0.23 M NaBH4 sample and 1.2 + 0.3

nm for the 0.30 M NaBH4 sample, which are similar to the core sizes of the NCs before reaction.

COOMe
0 xCOOMe 0
Au _S\/\NJJ\/NHQ - ) Au _S\/\NJJ\/N\/\COOMe
N H,0:MeCN (1:1) N
rt., 48 h
Gly-CSA Au NCs MA-Gly-CSA Au NCs

Scheme 2.2. Michael addition reaction of Gly-CSA-protected Au NCs with methyl acrylate (again,

only one thiolate shown for clarity).
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Figure 2.7. UV-Vis spectra and TEM images of Gly-CSA and MA-Gly-CSA-protected Au NCs
synthesized using (a), (¢) 0.30 M and (b), (d) 0.23 M of NaBH4. UV-Vis spectra were obtained in
H>O: acetonitrile (1:1).

Figures 2.8a and 2.8b present the '"H NMR and FTIR spectra of MA-Gly-CSA-protected
Au NCs, respectively. The FTIR and 'H NMR spectrum of Gly-CSA-protected Au NCs are
presented for comparison. A new IR absorption peak at 1726 cm™! for MA-Gly-CSA-protected Au
NCs is evidence for the presence of C=0 bonds of the ester group of methyl acrylate. Furthermore,
the disappearance of the N-H peak in the FTIR (3349 nm and 3259 nm) and 'H NMR (8.0 ppm, in
ds-DMSO) spectra after reaction with methyl acrylate proves that nearly all the amine groups are
functionalized. In the 'H NMR, the peak at 3.6 ppm is assigned to both the methyl group of the
ester and the methylene group of cystamine. Two broad peaks at 2.7 and 3.0 ppm are assigned to

methylene groups of methyl acrylate (-N-CH») and glycine, respectively. The overlapping peak
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with the solvent peak at 2.5 ppm is assigned to methylene groups of methyl acrylate (-CH>-
COOMe). In order to better quantify the extent of the reaction, the ligands were removed from the
NCs via cyanide etching of the Au core and also characterized by 'H NMR, as shown in Figure
2.9.37 These etched ligand studies allow for more quantitative NMR interpretation, and show that
the di-substituted product is the major product of the Michael addition reaction and a very
negligible amount of mono-substituted product was observed (Figure 2.9). All NMR assignments

were verified by 2D-COSY NMR (Figure 2.10).
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Figure 2.8. (a) 'H NMR and (b) FTIR spectra of MA-Gly-CSA- and Gly-CSA-protected Au NCs
in ds-DMSO.
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2.5 Conclusion

This work presents a single-phase synthetic method to produce atom-precise and stable
glycine-cystamine (Gly-CSA)-protected Au NCs with reactive terminal primary amine groups. We
have shown that using higher concentrations of the reducing agent (NaBH4) in the original
synthesis of Fmoc-Gly-CSA-protected Au NCs leads to smaller NCs and narrow size distributions.
At a concentration of 0.30 M NaBH4, Fmoc-Gly-CSA-protected Auxs(SR)1s NCs have been
synthesized which have characteristic UV-Vis absorption peaks at 690, 440, and 390 nm and core
sizes of 1.1 = 0.2 nm. Fmoc deprotection gives stable Au NCs with primary amine functional
groups on the surface with no significant change of NC size or UV-Vis spectral signature. The
incorporation of a reactive primary amine group results in Au NCs capable of being modified
through organic reactions. In this work, methyl acrylate was added via a Michael addition reaction
to the amine-terminated groups of Au NCs. No NC size change was observed after the reaction
which makes these NCs a suitable candidate for applications that require multi-step
functionalization. Furthermore, these active functional groups can be a potential site for the bio-

functionalization of Au NCs.
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Chapter 3

3 Development of Au Cluster-Cored Dendrimers by Direct and Divergent Routes

3.1 Abstract

The use of dendrimers and dendrons as stabilizing agents for metal NPs and clusters has
been drawing great interest. Herein, we describe the synthesis of Au cluster-cored dendrimers by
either direct synthesis or multi-step functionalization. Direct synthesis of Au cluster-cored
dendrimers has been performed by the Brust-Shiffrin method using cystamine core
poly(amidoamine) (PAMAM) dendrons (G0.5-COOMe, G1.0-NH», and G1.5-COOMe; see
Scheme 3.1) as capping agents. Alternatively, a divergent approach to make similar clusters
involving glycine-cystamine clusters was also attempted; this synthesis involves sequential
Michael addition reactions of methyl acrylate followed by a subsequent amide coupling reaction
with ethylenediamine on amine-terminated Au nanoclusters (NCs), to form dendritic architectures
(G0.5-COOMe-Au, G1.0-NH2-Au, and G1.5-COOMe-Au; see Scheme 3.1) around the Au core.
The chemical structure of the ligands was confirmed by 'H NMR after each functionalization
reaction and cluster size was characterized by Transmission Electron Microscopy (TEM). In this
study, Au cluster-cored dendrimers with amine- or ester-terminated groups on the surface with
different core sizes have been produced. The resulting amine- and ester-terminated Au cluster-
cored dendrimers synthesized by the divergent method are stable and resist aggregation in solution

and in the presence of an excess of reducing agent. In contrast, amine-terminated Au cluster-cored
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dendrimers synthesized by direct synthesis undergo aggregation in solution over time due to the
high reactivity of the surface, which makes them unstable and limits their applications, while ester-
terminated Au cluster-cored dendrimers formed by direct synthesis have much larger core sizes
than found in the divergent approach. Finally, the effect of synthetic strategies to produce cluster-
cored dendrimers as well as dendron generations on the accessibility of Au surface and catalytic
activities of these clusters for 4-nitrophenol hydrogenation have been investigated. It is observed
that the Au surface of cluster-cored dendrimers formed by direct synthesis has a lower density of
ligands and as a result, is unpassivated which results in higher catalytic activities. Furthermore,

Au cluster-cored dendrimers with less sterically bulky dendrons showed higher catalytic activities.

Cystamine core poly(amidoamine) (PAMAM) dendrons:

H
—GS/\%N\/\COOMGLL —és/\(/N\/\”/N\/\NHz)J2

0]

G0.5-COOMe G1.0-NH,

_GS/\eN\/\n/H\/\éN/\/COOMe)z >2 >2
0]

G1.5-COOMe

Gn-Au cluster-cored dendrimers:

0 0 H
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Scheme 3.1. (a) poly(amidoamine) (PAMAM) dendrons with cystamine core and (b) Gn-Au

cluster-cored dendrimers using Gly-CSA NCs as starting materials.
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3.2 Introduction

Dendrimers are highly branched, star-shaped synthetic macromolecules with well-defined
compositions and structures.!> They have attracted growing interest among researchers because of
their unique properties, such as size, reactivity and diversity of end groups, easy preparation, and
biocompatibility which make them suitable for many important application areas, such as
biolabeling, drug delivery, catalysis, and sensing.>® Nanoparticle-cored dendrimers (NCDs) are a
class of materials that possess a metal nanoparticle core stabilized by branched organic dendrons.
These materials are stabilized through specific bonding interactions, such as covalent bonds, and
have high stability compared to dendrimer-encapsulated NPs in which there are nonspecific
bonding interactions between the NPs and the dendrimers.” Furthermore, stabilization of
nanometer-sized particles with dendrons provides a thin organic layer on the nanoparticle surface
with precisely defined structure and composition, with tunable surface chemistry which make them

81011 and biomedical

promising materials for applications such as sensing,®’ catalysis,
applications.'>!* For these reasons, the preparation of NCDs has drawn particular attention. During

the past few years, significant progress has been made in the design and synthesis of NCDs with

various metal cores, such as Au,'""'*!> Pt,'¢ and Pd.'?

Synthetic methodologies for Au NCDs are classified into three categories.'?’ The first
strategy is direct synthesis in which thiol-containing dendrons and/or dendrimers are used as
stabilizers during the synthesis of the Au NPs. However, the formation of Au NCDs by direct
synthesis has some disadvantages as 1) a large excess of dendrons are needed in this strategy,'” 2)
for dendrons/dendrimers containing reactive functional groups such as amine or carboxylic acid

groups, there is a strong affinity for both sulfur groups and the secondary functional groups towards
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the Au surface which can lead to aggregation, and 3) it provides poor control over the size of the
nanoparticle core, as the size of the core often directly depends on the steric bulk of the dendrons
on the surface.!' The second method to make NCDs involves place-exchange reactions of thiolate
protecting groups on NPs by thiol-terminated dendrons. This method keeps the core size
unchanged during the ligand-exchange reaction.!>!'®* However, this method gives poor control over
the exact degree of ligand exchange and can lead to low loadings of dendrons on the surface of Au
NPs.!'7 In addition, another limitation of the ligand-exchange method is that dendrons containing
thiol or disulfide groups are hard to synthesize.!? The third strategy involves the reaction of the
surface functional groups of monolayer protected Au clusters (MPCs) with dendrons to make Au
NCDs of different generations using either single reactions (convergent) or multistep reactions
(divergent) approaches. There are several reports of convergent synthesis of NCDs which are
based on reacting dendrons with functionalized NPs by a single coupling reaction.!”!-2! For
example, Shon et al. synthesized Au NCDs by a single ester coupling reaction between COOH-
functionalized Au MPCs with OH-functionalized dendrons.!” They reported that this method
generates an unchanged average core size for NCDs with various dendron wedge densities and
dendron generations. The convergent approach by a single coupling reaction is suitable to add high
generation dendrons to the surface of NPs. However, it can lead to higher levels of defects arising
from the steric hindrance of incoming dendrons and incomplete reactions on the surface.!' The
divergent approach is based on the post-functionalization of ligands on the surface of Au NPs by
multistep reactions which leads to the growth of dendrons on the surface of NPs. While several
reports have been published about the convergent synthesis of Au NCDs, very few examples of
Au NCDs synthesized by the divergent strategy have been reported.'” In 2007, Shon and coworkers

reported the synthesis of Au NCDs by divergent approaches using COOH-functionalized Au NPs
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with Michael addition reactions and amide coupling reactions.!” They observed the formation of
NPs aggregates which minimized the extent to further functionalization, and thus higher generation

dendrons were not readily accessible.

Herein, I report the synthesis of Au cluster-cored dendrimers by a post-functionalization
(divergent) strategy to generate ester and amine-terminated Au cluster-cored dendrimers with
controlled core sizes and different dendron generations. In this strategy, multistep reactions
(Michael addition reactions followed by amide coupling reactions) are employed to build dendritic
structures on amine-functionalized Au nanoclusters (NCs). In this study, Gly-CSA-protected Au
NCs were chosen as the initial NCs, and the surface was modified to produce Au cluster-cored
dendrimers by multi-step functionalization. This is the first example of modifying Au cluster
surfaces through organic reactions using amine-terminated Au NCs to make Au cluster-cored
dendrimers by such a multi-step functionalization strategy. The advantages/disadvantages of this
method compared to direct synthesis were studied, and it was found that the divergent method
gives cluster-cored dendrimers with little to no change in core size, whereas poor control over core
sizes is achieved by direct synthesis. Finally, the catalytic properties of the Au NCDs were
investigated for the reduction of 4-nitrophenol, and the resulting activities of the NCDs were

correlated to their structures.

3.3 Experimental Section

3.3.1 Materials

All solvents and chemicals were purchased commercially and used as received without any
further purification. Cystamine dihydrochloride (98%), sodium cyanide (97%), sodium

borohydride (NaBH4), tetrahydrofuran (THF), dichloromethane (CH>Cl), methanol (MeOH),
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diethyl ether (Et2O), n-butanol (C4H9OH), n-hexane (CsHi4), ethyl acetate (CH3COOQOEt), and
acetonitrile (CH3CN) were purchased from Fisher Scientific. Hydrogen tetrachloroaurate(III)
trihydrate (HAuCls4-3H20, 99.9% on metal basis), tetraoctylammonium bromide (TOAB, 98%),
ethylenediamine (99%), and methyl acrylate (99%) were purchased from Sigma Aldrich.
Deionized water (resistivity 18.2 MQ.cm) was used for all experiments. Deuterated chloroform
(CDClI3, 99.8 atom % D), deuterium oxide (D20, 99.9 atom % D), and deuterated
dimethylsulfoxide (ds-DMSO, 99.9 atom % D) were purchased from Cambridge Isotope

Laboratories.

3.3.2 Synthesis of Cystamine Core PAMAM-COOMe (G0.5-COOMe)

Methyl acrylate (8.45 mL, 93.25 mmol) was added to a solution of cystamine
dihydrochloride (5.00 g, 22.20 mmol) in 20 mL water all at once and the reaction was allowed to
stir at room temperature for 48 h. Then, the reaction mixture was extracted by dichloromethane (2
x 20 mL) and dried by Na>SO4. After filtering, the solvent and excess methyl acrylate were
removed by rotary evaporation under reduced pressure. The product as a light-yellow oil which
weighed 9.86 g (89 % yield) after vacuum drying. "H NMR (CDCls, 500 MHz, ppm) & 2.15 (t, 8H,
J=7.0 Hz, CH,COOMe), 2.46 (bs, 12H, CH2-N-(CH2)2), 2.50 (t, 4H, CH>-S), 3.35 (s, 12H, CHa).
3C NMR (CDCls, 125 MHz, ppm): & 32.5 (CH,-CO), 36.3 (CH»-S cystamine), 49.2 ((CH2)2N),

51.4 (CH3), 53.2 (CH»-N of cystamine), 172.7 (C=0).

3.3.3 Synthesis of Cystamine Core PAMAM-NH: (G1.0-NH2)

A solution of ethylenediamine (35.13 mL, 201.35 mmol) in methanol (50 mL) was cooled
to near 0 °C. Then, a solution of G0.5-COOMe (2.00 g, 4.03 mmol) in methanol (20 mL) was

added slowly over a 30 min time period to this cold solution. The reaction mixture was stirred
69



under nitrogen for 5 days. Then, the methanol was removed by rotary evaporation under vacuum.
The excess of ethylenediamine was removed by azeotroping using n-butanol (200 mL). The
product as a light-yellow viscous oil which weighed 2.03 g (83 % yield) after vacuum drying. 'H
NMR (D:0, 500 MHz, ppm) & 2.43 (t, 8H, ] = 6.7 Hz, CH»-CO), 2.7 (t, 8H, ] = 6.3 Hz, CH,NH>),
2.83-2.88 (m, 16 H, CH»-S and CH>-N-(CH>)»), 3.30 (t, 8H, J = 6.3 Hz, NH-CH>). *C NMR (D-0,
125 MHz, ppm): 6 33.4 (CH2-CO), 34.5 (CH2-NH: of EDA), 35.7 (CH2-S cystamine), 40.8

(CHuNH of EDA), 49.5 ((CH2):N), 52.5 (CHa-N of cystamine), 173.6 (C=0).

3.3.4 Synthesis of Cystamine Core PAMAM-COOMe (G1.5-COOMe)

Methyl acrylate (2.23 mL, 24.63 mmol) was added to a solution of G1.0-NH2 (1.50 g, 2.46
mmol) in 20 mL methanol and the reaction was allowed to stir at room temperature for 48 h. The
reaction mixture was extracted by dichloromethane (2 x 20 mL) and dried using Na>SOa4. After
filtering, the organic solution and excess methyl acrylate were removed from the mixture by using
a rotary evaporator under reduced pressure. The product was purified by column chromatography
with a silica gel using n-hexane: ethyl acetate: methanol (4:4:1) as the eluent. The product as a
yellow oil weighed 2.59 g (81 % yield) after purification. '"H NMR (CDCls, 500 MHz, ppm) § 2.27
(t, 8H, J = 6.8 Hz, CH>CO), 2.33 (t, 16H, ] = 6.7 Hz, CH2-COOMe), 2.44 (t, 8H, J = 6.0 Hz, CH>-
N (ethylenediamine)), 2.65 (t, 16H, J = 6.7 Hz, N-(CH2)> (methyl acrylate)), 2.69-2.73 (m, 16 H,
CH»-S and CH>-N-(CH3)2), 3.16-3.19 (q, 8H, J = 11.5 Hz and 5.7 Hz, NH-CH>), 3.57 (s, 24H,
CHs). *C NMR (CDCls, 125 MHz, ppm): & 32.2 (CH,-CO), 33.3 (CH,-CO of G0.5-COOMe),
35.7 (CH2-S cystamine), 37.1 (CH2-NHz of EDA), 49.1 ((CH2)2N), 49.4 ((CH2)2N), 51.0 (CHs),

52.4 (CHx-N of cystamine), 173.1 (C=0 of G0.5-COOMe), 173.3 (C=0).
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3.3.5 Direct Synthesis of Au Cluster-Cored Dendrimers Using Cystamine Core
PAMAM Dendrimers as Caping Agents (G0.5-COOMe, G1.0-NH2, and G1.5-

COOMe)

HAuCls-3H>0 (0.147 mmol, 50 mg) was added to 10 mL THF followed by the addition of
TOAB (0.177 mmol, 0.10 g). The colour changed from yellow to red. After 10 min, cystamine
core PAMAM dendrons (0.292 mmol) (either G0.5-COOMe (0.145 g), G1.0-NH> (0.170 g), or
G1.5-COOMe (0.270 g)) were added to the solution. After stirring for 5 min, freshly prepared
NaBHa4 in 2.0 mL water was added to the solution all at once; the concentrations of NaBH4 used
was variable depending on the dendritic stabilizer used (NaBH4 concentrations used in brackets):
G0.5-COOMe (0.19 M and 0.23 M); G1.0-NHz (0.25 M); and G1.5-COOMe (0.23 M, 0.27 M)).
After 24 h, 10 mL of Et,O was added to the solution and the resulted precipitate was centrifuged

and washed several times by Et,0.

3.3.6 Divergent Synthesis of MA (Methyl Acrylate)-Gly-CSA-Au (G0.5-COOMe-

Au) Cluster-Cored Dendrimers

Gly-CSA-protected Au NCs with two different core sizes have been used in the synthesis
of cluster-cored dendrimers using the divergent method: 1.2 + 0.3 nm and 1.8 + 0.3 nm. Gly-CSA-
protected Au NCs were synthesized using synthetic methodologies outlined in Chapter 2. Gly-
CSA-protected Au NCs (5.0 mg) were dissolved in a 6 mL mixture of water:acetonitrile (1:1)
followed by the addition of methyl acrylate (33.0 mmol, 3.0 mL). The reaction mixture was kept
under N> for 24 h. Then 10 mL CH>Cl, was added to the solution and the organic phase was

separated and dried over sodium sulfate. CH>Cl> and excess methyl acrylate was removed under
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vacuum. The average yield of the resulting material was 4.6 mg. This material is referred to as

G0.5-COOMe-Au NCs hereafter (0.5 generation dendrons).

3.3.7 Divergent Synthesis of EDA(Ethylenediamine)-MA-Gly-CSA-Au (G1.0-NH:-

Au) Cluster-Cored Dendrimers

G0.5-COOMe-Au NCs (5.0 mg) were dissolved in 5 mL methanol. Then 3.0 mL of
ethylenediamine (45.0 mmol) was added to the mixture and the mixture was stirred under N for
48 h. The clusters were precipitated out of the solution by the addition of 10 mL Et>O. The brown
precipitate was washed several times with Et20. The average yield of the resulting EDA-MA-Gly-

CSA Au NCs was 4.2 mg.

3.3.8 Divergent Synthesis of MA-EDA-MA-Gly-CSA-Au (G1.5-COOMe-Au)

Cluster-Cored Dendrimers

The procedure is similar to the synthesis of G0.5-COOMe-Au. In this synthesis, 5.0 mg of
G1.0-NH2-Au NCs and 5.0 mL of methyl acrylate (47.5 mmol) were used. The average yield of

the resulting G1.5-COOMe-Au NCs was 4.5 mg.

3.3.9 Cyanide Etching of Au Cluster-Cored Dendrimers

A solution of Au cluster-cored dendrimers, G0.5-COOMe-Au or G1.5-COOMe-Au in
chloroform or G1.0-NH>-Au in water (5.0 mg/mL), was mixed with an aqueous solution of sodium
cyanide (1.0 M) in a 1:1 volume ratio. The mixture was stirred at room temperature under air until
the solution turned colourless. The free organic ligand was extracted by CDCl;3 (2 mL), dried over

sodium sulfate and then characterized by 'H NMR.
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3.3.10 Catalytic Reduction of 4-Nitrophenol (4-NP)

The catalytic reaction was performed in a quartz cuvette and followed by UV-Vis
spectroscopy. In a typical catalytic reaction, 2.0 mL of a solution of 4-NP (600. mM) in H,O/THF
(5:1) and Au cluster-cored dendrimer catalysts (0.050 mg/mL) were mixed and transferred into the
cuvette and placed in the UV-Vis instrument. Then, freshly prepared NaBH4 (0.50 M, 1.0 mL) was
added to the mixture to initiate the reaction and UV-Vis measurements were taken every 2 seconds.
The apparent reaction rate constant (kspp) was obtained by analyzing the corresponding UV-Vis
absorption data and fitting the decay of the nitrophenolate absorbance via pseudo-first-order

kinetics.

3.3.11 Characterization

UV-Vis analyses were done using a Varian Cary 50 UV-Visible spectrophotometer with
an optical path length of 1 cm. Au NCs were analyzed by transmission electron microscopy (TEM)
using a Hitachi HT 7700 TEM operating at 100 kV. TEM samples were prepared by drop-casting
NC solutions onto a carbon-coated 400 mesh Cu TEM grid (Electron Microscopy Sciences,
Hatfield, PA) and dried under ambient conditions before TEM analysis. Average NC diameters
were determined by manually measuring approximately 100 NCs from images obtained for each
sample using the ImageJ program.”> All NMR spectra were recorded on a Bruker AMX-500
spectrometer operating at 500 and 125 MHz for 'H and '°C, respectively. Chemical shifts were

referenced to the residual proton and carbon signals of deuterated solvents.
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3.4 Results and Discussion

As mentioned earlier, there are several strategies to prepare Au nanoparticle-cored
dendrimers (NCDs). The simplest and most common method is direct synthesis, which involves
the one-step synthesis of the NCDs via reduction of the metal salt in the presence of dendrons
bearing suitable moieties at their focal point. One strategy used in this chapter is based on the
synthesis of atom-precise Au NCs followed by building the dendritic architecture on the NC
surface (multistep reactions, divergent approach). Reactive atom-precise amine-terminated Au
NCs with different core sizes (by controlling the concentration of the reducing agent) were first
prepared by the Brust-Schiffrin method using a Fmoc-Gly-CSA capping agent, followed by
deprotection of the Fmoc groups, as previously reported in Chapter 2. The
advantages/disadvantages of the divergent approach were thoroughly investigated compared to
direct synthesis. Cystamine core PAMAM dendrimers of different generations 1 (G0.5-COOMe),
2 (G1.0-NH>»), and 3 (G1.5-COOMe) used for direct synthesis were prepared by Michael addition
reaction of methyl acrylate with cystamine dihydrochloride (initiator core) and amidation of the
resulting esters with ethylenediamine (Scheme 3.2). Figures 3.1a and 3.1b present the 'H NMR
and ')C NMR of the cystamine core PAMAM dendrimers, respectively. Au cluster-cored
dendrimers (G0.5-COOMe-Au, G1.0-NH>-Au, and G1.5-COOMe-Au) were then synthesized by

direct synthesis using varying concentrations of reducing agent (NaBH4).
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Scheme 3.2. Synthesis of cystamine core poly(amidoamine) (PAMAM) dendrons 1 (GO.5-
COOMe), 2 (G1.0-NH>), and 3 (G1.5-COOMe). Reagents and conditions: (i) H20, r.t.; (i1) MeOH,
r.t.; (iii) MeOH, Et3N, r.t.
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Direct synthesis of ester-terminated Au cluster-cored dendrimers was accomplished
following the Brust-Schiffrin synthesis method using G0.5-COOMe and G1.5-COOMe dendrons
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(Scheme 3.3). According to UV-Vis measurements (Figure 3.2), increasing the concentration of
the NaBH4 reducing agent in the reaction mixture from 0.19 M to 0.23 M for G0.5-COOMe (Figure
3.2a) and from 0.23 M to 0.27 M for G1.5-COOMe (Figure 3.2b) results in the formation of Au
cluster-cored dendrimers with decreasing core diameters. As seen in Figure 3.2a, a weak surface
plasmon band at ca. 520-530 nm in the UV-Vis was observed using 0.23 M NaBH4, whereas when
using 0.19 M NaBH4 the plasmon band increased in intensity and a small red-shift was also
observed, which indicates an increasing core size. Attempts at making smaller NCs in this system
with a further increase in the concentration of the reducing agent (above 0.23 M) led to rapid
precipitation and the solution turned clear immediately (i.e., no clusters remained in solution).
Figure 3.2b shows that increases in NaBH4 concentration from 0.23 M to 0.27 M led to smaller
core sizes in the 1.5-COOMe system. Based on UV-Vis spectra of G0.5-COOMe-Au and G1.5-
COOMe-Au NCs synthesized at 0.23 M of NaBH4 (Figure 3.2¢), there is a notable change in
optical properties resulting from an increase in the size of the particle with an increase in the
dendron generation. As seen in Figure 3.2¢, G1.5-COOMe-Au NCs exhibit a surface plasmon band
at 520-530 nm in the UV-Vis spectrum, whereas G0.5-COOMe-Au NCs display a very weak
surface plasmon band, which indicates a smaller core size. As a result, under the same reaction
conditions, the size of the cores is larger with higher generation (G1.5-COOMe) ligands and in
order to get particles with the same size of lower generation (G0.5-COOMe) NCs, higher
concentrations of reducing agent are needed. TEM images (Figure 3.3) were consistent with UV-
Vis measurements; the smallest average core sizes seen for G0.5-COOMe-Au and G1.5-COOMe-
Au NCs formed by direct synthesis were 2.8 = 0.6 nm (at 0.23 M NaBH4) and 3.0 = 0.5 nm (at

0.27 M NaBHy), respectively.
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Figure 3.2. UV-Vis spectra of (a) G0.5-COOMe-Au and (b) G1.5-COOMe-Au NCs (in THF)
synthesized using various concentrations of NaBH4; (c) UV-Vis of G0.5-COOMe-Au NCs and
G1.5-COOMe-Au NCs (50 mg/mL in THF) synthesized using 0.23 M NaBHa.
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Figure 3.3. TEM images of directly-synthesized (a) G0.5-COOMe-Au NCs (2.8 + 0.6 nm) and (b)
G1.5-COOMe-Au NCs (4.2 + 0.6 nm) synthesized using 0.23 M NaBH4 and (c¢) G1.5-COOMe-
Au NCs (3.0 £ 0.5 nm) synthesized using 0.27 M NaBHa.

The direct synthesis of G1.0-NH>-Au NCs was also attempted by the Brust-Shiffrin
synthesis using G1.0-NH> as a capping agent using a method similar to the G0.5-COOMe-Au and
G1.5-COOMe-Au syntheses (Scheme 3.4). However, this approach ended up with large, unstable
particles, which is likely due to the affinity of amine functional groups towards Au and the
resulting agglomeration of particles. For example, when a THF solution containing 50 mg
HAuCls-3H>0 and 2.2 equivalents of G1.0-NH> was reduced with NaBH4 (0.25 M), the UV-Vis
absorption spectrum in Figure 3.4a initially showed a weak Au plasmon peak at 520 nm which
grew in intensity over time. The presence of the Au plasmon peak at 520 nm, and particularly its
growth as a function of time, indicates that the Au clusters are not completely stabilized by the
dendrons. Rather, the Au clusters aggregate and merge to form larger particles. In contrast, when

the same experiment is carried out using G.5-COOMe and G1.5-COOMe dendrons, reduction
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results in a stable solution of Au cluster-cored dendrimers. Figure 3.4b shows a TEM image of
G1.0-NHz-Au NCs after 24 h. The TEM result clearly shows fused domains and the formation of
large aggregates. Thus overall, for the direct synthesis of Au cluster-cored dendrimers the final
cluster size is a function of the concentration of reducing agent, generation of the dendrons, and
surface chemistry of the dendrons. Furthermore, size control of the cluster-cored dendrimers by

direct synthesis is difficult to achieve, and atom-precise clusters could not be synthesized.

1. TOAB o
2. EDA-MA-CSA (G1-NHy)
3. NaBH, A S\/QN&)J\N/\/NHz)Z
HAUC|4'3H20 H
THF, rt.
G1.0-NH,-Au

G1.0-NH, (EDA-MA-CSA):

+S%NJHNNH2)2>2

Scheme 3.4. Synthesis of G1.0-NH>-Au NCs by direct synthesis (Note: only one thiolate is shown

for clarity).
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Figure 3.4. (a) UV-Vis spectrum and (b) TEM image of G1.0-NH-Au NCs synthesized using
0.25 M NaBH4. UV-Vis spectra were obtained in THF.
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For the alternative divergent synthesis of Au cluster-cored dendrimers, the first reaction
was the reaction of methyl acrylate with primary amine groups of Gly-CSA-protected Au NCs by
a Michael addition reaction in a 2:1 ratio, which was previously reported in Chapter 2 (Scheme
3.5, i). This reaction produced MA-Gly-CSA-protected Au NCs (G0.5-COOMe-Au) with little to
no change in the average core size according to UV-Vis (Figure 3.5a and 3.5b) and TEM images
(Figure 3.6a and Figure 3.6b). G1.5-COOMe-Au NCs were synthesized in a stepwise manner by
the reaction of G0.5-COOMe-Au with ethylenediamine to form G1.0-NH»-Au NCs, followed by
a subsequent second Michael addition reaction with methyl acrylate (Scheme 3.5, ii and iii). Gly-
CSA-protected Au NCs with average core sizes of 1.2 + 0.3 nm and 1.8 + 0.3 nm were each used
for the divergent synthesis of Au cluster-cored dendrimers. As seen in Figure 3.4a, divergent
synthesis of Gn-Au (n= 0.5, 1, 1.5) cluster-cored dendrimers using Au NCs with an average core
size of 1.2 £ 0.3 nm all exhibit three UV-Vis absorption peaks at around 690, 440, and 390 nm
which are spectroscopic fingerprints of Auxs(SR)is NCs and are strongly suggestive of the
formation of Auas cluster-cored dendrimers.?* Figure 3.5b shows results for Gn-Au cluster-cored
dendrimers with slightly larger core sizes (1.8 = 0.3 nm); all functionalized clusters have similar
increasing absorption at low wavelengths which is due to light scattering of the clusters, and no
plasmon bands are seen for any of the derivatized clusters. The resulting Au cluster-cored
dendrimers were stable and no precipitation or insoluble particles were seen during the synthesis
and purification. They maintained a high solubility in water (for G1.0-NH-Au NCs) and various
organic solvents, such as THF, methanol, and methylene chloride (for G0.5-COOMe-Au and G1.5-
COOMe-Au NCs) for over two months in the absence of O> (O, pumped out by vacuum).
Consequently, the resulting Au cluster-cored dendrimers prepared by the divergent strategy

display similar sizes and optical properties as the original NCs after surface functionalization
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(Figure 3.5a and 3.5b). With this method, one can synthesize Au cluster-cored dendrimers

possessing various functionalities with precise core diameters including atom-precise Auzs(SR)1s

cluster-cored dendrimers.
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Scheme 3.5. Synthesis of Gn-Au cluster-cored dendrimers by divergent strategy (multistep

reactions); (Note: only one thiolate on each cluster is shown for clarity). Reagents and conditions:

(1) & (iii) methyl acrylate, HoO:MeCN (1:1), r.t; (ii) ethylenediamine, MeOH, r.t.
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Figure 3.5. UV-Vis spectra of Gn-Au cluster-cored dendrimers synthesized by a divergent method

using Au NCs with average core sizes of (a) 1.2 = 0.3 nm and (b) 1.8 = 0.3 nm; UV-Vis spectra
were obtained in THF for G0.5-COOMe-Au NCs and G1.5-COOMe-Au NCs and in H,O for G1.0-

NH>-Au NCs.

Figure 3.6a-f show the TEM images of G0.5-COOMe-Au (3.6a,b), G1.0-NH>-Au (3.6¢,d),

and G1.5-COOMe-Au (3.6e,f) cluster-cored dendrimers produced by Gly-CSA-protected Au NCs
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with two average core sizes of 1.2 + 0.3 nm (3.6a,c,e) and 1.8 = 0.3 nm (3.6b,d,f). For G1.0-NH>-
Au NCs, the particles were found to be less dispersed compared to G0.5-COOMe-Au and G1.5-
COOMe-Au NCs (Figure 3.6d). This is partly attributed to a tendency of amine groups on the NC
surface to hydrogen bond to each other upon drying. However, unlike the directly-synthesized
system, no significant multi-cluster aggregation occurred after functionalization. When using Gly-
CSA-protected Au NCs with an average core size of 1.2 = 0.3 nm as the starting material, the final
sizes of the G0.5-COOMe-Au, G1.0-NH>-Au, and G1.5-COOMe-Au NCs were 1.2 £ 0.3 nm, 1.5
+ 0.4 nm, and 1.3 = 0.3 nm. Similarly, when using Gly-CSA-protected Au NCs with an average
core size of 1.8 = 0.3 nm as the starting material, the final sizes of the G0.5-COOMe-Au, G1.0-
NH>-Au, and G1.5-COOMe-Au NCs were 1.8 = 0.3 nm, 2.0 + 0.4 nm, and 1.9 =+ 0.3 nm,
respectively. It indicates that divergent strategy gives more control over the Au core size and small

core sizes with high monodispersity could be formed by divergent approach.
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Figure 3.6. TEM images of (a,b) G0.5-COOMe-Au, (c,d) G1.0-NH2-Au, and (e,f) G1.5-COOMe-
Au NCs synthesized by a divergent method using Gly-CSA-Au NCs with average core sizes of
(a,c,e) 1.2 £0.3 nm and (b,d,f) 1.8 £ 0.3 nm.

Figure 3.7 shows the '"H NMR spectra of Au cluster-cored dendrimers synthesized by
divergent method. The '"H NMR peaks of ligands attached to Au cluster-cored dendrimers are all
broadened compared to free ligands (shown in Figure 3.1a), which is likely because of spin-spin
relaxation (T2) broadening due to the larger cluster size.** Peaks at 3.6 ppm for G0.5-COOH-Au
NCs and G1.5-COOH-Au NCs are assigned to methyl groups of the ester and indicate the success

of the reaction of methyl acrylate with surface amine groups of Gly-CSA-protected Au NCs and
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G1.0-NHz-Au NCs, respectively. The 'H NMR signals of G1.0-NH2-Au NCs appear at positions
that are almost identical to those of free G1.0-NH;> (Figure 3.1a). Two broad peaks at around 2.7-
2.8 and 3.2-3.3 ppm are assigned to the methylene hydrogens of ethylenediamine, which proves
that the covalent attachment of ethylenediamine was successful. Furthermore, the methyl proton
signal of ester groups at 3.6 ppm has vanished, which also indicates that the functionalization was

successful.
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Figure 3.7. 'H NMR spectra of Gn-Au cluster-cored dendrimers (G0.5-COOMe-Au (ds-DMSO),
G1.0-NHz-Au (D20) and G1.5-COOMe-Au (ds-DMSO)) synthesized by the divergent strategy;
(Note: only one ligand in the structures and branching not shown for simplicity, * shows the peaks

due to solvent impurities).

In order to quantify the extent of derivatization of the NCDs, the ligands of the Au cluster-
cored dendrimers formed by the divergent strategy were removed from the surface via cyanide

etching of the Au core and characterized by '"H NMR, as shown in Figure 3.8. These etched ligand
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studies allow for more quantitative NMR interpretation. The number of methylene hydrogens of
CHb»-S- groups (peak 1 in Figure 3.8) is slightly less than two hydrogens in both ligands (1.86 H
for G0.5-COOH-Au and 1.34 H for G1.5-COOH-Au), which is likely due to the fact that both
disulfide and thiol groups form in the solution after etching (since the chemical shifts of these two
groups are slightly different; the second peak is buried under the peak at 2.75 and 2.65 ppm for the
G0.5-COOMe system and G1.5-COOMe system, respectively). Also, based on the integrated
intensity of the methyl groups of esters, it is observed that in G0.5-COOH-Au the di-substituted
product is the major product of Michael addition reaction and a very negligible amount of other
products have been observed. Note for the G1.5-COOH-Au system, there is a second small peak
in the methyl region for the ester which is likely due to the monosubstituted product. An estimated
80% of methyl acrylate substrates have fully participated in reactions and produced G1.5-COOMe
while about 20% mono-substituted product have been produced. Etching products of G1.0-NH:
could not be characterized by 'H NMR, likely because the obtained water-soluble amine-

terminated ligand interacted with the Au salt in water after etching.
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Figure 3.8. '"H NMR of the resulting ligands removed from (a) G0.5-COOMe-Au and (b) G1.5-
COOMe-Au in CDClI; after cyanide etching.

The catalytic activity of Au cluster-cored dendrimers prepared by different methodologies

with different dendritic generations was investigated using the reduction of 4-nitrophenol with
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NaBHa. 4-NP reduction was chosen as our group,?’ and others,?%?” have previously shown that this
reaction gives a good indication of the available surface area of metallic particles. In this study,
the role of both the synthetic methodology used and the steric bulk of the dendrons on the catalytic
activity of Au cluster-cored dendrimers was examined. Figure 3.9a shows the time evolution UV-
Vis absorption spectra for the hydrogenation of 4-NP with NaBHj4 catalyzed by G0.5-COOMe-Au
(synthesized by the direct synthesis strategy). A decrease of the absorption peak at 400 nm is seen
as well as a small increase at ca. 300 nm after the addition of NaBH4, which suggest the conversion
of 4-NP (which exists as the nitrophenolate in basic conditions) to 4-aminophenol. Figure 3.9b
shows that the catalytic reaction is a pseudo-first-order reaction as a linear relationship is seen
between -In(Cy/C,) at A = 400 nm and reaction time. G0.5-COOMe-Au NCs synthesized by the
divergent strategy and direct synthesis methods with an almost similar core size (3 nm) were
synthesized and used to compare the effect of synthetic methodologies on catalytic activities. The
results are shown in Figure 3.10a. The Au cluster-cored dendrimers synthesized by the direct
synthesis method showed higher catalytic activity compared to the similar cluster-cored
dendrimers produced by the divergent method. The higher activity for the directly-synthesized
clusters might be due to the fact that the Au surface of cluster-cored dendrimers formed by direct
synthesis has a lower density of organic layers and as a result, is less passivated. Thus, the Au core
is more accessible which results in higher catalytic activities. The result is consistent with previous
work by the Fox group in which they showed that the Au NCs with high generations of dendrons

have large void spaces near the core and subsequently exhibit excellent catalytic activity.'!

The effect of dendron generations of different lengths (and thus steric bulk of the dendron)
on the catalytic performance of Au cluster-cored dendrimers was also investigated. G0.5-COOMe-

Au and G1.5-COOMe-Au NCs synthesized by both the divergent and direct synthesis approaches
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were used for this investigation. Figure 3.10b shows that the accessibility of the G0.5-COOMe
NCs synthesized by the divergent method is higher as the apparent rate constant (k) is higher at
0.040 s™! than that seen for G1.5-COOMe-Au (0.031 s™!). This result is consistent with the fact that
the accessibility of Au core should be higher when using shorter and sterically-less bulky ligands.
Again, cluster-cored dendrimers made using the direct synthesis route showed higher activities.
However, G1.5-COOMe-Au NCs synthesized by direct synthesis showed a higher reaction rate
compared to G0.5-COOMe-Au NCs (Figure 3.10c). The reason could be by increasing the
generation of dendrons, the density of organic layers on the core decreased due to steric hindrance.
As a result, the Au surface of the higher generation of the directly-synthesized Au cluster-cored

dendrimers is less passivated and shows higher catalytic activity.
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Figure 3.9. (a) UV-Vis absorption spectra of the reduction of 4-NP catalyzed by G0.5-COOMe-
Au NCs synthesized by the direct strategy method. (b) Plot of —In(c/co) vs. reaction time.
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3.5 Conclusions

In this study, the synthesis of Au cluster-cored dendrimers has been studied by direct
synthesis and post-functionalization (divergent) strategies to generate ester and amine-terminated
cluster-cored dendrimers. The resulting ester-terminated Au cluster-cored dendrimers by direct
synthesis are stable and the core size directly depends on the concentration of the reducing agent
as well as the generation of the dendrons. The direct synthesis of amine-terminated cluster-cored
dendrimers formed large and unstable particles due to particle aggregation during and after
synthesis which shows that surface chemistry is also quite important. In contrast, excellent size
control of the cluster-cored dendrimers is achieved using the divergent method (post-
functionalization) and atom-precise clusters have been synthesized. With this method, Au cluster-
cored dendrimers could be synthesized with various functionalities and precise core diameters
including atom-precise Auxs(SR)1s cluster-cored dendrimers. Finally, the catalytic activity of these
Au cluster-cored dendrimers was undertaken for the 4-nitrophenol reduction reaction. Au cluster-
cored dendrimers synthesized by direct synthesis show higher catalytic efficiency for the reduction
of 4-NP. This might be due to a lower density of organic layers and as a result greater accessibility
of the core which results in higher catalytic activities. Lower activities were seen for clusters made
using the divergent method and increasing the steric bulk of the dendritic ligands led to lower

activity in that system, likely due to reduced access of the substrate to the Au cluster core.
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Chapter 4

4 Conclusions and Future Work

4.1 Conclusions

The first part of my project focused on the synthesis and characterization of amine-
terminated Au NCs. A strategy to produce stable atom-precise amine-terminated Auzs NCs was
realized by careful control of the reducing agent concentration in the synthesis of the NCs. In the
second part, two synthetic strategies to generate cluster-cored dendrimers and how the synthesis
method affects the core size and surface chemistry and as a result the catalytic properties of NCs

have been studied.

In Chapter 2, a new single-phase synthetic method has been introduced to produce atom-
precise amine-terminated Au nanoclusters by Fmoc-protected glycine-cystamine ligands. The
presence of the Fmoc protecting group prevents unwanted interactions between Au surfaces and
amines during the Au NC synthesis. Following Fmoc deprotection, stable Au NCs with primary
amine functional groups on the surface were generated with little to no change in NC size. The
synthesized Au NCs are monodisperse, water-soluble, and stable in solution for several months.
The core size directly depends on the concentration of the reducing agent. According to UV-Vis
measurements, increasing the concentration of the reducing agent in the reaction mixture and
subsequent Fmoc deprotection results in the formation of Gly-CSA-protected Au NCs with
decreasing core diameter. Three absorption peaks were observed at around 690, 440, and 390 nm
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when using a concentration of 0.30 M of the reducing agent, which are spectroscopic fingerprints
of Auzs NCs and are strongly suggestive of the formation of Gly-CSA-protected Auzs(SR)i1s NCs.
The stability of Fmoc-Gly-CSA- and Gly-CSA-protected Au NCs were studied in solution. It is
observed that the stability towards precipitation of Fmoc-Gly-CSA-protected Au NCs in THF is
size-dependent. The NCs with smaller core sizes have lower solubility/stability in the solution. For
these particles, m-mr stacking of the aromatic groups in Fmoc may promote particle self-assembly
and subsequent precipitation. The Gly-CSA-protected Au NCs exhibit high stability in solution
due to lack of - interactions. To investigate the reactivity of primary amine end groups, methyl
acrylate was added via a Michael addition reaction to the amine-terminated groups of Au NCs. No
NC size change was observed after the reaction which makes these NCs a suitable candidate for

applications that require multi-step functionalization.

In Chapter 3, two methodologies have been studied to synthesize Au cluster-cored
dendrimers: direct synthesis and post-functionalization (divergent method). Gly-CSA-protected
Au NCs from Chapter 2 were chosen as the initial NCs to produce Au cluster-cored dendrimers by
multi-step functionalization. In the direct synthesis of cluster-cored dendrimers, the core size
directly depends on the concentration of the reducing agent. Furthermore, an increase in the core
size of the particles was observed with an increase in the dendron generation which indicates that
the core size also depends on the dendron generation. The direct synthesis of amine-terminated
cluster-cored dendrimers formed large and unstable particles due to particle aggregation during
and after synthesis which shows that surface chemistry also controls the core size. In contrast,
excellent size control of the cluster-cored dendrimers is achieved using the divergent method (post-
functionalization). Atom-precise Auzs(SR)is cluster-cored dendrimers were synthesized by this

method. The resulting amine- and ester-terminated Au cluster-cored dendrimers synthesized by
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the divergent method are stable and no aggregation was observed in solution during or after
synthesis. Finally, the catalytic activity of the cluster-cored dendrimers was investigated for the
reduction of 4-nitrophenol with NaBH4 and the effect of synthetic strategies as well as dendron
generations on the accessibility of the Au surface were studied. It is speculated that the Au surface
of cluster-cored dendrimers formed by direct synthesis has a larger size and thus the lower density
of ligands and as a result, have unpassivated surfaces which results in higher catalytic activities.
Furthermore, a study on the effect of dendron generations on the catalytic activity suggests that
NCs with less sterically bulky dendrons show higher catalytic activities. The catalytic results
highlight the importance of the synthetic methodology and the dendron generation for cluster-

cored dendrimer catalysts.

4.2 Future Work

4.2.1 The Synthesis of Carboxylic Acid-Terminated Au Cluster-Cored Dendrimers

As mentioned earlier, direct synthesis of carboxylic acid and amine-terminated thiol-
stabilized Au NCs is a large challenge due to the strong affinity of both amine and thiol groups
towards Au. Also, place exchange reactions which are a tool to produce various NPs and NCs with
a diverse range of core sizes and functional groups in the ligand shell often lead to incomplete
exchange or even no exchange for some ligands. Furthermore, in this method, the size of the core
may also be changed. To access carboxylic acid-terminated cluster-cored dendrimers, the basic
hydrolysis of ester groups of ester-terminated Au cluster-cored dendrimers to the corresponding
sodium carboxylate salt (Scheme 4.1) could be attempted. This should lead to the fabrication of

carboxylic acid-terminated Au cluster-cored dendrimers without significant change in size. The
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resulting sodium carboxylate terminated clusters would likely exhibit micellar properties and

possibly show interesting catalytic sieving of charged substrates. !

COOMe NaOH COONa
S COOMe  ————— S COONa
Scheme 4.1. Basic hydrolysis of ester-terminated Au cluster-cored dendrimers.

4.2.2 Convergent Synthesis of Au Cluster-Cored Dendrimers

Recently convergent approaches have been used as an effective and facile method to
synthesize cluster-cored NPs and NCs. This method is based on a strategy in which the synthesis
of thiolate-protected Au NPs and NCs is followed by a single reaction of the surface functional
groups of the particles with prefabricated dendrons. Since the reaction happens on the surface of
the particles, this method can lead to Au cluster-cored NPs and NCs with no change in the core
size. Future work could focus on a new strategy (convergent approach) to construct Au cluster-
cored dendrimers by a single coupling reaction of ester-terminated Au NCs with dendrons such as
Newkome-type dendrons (Scheme 4.2). In this method, a limited number of reactions are
performed on the same cluster, and as a result, it could be possible to obtain particles with fewer
or no structural defects on the surface. Furthermore, a major advantage of this strategy is to
overcome the limitation of using thiol-containing dendrons.? The consequence of this strategy is
to have more control over the process and higher purity of prepared particles. Furthermore, a
variety of Au cluster-cored dendrimers can be synthesized with the same core and different
dendrons as well as the same dendron and different core sizes. Alternative characterization
techniques such as mass spectrometry, thermogravimetric analysis (TGA), and zeta potential
analysis could also be performed in order to better understand the composition of the synthesized

Au NCs.
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Scheme 4.2. Convergent synthesis of Au cluster-cored dendrimers using Newkome-type

dendrons.
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