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Abstract
Silver nanoparticles (Ag NPs) have proven to be useful for biomedical
applications, as the ability to fine-tune properties such as size, shape, composition, and
surface structure is a distinct advantage for their associated antibacterial properties. Their
surface structure is especially important, as it can influence NP stabilization as well as
govern any further surface reactivity. Despite the huge amount of research being
performed on metal NPs in general, their surface structure is a much less studied
parameter, partly because the averaging effect from the non-surface atoms of NPs makes
it difficult to isolate. However, with the employment of element-specific techniques such
as X-ray absorption spectroscopy (XAS), the surface structure of metal NPs can be more
easily investigated. The research presented in this thesis explored the surface structures of
Ag-based NPs using XAS, in order to gain fundamental and practical insight to their
physicochemical properties and surface reactivity. In particular, the structures of thiolateprotected Ag NPs in both organic and aqueous solutions were investigated, and were
found to be highly sulfidized at their surfaces. The sulfidized surface structures also
caused reduced antibacterial activity in comparison to more metallic surface structures. In
addition to monometallic Ag NPs, a series of bimetallic AgAu NPs was also examined.
The atomic structure within the cores of each type of AgAu NP was dependent on the
molar ratios of the metals, yet each type had a similar surface structure that was
predominantly composed of Ag. The AgAu NPs exhibited lower antibacterial activity
compared to pure Ag NPs, but also showed significantly reduced cytotoxicity, thereby
demonstrating their potential for therapeutic applications. Furthermore, the surface
structures of chloride-adsorbed, Ag-coated anisotropic Au NPs were examined to
understand ligand and alloy effects on NP stabilization. The surface structures were found
to be sensitive to their formation mechanism and facet type, which sheds light on the
mechanism of Ag- and chloride-induced NP growth. Overall, this thesis contributes to a
better understanding of how ligands and alloying can control the surface properties and
reactivity of Ag-based NPs.
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Chapter 1 - Introduction
1.1 Overview
The study of nanomaterials, generally defined as materials that have at least one
physical dimension between 1-100 nm, has led to impressive scientific developments in
the past few decades. In particular, noble metal nanoparticles (NPs) have been at the
forefront of these developments, with numerous methodologies established to synthesize
NPs with different sizes, shapes, compositions, and surface structures. As a result, they
have been applied to a broad range of fields, such as catalysis,1–3 biochemical sensing,1,4
and particularly medicine, where their potential in antibacterial and drug delivery
applications have also been demonstrated.5–7 The innovative uses of NPs arise as a result
of their fascinating physicochemical properties which differ from that of their bulk
counterparts.
In general, the unique properties of NPs are a result of their high surface-tovolume ratio (i.e., large number of surface atoms) compared to bulk materials. For
example, in catalytically active bulk materials (Pt, Pd, etc.), the number of catalytic sites
are based on the available atoms on the surface, and thus most of the atoms in metal bulk
are inactive. For NPs where the number of surface atoms are much greater, their catalytic
activity is correspondingly greater than the bulk per mass.8 In addition to a greater
number of surface atoms, the smaller size of NPs can also cause unique effects on
electronic related properties. This is because as a metal particle becomes nanometersized, the metal orbital bands become semi-quantized.9,10 The more separated orbitals
change the energy required for electronic transitions, and therefore, change the electronic
1

properties of the metal. Another typical example of the size effect is demonstrated by the
optical properties of Ag and Au NPs. In this way, Ag and Au NPs exhibit yellow or red
colours in solution due to a collective oscillation of their surface electrons, also known as
surface plasmon resonance (SPR, discussed further in section 1.4.2).11,12 Furthermore,
NPs with sizes below the classic nanomaterial size regime experience further quantization
in their orbitals, which can influence their electronic properties even more.10,13 In fact, the
discovery of these much different properties from NPs has led to the distinction of
nanoclusters (NCs), which are NPs typically less than 2 nm in diameter.14
The shape of NPs also plays a large role in their physicochemical properties and
as a result considerable interest has been given to the concept of NP shape control.
Besides spherical NPs, more complex NP shapes have been prepared such as discs, cubes,
rods, wires, and prisms, to name a few.9,15–19 Shape can have a dramatic effect on the
physicochemical properties of NPs,9,15–19 most notably their optical properties. This is
because the number of dimensional characteristics correlates to the number of SPR
features observed. In metal nanorods for example, two SPR features are observed because
of the multiple absorptions in each dimension of the rods (i.e., longitudinal and
transversal).17 Shape effects have also been correlated to catalytic activity,18 as well as
antibacterial activity of various NPs.19
Compositional changes from alloying two or more metals together can also have a
drastic effect on NP properties, which can be different from the individual NPs. This is
often demonstrated by the optical properties of bimetallic Ag/Au NPs, where Ag and Au
NPs usually have individual SPR bands at around 400-420 nm and 520-550 nm,
respectively, but Ag/Au NPs can have SPR bands in between those values based on their
composition.11,12,20,21 Further to this effect, the way in which they are alloyed together
2

(i.e., atomic arrangement) can also have an effect on their properties and makes the
morphology of bimetallic NPs an important factor to consider as well.11,12,20,21
Finally, the arrangement, composition, and ligation of atoms at the NP surface,
defined together as surface structure, are also heavily correlated with NP properties.
Despite the enormous developments in NP characterization, surface structure and its
influence on other NP properties is much less understood. In part this is because isolating
surface atoms with traditional analytical techniques is difficult as, depending on NP size,
the averaging effect from the bulk of the NPs is sometimes large enough to effectively
mask them. As such, surface structural characterization of NPs represents one of the
largest challenges in modern materials science. However, element-specific techniques,
such as X-ray absorption spectroscopy (XAS), can more comprehensively investigate the
surface structure of metal NPs. The study of Ag NP surface structure and its effect on
surface-related reactions is the central idea of this thesis.

1.2 Silver Nanoparticles (Ag NPs)
Among the vast assortment of nanomaterials currently being studied, Ag NPs are
some of the most extensively investigated because of their practical use in many modern
applications. Their unique and fascinating physicochemical properties have initiated this
modern use, but in fact, Ag NPs also have a long history. For example, one of the earliest
known applications of Ag NPs was as a colour additive in the Lycurgus cup (c.a., 400
C.E.), which yields the unique green-to-red colour changes when light is shone through it.
Later examinations of the glass composition revealed embedded Ag and Au NPs with
relative concentrations of 68 % and 32 % respectively.22 Ag NPs have since been

3

exploited for their unique optical properties in bio- and chemical-sensing technologies,
but perhaps their most well-known characteristic is their antibacterial activity.
1.2.1 Antibacterial Activity of Ag and Ag NPs
Bulk Ag and Ag+ compounds are generally recognized to possess antibacterial
properties and have actually been used in this capacity for centuries. One of the earliest
uses of Ag for this purpose was by ancient civilizations who used Ag containers to
preserve water for long periods of time.23 Similarly, early pioneers in North America
dropped Ag coins into water and milk to prevent spoilage.23 This observed preservation
ability also inspired the concept of using Ag culinary utensils and cups (hence the term
“silverware”), although their use eventually became more of a socioeconomic descriptor
despite being practical.23 Ag also saw many historical applications in medicine, one
famous example being the use of Ag sutures to close surgical wounds in order to decrease
the chance of systemic infection.24 Another medical use of Ag was the direct application
of Ag foil into open wounds to prevent local infection.25,26 This application actually
inspired the use of Ag+-containing compounds such as silver nitrate and silver
sulfadiazine for the prevention of wound infections, a practice which is still employed
today for burn treatments.25,26 In these cases, Ag+ ions are released gradually from wound
dressings or topical creams, and have shown to decrease the chance of bacterial
infections, thus improving the healing process and/or reducing healing time.25,26
More recently, Ag NPs have gained wider attention for their remarkable
antibacterial activities and have even been incorporated into commercial products in
which antibacterial properties are required, such as textiles,27 catheters,28 burn wound
dressings,29 medical instruments,30 and orthopedic implant materials.31,32 Their enhanced
4

antibacterial activity stems in part from their increased number of reactive Ag surface
sites, as compared to bulk Ag. Ag NPs also undergo partial dissolution in most aqueous
solutions, thereby releasing Ag+ ions from their surfaces which also exhibit antibacterial
activity.33–35 However, their surface protection by ligands also prevents the immediate
sequestering and inactivation of Ag and Ag+ by biological molecules that contain
elements such as Cl and S; these molecules react readily with Ag and Ag+ thereby
enabling the Ag or Ag+ to interact with the intended bacterial target. In a sense, Ag NPs
are much like a drug delivery system, as they provide a reservoir of Ag and Ag+ which
can be delivered to the target site.
Ag NPs have been observed to have a broad spectrum of antibacterial activity
against both Gram-positive and Gram-negative bacteria.6 In general, most studies have
observed a greater effectiveness against Gram-negative bacteria, which is thought to be
related to their cell wall structure. Gram-negative bacteria are distinguished by a thin
layer of peptidoglycan (~ 2 nm), an outer membrane composed of lipopolysaccharides,
phospholipids, and proteins, and an inner membrane composed of just phospholipids and
proteins.36 In contrast, Gram-positive bacteria contain a thicker, more rigid peptidoglycan
layer (~ 30 nm) with embedded proteins, and an inner membrane of phospholipids and
proteins.36 Some studies have observed that Ag NPs can permeate into the less rigid cell
wall structure of Gram-negative bacteria, leading to greater effectiveness; this permeation
is prevented in Gram-positive bacteria by their thicker peptidoglycan layers.37 It has also
been hypothesized that the negatively charged lipopolysaccharides in Gram-negative
bacteria can attract positively charged Ag+ ions, thereby contributing to a greater effect on
Gram-negative bacteria.38,39

5

Although the effect of various Ag NPs on bacteria has been well reported, the
extent to which bacteria are affected by the Ag NP surface (the particle-specific effect) or
by Ag+ ions (the ion-specific effect) remains somewhat of an open debate. For example,
several studies have suggested that the attachment of Ag NPs to the cell walls of bacteria
and subsequent interaction with surface proteins causes bacteria to be ruptured leading to
cell death.39–43 Other studies have shown that Ag NPs can permeate through bacteria cell
walls and interfere with cytoplasm proteins40 or DNA,42 causing inhibition of their
replication and proliferation. However, these particular mechanisms were generally more
observed for Gram-negative bacteria, wherein the less rigid cell wall is more susceptible
to this type of mechanism.
On the other hand, other studies have demonstrated that the antibacterial
mechanism of Ag NPs is primarily related to Ag+ ions, which can affect both types of
bacteria.44–47 Ag+ ions can undergo many of the same reactions as Ag, where they react
with membrane or cytoplasm proteins, or interfere with DNA replication; all which can
lead to cell death.44,48 Recently, it has also been observed that the dissolution of Ag+ ions
from Ag NPs was prevented under anaerobic conditions, and as a result, they had zero
antibacterial activity against Gram-negative bacteria.45 When the same Ag NPs were
examined under aerobic conditions, the dissolution of Ag+ occurred and the antibacterial
activity was observed to correlate with that of a similar concentration of Ag+. The authors
concluded from this study that Ag NPs likely rely on the ion-specific effect for their
antibacterial activity. In general, the consensus in the literature is that Ag+ ions are most
likely the major contributor to the antibacterial activity of Ag NPs, while the particlespecific effect is minor.

6

Another indirect mechanism of antibacterial activity broadly observed in the
literature is based on the generation of reactive oxygen species (ROS) from either the Ag
NPs themselves or released Ag+ ions.41,44,49–54 ROS are essentially free radicals, such as
peroxides and hydroxyl radicals, and can be generated from reactions outside or inside
bacteria or as a consequence of cell damage/disruption. ROS subsequently catalyze the
oxidation of other cellular components (i.e., “oxidative stress”) and their intracellular
concentration in bacteria has been shown to correlate with growth inhibition.54
Overall, there are multiple mechanisms that can be attributed to Ag NP
antibacterial activity, and it is likely that a general antibacterial mechanism cannot be
easily determined. However, these multiple mechanisms are actually an advantage when
it comes to applications, as they can inhibit the development of bacterial resistance. This
is especially important in modern times, as bacterial resistance against current antibiotics
is a common problem, and has even led to the classification of multi-drug resistant
bacteria. The fact that Ag NPs can have multiple mechanisms of antibacterial activity is
therefore considered a genuine advantage despite increasing their complexity.
In addition to their relatively lower tendency toward the development of bacterial
resistance, the major advantage of using Ag NPs for antibacterial applications is that their
size, shape, composition, and surface structure can all be tailored, thereby providing more
controlled delivery of the Ag or Ag+ from the Ag NPs. For example, the size of Ag NPs
has demonstrated an influence on antibacterial activity, where the increase in surface area
as a result of the reduced size can simply increase the number of surface reactions
possible.5,40,55 The size of the Ag NPs can also control the permeation of the Ag NPs into
the bacteria, as Ag NPs under 10 nm have been shown to penetrate Gram-negative
bacteria more effectively than larger Ag NPs.40 In addition, smaller size and higher
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surface area can result in a more rapid Ag+ dissolution from the Ag NP, which can also
result in higher antibacterial activity.40 The shape of Ag NPs has also been shown to
affect antibacterial activity, with some studies reporting that truncated Ag nanoprisms had
higher antibacterial activity than nanorods or spheres as a result of their higher surface
energy facets.19 Compositional changes from alloying other metals to Ag NPs (either at
their surface or in the core) can also modify antibacterial activity. For example, the
antibacterial activity of AgAu NPs has recently demonstrated a dependence on the atomic
arrangement of the Ag and Au at their surfaces.56 Finally, the surface structure of Ag NPs
can also have an effect on the antibacterial activity by impacting either the direct surface
interactions with bacteria, or by changing the rate of dissolution from the Ag NPs. For
example, various surface-protecting ligands on Ag NPs demonstrated different Ag+
dissolution rates, and have led to different antibacterial activities.57,58 The effect of
surface structure on Ag NP antibacterial activity is a central theme of this thesis, and will
be discussed further in later chapters.
1.2.2 Cytotoxicity of Ag and Ag NPs
One of the most commonly observed adverse effects of exposure to Ag and Ag+
compounds is argyria, which is characterized by a bluish discolouration of the skin and
other tissues in the body.59 Although generally considered to be non-life-threatening, this
effect illustrates the potential for adverse effects following exposure to Ag. For Ag NPs,
additional health concerns exist, despite their current use in commercial products. One of
the major concerns for Ag NPs is that they may interact with many different parts of the
body via systemic circulation. Exposure of Ag NPs through dermal absorption, oral
administration, inhalation, or intravenous injection can lead to broad and extended
8

circulation throughout the main organs of the body, including the kidney, skin, liver,
lungs, spleen, and brain.60–62 Ag NPs have also been observed to be internalized by cell
types including human mesenchymal cells, fibroblasts, and more.60–65 In some cases, their
size and surface-protecting ligands have been shown to be contributing factors to their
internalization. For example, 5 nm Ag NPs demonstrated greater uptake into various
human cell lines versus 20 and 50 nm Ag NPs.66 The surface protecting ligands of Ag
NPs can also control cell uptake, as polymer protected Ag NPs had reduced fibroblast cell
uptake than that of thiolate-protected Ag NPs.64
The consequence of broad and extended circulation is the potentially deleterious
effects of Ag NPs on the organs, tissues, and cells of the body. For example, damage to
various cell types has been reported, such as the aforementioned human mesenchymal
cells and fibroblasts.60–65 The effects on mammalian cells largely occur through similar
mechanisms as seen in bacteria, including interaction with cellular thiols and DNA, and
generation of ROS and subsequent oxidative stress.48,61 The same debate surrounds the
effect of Ag NPs on cells as to whether particle- or ion-specific effects are the
predominant cause of cytotoxicity, as both have been observed. In this case however, the
multiple mechanisms of Ag NP effects on cells are an obvious disadvantage to their
application, and makes the study of their overall health impact more crucial. Indeed,
although the potential negative impact of Ag NPs on the human body has been
demonstrated in recent years, it seems that the commercialization of Ag-compounds or
Ag NPs has sometimes preceded their overall risk assessment. For instance, some
commercially available products that contain Ag-compounds or Ag NPs have
demonstrated significant toxic effects toward both bacteria and certain mammalian
cells.29 Therefore, it is now even more important that a balance is struck between the
9

toxicity of Ag NPs to normal cells and bacteria, in order to achieve the best performance
and safety. For this reason, it is crucial to formulate Ag NPs with controlled size,
composition, and surface structure in order to control the interplay between their
antibacterial activity and cytotoxicity.

1.3 Synthesis of Metal NPs
While early examples of metal NP preparation have been reported in history, such
as the previously described Lycurgus cup, one of the most famous systematically
controlled chemical methods was reported by Faraday in 1857.67 Faraday first reduced Au
salts with phosphorus to produce thin films of reddish colour, and used this technique to
control their colour. Much later, in 1951, Turkevich reported a similar chemical reduction
technique that used heat and citrate anions to reduce and stabilize Au NPs in water.68 This
particular technique was revisited by Frens in 1973, who reported a mechanism of NP
size control by modifying citrate:Au ratios.69 Further modifications of the Turkevich and
Frens methods have also led to the preparation of other metal NPs, such as Ag NPs.70 The
next major preparation breakthrough occurred in 1994, when Brust and Schiffrin reported
a two-phase method to prepare Au NPs by reducing metal ions stabilized by
tetraoctylammonium bromide (TOAB) in the presence of alkylthiols in toluene.71 Watersoluble sodium borohydride (NaBH4) was used as the reducing agent, which resulted in
NPs forming at the solvent interface more slowly than a one-phase synthesis, and overall
produced more uniformly sized NPs than previous methods. The original Brust-Schiffrin
method also demonstrated the ability to modify the size of NPs based on the ratios of
ligand to metal, but has since been expanded to utilize different organosulfur ligands,
metals, and reducing agents.72–75
10

Since these important examples in history, the synthesis of metal NPs has become
a vast area of research with many different methodologies being developed to produce
specific NP structures. In general, NP syntheses can be divided into two general
approaches of top-down and bottom-up. In top-down syntheses, a larger material is taken
and reduced to a smaller size by a physical procedure. This can be carried out
mechanically, such as with ball-milling, or by physical deposition or elimination of
elements, such as nanolithography.76–79 The major drawbacks of top-down approaches are
that the resulting NPs often include a large number of defects and impurities, and are less
uniform in general.80,81
The bottom-up approach usually takes place in solution, and relies on chemical
reactions that assemble NPs on an atomic scale. This is initiated by the reduction of metal
precursor compounds in aqueous or organic solution which can occur by chemical,
electrochemical, or photoreductive means.9,10 However, the most common approach to
preparing NPs is by chemical reduction, whereby a reducing agent is used to reduce the
precursor compounds to zero-valent metal atoms. The metal atoms then self-assemble
into NPs with the assistance of a surface protecting molecule (described as a ligand once
bound to the NP). This technique is often used to create Au and Ag NPs (and many
others) from precursor metal compounds such as gold tetrachloroaurate (HAuCl4) or
silver nitrate (AgNO3).
Chemical reduction can be carried out with a variety of reducing agents such as
ethylene glycol, sodium citrate, and N-dimethylformamide, but most the most common
for preparing metal NPs is sodium borohydride (NaBH4).9,10 NaBH4 has a high reducing
power and can reduce a number of different types of metals, including Ag, where it
undergoes the following partial reactions in aqueous solution:82,83
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Ag+(aq) + BH4-(aq) + 4 H2O(l)  Ag(s) + B(OH)4-(aq) + 3.5 H2(g) + H+(aq) (1.1)
BH4-(aq) + 4 H2O(l)  B(OH)4-(aq) + 4 H2(g)

(1.2)

After the metal ions are reduced, the metal atoms have a strong tendency to form
clusters in order to reduce their high surface energies. In Ag NP synthesis, excess BH4has been shown to protect the surface of the nascent clusters via electrostatic interactions
with the surface.83 However, this stabilization mechanism is only temporary, as the BH4decomposes spontaneously in water (Eqn. 1.2). Thus, protecting ligands are most often
employed to prevent the aggregation and excessive growth of the clusters by interacting
with the NP surfaces. The interaction between the ligand and surface can be strong
chemical bonding or weaker electrostatic bonding, and typically defines strong ligands or
weak ligands, respectively. Some examples of strong and weak protecting ligands used in
this work will be further discussed in the following section.
1.3.1 NP Surface Protection
NPs have high surface energies as a result of their small size and have a tendency
to aggregate while in solution in order to reduce those energies. To address this,
protecting ligands are introduced to the solution to self-assemble onto the NP surface and
prevent further growth. Protecting ligands are an extremely important part of metal NP
synthesis as they determine their morphological features such as size and shape, which in
turn have an effect on their physicochemical properties.
Some of the most common ligands used to protect metal NPs are thiolates (RS-,
where R denotes an alkyl group), because strong bonding between S and metal can yield
highly stable and uniformly sized NPs.84–88 It is widely accepted that thiolate ligands are
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onto metal NP surfaces has shown to result in significant charge transfer between metal
and S.96,97 For Au-thiolate bonding, S donates lone pair electrons to Au s-orbitals,
followed by back-donation of electrons from Au d-orbitals to S d-orbitals.98,99 This
donation/back-donation mechanism leads to the strong bonding of the Au-S, and is
thought to contribute, along with aurophilic bonding, to the generation of unique “staple”
surface structures (-RS-Au-SR-) observed for some Au NCs.98,100 The discovery of the
“staple” structures of Au NCs has led to an improved understanding of the nature of their
Au-S bonding and, by extension, their unique physicochemical properties.
On the other hand, the nature of Ag-S bonding in thiolate-protected NCs/NPs
seems to be slightly different from that of Au-S. For example, the net charge transfer
between Ag and S has been predicted to be greater than Au and S,101,102 which may alter
the above-described donation/back-donation mechanism and lead to different surface
bonding in Ag NCs (or NPs). Indeed, reports of thiolate-protected Ag NCs/NPs generally
reveal very different surface structures compared to thiolate-protected Au NPs/NCs. In
some cases, thiolate-protected Ag NCs/NPs have exhibited reconstructed surfaces
consisting of more sulfidized Ag components, such as Ag2S5 structures on top of metal
Ag cores,84,103 or even more heavily sulfidized NC/NP surfaces.58,75,104–106
The surface sulfidation of Ag NCs/NPs compared to those of Au appears to be
similar to the case of their bulk forms. That is, unlike Au, Ag has a higher propensity to
become more sulfidized, and can readily undergo various sulfidation reactions (e.g., Ag
jewelry “tarnishing”), including the following: 107
4 Ag(s) + 2 S2-(aq) + O2(g) + 2 H2O(l)  2 Ag2S(s) + 4 OH-(aq)

(1.5)

Sulfidation of Ag can result in a thermodynamically stable structure of Ag sulfide (Ag2S,
typically the acanthite form) which can grow into the bulk until all the Ag is converted
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into Ag2S.108 This mechanism has been observed in Ag NP systems with external sources
of inorganic sulfide (e.g., sodium sulfide, hydrogen sulfide, etc.) which provide the S2required for the reaction in Equation 1.4.109–111 Furthermore, the ability of organosulfur
molecules (e.g., thiols) to induce sulfidation at Ag NP surfaces has also been
demonstrated.58,75,104–106 In these cases, the S2- is most likely provided after the cleavage
of S-C bonds as a result of S-Ag bonding and subsequent electron displacement.112–114
This sulfidation effect is further discussed in Chapters 2, 3, and 4 which examine the
effect of various organosulfur ligands on the surface structure of Ag NPs/NCs.
As previously discussed, the S of thiolates bond strongly with metal NP surfaces
to prevent aggregation. However, there are many other ligand types which depend on
weaker interactions to the surface of the metal NPs. For example, NPs prepared with the
common Turkevich method depend on weak stabilization through the carboxylate anions
of citrate molecules.68,115 Compared to thiolates, it is generally accepted that citrate is
considered to be weak ligand, by virtue of its lower binding strength to NPs. These
weaker interactions typically result in larger sizes of NPs, however, it should be noted
that this general technique can provide NPs with a range of sizes and shapes by
modifying the reaction conditions such as ligand:metal ratios, temperature, and pH.70,116
Therefore, although these types of ligands weakly interact with the NP surface, they can
provide the necessary stability to prevent aggregation, even for smaller NPs (e.g., < 5
nm).117
Surfactants are another class of weak protecting ligand that can form micelle
structures in solution to subsequently control size and shape.118 Common examples are
tetraoctylammonium bromide (TOAB), tetraoctylphosphonium bromide (TOPB), and
cetyltrimethylammonium bromide/chloride (CTAB/CTAC)119 (Figure 1.2). These types
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morphologies.129 The most commonly controlled experimental factors in the preparation
of bimetallic NPs using the co-reduction method are the metals and protective ligands.
Depending on the type of metals used, the resulting atomic structure of the NPs can vary
dramatically. For example, if the reduction rate of one metal is greater than the other, that
metal will typically form the core of an NP, to which the other metal will reduce onto,
thus leading to a core-shell type morphology.128,129 Conversely, if they have similar
reduction rates, then the metal ions will most likely be reduced simultaneously, leading to
random-alloyed NPs.128,129 Furthermore, the protecting ligand can have an effect on the
co-reduction process by altering the availability of one metal if that ligand has a greater
affinity for that metal over the other. Typically, the metal to which the ligand prefers to
bind with will end up on the outside of the NPs, while the other metal will end up in the
core of the NP.128,129 However, the initial interaction of the metal ions and the ligands can
also affect the reduction potentials of the metals, leading to a variation in their reduction
rates, and thus potentially changing their atomic structure.
Sequential reduction begins with the formation of NPs of one type of metal,
commonly referred to as “seeds”. The NP seeds are used to provide a surface onto which
the second metal is reduced, typically resulting in core-shell morphologies.128,129 This
technique has been used to prepare a variety of bimetallic NPs containing metals such as
Pt, Cu, Ag, Au, Fe, among others.128,129 After the initial seed NPs are formed, the
reduction of the second metal is commonly carried out by either a galvanic reaction
between the two metals, or by a secondary reducing agent.128,129 In the case of galvanic
reduction, a second metal with a higher reduction potential is added; therefore, in theory
many different combinations of bimetallic NPs can be created by this technique. For
example, since the reduction potential of AuCl4-/Au (0.99 V) is higher than that of
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Ag+/Ag (0.80), Au3+ can be reduced to Au in the presence of Ag according to the
following reaction:
3 Ag(s) + AuCl4-(aq)  Au(s) + 3 Ag+(aq) + 4 Cl-(aq)

(1.6)

This leads to the replacement of Ag atoms from the seed NPs with Au atoms, and this
technique has been employed to produce bimetallic AgAu NPs with random alloy130 and
core-shell type structures.56
The second sequential reduction is also commonly carried with another reducing
agent. Usually, a weaker reducing agent is used for the second reduction in order to
promote the deposition of the second metal onto the seed NPs, and avoid the formation of
two sets of monometallic NPs. The driving force for the deposition of the second metal
can be attributed to its preferential reduction by the weaker reducing agent and the higher
surface energy of the NPs, where the energy required for reduction is reduced.128,129
Furthermore, this type of synthesis is versatile, and can be used to deposit metals which
have higher reduction potentials than the seed NPs (including Au on Ag),131 as well as the
reverse deposition of metals with higher oxidation potentials such as Ag onto Au seed
NPs.126,132,133 This is possible because of the process of underpotential deposition (UPD)
occurs, which has been typically defined as the deposition of one metal onto another
metal substrate at potentials less negative than for bulk deposition.134–136
The UPD process has been well-studied for bulk surfaces and, more recently, has
been shown to be a critical process in the preparation of metal monolayers on metal
NPs.120,136,137 The UPD process results in monolayer deposition because the binding
energy of the substrate-metal is larger than that of the metal-metal.135 During UPD, the
deposited metal forms epitaxially and adopts the ordering of the underlying surface.
Theoretical modelling of Ag adsorption on Au NPs shows that preferential deposition
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occurs on the {111} or {100} surfaces of Au,138 but this can also be controlled by
experimental conditions. For example, UPD has been exploited in the growth of various
anisotropic Au NPs, where small amounts of Ag were added to growth solutions of
HAuCl4, resulting in the deposition of Ag monolayers onto the Au NPs which controlled
further growth.120 It was found that by varying the amount of Ag in the growth solution,
specific deposition was promoted by facet-specific stabilization and, as a result the shape
of the NPs was modified.120 Halogen-based surfactants play an important role in the
surface protection and UPD process, and work synergistically with Ag to stabilize the
specific facets on the Au NPs.139 These types of NPs were the subject of a surface
structural characterization study and will be discussed further in Chapter 6.

1.4 Characterization Techniques
The physicochemical properties of NPs are largely dictated by their size, shape,
composition, and surface structure. Therefore, in principle, the specific tailoring or
rational design of their properties is achievable through modification of these aspects.
Designing tailored NPs, however, is predicated on the ability of those aspects to be
characterized. This has presented many challenges, and often major developments in the
study of metal NPs are correlated with the invention or refinement of characterization
technologies. For example, electron microscopy techniques, such as transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and high resolution-TEM
(HRTEM) allowed many of the first characterizations of metal NPs, such as size
distributions, morphologies, and crystalline structures.140 UV-visible spectroscopy (UVvis) is another useful technique that can be used to gain supporting information on NP
size, composition, and structure.11,17,20,21 Electron diffraction (ED), X-ray diffraction
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(XRD), and X-ray photoelectron spectroscopy (XPS) are techniques that can all yield
information about NP composition and oxidation state.141 In addition, 1H and 13C nuclear
magnetic resonance (NMR) spectroscopy, Fourier-transformed infrared (FTIR)
spectroscopy, and Raman spectroscopy are all techniques that can be used to study the
NPs from the perspective of the ligands bound to NPs.141 Most recently, extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES)
spectroscopy are techniques that have become very popular in the characterization of
metal NPs;141 this is due to their ability to probe the oxidation state and chemical
environment of each constituent element, thus providing a comprehensive understanding
of NP structure and composition from both the metal and ligand perspectives. Overall,
there are a multitude of characterization techniques available to study metal NPs but the
main tools chosen for use in the work of this thesis were UV-vis, TEM, EXAFS, and
XANES. Thus, the following sections provide background information regarding those
techniques.
1.4.1 Electron Microscopy
Electron microscopy techniques are useful in the study of nanomaterials as they
allow direct visualization, thereby providing information regarding size, shape, and
morphology. The most common type used is TEM because it can study many different
types of samples, including cells, microorganisms, and inorganic materials (e.g.,
nanomaterials).140,142 When TEM is performed, high-energy electrons are passed through
the sample material, and the absorption or scattering of those electrons is detected to
produce an image on a camera.142 Dark-field TEM produces images that show the sample
as a bright spot, which is a function of greater scattering of electrons by the sample, while
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Although TEM is commonly used to characterize nanomaterials, there are still
inherent limitations to the technique. The samples must be dried and then examined under
high vacuum; therefore, information regarding their solvated state cannot be obtained.
Most importantly, TEM images are localized to the region of view currently being
analyzed; that is, the images do not characterize the entire sample, but reveal only one
particular region. Although the images captured by TEM are usually representative of the
entire sample, it is important to use other complementary techniques. For example, UVvis and XAS allow for a more global perspective, since a larger portion of the sample
may be examined simultaneously.
1.4.2 UV-visible Spectroscopy (UV-vis)
UV-vis is a useful tool in the characterization of noble metal NPs because some
metals at the nanoscale, such as Au and Ag, exhibit characteristic surface plasmon
resonance (SPR) bands in the visible light region of the electromagnetic spectrum. SPR is
an effect derived from a collective oscillation of electrons near the surface of
nanomaterials, as a result of induced dipoles from incoming electromagnetic waves.11,12
Figure 1.6 schematically illustrates how a surface plasmon oscillation is generated in a
spherical metal NP, as well as the resulting SPR peak of Ag NPs. When a NP interacts
with a wavelength of light longer than its diameter, its free electrons are polarized and a
relative charge difference is created at the NP surface.11,12 Coulombic forces then
compensate for this difference and induce electron oscillations that resonate with the
frequency of the incoming light.11,12 This resonance occurs at the surface of the metal and
is dependent on its size, shape, composition, and surface structure, as well as the
dielectric properties of the surrounding medium.11,12
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Since SPR effects are usually localized to the NP surface, they can be significantly
affected by surface chemistry. For example, changing the dielectric constant of the
surrounding material will affect the SPR oscillation frequency, due to the changed ability
of the surface to accommodate electron charge density from the NPs.12 The type of
protecting ligand will have an even more significant effect on the SPR of metal NPs, as
strong ligands such as thiolates can alter the electron density of the NP surface, and cause
the SPR peak position to shift compared to NPs with weaker ligands.12,146,147 Further to
the effect of surface structure, the generation of sulfide on the surface of Ag NPs has been
recognized to dampen and shift SPR peaks to longer wavelengths.148
Based on the dependence of SPR on size, shape, composition, and surface
chemistry, UV-vis is certainly a useful tool for characterizing metal NPs. However, the
SPR profiles of NPs cannot always be unequivocally correlated to their structure. For
example, in bimetallic AgAu NPs, the SPR of both metals can be visible if they are in a
core-shell arrangement, although depending on the concentration of each in the NPs (or
thickness of the core/shell), the two SPR peaks can appear as one broad peak, which is
similar to what is observed for a random-alloy structure.123 In addition, while the SPR
wavelength generally correlates with the size of NPs, thiolate ligands can cause SPR
shifts toward longer wavelengths and can therefore convolute size
characterization.12,75,146,147 It is for these reasons that UV-vis is rarely the sole
characterization tool used to study NP systems, but is primarily used to complement other
techniques and provide more comprehensive information.
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1.5 X-Ray Absorption Spectroscopy (XAS)
Characterization techniques such as UV-vis and TEM are important in studying
nanomaterials, but cannot be used to obtain detailed information about local atomic
structure or electronic properties. This depth of characterization is an ongoing challenge
in the study of nanomaterials, as the long range order required for traditional structural
characterization methods (e.g., X-ray crystallography) is often limited in these materials.
Towards addressing this challenge, XAS is a tool that can be used to study nanomaterial
systems in either solid or amorphous phases (including liquids) and can provide rich
information about their local environments.149–152 XAS is now being routinely used
throughout a wide range of scientific fields, including chemistry, biology, environmental
science, and materials science.
XAS measures X-ray absorption by core-level electrons in atoms of the material
being examined.149–152 In this manner, X-rays are transmitted through a material and if
they possess energy equal to the binding energy of a core-electron they will be absorbed,
resulting in the promotion of core-electrons to unoccupied or continuum states.149–152 At
energies greater than the binding energy, core-electrons are emitted as photoelectrons
with kinetic energies dependent on the difference in energy between the incident X-ray
and core-electron.149–152 As a consequence of the absorption, the amount of X-rays
transmitted through a material will be subsequently decreased; this decrease can be
quantified by measuring the intensity of the X-rays transmitted (It) relative to their initial
intensity (Io). The degree to which a material absorbs X-rays is called the absorption
coefficient, µ(E), and can be derived from X-ray transmission using the equation:
µ(E) = log (Io/It)
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(1.7)

In addition, µ(E) can also be derived from the X-ray fluorescence following the
generation of a core-hole by the excitation of a core-electron. This core-hole is then filled
by another electron in the atom and the decay of the excited state releases an X-ray with
energy characteristic of the initially excited core-electron. Therefore, µ(E) can also be
obtained from X-ray florescence by the relationship:
µ(E) ∝ (If/Io)

(1.8)

where If is the fluorescence intensity resulting from the X-ray absorption at that specific
energy.
Regardless of local environment, all atoms have an intrinsic absorption coefficient
(µo(E)), which is dependent on atomic number, atomic mass, and the incident X-ray
energy.151 When plotted against energy, a smooth function with a stepped increase at a
specific energy is observed. The specific energy at which this step occurs is often referred
to as the absorption edge (or “white line” for historical reasons), and coincides with the
binding energy of the core-electron being excited.149–152 Because electron binding
energies for each element are unique, absorption edges are also unique to each
element.149–152 Therefore, XAS is an element-specific technique as the X-rays can be
tuned to the different energies required for promoting core-electrons within different
elements. This is especially useful for studying metal-ligand systems in metal NPs, as
both metal and ligand perspectives can be used acquire information about the NPs. In
addition, the energy of the X-rays can also be tuned to excite specific core-electrons (e.g.,
K, L1, L2, L3, M1, etc.) within the element of interest. For example, the two most studied
absorption edges for the NPs described herein are the K- and the L3-edges, corresponding
to core-electron transitions from 1s to valence p-orbitals and 2p to valence d-orbitals,
respectively.
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charge (Zeff). Because oxidation state and ligand interaction can change the Zeff of an
atom, these properties can be characterized using the XANES absorption edge.153 For
example, the energy required to promote K- and L3-edge transitions is higher in an
oxidized metal because of larger Zeff; therefore, these absorption edges occur at higher
energies than the non-oxidized metal. Due to their proximity to the positively charged
nucleus, 1s electrons more strongly experience the change in Zeff; therefore, the K-edge
XANES absorption peak position has been widely used to determine the oxidation states
of various metals.152,153 Although a similar peak shift can potentially be observed in metal
L3-edge XANES spectra, it is more common to relate the intensity of the L3-absorption
edge to oxidation state, as there is a more direct correlation of its intensity to empty dorbitals.96,155,156 Taking Ag as an example, the d-orbitals of Ag bulk metal are completely
full (d10) whereas the number of d-electrons in a Ag+ compound will be less (from s-p-d
hybridization); hence, the intensity of the L3-absorption edge of the Ag+ compounds will
be greater. In reality, the d-electrons in bulk Ag metal and oxidized bulk Ag are slightly
less than their nominal configurations (also due to s-p-d hybridization),96,97,157 but the
trend in L3-edge XANES intensity is observed nonetheless.
The chemical species attached to the absorbing atom can also have an effect on
both K- and L3-edge XANES. For metal-ligand systems that contain electronegative
atoms such as S and Cl, a greater metal-ligand covalency occurs; this can result in a lower
Zeff and lead to a shift in metal K-edge absorption edge position to lower energies.153
Since the L3-absorption edge intensity is related to empty d-orbitals, significant changes
in the L3-absorption edge intensity can be correlated to the chemical species attached to
the absorbing atom.96,155,156 For example, thiolates adsorbed onto transition metals remove
electron density from metal d-orbitals, resulting in more electron transitions to empty d32

orbitals and thus a more intense L3-absorption edge.97,155 In bimetallic systems such as
AgAu alloys, a decrease in the Ag L3-absorption edge has been attributed to Au delectron redistribution to Ag orbitals.156,158
Furthermore, as a result of their smaller size relative to bulk materials, metal NPs
exhibit interesting electronic effects at the absorption edge.96,97,155,157 For example, as the
orbital bands of metal NPs become slightly more quantized because of their smaller size,
there is less s-p-d hybridization and less transfer of d-electrons to s- and p-orbitals.
Therefore, the intensity of the L3-absorption edges of metal NPs are slightly increased
relative to those of their bulk counterparts.96,97,155,157
Finally, the post-edge region of XANES is largely attributed to scattering of
photoelectrons between multiple neighbours (i.e., multiple scattering). In this energy
region, the kinetic energies of the absorption-induced photoelectrons are low and their
mean free paths are large.159 As a result, the emitted photoelectrons can scatter from
multiple atoms and return to the original absorbing atom. These returning photoelectrons
then modulate µ(E) and create the spectral oscillations immediately following the
absorption edge. These oscillations provide qualitative information regarding the structure
around the absorbing atom, including metal lattice type. For example, the first few
oscillations of the Au L3-edge, as well as the Ag K- and L3-edges (e.g., feature (iii) in
Figure 1.9a), are distinctive of the face-centered cubic (FCC) lattice type of the two
metals. The multiple scattering oscillations can also potentially provide quantitative
information, although current methods do not offer a comprehensive refinement strategy
for multiple scattering within nanomaterials, as the many different scattering paths are
hard to accommodate theoretically.150 Moreover, these multiple scattering features can
also be dramatically minimized by the nanosize effect, which makes them harder to
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refine. For this reason, the absorption edge remains the most commonly characterized
region of the XANES spectra of nanomaterials.
1.5.2 XANES Analysis
Analysis of XANES spectra is most often carried out by qualitative comparison
with reference materials. XANES spectra are first calibrated to the absorption edge of the
absorbing atom using the inflection point of the absorption edge. The pre-edge and the
post-edge regions are then normalized via polynomial fitting and division by the
absorption edge intensity.160,161 By normalizing the spectra in this way, the oxidation
states of samples can be compared by examining the intensity of the absorption edge
relative to reference materials. Another common method of XANES analysis is to carry
out linear combination refinements of the XANES spectrum using appropriate reference
spectra.160,161 This analysis can yield the percentage of each component in the unknown,
as well as the overall quality of the refinement. Most often, the references used are
spectra from physical samples, however, structural references can potentially be produced
using ab initio calculations, such as those performed by the FEFF code (further discussed
in section 1.5.5).
1.5.3 Extended X-ray Absorption Fine Structure (EXAFS)
The oscillations that begin approximately 30 eV after the absorption represent the
EXAFS region. These oscillations are a result of a similar process as the multiple
scattering in XANES; however, at higher energies, the mean free path of the emitted
photoelectron is limited, and so single scattering is the dominant process. When the
emitted photoelectron travels outward, it interacts with the electron density of
neighbouring atoms to produce a backscattered photoelectron that travels towards the
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𝜒 (𝐸 ) =

µ(E )- µo (E )
Δµo (E )

(1.9)

where the intrinsic absorption coefficient, µo(E), is represented by a background function
and subtracted from the actual absorption coefficient, µ(E), and then divided by the
difference in intensity before and after the edge (Δµo(E)).149–152 Isolating χ(E) is achieved
by first fitting pre-edge and post-edge lines to the spectrum (Figure 1.11a), and then
normalizing their difference (Δµo(E)), to be one (Fig 1.11b). The absorption edge energy
(Eo) is then identified by finding the inflection point of the spectrum using its first or
second derivative. A smooth background curve is then fit to the post-edge to account for
the background absorption (µo(E)), which is subsequently subtracted from the real
absorption (µ(E)), resulting in χ(E). The EXAFS oscillations in χ(E) are derived from an
interference effect between photoelectron waves, therefore it is often described in terms
of the photoelectron wavenumber, k :

𝑘=√

2m(E-Eo )

ħ2

(1.10)

where Eo is the absorption edge energy, E is the incident photon energy, m is the electron
mass of an electron, and ħ is the reduced Planck’s constant.149–152 The resulting χ(k) is
commonly referred to as the k-space (Figure 1.11c) and is often weighted by multiplying
χ(k) by k2 or k3 to account for the natural decay of oscillations with increasing energy or
k.152 The choice of k-weighting depends on the system being examined, as the EXAFS
scattering amplitudes are dependent on the X-ray energy and atomic numbers of both the
absorbing atoms and neighbouring atoms.149–152 Furthermore, the frequencies of the
oscillations in χ(k) correlate to neighbouring coordination paths around the absorbing
atom which can be isolated via Fourier-transformation. The Fourier-transformed EXAFS
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Local information about the absorbing atom can be extracted by refining the k- or
R-space with the EXAFS equation:

𝜒(𝑘 ) = ∑𝑗
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(1.11)

where N is coordination number, R is the bond length, σ2 is the Debye-Waller coefficient
proportional to the root-mean-squared displacement of the scattering atom (which
accounts for thermal and vibrational disorder), λ(k) is the mean free path of the
photoelectron, f(k) is the scattering amplitude of the neighbouring atom, δ(k) is the
scattering phase shift of the neighbouring atom, and j is the coordination shell (also
known as path or sphere) of identical atoms at approximately the same distance from the
absorbing atom.149–152 Finally, So2 is the amplitude reduction factor which accounts for
intrinsic loss of intensity in the X-ray absorption spectrum.149–152
The structural parameters N, R, and σ2 can be obtained by refining the R-space
with the EXAFS equation using a least-squares refinement method. WinXAS162 or
IFEFFIT160,161 allow the user to fix, constrain, or vary any of the N, R, σ2, or So2 variables
of each scattering path in the system being studied. In addition, the energy-shift
parameter, ΔEo, is included in the refinement to account for phase differences between
experimental and theoretical backscattering paths.163 In order to carry out the refinements,
the f(k) and δ(k) for the neighbouring atoms must be known. These values can be derived
from experimental EXAFS spectra of reference materials such as metal foils, but are more
commonly generated by ab initio simulations of appropriate structural models using the
FEFF code,164,165 described in more detail in section 1.5.5.
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generated by programs such as Crystal Maker. Crystal structures can be constructed by
using the respective space-groups and symmetry of the material, and by defining the
number of atoms in a cluster. Moreover, atomic coordinates can also be provided by other
computational methods, such as density functional theory (DFT) structural optimization
calculations. The FEFF code then calculates the electronic structure of atoms around the
absorbing atom in a specific radius using a relativistic atomic potential approach.164,165 To
reduce computational cost, a muffin-tin approximation is used, wherein the atomic
potentials are estimated around an atom to a specific radius, and the potentials between
the atoms (interstitial region) are held constant.164,165 The effective mean-free path,
amplitude, and phase for each scattering path are generated from the calculations and
used to refine the experimental R-space spectra. Within the same calculations, FEFF can
also generate simulated EXAFS spectra that can be used for qualitative comparison to
experimental spectra. In addition, the FEFF code is able to simulate XANES spectra by
calculating the electronic transition energies of an absorbing atom as they change due to
interactions with neighbouring atoms.
1.5.6 Synchrotron X-rays
A synchrotron facility can provide high energy X-rays along a continuous energy
spectrum, and is therefore often used for XAS experiments (Figure 1.13). Synchrotron
radiation is electromagnetic radiation that is emitted by electrons as they are accelerated
around a curved path.168 To achieve this radiation, electrons produced by a linear
accelerator are injected into a booster ring where they are further accelerated to nearrelativistic speeds.168 The electrons are then injected into a storage ring where they are
propelled by a series of bending magnets, generating the electromagnetic radiation that is
40

ILQDOO\GHOLYHUHGWRWKHYDULRXVEHDPOLQHVWDWLRQVIRUXVHLQ;$6H[SHULPHQWV6RPH
V\QFKURWURQVDOVRKDYHLQVHUWLRQGHYLFHVVXFKDVZLJJOHUVRUXQGXODWRUVSODFHGDWYDULRXV
VWUDLJKWSDUWVRIWKHV\QFKURWURQWRLQGXFHDFFHOHUDWLRQRIWKHHOHFWURQEHDP:LJJOHUV
SURGXFHDEURDGHUHOHFWURQEHDPZLWKLQFUHDVHGLQWHQVLW\DQGKLJKHUUDQJHRI;UD\
HQHUJLHVWKDQEHQGLQJPDJQHWV2QWKHRWKHUKDQGXQGXODWRUVSURGXFHDQDUURZHU
HOHFWURQEHDPZLWKDPXFKKLJKHU;UD\LQWHQVLW\EXWZLWKDORZHUUDQJHRIHQHUJ\


)LJXUH$JHQHUDOVFKHPDWLFRIDV\QFKURWURQIDFLOLW\

7KHIROORZLQJV\QFKURWURQIDFLOLWLHVZHUHXVHGLQWKLVZRUN
&DQDGLDQ/LJKW6RXUFH &/6 6RIW;5D\0LFURFKDUDFWHUL]DWLRQ
6;50%% EHQGLQJPDJQHWEHDPOLQHIRU$J/HGJH;$1(6DQG6.
HGJH;$1(6(;$)6H[SHULPHQWV
&/6+DUG;UD\0LFUR$QDO\VLV +;0$,' ZLJJOHUEHDPOLQHIRU$J.
HGJH;$1(6(;$)6H[SHULPHQWV
$GYDQFHG3KRWRQ6RXUFH $36 3DFLILF1RUWKZHVW&RQVRUWLXP;UD\6FLHQFH
'LYLVLRQ 31&;6'6HFWRU EHQGLQJPDJQHWEHDPOLQHIRU$J.HGJH
;$1(6(;$)6DQG$X/HGJH;$1(6(;$)6H[SHULPHQWV




1.5.7 Synchrotron XAS Experimental Setup
Various beamlines have different experimental setups, but in most cases, X-ray
absorption is measured either directly by transmission or indirectly by fluorescence or
electron yield, shown schematically in Figure 1.14.152 In transmission mode, the incoming
intensity (Io) and transmitted intensity (It) are measured by ion chambers and then are
used to directly calculate µ(E) according to Eqn. 1.7.150,152 In fluorescence mode, the
intensity of the characteristic fluorescence of the sample (If) is measured, usually by a
solid state detector.150,152 Io and If are then used to calculate µ(E) according to Eqn. 1.8.
For wet-chemically prepared metal NPs, the solvent is often completely removed to yield
more concentrated samples (powders), which are easily packed in kapton film and then
measured. In these cases, where the element of interest is high in concentration,
transmission mode is typically used as it generally leads to a direct measurement of
µ(E).150,152 On the other hand, fluorescence mode is seldom used in cases where the
sample concentration is high, as self-absorption effects can severely reduce fluorescence
(and thereby µ(E)).150,152 Lastly, electron yield mode measures the number of electrons
that are lost to the continuum as a result of the absorption process.150,152 In this technique,
either a liquid or powdered sample is placed onto the sample holder. Since the emitted
electrons are being measured, both the sample and the sample holder must be sufficiently
conductive. In addition, due to the relatively short mean free path of the electrons,
electron yield mode is more surface-sensitive and does not suffer from the same selfabsorption effects as fluorescence mode.150,172
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1.7 Structure of Thesis
Following the introduction, Chapter 2 consists of a study that examined organicsoluble Ag NPs that were stabilized by various organosulfur ligands. The Ag NPs were
studied with UV-vis, TEM, and XAS, in order to explore the effect of ligand type and
concentration on the resulting surface structures.
Chapter 3 consists of a study that examined water-soluble Ag NPs prepared with
thiolate and non-organosulfur based ligands. The Ag NPs were studied with UV-vis,
TEM, and XAS in order to assess the differences in their surface structures. The impact of
those surface structures on their antibacterial activity against a variety of bacteria was
also discussed.
Chapter 4 includes a similar study to Chapter 3, but focussed on thiolate-protected
Ag NCs with a unique one-dimensional chain-like assembly. The Ag NCs were
characterized with UV-vis, TEM, and XAS. The surface structure of the Ag NCs was
determined through wavelet-transformed EXAFS analysis and multi-path Ag K-edge
EXAFS refinements. The antibacterial activity of the Ag NCs against various bacteria
was also determined.
In Chapter 5, the effect of Au incorporation to Ag NPs was studied in order to
characterize the alloying effect of Au on the structure of the resulting AgAu NPs. The
NPs were prepared with varying concentrations of Au and Ag and then characterized by
UV-vis, TEM, and XAS. Their overall atomic structures were determined and this
information was then used to rationalize the bioactivity of the NPs against both bacteria
and mammalian cells.
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Chapter 6 describes a collaborative study on the surface structures of Ag-coated
anisotropic Au NPs with different shapes. A series of Ag-coated Au NPs was examined
with XAS in order to deduce their respective surface structures, including the bonding of
Cl- on the Ag monolayers. DFT calculations performed by collaborators were used to
support the XAS findings, as well as to examine Cl- concentration effects on surface
structure from a theoretical perspective.
Chapter 7 describes the overall conclusions and potential future work.
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Chapter 2 - The Surface Structure of
Organosulfur Stabilized Silver Nanoparticles
Sections 2.3-2.6 are reproduced in part with permission from: Padmos, J. D.; Zhang, P.
Surface Structure of Organosulfur Stabilized Silver Nanoparticles Studied with X-Ray
Absorption Spectroscopy. Journal of Physical Chemistry Part C. 2012, 116, 23094.
Copyright 2012, American Chemical Society.

2.1 Contributions
J.D.P. synthesized the NPs, carried out the general characterization, conducted
the XAS experiments, and wrote the manuscript. P.Z. supervised J.D.P. and helped revise
the manuscript.

2.2 Foreword
The discovery of the special “staple” bonding interaction between thiolates and
Au NPs has enabled the understanding of many of the unique properties of Au NPs. This
has generated interest in similar systems, such as thiolate-protected Ag NPs. This chapter
focuses on the effect of concentration and type of organosulfur ligand on the surface
structure of Ag NPs. In addition, this chapter also develops the fundamental methodology
for the analysis of Ag NP surface structure from both ligand and metal perspectives using
X-ray absorption spectroscopy.
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2.3 Introduction
One of the most common types of metal nanoparticles (NPs) studied are
alkylthiolate (in the general form, RS-) protected metal NPs because of their generally
high stability and modifiable end groups.71 Thiolate ligands are also common to studies of
self-assembled monolayers (SAMs) and the information gathered from these studies is
very analogous to SAMs. Such frequent use of thiolate ligands in the preparation of metal
NPs has led to closer investigations of the surface bonding structure between metal and
ligand. For example, it was recently determined that surface bonding on thiolate-protected
gold nanoclusters (Au NCs) exhibited a “staple” bonding motif (-RS-M-SR-),100 as
opposed to the traditional metal-thiolate bonding (e.g., thiolate on three-fold hollow site
of metal surface). This important finding has understandably induced much interest in
studying similar systems to determine whether or not they exhibit compositions and other
properties that are similar to, or differ from, those of thiolate-protected Au NPs/NCs. For
example, Ag NPs can be synthesized in the same way using thiolate ligands, and similar
surface structure and composition studies on Ag NPs are a natural progression to
understand how thiolate ligands may change the properties of these systems.
Metal NPs have also been prepared using a variety of organosulfur containing
protecting ligands other than thiolates, such as dialkyl sulfides (in the general form,
RSR).95,173 Dialkyl sulfides have commonly been used in the preparation of selfassembled monolayers (SAMs)174–176 and are shown to generally adopt a much weaker
bond to the surface of bulk metals. On bulk Au, dialkyl sulfides usually physisorb (~60
kJ/mol), and have about half the bond strength to Au compared to thiolate ligands, which
chemisorb (~120 kJ/mol).176 A similar physisorption bonding of dialkyl sulfides to Au NP
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systems has also been demonstrated.95,173 However, to the best of our knowledge there are
limited studies, if any, on dialkyl sulfide-protected Ag NPs. Given the high sensitivity of
the NP surface structure to the protecting ligands, this work also examines Ag NPs
prepared with didodecyl sulfide (DDS) to ascertain the difference in surface structure and
composition of dialkyl sulfide- and thiolate-protected Ag NPs.
Atomic structure determination of these samples with X-ray crystallography is
difficult because of the inability to achieve single crystals and therefore, alternative
methods of structural determination must be used. X-ray absorption spectroscopy (XAS)
is a powerful tool that can provide valuable information about the local structure and
electronic properties of MNPs with different morphologies, surface chemistries, and
composition.149–152 For example, extended X-ray absorption fine structure (EXAFS)
spectroscopy can provide quantitative information on the distance of neighbouring atoms
and coordination number and type of neighbouring atoms.149–152 In addition, L3-edge Xray absorption near edge structure (XANES) spectroscopy of noble metals, including Ag,
can provide a wealth of information on the average oxidation state, local coordination
environment, and electronic structure.149–152 Furthermore, since XAS is element-specific,
the combination of studying MNPs from both the metal and ligand perspective can allow
an even more comprehensive determination of composition and bonding structure. There
have been many XAS studies on Au NPs protected by thiolate ligands, however, there
appears to be a lack of XAS studies on Ag-based thiolate- and dialkyl sulfide-protected
NPs, particularly from a multi-core (Ag K- and L3-edge), multi-element (Ag and S)
perspective. Therefore, we comprehensively study thiolate- and dialkyl sulfide-protected
Ag NPs with XAS in order to elucidate information regarding the composition and
surface structure of the Ag NPs.
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2.4 Experimental
2.4.1 Synthesis of Ag NPs
Ag NPs in this study were synthesized using a slightly modified two-phased,
Brust-Schiffrin approach.71 First, 0.05 mmoles of Ag acetate (Aldrich, 98 %) was added
to 0.15 mmoles of tetraoctylammonium bromide (TOAB) (Aldrich, 98 %) and then 1dodecanethiol (DDT) (Aldrich, 98.8 %) or didodecyl sulfide (DDS) (Aldrich, 98.8 %)
corresponding to ratios of 6Ag:1DDT, 3Ag:1DDT, 1Ag:1DDT, 1Ag:1DDS or 1Ag:3DDS
was added. Then, 25 mL of toluene was added to the mixture and sonicated briefly until
the solids were dissolved. The solution was then mixed with a magnetic stirrer and added
to 0.5 mmoles of sodium borohydride (NaBH4) (Aldrich, 99 %) in 5 mL of toluene.
Finally, 20 µL of ultrapure water (18.2 MΩcm) was added to initiate the reaction between
NaBH4 and the Ag acetate. The mixture was allowed to stir for 2 hours and then
transferred into a separatory funnel and shaken. The aqueous phase containing various
impurities was discarded and the remaining organic phase was purified further by
successive ethanol addition and centrifugation.177 In this way, the solvent was first
removed completely with a Rotovap at a temperature of 30 °C. 20 mL of anhydrous
ethanol was then added to the dried samples and then centrifuged at 10,000 g to collect
the Ag NPs at the bottom of the centrifuge tubes. The remaining ethanol with the excess
reagents and impurities was discarded and the sample was dispersed in another 20 mL of
ethanol. This process was repeated a total of 3 times and then finally dispersed in toluene
as the final product. The purified samples were then stored as solutions in sample vials,
sealed by parafilm with argon and refrigerated at 4 °C.
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2.4.2 General Characterization
UV-visible spectroscopy was carried out using a Varian Cary 100 Bio UV-visible
spectrophotometer. 0.25 mL of each sample was added to 2.75 mL of toluene in a quartz
cuvette. Spectra were recorded with the Varian software from 300-700 nm. The solutions
were characterized with Transmission Electron Microscopy (TEM) using a Philips
Technai-12 TEM operated at 80 kV. Samples were prepared by placing a drop of Ag NP
solutions on carbon-coated TEM grids. The films on the TEM grids were allowed to dry
at room temperature before analysis. Images were taken with the TEM and later analyzed
with the java based program ImageJ.143 At least 300 particles were counted per image and
their size distribution (average diameter) was measured.
2.4.3 X-ray Absorption Spectroscopy (XAS)
XAS experiments at hard X-ray energies were conducted at the Canadian Light
Source (HXMA beamline) and the Advanced Photon Source (PNC/XSD beamline). Soft
X-ray energy XAS were performed at the Canadian Light Source (SXRMB beamline).
Room-temperature Ag K-edge EXAFS experiments were performed at HXMA in
transmission mode where the Ag NP solutions were placed in front of the X-ray beam in
Teflon sample vials. An XAS spectrum of a reference Ag foil was collected
simultaneously for each measurement. Room-temperature Ag L3-edge XANES and S Kedge EXAFS experiments were carried out at SXRMB in total electron yield mode
(TEY). The Ag NP solutions were dropped onto an aluminum plate, allowed to dry, and
then attached to a sample holder which sat in the chamber of the SXRMB.
All of the XAS spectra were processed with WinXAS162 or IFEFFIT160,161
software packages. Raw Ag K-edge EXAFS data was converted to k-space and then
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Fourier-transformed to R-space using a Hanning function (k-range 2.5-12 Å-1). R-space
spectra were refined with the IFEFFIT package160,161 (R-range of 1.5-3.3 Å) with one AgAg path and one Ag-S path, correlated ΔEo values, and an amplitude reduction factor
(So2) of 0.9, determined by the bulk Ag R-space refinement. For the S K-edge EXAFS,
the k-space spectra were Fourier-transformed with a Hanning function (k-range 2.5-9 Å-1)
and refined (R-range of 1.3-3.0 Å) with one S-C path and one S-Ag path, correlated ΔEo
values, and an amplitude reduction factor (So2) of 0.65, determined by the bulk Ag2S Rspace refinement. Ab initio simulations of structural models were generated using the
FEFF 8.2 code164,165 in order to refine the experimental spectra in the R-space. The Ag L3edge and S K-edge XANES spectra were normalized so that the difference between the
pre-edge and post-edge was equal to one, and then normalized to their absorption edge
energy (Eo = 0 eV at the absorption edge).

2.5 Results and Discussion
2.5.1 General Characterization
After the addition of the NaBH4 to the toluene solutions containing Ag and
DDT/DDS, the solutions immediately turned dark brown, indicating the reduction of Ag+
to Ag. The DDT protected Ag NPs exhibited average diameters of 4.0 ± 1.0 nm, 3.8 ± 0.9
nm, and 2.6 ± 0.5 nm, for the 6Ag1DDT, 3Ag1DDT, and 1Ag1DDT, respectively.
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Ag CN follows the decreasing size of the Ag NPs from TEM. However, based on
theoretical calculations,184 the Ag-Ag CN of traditional metallic FCC NPs with sizes of
2.4 nm should exhibit a CN around 9-10; hence the Ag-Ag CNs observed are lower than
expected for NPs of this size. From the refinements, the 1Ag1DDT also had the highest
Ag-S CN indicating the largest contribution of Ag-S bonds while the 1Ag3DDS had the
lowest Ag-S contribution.

Table 2.1. Ag K-edge R-space refinement results for DDT- and DDS-Ag NPs. The
uncertainties of the refinement values are given by the numbers in parentheses.
Sample

Bond

CN

R(Å)

σ2 (Å2)

1Ag1DDT

Ag-Ag

7.9(9)

2.85(1)

0.011(1)

0.3(5)

Ag-S

1.1(4)

2.51(3)

0.019(7)

0.3(5)

Ag-Ag

9.4(6)

2.85(1)

0.010(1)

0.1(5)

Ag-S

0.6(2)

2.51(3)

0.008(7)

0.1(5)

Ag-Ag

9.8(8)

2.85(1)

0.011(1)

1.2(5)

Ag-S

0.3(2)

2.53(4)

0.003(3)

1.2(5)

6Ag1DDT

1Ag3DDS

∆Eo (eV) R-factor
0.008

0.004

0.003

The most striking finding from the refinements is the abnormally high Ag-S CN
of the 1Ag1DDT sample. For comparison, a recently determined Au25(SR)18 cluster185 (~1
nm) that exhibits the staple motif has a Au-S CN of 1.44. The Au25SR18 cluster is made
up mostly of surface metal atoms and is much smaller than the 1Ag1DDT NPs.
Therefore, we can be certain that the metal-sulfur CN of nominal 2.6 nm Ag NPs with
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either a staple-like or metal-thiolate surface structure should be much smaller than 1.44.
For the 1Ag1DDT NPs, the average Ag-S CN obtained from EXAFS was 1.1. Based on
theoretical models generated in the Crystal Maker program (Figure 2.5),184 we estimated
that there are about 48 % surface atoms in a metal NP around 2.6 nm. By using this
model, an average Ag-S CN of 1.1 correlates to a surface structure with 2.3 S per surface
Ag, which is larger than that of any known metal-thiolate (Ag-S CN ≈ 1) or staple surface
structure (Ag-S CN ≈ 1-2). Therefore, the S in the 1Ag1DDT is likely to be partially
incorporated as a sulfide shell, in addition to thiolate-type S on the NP surface which
would provide their solubility. In bulk Ag sulfide (Ag2S), the average Ag-S CN would be
somewhere between 2 and 3 given the two types of Ag sites bound to S,186 which is
comparable to the estimated surface Ag-S of 2.3 in the 1Ag1DDT. Furthermore, the lower
than expected Ag-Ag CN values for the 1Ag1DDT sample may be attributed to a smaller
metallic core within a sulfide shell. Based on the similar synthetic technique used for the
1Ag1DDT and 6Ag1DDT NPs, we would expect to have a similar surface structure
between them. By utilizing a similar estimation of 35 % surface atoms (from Figure 2.5),
roughly 1.7 S atoms per surface Ag for the 6Ag1DDT NPs is calculated. This is lower
than that of the 1Ag1DDT sample, suggesting that the amount of surface sulfide of
6Ag1DDT is lower than the 1Ag1DDT. On the other hand, the 4.7 nm 1Ag3DDS NPs
have approximately 31 % surface atoms (Figure 2.5), yielding an estimated 0.9 S atoms
per surface Ag. This value is lower than 1 which indicates that there is likely no staple or
sulfide present on the surface, and DDS most likely follows a traditional physisorption to
the Ag NPs, similar to the bulk metal surface.174,187,188
The Ag-S bond lengths of all the Ag NPs are also longer than the typical bond
length of a metal-thiolate (e.g., 2.3-2.4 Å of Au-S189) and are closer to the Ag-S bond
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smaller σ2 for the 6Ag1DDT is suggestive of a thinner layer of Ag2S. The even smaller
Ag-S σ2 for the 1Ag3DDS suggests a more ordered surface structure of DDS on the metal
surface.174,187,188
Based on the above discussion, we propose that the amount of sulfide was
significantly reduced when the size of DDT-Ag NPs was increased from 2.6 nm to 4.0
nm, and that a sulfide layer did not form in the DDS-Ag NPs. These Ag K-edge EXAFS
results were consistent with previous findings that there are sulfur-rich, thiolate shells on
Ag NPs prepared with DDT.179,192 However, our results point to a more distinct layer of
sulfide on the surface of the 2.6 nm DDT-coated Ag NPs opposed to thiolate shells.179 In
order to get a more detailed picture of the composition and structure of the Ag-S on the
DDT- and DDS-Ag NP surfaces, we explored the Ag L3-edge XANES and S K-edge
XAS of the Ag NPs, presented in the following sections.
2.5.3 Ag L3-edge XANES
The first feature of the Ag L3-edge XANES spectra in Figure 2.6a is the
absorption edge and is generated from electron transitions to metal d-orbitals.96,155,156
Therefore, a more intense absorption edge corresponds to more unoccupied d-orbitals or
fewer d-electrons in Ag. Figure 2.6b demonstrates the slightly higher absorption edge
intensities of the 1Ag1DDT and 1Ag3DDS NPs compared to the bulk, which is typically
observed for organosulfur-protected NPs.96 This would also be expected for the
1Ag1DDT NPs, although the more drastic increase in the absorption edge supports the
presence of more non-metallic Ag+, similar to the bulk Ag2S reference (Figure 2.6c). On
the other hand, 1Ag3DDS has the lowest absorption edge intensity which suggests the
lack of sulfide and a weaker bonding mechanism overall.
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in other NP systems.154 The RSH reference understandably does not exhibit this feature at
-2 eV (E-Eo). However, the 6Ag1DDT Ag NPs exhibit a larger S-Ag feature which
indicates that there is Ag-thiolate bonding on the surface of the 6Ag1DDT Ag NPs. In
combination with our Ag K-edge EXAFS results, this implies that there most likely exists
a mixture of a thin shell of sulfide and metallic Ag-thiolate bonding on the 6Ag1DDT Ag
NPs. Furthermore, for the 1Ag1DDT Ag NPs we observe that the S-Ag feature has
essentially disappeared, which indicates that thiolate does not directly bind to the Ag
metal cores. There is also a change in the intensities of the S-C resonance peaks around 0
eV (E-Eo).155 Both of the DDT samples show lower S-C feature intensities than the RSH
because the formation of Ag-S bond induces a weakening of the S-C bond and results in a
lower than normal peak intensity.187 We can therefore infer that there is less Ag metal
core to thiolate bonding in the 1Ag1DDT and hence the higher S-C peak than the
6Ag1DDT. Interestingly, the 1Ag3DDS Ag NPs have a smaller S-Ag and larger S-C
feature (Figure 2.7c) than the 6Ag1DDT Ag NPs despite their larger average diameter
(4.7 vs 4.0 nm), which further indicates the weaker physisorption mechanism of DDS.
Moreover, the overall shape of the 1Ag3DDS S K-edge XANES spectrum is also more
similar to the reference DDS than the DDT-Ag NPs are to the RSH reference. This
indicates that the ligands were less disturbed after adsorption to the Ag than with DDT
and supports the weaker physisorption mechanism as well as supports previous findings
that the S-C bond probably does not appreciably cleave upon adsorption to Ag
surfaces.174,187 These results may also help explain why sulfide was not generated on the
surface of the DDS-Ag NPs, as the weaker interaction and less available S2- may prevent
their sulfidation.
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Table 2.2. S K-edge R-space refinement results for DDT-Ag NPs and Ag2S. The
uncertainties of the refinement values are given by the numbers in parentheses.
Sample

Bond

CN

R (Å)

σ2 (Å2)

∆Eo (eV)

R-factor

1Ag1DDT

S-C

0.6(3)

1.78(3)

0.015(9)

-3(1)

0.013

S-Ag

2.9(2)

2.45(2)

0.006(1)

-3(1)

S-Ag

5(1)

2.49(2)

0.007(2)

-1(1)

Ag2S

0.008

The previous results support that S from the DDT has been incorporated as a
sulfide into the surface layer of the Ag NPs. Most likely, the Ag+ is reduced by NaBH4 to
Ag atoms, which combine with other Ag atoms to form the Ag NPs, which are then
subsequently stabilized by DDT. As the reaction proceeds, the thiolate S-C bonds are
cleaved to provide S2- that reacts with the Ag through a sulfidation mechanism. In this
way, the S2- is shifted below the surface to expose Ag to propagate further thiol
adsorption.108,193,194 The excess thiol in the solution continues to adsorb to the surface Ag,
and the sulfidation proceeds depending on the available thiol, resulting in a sulfide shell
around the metal core. Once the metallic surface Ag is covered by sulfide the excess
thiols likely coordinate with the surface Ag in the sulfide shell, thereby maintaining their
solubility in solution.190 This type of mechanism has been observed for bulk Ag187,194 and
palladium (Pd),195,196 and later for Pd NPs.75,197,198 We believe this phenomenon does not
occur for Au NPs prepared with thiols such as DDT because (i) Au sulfides are not
thermodynamically stable108 and (ii) the electronegativity of Au is higher than that of Ag
(2.4 vs 1.9) and therefore Au will not readily lose electrons as Ag does (demonstrated by
the increase in Ag L3-edge XANES in Figure 2.6).
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2.6 Conclusion
It was found that the preparation of DDT-Ag NPs resulted in metal core/sulfide
shell structure. This finding was consistent in Ag K-edge EXAFS, Ag L3-edge XANES,
and S K-edge EXAFS. The presence of sulfide-type shells on the DDT-Ag NPs also
explained the increase in the Ag L3-edge XANES absorption edges and the lower than
expected Ag-Ag CNs and higher Ag-S CNs from the Ag K-edge EXAFS. In addition, the
S K-edge EXAFS provided evidence to a sulfide layer and supports our other results.
Furthermore, we observed a proportional relationship between ligand concentration (and
particle size) and the amount of sulfide produced on the Ag NPs; the higher the DDT
concentration, the smaller Ag NPs and more sulfide produced. The larger Ag NPs
prepared with 6Ag1DDT were more metallic, and the concentration of DDT may not
have been enough to produce a significant layer of sulfide on the surface relative to the
metallic Ag; hence, the Ag K-edge EXAFS did not show any exaggerated sulfide
characteristics. On the other hand, DDS was shown to bond weakly to the Ag NPs and
does not likely result in a sulfide-type surface. Overall, a multi-core, multi-element XAS
methodology was used to provide a detailed picture of the local structure and bonding of
organosulfur-stabilized Ag NPs. Importantly, it was revealed that organosulfur ligand
concentration and type can have a dramatic effect on surface structure of Ag NPs.
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Chapter 3 - The Impact of Protecting Ligands
on the Surface Structure and Antibacterial
Activity of Silver Nanoparticles
Sections 3.3-3.6 are reproduced in part with permission from: Padmos, J. D.; Boudreau,
R. T. M.; Weaver, D. F.; Zhang, P. Impact of Protecting Ligands on Surface Structure and
Antibacterial Activity of Silver Nanoparticles. Langmuir 2015, 31, 3745. Copyright 2015,
American Chemical Society.

3.1 Contributions
J.D.P. synthesized the NPs, carried out the general characterization, conducted
the XAS experiments, and wrote the manuscript. R.M.B. carried out the antibacterial
activity assays. D.F.W. supervised R.M.B.. P.Z. supervised J.D.P. and helped revise the
manuscript.

3.2 Foreword
The study described in Chapter 2 examined the effect of concentration and type of
organosulfur ligands on the surface structure of Ag NPs. A greater understanding of the
interaction of thiolates and Ag NPs was given; however, the Ag NPs were prepared in
organic solvent, so it was not possible to study of the effect of surface structure on their
antibacterial properties. Therefore, the study described in this chapter aims to (i)
understand the effect of a thiolate ligand on surface structure of Ag NPs in aqueous
solution, and (ii) correlate this surface structure with antibacterial activity.
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3.3 Introduction
Metal nanoparticles (NPs) are currently the focus of intensive research because of
their unique physicochemical properties.10,199 Silver (Ag) NPs, in particular, have shown
remarkable antibacterial activity relative to bulk Ag, owing largely to their increased
surface area. Furthermore, size, morphology, atomic composition, and surface
composition and structure are all important Ag NP qualities that can determine
antibacterial activity.19,47,57,200–202
The antibacterial mechanism of Ag NPs is complex, but thought to be mainly
derived from Ag+ released from their surfaces and/or direct NP surface reactions with
bacteria.37,41,42,45–47,57,61,127 Both Ag and Ag+ can lead to cell damage either by directly
reacting with cellular thiols and amino groups of proteins within cell membranes, or
indirectly by generating reactive oxygen species that cause oxidative stress.41,44,49–54
Complicating the antibacterial mechanism even further is the fact that Ag NP surfaces can
readily dissolve in aqueous solution, thereby convoluting the effects of surface Ag and
dissolved Ag+.33–35 Due to the fact that the Ag NP surface structure plays a significant
role in both the Ag+ dissolution and surface Ag interactions with bacteria, a greater
understanding of Ag NP surface structure could provide useful insight to the antibacterial
activity of the Ag NPs under study.
The type of protecting ligand used to stabilize Ag NPs plays an obvious role in
their surface structure. Although metal NPs have been synthesized with various ligands,
by far the most common ligands used to stabilize metal NPs are thiolates (RS-). Thiolates
are commonly used to prepare metal NPs because of the resulting stability afforded by
strong metal-sulfur interactions. The discovery of a unique surface structure known as a
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“staple” (e.g., -SR-Au-SR-) for Au NPs100 has stimulated surface structure studies of other
metal NPs stabilized with thiolates, including Ag NPs.75,84,103,203 From those particular
studies, it was shown that the surface structures of the Ag NPs were composed of highly
sulfidized Ag (e.g., Ag2S, Ag2S5), which differ greatly from the surface structures of Au
NPs protected by thiolates (e.g.,-SR-Au-SR-). Therefore, it is of great interest to examine
the effect of other thiolate ligands on the surface structure of Ag NPs.
Unfortunately, elucidating the surface composition and structure of Ag NPs can be
difficult with traditional techniques (e.g., UV-vis, TEM, XRD); however, information
regarding the NP surface can be reliably achieved with element-specific X-ray absorption
spectroscopy (XAS). XAS is especially useful for studying thiolate-protected metal NPs,
as they can be studied from both the metal and sulfur (S) perspectives, thus yielding a
more comprehensive look at the surface structure. Indeed, this technique has been
previously used to successfully examine the surface structures of thiolate-protected Au,87
Ag,75 and palladium (Pd) NPs.197
As understanding the relationship between the surface and properties of
nanomaterials is crucial for both fundamental studies and their applications, we seek to
establish that relationship for the type of NPs described herein. We examined the atomic
composition and surface structure of Ag NPs stabilized with water-soluble, biocompatible
cysteine (Cys) and polyvinylpyrrolidone (PVP) using XAS, as well as other physical
chemistry techniques, in order to first compare the ligand effect on the resulting surface
structures. This information was then used to rationalize the antibiotic activities of the
different Ag NPs against various bacteria.
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3.4 Experimental
3.4.1 Synthesis of Ag NPs
Silver nitrate (AgNO3, 99.9+ %) and polyvinylpyrrolidone (PVP, M.W. 8,000)
were purchased from Alfa Aesar. Sodium borohydride (NaBH4, 99 %) and L-cysteine
(Cys, ≥ 98 %) were purchased from Sigma-Aldrich. Nitric acid (HNO3(aq), 67-70 %
(w/w) was purchased from Caledon Laboratory Chemicals. Hydrochloric acid (HCl(aq),
36.5-38.0 % w/w) and potassium hydroxide (KOH, 85+ %) were purchased from ACP
Chemicals. All water used in the syntheses was obtained from a Barnstead NANOpure®
DIamondTM UV ultrapure water system (Deionized, 18.2 MΩ∙cm). The PVP protected
Ag NPs (PVP-Ag NPs) were prepared using a method derived from Zhang et al. with
slight modifications.130 First, 1 mL AgNO3 (0.1 M), 0.4 mL KOH (0.1 M), and 8 grams of
PVP were mixed into 93.6 mL of ultrapure water in a sealed round bottom flask. The
solution was then allowed to stir for 30 minutes under N2 gas. After mixing, 5 mL of icecold NaBH4 (0.1 M) was added drop-wise to initiate the reaction. After vigorous stirring
for 1 hour, the solution was aged for 48 hours (covered, room temperature) to allow for
complete NaBH4 decomposition. The Cys protected Ag NPs (Cys-Ag NPs) were prepared
using a method derived from Li et al.204 and Mandal et al.205 with slight modifications.
Briefly, 100 ml of 1 x 10−3 M concentrated aqueous solution of AgNO3 was reduced by
0.01 g of NaBH4 under N2 bubbling to produce Ag NP seeds. After stirring for 10
minutes, the Ag NPs were further reacted with 2 ml aqueous solution of 1 x 10−2 M Cys.
The solution was then allowed to stir for an additional two hours under N2 bubbling to
ensure the complete reaction, and then aged for 48 hours (covered, room temperature).
After initial preparation of both NPs, they were purified to remove any excess
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constituents by acetone/water precipitation.206,207 First, the water was completely removed
from each solution by drying under vacuum. A 3:1 mixture of acetone:water was then
added to each sample and then centrifuged for 15 minutes (10,000 g, 5 °C) in Nalgene
tubes to precipitate the NPs from solution. The acetone was removed completely from the
tubes and 1 mL of water was added to re-disperse the NPs into solution. Each sample
underwent the same purification procedure a total of 3 times, and they were finally redispersed into water. The samples were then sealed and stored at 4 °C for subsequent
characterization.
3.4.2 General Characterization
NP size and shape were assessed by transmission electron microscopy (TEM)
using a Philips Technai-12 TEM (80 kV). A 20 µL aliquot of each diluted sample was
dropped on separate formvar-coated TEM grids and allowed to dry (covered, room
temperature) before measurements were conducted. TEM images were taken, and their
size distribution was measured using ImageJ image processing software.143 The surface
plasmon resonance (SPR) peaks of each NP solution were characterized using a Varian
Cary 100 Bio UV−visible spectrophotometer. A 50 µL aliquot of each sample was diluted
to 3 mL with water in a quartz cuvette. Spectra were recorded from 300-800 nm and
background-corrected with a water reference. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was also carried out to determine the resulting Ag
concentration in each NP solution. In preparation for ICP-OES, the samples were first
digested in a solution of HNO3 and HCl. A 20 µL of each sample was diluted to 1 mL
with water and then heated to 80 °C in a covered test-tube. To this, 1 mL of HNO3 was
added and allowed to sit for 1 hour at 80 °C. A 2 mL volume of HCl was then added to
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form aqua regia, and allowed to sit for an additional hour. Following cooling, the
solutions were dispersed into 10 mL of water in a volumetric flask. The ICP-OES
measurements were then collected for the Ag NPs using a PerkinElmer Optima8000 at a
wavelength of 328.068 nm for Ag.
3.4.3 X-ray Absorption Spectroscopy (XAS)
Ag K-edge XAS was conducted at the Advanced Photon Source (BM-20
beamline) at Argonne National Laboratory, Argonne, IL, USA. Ag L3-edge and S K-edge
XAS was conducted at the Canadian Light Source (SXRMB beamline, Saskatoon, SK,
Canada). In preparation for solid phase XAS measurements, the water from the NP
solutions was completely removed by freeze-drying the NP solutions into powders. For
Ag K-edge XAS, the powders were placed in kapton film pouches and loaded into the
sample holder along with Ag foil. The sample holder was then placed into a cryostatic
chamber which was then set at a constant temperature of 50 K for all of the
measurements. Ag K-edge spectra were collected with a 32-element solid state Ge X-ray
fluorescence detector with simultaneous foil reference spectra collected using standard
gas-ionization chamber detectors. For Ag L3-edge and S K-edge XAS, the powdered
samples were placed on double-sided carbon tape attached to the sample holder. The
sample holder was then placed in the sample chamber and allowed to reach an ultra-high
vacuum atmosphere before data collection. The Ag L3-edge and S K-edge spectra were
collected with a 4-element Silicon drift detector. All of the XAS spectra were processed
with the WinXAS software program.162 The x-axes of the spectra were first normalized to
their absorption energies (Ag or S) and then the y-axes were normalized to exhibit a
difference of one between the pre-edge and post-edge. For the extended X-ray absorption
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fine structure spectroscopy (EXAFS) analysis of Ag K-edge, the raw data were k2weighted, Fourier-transformed using a Hanning function from k = 3-12 Å-1, and then
refined with WinXAS from R = 1.5-3.3 Å.75 An amplitude reduction factor (So2) of 0.95
was held constant during the refinements, which was based on bulk Ag R-space
refinement (spectrum collected at 50 K). Ab initio simulations of Ag structural models
were obtained from the FEFF 8.2 code in order to refine the experimental data.164,165 The
R-space refinements obtained structural information about the NPs, including
coordination numbers (CNs), bond lengths (R), Debye-Waller coefficients (σ2), and Eoshifts (ΔEo). The refinement of the S K-edge EXAFS was carried out in a similar way,
albeit the k-space spectra were Fourier-transformed using a Hanning function from k =
2.5-9 Å-1, and refined from R = 1.3-3.0 Å.75 The So2 value used for the refinement was
0.65, based on bulk Ag2S R-space refinement. For the Ag L3-edge and S K-edge XANES
data, the normalized spectra were used for qualitative comparison to reference materials.
3.4.4 Antibacterial Activity
The antibacterial activity assays of the Ag NPs were conducted by R. Boudreau
(DeNovaMed, Halifax, NS, Canada) and the following section describes the procedure
used. The antibacterial activity of each NP solution was tested against Staphylococcus
aureus (S. aureus, ATCC 29213), Escherichia coli (E. coli, ATCC 23716), and
Pseudomonas aeruginosa (P. aeruginosa, ATCC 25619) with a serial dilution method in
broth based on Clinical and Laboratory Standards Institute (CLSI) standard
methodology.208 Briefly, Mueller-Hinton II Cation-Adjusted (MHIICA) agar plates were
first streaked with bacteria and incubated for 24 hours at 37 °C. A single colony of each
type of bacteria was then picked from the plates and inoculated into 2 mL of liquid broth.
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The resulting bacteria suspensions were then further incubated at 35 °C under orbital
shaking (220 rpm) for 24 hours until stationary phase was reached. 200 µL aliquots of
liquid broth were then added to all wells of a round-bottom 96-well plate (Becton
Dickinson, Canada). Ag NP solutions were added to the first column wells to give
approximate Ag concentrations of 1 mM, along with controls (positive (DMSO as
vehicle) and negative (broth alone as sterility control)) in separate wells. The subsequent
11 column wells were diluted two-fold followed by the addition of 10 µL aliquots of
bacteria suspension (0.2 OD units) to each well. The plate was then left in an incubator
for approximately 20 hours at 35 °C. The minimum inhibitory concentration (MIC) was
determined to be the lowest concentration at which no visible turbidity was observed.

3.5 Results and Discussion
3.5.1 General Characterization
Transmission electron microscopy (TEM) was used to measure the average
diameter of the Ag NPs. Figure 3.1 shows a representative TEM image of each Ag NP
sample, along with their size distributions. It should be noted that the measurements for
the PVP-Ag NPs were based on four TEM images, thus the larger number of NP counts
in its size distribution (Figure 3.1 insets). The mean diameters of the PVP-Ag and Cys-Ag
NPs were found to be 7.7 ± 1.5 nm and 7.6 ± 1.6 nm, respectively, indicating their
essentially identical average diameters. Furthermore, the arrangement of the NPs on the
TEM grids is indicative of the ligands used. For example, the PVP-Ag NPs were found to
be more separated from neighbouring NPs, resulting from repulsion between the bulky
PVP protecting the individual NPs. On the other hand, Cys-Ag NPs were found to form
large agglomerates comprising individual NPs, potentially as a result of electrostatic
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Table 3.1. Ag K-edge R-space refinement results for PVP- and Cys-Ag NPs. The
uncertainties of the refinement values are given by the numbers in parentheses.
Sample

Bond

CN

R (Å)

σ2 (Å2)

ΔEo (eV)

Cys-Ag NPs

Ag-Ag

7.0(5)

2.87(2)

0.003(1)

-2(1)

Ag-S

0.9(2)

2.53(2)

0.006(5)

-4(2)

Ag-Ag

10.9(8)

2.87(1)

0.004(1)

3(1)

PVP-Ag NPs

The Ag-Ag bond length results confirm the presence of metallic Ag in both NPs,
as the bond length of 2.87 Å was also observed for the Ag reference foil refinement. The
Ag-Ag CNs of the PVP-Ag and Cys-Ag NPs are also expectedly lower than bulk Ag (i.e.,
Ag-Ag CN = 12), due to the increase of lower coordinated surface atoms in the NPs.
Therefore, the Ag-Ag CN of 10.9 for the PVP-Ag NPs is consistent for NPs of this size;
however, the Cys-Ag NPs exhibit a remarkably lower Ag-Ag CN of 7.0. The much
smaller Ag-Ag CN can be explained by the Ag-S component for the Cys-Ag NPs. Given
that the percentage of surface atoms for Ag NPs of this size can be estimated to be
approximately 25-30 % calculated from model FCC metal NPs,184 an average Ag-S CN of
0.9 would correlate to around 3.0-3.5 S per surface Ag if S was only on the surface. This
CN is unrealistic as it is much larger than those of metal-thiolate (Ag-S CN ≈ 1) or staple
(Ag-S CN ≈ 1-2) structures,99,100 and therefore suggests the S is incorporated into a
sulfide-like phase (e.g., Ag2S Ag-S CN ≈ 3186). Moreover, the Ag-S bond length of 2.53
Å is within the bond length distribution of Ag2S (i.e., 2.49-3.07 Å)186 versus a typical
metal-thiolate bond of Au-S (2.3-2.4 Å).189 Therefore, the overall structure of the Cys-Ag
NP is proposed to be a Ag core encompassed by a sulfide-like shell and surface thiolates
(see Figure 3.3b for schematic illustration). On the other hand, the PVP-Ag NPs exhibit a
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Furthermore, the S-C CN of 0.4 demonstrates S-C bond cleavage in the Cys, which has
also been previously observed for thiolate adsorbed to Ag NPs and bulk Ag.75,187 The SAg bond lengths are also indicative of a sulfide; however, it should be noted that there
was a slight difference between the Ag-S and S-Ag bond lengths obtained by Ag EXAFS
and S EXAFS (i.e., 2.53 vs 2.47 Å). This difference has been previously observed75 and is
thought to originate from the different k-range used (i.e., k = 2.5-12 Å-1 for Ag and k =
2.5-9 Å-1 for S), in addition to the different mode of EXAFS collection (i.e., fluorescence
vs. total electron yield).

Table 3.2. S K-edge R-space refinement results for Cys-Ag NPs and Ag2S. The
uncertainties of the refinement values are given by the numbers in parentheses.
Sample

Bond

CN

R (Å)

σ2 (Å2)

ΔEo (eV)

CYS-Ag NPs

S-Ag

2.5(4)

2.47(3)

0.009(3)

-2(1)

S-C

0.4(3)

1.79(3)

0.01(1)

-2(1)

S-Ag

5(1)

2.50(3)

0.008(3)

-3(2)

Ag2S

S K-edge XANES can also be used to determine surface structural features of the
Cys-Ag NPs (Figure 3.6). For the cysteine and Ag2S reference spectra, the XANES
features are caused by S-C and S-Ag resonances,155 respectively, and have been shown to
decrease in intensity and broaden for other thiolate-protected NPs relative to thiol
references.75 Taken in combination with the fact that the water-solubility of the Cys-Ag
NPs is given by amine or carboxylic acid groups from the Cys, thiolates are also likely
present on the surface of the NPs. At the same time, the Cys-Ag NP spectrum lacks the
size-dependent pre-edge feature around -2 eV (E-Eo), which arises from S-metal
interactions in thiolate-protected NPs.75,155 Since the Cys-Ag NPs here are much larger
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exhibit a similar sulfide-like surface around a metallic core. Although the syntheses used
to prepare the Ag44, Ag62, and DDT-Ag NPs were quite different than the synthesis used
here, the formation of a similar sulfidized surface in each case presents an interesting
trend that may have implications in the synthesis and structural characterization of other
thiolate-protected Ag nanomaterials. Moreover, this type of surface structure has practical
implications towards Ag NP antibacterial activity, which is demonstrated in the following
section.
3.5.3 Antibacterial Activity
MIC assays against both Gram-positive and Gram-negative bacteria were carried
out and the results are presented in Figure 3.7. For Gram-positive S. aureus, the Cys-Ag
NPs exhibited an MIC of 580 µM, which is approximately eight times the MIC of the
PVP-Ag NPs at 70 µM. Taking into account that thick peptidoglycan layers may prevent
the penetration of whole Ag NPs into Gram-positive bacteria,37 the antibacterial effect of
Ag NPs against Gram-positive bacteria is likely derived from Ag+, which can still traverse
the peptidoglycan layers.37,212 In the case of the Cys-Ag NPs, their sulfide-like surfaces
likely inhibited Ag+ dissolution,110 and therefore caused a much higher MIC than the
PVP-Ag NPs, as the weakly adsorbed PVP ligands would not inhibit the release of
Ag+.33,46,110
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negative bacteria, which demonstrates the impact of sulfidized surface structure on Ag
NP antibacterial properties.

3.6 Conclusion
In summary, we elucidated the surface structure of Cys-Ag NPs prepared in aqueous
solution. The Cys-Ag NPs were found to have metallic cores surrounded by sulfideshells, based on a multi-element, multi-edge XAS characterization. The type of surface
structure observed here was comparable to the surface structures of thiolate-protected Ag
NPs75 and thiolate-protected Ag4484,103 and Ag62203 clusters, showing similar local
structure of Ag and S. The Cys-Ag NPs were compared to identically-sized PVP-Ag NPs
which exhibited a metallic Ag surface protected by weakly coordinated N and O from the
PVP. The antibacterial activity of both types of Ag NPs were then examined against
Gram-positive and Gram-negative bacteria. From this it was found that the Cys-Ag NPs
exhibited lower antibacterial activity for each of the bacteria tested. In particular, the MIC
values of the Cys-Ag NPs were eight times higher for S. aureus, but only two times
higher for E. coli and P. aeruginosa. These results suggest that the antibacterial activity
of the Cys-Ag NPs is inhibited by their sulfide-shell, but that they are still effective
towards Gram-negative bacteria. Therefore, both the Cys-Ag NPs and PVP-Ag NPs show
promise for their antibacterial activity, but a more thorough examination of cytotoxic
activity against cultured mammalian cells must be carried out in order to fully evaluate
their therapeutic potential. Overall, this work shows the importance of the surface
structure in mediating antibacterial activity and may help guide the application of Ag NPs
currently being investigated.
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Chapter 4 - The Structure of Tioproninprotected Nanoclusters in a One-dimensional
Assembly and Their Antibacterial Activity
Sections 4.3-4.5 and 4.7 are reproduced in part with permission from: Padmos, J. D.;
Boudreau, R. M.; Weaver, D. F.; Zhang, P. Structure of tiopronin-protected nanoclusters
in a one-dimensional assembly. Journal of Physical Chemistry Part C 2015, 119, 24627.
Copyright 2015, American Chemical Society. Section 4.6 is a follow-up study which has
not yet been published.

4.1 Contributions
J.D.P. synthesized the NPs, carried out the general characterization, conducted
the XAS experiments, and wrote the manuscript. R.M.B. carried out the antibacterial
activity assays. D.F.W. supervised R.M.B.. P.Z. carried out the wavelet-transform
analysis, supervised J.D.P., and helped revise the manuscript.

4.2 Foreword
The studies described in Chapters 2 and 3 examined the surface structure of Ag
NPs protected by thiolates in both organic and aqueous phases. Based on the highly
sulfidized surface structures that were found in both cases, it is of great interest to
examine other thiolate ligands and their effect on surface structure and antibacterial
activity. Since a greater understanding of surface structure is enabled by having more
surface area to study, we utilized methods to prepare smaller nanoparticles, or
nanoclusters, thereby enabling a greater amount of surface area to be examined from the
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Ag perspective. Therefore, this chapter describes the effect of tiopronin on the surface
structure of the Ag nanoclusters, as well as their antibacterial activity.

4.3 Introduction
Noble metal nanoclusters (NCs), which contain metal atoms on the order of tens
or hundreds, have drawn significant interest owing to their unique physicochemical
properties that are in between single atoms and larger nanoparticles (NPs, usually > 2
nm).14,214 The unique properties of NCs have initiated their application in many fields of
science such as biological sensing,1,4 antibacterial applications,215–217 and catalysis,1–3 to
name a few. Several different types of metal NCs have been synthesized using protecting
ligands such as proteins,93 peptides,4,218 and dendrimers,219 although the most wellresearched NCs are those prepared with thiols as they provide high stability, small cluster
size, and low size distributions as a result of the strong metal-thiolate bonding.84–87
Many NC properties are derived from their unique surface structures and the
nature of the interaction between surface atoms and the protecting ligands. For example,
in the case of Au NCs, thiolates have been shown to induce discrete surface structures
with “staple” motifs (-RS-Au-SR-) which have translated to their incredible stability and
interesting surface related properties.87,98,100,220,221 However, some thiolate-protected
silver (Ag) NCs have exhibited more sulfidized surface structures. For example, the
recently elucidated crystal structures of Ag44(SR)30 NCs (Ag44 NCs for short, SR = SPhF,
SPhF2 or SPhCF3) exhibit both Ag2S and Ag2S5 subunit structures on the surface of
metallic Ag, which are suggested to be the reason for their “ultrastability” as well as their
unique electronic properties.84,222 Slightly larger Ag62S13(SBut)32(BF4)4 NCs (Ag62 NCs
for short) exhibit even more highly sulfidized surfaces with very little metallic Ag in their
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cores, and their enhanced luminescence was attributed to this.104 Furthermore, larger Ag
NPs protected by thiolates have also shown high sulfidation at their surfaces,58,137 and this
was suggested to hinder their antibacterial effects in some cases.58 Hence, sulfidation at
the surface of Ag NCs or NPs as a result of thiolate ligands is an emerging trend in both
NC and NP synthesis, and has far reaching implications for both understanding the
surface structures of Ag NCs/NPs and their application to various fields. Therefore,
understanding the effect of other thiols on the surface structure of Ag nanomaterials is an
important and ongoing topic of research.
It has been found that the ligands that protect NCs/NPs not only play a significant
role in determining their surface structures, but they can also determine their overall
assembly into larger superstructures.207,223–226 The assembly of NCs/NPs is becoming an
important concept, as their spatial orientation can potentially provide new properties
which can be exploited for different applications.76 For the most part, assembly of
NCs/NPs in colloidal suspensions is driven by weak interactions between ligand
molecules, and can differ depending on the type of ligand, ligand side groups, and overall
ligand size.76,207,223,224 Interestingly, a recent study showed that 2mercaptopropionylglycine (commonly known as tiopronin) induced the formation of onedimensional (1D) chains of separated Ag NPs.225 This finding alone could have many
different implications for biomedical or plasmonic applications, although it remains to be
answered how the surface structure of the individual NCs are affected by the tiopronin
and what effect of the arrangement on its practical applications will be. These answers
will undoubtedly provide important information that will be useful for their future
applications which rely on the surface chemistry and assembly of the NCs.
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Therefore, the main objective of this work is to distinguish the surface structure of
Ag NCs protected by tiopronin. Typically, X-ray diffraction (XRD) has been the main
tool employed to study the surface structure of metal NCs. However, XRD is limited by
the difficulty in achieving completely uniform sizes and single crystals of the NCs/NPs
required for this technique. As an alternative, X-ray absorption spectroscopy (XAS) can
be utilized to provide an element-specific perspective of NC surface structure.87 Normally
for thiolate-protected Ag NCs/NPs, both the metal (Ag) and ligand (S) can potentially be
probed by XAS for their local coordination environments, although in the case presented
here, the Ag NCs are also mixed with excess Ag+-thiolates, adding further complexity to
the elucidation of surface structure. Therefore, we utilize a recent wavelet-transformed
XAS analysis method along with advanced multi-path XAS analysis to distinguish the
surface structure of Ag NCs protected by tiopronin. In addition to this comprehensive
atomic structure characterization, the antibacterial activity of these NCs was examined to
explore the potential scaling effects of the NCs with a higher surface area compared to
larger Ag NPs, as well as the effect of their unique assembly.

4.4 Experimental
4.4.1 Synthesis of Ag Nanoclusters (NCs)
Silver nitrate (AgNO3, 99.9+ %) was purchased from Alfa Aesar. Sodium
borohydride (NaBH4, 99 %) and 2-mercaptopropionylglycine (tiopronin, 98 %) were
purchased from Sigma-Aldrich. Nitric acid (HNO3(aq), 67−70 % (w/w)) was purchased
from Caledon Laboratory Chemicals and Hydrochloric acid (HCl(aq), 36.5−38.0 %
(w/w)) was purchased from ACP Chemicals. All water used in these experiments was
from a Barnstead NANOpure DIamond UV ultrapure water system (Deionized, 18.2
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MΩ·cm). The Ag NCs were synthesized using a similar procedure to Hwang et al. with
minor modifications.227 First, 0.034 grams of AgNO3 (0.2 mmol) was added to 20 mL of
ultrapure water and allowed to stir in an ice bath. Tiopronin (0.032 g, 0.2 mmol) was then
added to the solution and allowed to mix for 30 minutes. After the mixing time, 0.014 g
of NaBH4 (0.4 mmol) was added to initiate the reduction of the Ag under vigorous
mixing. The solution was allowed to mix for 2 hours in the ice bath. Laboratory grade
methanol (100 mL) was then added to the solution and centrifuged (2000 g) to precipitate
the NCs. The solution was decanted and the NCs were then washed three times with
methanol (3 x 50 mL) and once with laboratory grade acetone (1 x 50 mL). The acetone
was completely removed by vacuum and the final product was redispersed into water.
The NC solution was then dialysized (Spectra/Por CE, MWCO 14000) over a period of 3
days, refreshing twice per day. In addition to the NCs, a Ag+-thiolate reference was also
prepared with the same amount of AgNO3/tiopronin in 20 mL of ultrapure water and
allowed to stir for 30 minutes in an ice-bath. The Ag+-thiolate reference then underwent
the same purification procedure as the NC solution. The purified solutions were then
stored as solutions in sample vials, sealed under Argon and refrigerated (4 °C).
4.4.2 General Characterization
Immediately after purification, UV-visible spectroscopy (UV-vis) was carried out
on the NCs and Ag+-thiolate sample using a Varian Cary 100 Bio UV-visible
spectrophotometer. A 50 μL aliquot of each solution was diluted into 3 mL with water
and placed into quartz cuvettes. Spectra were then recorded from 300 to 800 nm and both
sample spectra were corrected for background effects with a water reference. The
morphology of the NCs was then examined by transmission electron microscopy (TEM)
89

using a Philips Technai-12 TEM operating at 80 kV. To prepare the NC sample for TEM,
a 20 μL aliquot of a diluted NC solution was dropped onto a Formvar-coated copper TEM
grid (Electron Microscopy Sciences) and allowed to dry overnight (covered, room
temperature). Images from TEM were then captured at a variety of magnifications while
ensuring no morphological changes occurred from the electron beam. Individual NCs
were counted from the recorded images and their size distribution was measured using
ImageJ image processing software.143 To measure the concentration of Ag in the NC and
Ag+-thiolate samples, inductively coupled plasma optical emission spectroscopy (ICPOES) was carried out with a PerkinElmer Optima8000 (at 328.068 nm for Ag) with
element standards provided by PerkinElmer. To prepare the samples for ICP-OES, a 20
μL aliquot of each sample was diluted to 1 mL water and heated to 80 °C. Then, 1 mL of
HNO3 was added to each and allowed to sit for 1 h at 80 °C to dissolve the Ag. Two mL
of HCl was then added to each (forming aqua regia) and allowed to sit for an additional
hour to dissolve any other metal impurities. The solutions were then cooled to room
temperature and dispersed into 10 mL solutions for the ICP-OES measurements.
4.4.3 X-ray Absorption Spectroscopy (XAS)
Ag K-edge XAS was conducted at the Advanced Photon Source (BM-20
beamline) at Argonne National Laboratory, Argonne, IL, USA. Ag L3-edge XAS was
conducted at the Canadian Light Source (SXRMB beamline, Saskatoon, SK, Canada). In
preparation for solid-phase XAS measurements, the water from the purified solutions was
removed by freeze-drying the solutions into powders. For Ag K-edge XAS, the powders
were wrapped in kapton and loaded into the sample holder. The sample holder was placed
into a cryostatic chamber, which was then set to 50 K. Ag K-edge spectra were collected
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with a 32-element solid-state Ge X-ray fluorescence detector with simultaneous Ag foil
reference spectra collected with standard gas-ionization chamber detectors. For Ag L3edge XAS, the powdered samples were attached to the sample holder with double-sided
carbon tape. The sample holder was then placed into the SXRMB sample chamber and
allowed to reach an ultrahigh vacuum atmosphere before collecting Ag L3-edge spectra
with a four-element silicon drift detector. All of the XAS spectra were processed with the
WinXAS software program.162 The x-axes of the spectra were first normalized to the
absorption energies (Ag or S) and then the y-axes were normalized to exhibit a difference
of one between the pre-edge and post-edge. For the Ag L3-edge X-ray absorption nearedge structure (XANES) data, the normalized spectra were used for qualitative
comparisons to references. For extended X-ray absorption fine structure spectroscopy
(EXAFS) analysis of Ag K-edge, the raw data were k2-weighted, Fourier-transformed by
using of a Hanning function from k = 3−12 Å−1, and then refined with WinXAS from R =
1.5−3.3 Å (for two-path refinements) or R = 1.5-3.6 Å (for three-path refinements). An
amplitude reduction factor (So2) of 0.95 was held constant during the refinements, which
was based on bulk Ag R-space refinement collected at 50 K. Ab initio simulations of Ag
structural models were obtained from the FEFF 8.2 code in order to refine the
experimental data.164,165 The refinements calculated structural information about the NCs,
including coordination numbers (CNs), bond lengths (R), Debye-Waller coefficients (σ2),
and Eo shifts (ΔEo). In addition, the Ag K-edge EXAFS spectra also underwent wavelettransformation analysis using methods developed by Funke and Chukalina.166 A Cauchy
wavelet of order 400 was used for the wavelet-transformed EXAFS spectra with a k2weighting in the range of 2.5-10 Å-1.
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4.4.4 Antibacterial Activity
The antibacterial activity assays of the Ag NPs were conducted by R. Boudreau
(DeNovaMed, Halifax, NS, Canada) based on a similar procedure described in section
3.4.4. The antibacterial activity of the NCs and Ag+-thiolate were tested against
Staphylococcus aureus (S. aureus, ATCC 29213), Escherichia coli (E. coli, ATCC
23716), and Pseudomonas aeruginosa (P. aeruginosa, ATCC 25619).

4.5 Results and Discussion
4.5.1 General Characterization
The NCs were found to have average diameters of 2.0 ± 0.5 nm (Figure 1a) and
were assembled into 1D chain-like arrangements approximately 2-5 µm in length (Figure
4.1b). The NCs can also be seen to form thicker bundles of the chains, although upon
further magnification were still found to be slightly separated similar to those shown in
Figure 4.1a.
(b)

(a)

Figure 4.1. TEM images of the tiopronin-protected Ag NCs. (a) the average diameter
of the NCs was 2.0 ± 0.5 nm (b) the NCs were arranged into 1D chains
approximately 2-5 µm in length.
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We propose that Ag+-thiolate structures were formed during the prolonged mixing
of AgNO3/tiopronin, and are responsible for the final arrangement of the NCs. Indeed,
Ag+-thiolate formation was indicated by the observation of a cloudy yellow-white
solution and by characteristic absorbance features shown in UV-vis (shown later), which
are consistent with chain- and cyclic-type Ag+-thiolate structures.178,228,229 The addition of
NaBH4 then initiated the reduction of Ag+ to form the NCs (indicated by a colour change
of yellow-white to dark brown) which were subsequently protected by tiopronin. After
this, the ligand interactions between the carboxylic acid side groups from the Ag+-thiolate
structures and the tiopronin on the NCs likely directed the observed superstructure
assembly. In fact, these chain-like assemblies are similar to what was observed by Shiers
et al.,225 although their technique was reliant on the sonication of pre-synthesized Ag
NPs; here the NCs simply assembled into the chained structures during their initial
preparation.
It is also noted that the sizes of the NCs here were smaller than tioproninprotected Ag NPs prepared by Shiers et al. (~ 4 nm)225 and Huang et al. (~ 4.8 nm)227
despite the use of the same 1Ag:1tiopronin ratios. We propose that the formation of the
Ag+-thiolate type structures during the prolonged mixing time could also account for the
smaller NCs observed. In this way, it has been previously demonstrated that some low
molecular weight thiols can form Ag+-thiolate complexes with more than one Ag+ atom
per S.230 Therefore, the formation of the Ag+-thiolates during NC preparation could have
modified the stoichiometry of Ag:S during the reduction step and produced a higher
effective thiol concentration, thereby leading to the smaller sized NCs than previously
observed for this ligand:metal ratio. In addition, the presence of the Ag+-thiolates may
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First, a shorter than usual SPR wavelength could potentially be caused by the
sulfidation of the Ag NCs. In this way, the Ag NCs would have comprised smaller
metallic Ag cores than 2 nm, and therefore the potential SPR peak would manifest at a
lower wavelength. For example, 0.7-1.1 nm Ag NCs have exhibited an SPR-related peak
between 365-380 nm.231 However, if the Ag NCs here were sulfidized so that the Ag
cores were smaller, most likely any potential SPR peak would be dampened, or at least
shifted to a higher wavelength as others have observed with larger Ag-core/sulfide shell
NPs.148 Nevertheless, a contribution to the peak at 375 nm from an SPR effect from the
small Ag core is possible, but the fact that such an intense peak was observed likely
suggests a different mechanism.
Second, we note that Ag2S has molecular electronic transitions corresponding to
wavelengths of 354 and 390 nm232 and other Ag2S nanomaterials have exhibited
absorbance peaks between 340-370 nm.233,234 In addition, we also note the presence of a
small broad feature around 500 nm in the Ag NC absorbance spectrum (Figure 4.2 inset),
which has also been exhibited by Ag-core/sulfide shell and Ag2S NPs,104,113,148,235 as well
as other thiolate-protected Ag NCs.215 Therefore, a potential sulfide component could
have more directly contributed to the peak at 375 nm (and at ~ 500 nm), however, the
peaks in these regions are generally broad, and most likely do not account for the
observed intensity of the peak at 375 nm here.
Based on the above considerations, we propose that the peak observed is due to
the excess Ag+-thiolates which induce 1D assembly of the NCs. Ag+-thiolates can exhibit
intense peaks in this region, which are associated with ligand-to-metal charge transfer
(LMCT) transitions that are modified by argentophilic interactions between neighbouring
Ag+---Ag+ atoms, also known as ligand-to-metal-metal charge transfer (LMMCT).215,236
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For example, sharp absorbance peaks have been observed for similar Ag+-thiolates
prepared with dodecanethiol (~350 nm),75 cysteine (~360 nm),237 mercaptoethanol (368
nm),230 and glutathione (370 nm).237 To confirm this possibility, we also show the UV-vis
spectrum for the Ag+-thiolate (Figure 4.2), which clearly shows a peak centered around
374 nm, in addition to a peak at 276 nm (shown later in Figure 4.9b), which is also
indicative of Ag+-thiolates.75,230,237 We note that the peak at 374 nm is slightly less intense
than the Ag NCs, which we believe is a result of the other contributing factors in the Ag
NC sample (e.g., Ag NCs may also have metallic SPR and sulfide absorbance).
Therefore, we believe that the peak around 375 nm for these NCs, as well as the peak at
374 nm for the NCs prepared by Shiers et al., is mostly due to the presence of Ag+thiolates. On the other hand, the peaks between 380-396 nm for the NCs described by
Huang et al. are likely caused mostly by a SPR-related effect, since there were little to no
excess Ag+-thiolates observed.227 Overall, we determined that the optical properties of the
Ag NCs here are mainly attributed to the Ag+-thiolates, but likely have some contribution
from the other components in the NCs. This gives a preview to the structure of the Ag
NCs, but in order to more clearly deduce their atomic structure, we used synchrotron
XAS, as described in the next section.
4.5.2 Structural Characterization by XAS
The effect of tiopronin on assembly of NCs is clear from TEM and corroborates
previous studies. However, the question remains as to how the surface structure of the
individual NCs is affected by the tiopronin ligands. Therefore, Ag K-edge EXAFS
measurements were carried out in order to characterize their surface structure. The
resulting k2-weighted spectra of the NCs and bulk Ag2S, Ag foil, and Ag+-thiolate are
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Table 4.1. Ag K-edge R-space refinement results for the Ag NCs and Ag+-thiolate.
The uncertainties of the refinement values are given by the numbers in parentheses.
2

Sample

Bond

CN

R (Å)

σ (Å2)

ΔEo (eV)

NCs

Ag-S

3.1(3)

2.522(7)

0.006(2)

1(1)

Ag-Ag

1.8(6)

2.90(2)

0.012(4)

-4(2)

Ag-S

2.6(2)

2.481(7)

0.009(2)

0.5(7)

Ag+-thiolate

Therefore, in order to further explore the individual NC structure, wavelettransform EXAFS (WT-EXAFS) analysis of the Ag-K-edge EXAFS was conducted.166,167
This type of analysis allows for a more visual representation of the EXAFS data and can
indicate other binding possibilities which can be overlooked in qualitative R-space
analysis. Figure 4.5 displays 2D-contour plots of WT-EXAFS magnitudes of the NC and
Ag+-thiolate spectra. In both plots an intense peak centered around R ∼ 2 Å and k ∼ 7 Å−1
denotes the Ag-S bonding, while the peak around R ~ 2.6 Å and k ~ 8 Å−1 representing
metallic Ag-Ag bonding in the NCs is noticeably absent in the Ag+-thiolate sample.
Interestingly, another significant peak around R ~ 3.3 Å and k ~ 8 Å−1 in the NCs can be
observed from this analysis. Given that this peak occurs at around the same k value as the
Ag-Ag, this is most likely also caused by Ag-Ag scattering, and is given the assignment
of Ag-Ag2. Based on the R value, as well as the intensity of the peak, we hypothesize that
this Ag-Ag2 bonding is attributed to sulfide-type Ag-Ag. On the other hand, the Ag+thiolate exhibits slightly less intense peaks at different R values (i.e., 3.1 and 3.7 Å) which
may signify the longer argentophilic Ag+---Ag+ type bonding of the Ag+-thiolates.236
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Furthermore, the Ag-S, Ag-Ag1, and Ag-Ag2 CNs of NCs (3.1 ± 0.3, 0.6 ± 0.3, 5 ± 1,
respectively) are remarkably similar to the expected CNs of Ag62 NCs (3, 0.4, 4.2,
respectively104). Therefore, we propose a similar metal-core/sulfide-shell structure for the
tiopronin-protected NCs. This is an interesting finding in itself, as the preparation
technique used to prepare the Ag62 NCs, as well as the thiol, were completely different
than those used to prepare the Ag NCs here. This similarity suggests a similar mechanism
of surface protection, as well as the potential to have similar physicochemical properties.
However, the superstructure of the NCs here are completely different (i.e., 1D chains),
which could translate to differences in their properties compared to the Ag62 NCs. For
these reasons, further studies to examine the similarities and differences relative to Ag62
NCs would be worthwhile.
4.5.3 Antibacterial Activity
The antibacterial activity of Ag NCs/NPs has been related to both surface
enhanced effects of Ag, as well as Ag+ released from their surfaces.37,41,42,45–47,57,61,127,217
Therefore, given that the NCs were mostly composed of sulfide, we expected the
antibacterial activity of the Ag NCs to be negligible. On the contrary, MIC assays against
S. aureus, E. coli, and P. aeruginosa demonstrated antibacterial activities of 620, 150, and
150 µM Ag, respectively (Figure 4.8). The NCs were also more effective against Gramnegative bacteria than Gram-positive bacteria, which is consistent with MIC values of
other Ag NPs that were protected by cysteine (Cys-Ag NPs) described in Chapter 3.58 The
MICs of the NCs were almost identical to the MICs of Cys-Ag NPs against each type of
bacteria, despite the fact that the NCs here were composed of more sulfide-type Ag on
their surfaces. We expected that the NCs would have had a much lower activity from the
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reduced Ag dissolution from their surfaces. In this case, the extra surface area of the NCs
(given the smaller size compared to the Cys-Ag NPs) may have increased the dissolution
of the metallic Ag, thereby leading to similar MIC results between the NCs and the CysAg NPs. In addition, it is not clear how the Ag+-thiolate affected the antibacterial
mechanism of the NCs here, although, we also found that the Ag+-thiolate had
antibacterial activity towards the bacteria. For the Gram-positive bacteria, the Ag+thiolate was much less active demonstrating an MIC of 4000 M; however, the Ag+thiolate had closer MIC values to the NCs, demonstrating MICs of 500 and 250 µM Ag
towards E. coli and P. aeruginosa, respectively. Thus, the Ag+-thiolate also appears to
show preferential activity towards Gram-negative bacteria, which can potentially help
indicate the mechanism of the NC’s antibacterial activity. However, given the multiple
components of the NCs (i.e., metal, sulfide, Ag+-thiolates), there are likely a combination
of factors that cause their observed antibacterial activity. Nonetheless, these results may
indicate a potential usefulness for future antibacterial applications against different types
of bacteria.
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the Ag-S, Ag-Ag1, and Ag-Ag2 CNs of NC-2 (1.4 ± 0.3, 4.8 ± 0.3, 2.2 ± 1, respectively)
more closely resemble the calculated CNs of the Ag44 NCs (1.9, 4.1, 2.2, respectively104).
Therefore, we propose a Ag44 NC-type structure for the NC-2, although we note that the
NCs prepared here are likely larger (based on larger Ag-Ag1 CN), which could contribute
to the slight differences in overall structures.

4.7 Conclusion
Overall, this work has presented a detailed picture of the local structure and
bonding of tiopronin-stabilized Ag NCs. We found that the formation of Ag+-thiolates
prior to the reduction of Ag+ had an effect on both the final assembly of the NCs as
shown by TEM, as well as the surface structure of the NCs as shown by Ag K-edge
EXAFS and Ag L3-edge XANES analyses. WT-EXAFS analysis demonstrated the
potential for a sulfide-shell structure on the surface of the NCs, which initiated the
successful multi-path Ag K-edge EXAFS refinements of the NCs with Ag-S, Ag-Ag1
(metal-type), and Ag-Ag2 (sulfide-type) paths, and led to the deduction of a metal-core
and sulfide-shell type structure. For the NCs arranged in 1D assemblies (NC-1), the
distribution of the Ag-Ag1 and Ag-Ag2 also demonstrated that the NCs were mostly
composed of sulfide. In addition, the antibacterial properties of the NC-1 were found to
present similar trends as other Ag-core/sulfide-shell NPs despite their more highly
sulfidized surface. Therefore, because the NCs have properties of both metallic and
semiconductor materials, they may be useful for a variety of applications. For example,
Ag2S NCs have shown enhanced luminescence,104,214,215 while metallic Ag NCs have
demonstrated antibiotic potential.215,217 The NC-1, which exhibit both types of structures
and potentially related effects, could lead to novel optical probes that could examine the
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antibacterial activity of Ag NCs in situ. Not only that, but their unique assembly may
have further potential implications for their biomedical or plasmonic applications.76
Finally, further investigations of the synthetic method allowed the preparation of Ag NCs
without the 1D assembly (NC-2). Structural evaluations using the same methodology
revealed a larger metal core with a thinner sulfide-shell, with coordination and bonding
similar to recently prepared Ag44 NCs. Further investigations of the antibacterial
properties of the NC-2 and structural comparisons to other similar NCs such as Ag44
would be worthwhile to carry out.
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Chapter 5 - Correlating the Atomic Structure
of Bimetallic Silver-Gold Nanoparticles to
Their Antibacterial and Cytotoxic Activities
Sections 5.3-5.6 are reproduced in part with permission from: Padmos, J. D.; Langman,
M.; MacDonald, K.; Comeau, P.; Yang, Z.; Filiaggi, M.; Zhang, P. Correlating the
Atomic Structure of Bimetallic Silver-Gold Nanoparticles to Their Antibacterial and
Cytotoxic Activities. Journal of Physical Chemistry Part C 2015, 119, 7472. Copyright
2015, American Chemical Society.

5.1 Contributions
J.D.P. synthesized the NPs, carried out the general characterization, conducted
the XAS experiments, carried out the bacteria minimum inhibitory concentration and
cytotoxic activity assays, and wrote the manuscript. M.L. supervised J.D.P. in carrying
out the minimum inhibitory concentration and cytotoxic activity assays. K.M. carried out
the disc-diffusion assays and the statistical analysis for their results. P.C. carried out the
inductively coupled plasma analysis and helped with some of the antibacterial activity
assays. Z.Y. supervised K.M.. M.F. supervised P.C./M.L. and helped revise the
manuscript. P.Z. supervised J.D.P. and helped revise the manuscript.

5.2 Foreword
The previous chapters demonstrated lower antibacterial activity as a result of the
sulfidized surface structure of thiolate-protected Ag NPs and higher activity of polymerprotected Ag NPs. Realizing that the cytotoxicity of Ag NPs is a growing concern, it is
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proposed that the synthesis of AgAu alloy NPs is a potential strategy to yield antibacterial
NPs with low cytotoxicity towards normal cells. In addition, tailoring the structure of
AgAu NPs may cause their antibacterial and cytotoxicity properties to drastically change.
Despite AgAu bimetallic NPs being somewhat well-studied, a detailed characterization of
their atomic composition and its relationship with antibacterial function is lacking.
Therefore, this chapter describes XAS studies used to analyze the compositions and
surface structures of bimetallic AgAu NPs in order to correlate them with their
antibacterial and cytotoxic activities.

5.3 Introduction
Nanomaterials have unique physicochemical properties that have initiated their
use in many different fields of science and biomedical technologies.10,199 Silver
nanoparticles (Ag NPs) in particular have attracted much interest due to their remarkable
antibacterial properties and relatively low bacterial resistance.5 As a result, they have
become possible therapeutic options and are found in a number of commercial biomedical
products such as catheters28 and wound dressings.29 Ag NPs and other metal NPs are also
beginning to be considered as strategies to reduce infection and improve the longevity of
orthopaedic and dental implants.31,239–242
Although the effect of Ag NPs on bacteria has been well reported, the mechanism
by which Ag NPs exert their antibacterial effects is not fully understood. This is largely
debated to be through direct surface reactions with bacteria or from surface Ag+ ion
release and subsequent reaction with bacteria.37,41,42,45–47,57,61,127 In both cases, Ag or Ag+
has a high affinity for cellular thiols or amino acids, and thus can disrupt bacteria cell
membranes, leading to subsequent cell death. Furthermore, Ag and Ag+ reactions that
112

produce reactive oxygen species (ROS) within bacteria have also been shown to play a
large role in their antibacterial activity.61 Realistically, the determination of the exact
mode of antibacterial action is complicated by many different factors given the variation
in protecting ligand, size, and morphology of Ag NPs tested in previous studies.
Nonetheless, the surface composition and structure of the NPs will play a large part in
those potential reactions; therefore, control over the surface can potentially provide
increased therapeutic efficacy, in addition to providing further understanding of the
antibacterial mechanism.
A surprisingly overlooked aspect in the application of Ag NPs is their overall
health implications.61,62 It is feasible that the properties that make Ag NPs effective
against bacteria, may also affect healthy human cells. Indeed, some studies have shown
that Ag NPs are toxic to certain mammalian cells.48,61,62,243,244 This toxic effect could also
be exacerbated in the body by the potential of NPs to interact with many different organs
and types of cells, due to high systemic circulation resulting from their small size.
Therefore, engineering Ag NPs with specific compositions and surface structure is a
worthy endeavor to balance toxicity to healthy human cells and antibacterial activity in
order to achieve the best performance and safety.
One potential strategy explored here is to add a different metal to tailor the atomic
structure and physicochemical properties of Ag NPs in order to reduce the cytotoxic
effect (i.e., yielding higher biocompatibility), but maintain the antibacterial effect of the
Ag. Bulk gold (Au) is generally considered to be more biocompatible than Ag, and Au
NPs have also been shown to have relatively low cytotoxic effects on mammalian
cells.61,245 Furthermore, in some cases they have also revealed antibacterial
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properties.246,247 Therefore, the formation of Ag and Au into bimetallic AgAu NPs may be
a viable solution for antibacterial applications. However, the type of Ag and Au
incorporation (i.e., resulting atomic structure) will no doubt play an important role in
bioactivity and must be controlled for maximum Ag efficacy. For example, the structure
of some common bimetallic AgAu NP structures including homogenous AgAu alloy, Agcore/Au-shell, and Au-core/Ag-shell nanostructures can be vastly different, which could
feasibly have an impact on the bioactivities of the NPs. Controlling the structure of NPs is
predicated on the ability to characterize the NPs but, unfortunately, complete
characterization of atomic structure of bimetallic NPs with traditional techniques (e.g.,
TEM, UV-vis, XRD) can be challenging. X-ray absorption spectroscopy (XAS) is known
to be an effective technique to provide explicit details regarding the atomic structure of
NPs.75,248 XAS is also element specific, which allows NPs to be analyzed from the
perspective of both metals in order to provide a more comprehensive picture of the
overall composition and surface structure.
Therefore, the objectives of this study were characterize the atomic structure of a
series of bimetallic AgAu NPs and then assess their activities against S. aureus bacteria
and fibroblast cells as in-vitro models of bioactivity. In this way, both the
physicochemical and bioactive properties of the NPs were correlated in order to provide a
guiding methodology for the study of Ag NPs and their potential biomedical applications.

5.4 Experimental
5.4.1 Synthesis of Ag and AgAu NPs
Silver nitrate (AgNO3, 99.9+ %), gold tetrachloroaurate trihydrate (HAuCl4·3H2O,
99.9 %), and polyvinylpyrrolidone (PVP, M.W. 8,000) were purchased from Alfa Aesar.
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Sodium borohydride (NaBH4, 99 %) was purchased from Sigma-Aldrich. Nitric acid
(HNO3(aq), 67-70 % (w/w) was purchased from Caledon Laboratory Chemicals.
Hydrochloric acid (HCl(aq), 36.5-38.0 % w/w) and potassium hydroxide (KOH, 85+ %)
were purchased from ACP Chemicals. Water used in these experiments was from a
Barnstead NANOpure® DiamondTM UV ultrapure water system (Deionized, 18.2
MΩ∙cm). All chemicals were used without further purification. The PVP protected Ag
and AgAu NPs were prepared using a method derived from Zhang et al. with slight
modifications.130 First, 1 mL AgNO3 (0.1 M), 0.4 mL KOH (0.1 M), and 8 grams of PVP
were vigorously mixed with 93.6 mL of ultrapure water in a sealed round bottom flask.
The solution was then allowed to stir vigorously for 30 minutes under N2 gas. After
mixing, 5 mL of fresh, ice-cold NaBH4 (0.1 M) was added drop-wise and then allowed to
stir vigorously for 1 hour. The solution was then aged for 48 hours (covered, room
temperature) to allow for complete reaction. The as prepared solution was denoted as R0
(describing no replacement reaction with Au) and used to prepare the AgAu NP samples.
Each AgAu NP sample was prepared by refluxing 20 mL of the R0 at 100 °C and
then adding 0.44 mL, 0.62 mL, or 1.0 mL of 10 mM HAuCl4 (in water) to prepare the R1,
R2, or R3 samples, respectively. The mixtures were refluxed for an additional 10 minutes
and then allowed to cool to room temperature under N2 gas. The samples were allowed to
sit for 24 hours before centrifuging at 3,000 g to remove any insoluble AgCl precipitates.
The supernatants were further purified to remove any excess constituents by acetone
precipitation.206,207,249 A 3x volume of acetone (laboratory grade) was added to each
sample and then centrifuged for 15 minutes (10,000 g and 5 °C) in Nalgene tubes to
precipitate the NPs from solution. The acetone was removed completely from the tubes
and a small amount of water was added to re-disperse the NPs into solution. Each sample
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underwent the same purification procedure a total of 3 times, and then were finally redispersed into water and put into cold storage (4 °C) for later characterization.
5.4.2 General Characterization
To characterize the surface plasmon resonance of each NP solution, Ultravioletvisible spectroscopy (UV-vis) was carried out using a Varian Cary 100 Bio UV−vis
spectrophotometer. A 50 µL aliquot of each purified sample was diluted to 3 mL with
water in a quartz cuvette. Spectra were recorded from 300-800 nm and backgroundcorrected with a water reference. NP size and shape were assessed by transmission
electron microscopy (TEM) using a Philips Technai-12 TEM operating at 80 kV. Samples
were prepared by dropping 20 µL of diluted solutions on formvar-coated TEM grids. The
films on the TEM grids were allowed to dry overnight (covered, room temperature)
before analysis. From recorded TEM images, individual NPs were counted and their size
distribution was measured using ImageJ image processing software. In order to determine
the resulting elemental composition of each NP solution, inductively coupled plasma
optical emission spectroscopy (ICP-OES) was carried out using a PerkinElmer
Optima8000 at wavelengths of 328.068 nm and 267.595 nm for Ag and Au, respectively.
All element standards were provided by PerkinElmer. In preparation for analysis, the
samples were digested in HNO3 and HCl to enable the measurements. First, 20 µL of
each sample was diluted to 1 mL water and heated to 80 °C in a covered test-tube. To
this, 1 mL of HNO3 was added and allowed to sit for 1 hour at 80 °C to dissolve the Ag. 2
mL of HCl was then added to form aqua regia, and allowed to sit for an additional hour to
dissolve the Au. Following cooling, the solutions were dispersed into 10 mL of water in a
volumetric flask for the ICP-OES measurements.
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5.4.3 X-ray Absorption Spectroscopy (XAS)
Ag K-edge and Au L3-edge XAS was conducted at the Advanced Photon Source
(BM-20 beamline) at Argonne National Laboratory, Argonne, IL, USA. Ag L3-edge XAS
was conducted at the Canadian Light Source (SXRMB beamline, Saskatoon, SK,
Canada). In preparation for XAS experiments, the samples were frozen and then
lyophilized to enable solid-phase measurements. For Ag K-edge and Au L3-edge XAS,
the lyophilized powders were placed in kapton film pouches and loaded into the sample
holder along with Ag and Au foils. The sample holder was then placed into a cryostatic
chamber which was then maintained at a constant temperature of 50 K for all of the
measurements. Ag K-edge and Au L3 edge spectra were collected with a 32-element solid
state Ge X-ray fluorescence detector with simultaneous foil reference spectra recorded
using standard gas-ionization chamber detectors. For Ag L3-edge XAS, the powdered
samples were placed on double-sided carbon tape attached to the sample holder. The
sample holder was then placed in the sample chamber and allowed to reach an ultra-high
vacuum atmosphere before data collection. The Ag L3-edge spectra were collected with a
4-element Silicon drift detector. All of the XAS spectra were processed with the WinXAS
program.162 The x-axes of the spectra were normalized to their absorption energies (Ag or
Au) and then the y-axes post-edge was normalized to one. For the extended X-ray
absorption fine structure spectroscopy (EXAFS) analysis of Ag K-edge and Au L3-edge,
the raw data were k2- or k3-weighted and then Fourier-transformed to R-space spectra
using a Hanning function from k = 2.5-12.5 Å-1. The R-space spectra were then refined
from R = 1.7-3.3 Å with WinXAS using ab initio simulations of AgAu structural models
obtained from the FEFF 8.2 code.164,165 The refinements calculated structural information
about the samples, including coordination numbers (CNs), bond lengths (R), Debye117

Waller coefficients (σ2), and Eo-shifts (ΔEo). The ratio of free variables and independent
points before each refinement was 9 and 12, respectively. However, in order to reduce the
ratio to allow for more accurate refinements, certain parameters were constrained. For
example, the amplitude reduction factor (So2) was fixed during the Ag K-edge (So2 = 0.92)
and Au L3-edge (So2 = 0.95) refinements, respectively, based on bulk metal R-space
refinements at 50 K. The Ag-Au bond length from the Ag K-edge and Au L3-edge
EXAFS was also correlated for each bimetallic sample during the refinements.250 In
addition, the ΔEo values were correlated for the Au L3-edge refinement for the R1 sample
due to the slightly lower quality spectrum at higher k-range, most likely caused by its
lower concentration of Au. Therefore, the ratio of free parameters to independent points
was at most 8 out of 12, with other constraints in some particular cases lowering the ratio
further. For the Ag L3-edge XAS data, the normalized spectra were used for qualitative
comparison to reference materials.162
5.4.4 Antibacterial Activity
The antibacterial activity of each NP solution was first tested against Gram
positive Staphylococcus aureus (S. aureus, ATCC 25923) by K. MacDonald and Z. Yang
(Crandall University, Moncton, NB, Canada), using a Kirby-Bauer disc diffusion
assay,251 modified from Clinical and Laboratory Standards Institute (CLSI) standards.208
Bacteria were cultured for 24 hours on Mueller-Hinton agar plates. Three viable colonies
were then transferred to 1 mL of Mueller-Hinton broth and the bacterial turbidity was
adjusted to a 0.5 McFarland turbidity standard, corresponding to a bacteria concentration
around 1x108 CFU/mL. The prepared inoculum was then swabbed on Mueller-Hinton
agar plates using sterile cotton swabs. Sterilized No. 1 Whatman filter paper discs
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(Becten, Dickson, and Company), with a diameter of 6 mm, were placed on the
inoculated agar and impregnated directly by 40 µL of the NP solutions along with the
controls. The solutions were allowed to dry for approximately 15 minutes in a Biosafety
Cabinet (SterilGARD III Advance, The Baker Company) before incubating at 37 °C for
24 hours. Chloramphenicol discs were used as the positive control while
polyvinylpyrrolidone (PVP) was used as the negative control. The average diameters of
the inhibition zones were measured with a ruler and recorded in millimeters. The mean
and standard deviation for each AgAu NP solution were based on three to five replicates.
A two tailed pair sample t-test carried out in Microsoft Excel (2012) was utilized in order
to determine the extent and significance of differences between the testing agents and
negative control’s inhibition of bacterial growth in the disc diffusion assays.
The antibacterial activity of each NP solution was further tested against S. aureus
(ATCC 6538) with a serial dilution method in broth,252 modified from CLSI standards.208
Mueller-Hinton agar plates were inoculated with S. aureus and cultivated for 24 hours at
37 °C. A bacteria suspension of 2 x 105 CFU/mL was then prepared in Mueller-Hinton
broth and added in 100 µL aliquots to each well in a 96-well plate (CoStar, Corning,
Canada). NP solutions in 100 µL aliquots (diluted with broth) were added to the wells to
give total metal concentrations ranging from 50 to 750 µM and final bacteria
concentrations of 1 x 105 CFU/mL. Each NP sample was tested in duplicate for each
concentration along with duplicate positive (broth and bacteria) and negative (broth)
controls. The plate was then left in an incubator for 20 hours at 37 °C. The minimum
inhibitory concentration (MIC) was determined to be the lowest concentration at which
bacteria growth was inhibited after 20 hours, detected by visual inspection and
comparison to the controls.
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5.4.5 Cytotoxicity
The cell viability of immortalized rat fibroblasts (NIH-3T3) were tested against
the NP solutions using an MTT assay.253 The fibroblast cells were prepared at a density of
1 x 104 cells/mL in Dulbecco’s Modified Eagle’s Medium (DMEM) with 5 % fetal calf
serum (FCS). The cells were then added in 200 µL aliquots to a 96-well plate (CoStar,
Corning, Canada) and incubated at 37C (10 % CO2/90 % air atmosphere) for 24 hours.
The cells were then treated with 20 µL aliquots of each NP solution containing total metal
concentrations of 95 to 750 µM (in DMEM/FCS media). Dimethyl sulfoxide (DMSO)
was used as a negative control, while culture media/fibroblasts and culture media alone
were used as positive controls (quadruplicates). The plate was then incubated for 24 h at
37° C (10 % CO2/90 % air atmosphere). Subsequently, 22 µL of an MTT (M2128, Sigma
Aldrich Canada) solution in phosphate-buffered saline (5 mg/mL) was added to each well
and the plate incubated for another 3 hours. Following this, the media was removed, and
100 µL of DMSO was added to each well. The plate was gently agitated for 15 minutes
while covered by tinfoil. Finally, the absorbance of each well was measured at a
wavelength of 570 nm on a microplate reader (Synergy HT, BIO-TEK). Percent cell
viability was determined to be the absorbance of the test sample divided by the positive
control absorbance. All MIC and MTT assays were conducted under aseptic conditions
within Biosafety Cabinets.
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5.5 Results and Discussion
5.5.1 General Characterization
Ag and Au NPs have unique optical properties that are often characterized by their
absorption spectrum under UV-visible light. Some metal NPs exhibit surface plasmon
resonance (SPR), which is attributed to a collective oscillation of conduction band
electrons. For Ag and Au NPs, SPR peaks occur in the UV-visible region around 400 nm
and 550 nm, respectively, and therefore can be characterized by UV-vis.11,12,20,21 Figure
5.1 shows the composition dependent UV-vis spectra of the NP solutions, along with their
corresponding colour in solution (Figure 5.1 inset). With an increase in Au, the solutions
exhibit a red-shift in their SPR peaks, and correspondingly change in colour from yellow
to red. The shape of the SPR peak can also indicate NP composition, namely
homogeneous alloy, core-shell, or a mixture of monometallic NPs.11,12,20,21 The presence
of multiple SPR peaks excludes the possibility of homogenous alloy, and therefore the
bimetallic NPs are potentially core-shell or a mixture of Ag and Au NPs. However, the
R0 sample exhibits one clear SPR peak, expected of a pure monometallic NP.
Unfortunately, UV-vis can only give indirect evidence of morphology and structure, and
so the NPs were explored further by TEM, ICP, and XAS characterization.
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Figure 5.2. TEM images of the AgAu NPs. (a) R0, (b) R1, (c) R2, and (d) R3.

ICP-OES was also conducted in order to provide elemental characterization of the
NP solutions, and the results described in Table 5.1. Overall, with increasing Au added to
the Ag NPs, more Au was incorporated into the resulting NPs. The concentrations of each
metal in the tested solutions were then used to calculate the molar ratios of the metals,
also presented in Table 5.1. These molar concentrations were subsequently used to
standardize the NP solutions for the MIC and MTT assays.
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Table 5.1. ICP-OES results for the AgAu NP samples. The uncertainty of the values
for the ICP-OES measurements are 0.02 mg/L for both elements.
Sample

Ag (mg/L)

Au(mg/L)

Ag ratio

Au ratio

R0

390

2

100

0

R1

209.5

202

65

35

R2

125.5

219

50

50

R3

89

390.5

30

70

5.5.2 Structural Characterization by XAS
The bimetallic NPs were studied from both the Ag and Au perspectives using Ag
K-edge and Au L3-edge XAS spectroscopy. Figures 5.3a-b show the k2-weighted Ag Kedge spectra and k3-weighted Au L3-edge spectra. The spectral oscillations of each NP
sample were similar to their respective reference foils, indicating the presence of both
metallic Ag and Au. The k2-weighted spectra were then Fourier-transformed into R-space
and the resulting spectra are shown in Figures 5.3c-d. The major doublet peaks in the
region of 2-3 Å are consistent with first-shell metal-metal bonding for each edge. The Ag
K-edge R-space spectra also reveal a decrease in overall intensity as the amount of Au
increases from R0 to R3, consistent with a decrease of Ag in the NPs. Conversely, the
intensity of the Au L3-edge R-space spectra appear to increase with the addition of more
Au. The ratio of the peaks in the doublets also appear to change with the different metal
ratios, which may be due to the different local environment of the Ag and Au. This will
be further examined by refining the R-space spectra to calculate NP structural
information.
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less intense R-space amplitudes in that range (e.g., ~2 Å), and steric repulsion between
ligands leading to less O and N surface bonding.254 Therefore, even though there were
interactions between the PVP ligands and the surface of the NPs, reasonable overall
refinements were achieved with only Ag-Ag and Ag-Au bonding paths for the Ag
EXAFS, and Au-Au and Au-Ag for the Au EXAFS. Figure 5.3 presents the refinement
spectrum of each sample, while the refinement values are presented in Table 5.2. The first
observation from the refinements is that the pure Ag NP (R0) exhibited a Ag-Ag CN of
10.9(7), that is consistent with face-centered cubic (FCC) metal NPs of this size (i.e., AgAg CN ≈ 11).184 This CN is expectedly lower than the FCC coordination of 12, due to the
higher ratio of surface atoms with lower coordination. The R-space refinements for the
bimetallic NPs also provided average CNs corresponding to Ag-Au, Au-Au, and Au-Ag.
As the incorporation of Au is increased from R0 to R3, there was a corresponding
decrease in the Ag-Ag CNs. Similarly, there was also an increase in the Au-Au CNs with
an increase of Au composition. There was no increasing trend in the Ag-Au or Au-Ag
alloy CNs; however, the incorporation of Au is also accompanied by the disappearance of
Ag, which may make this trend less observable.
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Table 5.2. R-space refinement results and resulting alloy parameters. The
uncertainties of the values are given by the numbers in parentheses.
NP

Edge

Path

CN

R(Å)

2
σ2(Å )

R0
R1

Ag

Ag-Ag

10.9(7)

2.879(2)

0.003(1)

2(1)

Ag

Ag-Ag

7.9(7)

2.884(4)

0.003(1)

1(1)

Ag-Au

1.9(7)

2.859(4)

0.004(2)

-7(3)

Au-Au

5(1)

2.875(8)

0.001(1)

1(1)

Au-Ag

3(1)

2.859(4)

0.002(1)

1(1)

Ag-Ag

6(1)

2.880(8)

0.003(1)

2(1)

Ag-Au

3(1)

2.85(2)

0.003(1)

-7(2)

Au-Au

8(1)

2.866(6)

0.002(1)

1(1)

Au-Ag

2.9(4)

2.85(2)

0.002(1)

2(1)

Ag-Ag

4.0(8)

2.89(2)

0.004(2)

1(1)

Ag-Au

3.1(7)

2.90(2)

0.004(2)

-3(1)

Au-Au

10(1)

2.873(4)

0.003(1)

3(1)

Au-Ag

2.0(7)

2.90(2)

0.005(3)

3(1)

Au

R2

Ag

Au

R3

Ag

Au

ΔEo(eV)

αAg, αAu

JAg,JAu (%)

αAg=0.45(7) JAg=2.9(7) x 101

αAu=0.4(1)

JAu=1.1(1) x 102

αAg=0.3(1)

JAg=7(1) x 101

αAu=0.47(5)

JAu=5(1) x 101

αAg=0.4(1)

JAg=1.5(1) x 102

αAu=0.44(6) JAu=2.4(6) x 101

The CNs of each bonding path also provide crucial information regarding the
atomic arrangement of the Ag and Au. For example, the Cowley parameter (α) for short
range order can be used to quantitatively measure the segregation tendency of the atoms
within bimetallic NPs.255,256 The Cowley parameters (αAg, αAu) were calculated by:255,256
αAg = 1 −

(𝐶𝑁𝐴𝑔−𝐴𝑢 ⁄𝐶𝑁𝐴𝑔 𝑡𝑜𝑡𝑎𝑙 )

αAu = 1 −

(𝐶𝑁𝐴𝑢−𝐴𝑔 ⁄𝐶𝑁𝐴𝑢 𝑡𝑜𝑡𝑎𝑙 )

𝑋𝐴𝑢

𝑋𝐴𝑔
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(5.1)
(5.2)

CNAg total represents (CNAg-Ag + CNAg-Au), CNAu total represents (CNAu-Au + CNAu-Ag), xAg or
xAg represent the molar ratios of each metal in the NPs. This parameter can range from
(-1≤α≤1), where a positive value demonstrates that atomic segregation has occurred (e.g.,
heterogeneous alloy), and a negative value demonstrates more alloying interactions (e.g.,
homogeneous alloy).256 For each bimetallic NP, αAg and αAu were found to be positive,
thereby indicating that the segregation of Ag and Au atoms occurred within the NPs
(Table 5.2).
In order to determine the type of segregation and further predict the atomic
arrangement of the Ag and Au in the bimetallic NPs, the XAS structural parameters of JA
(i.e., JAg) and JB (i.e., JAu) were calculated by:257,258
JA = (𝑃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ⁄𝑃𝑟𝑎𝑛𝑑𝑜𝑚 ) × 100 %

(5.3)

JB = (𝑅𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ⁄𝑅𝑟𝑎𝑛𝑑𝑜𝑚 ) × 100 %

(5.4)

For each bimetallic NP, Pobserved was the ratio of CNAg-Au to CNAg total and Robserved was the
ratio of CNAu-Ag to CNAu total. Prandom was the molar ratio of Ag (0.65, 0.5, 0.3 for R1, R2,
R3, respectively) and Rrandom was the molar ratio of Au (0.35, 0.5, 0.7 for R1, R2, R3,
respectively) in each bimetallic NP. The JAg and JAu parameters were calculated for each
bimetallic NP and shown in Table 5.2. For the R1 NPs, JAg < JAu , which demonstrates
that the NPs are Ag-rich in the core and Au-rich on the surface.257,258 On the other hand,
JAg > JAu for the R2 and R3 NPs, which reveals that they are Au-rich in the core and Agrich on the surface.
From the previously calculated Cowley parameters and the basic comparisons of
JAg and JAu, it can be determined that all the bimetallic NPs exhibit core-shell type
structures. However, finer details of these structures can be given by further examination
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of JAg and JAu according to the methods of Hwang et al.257 In this way, JAg < 50 % and JAu
> 100 % for the R1 NPs, which suggests that there is not a continuous layer of Au on
their surfaces and is more consistent with a Au-rich pseudo-shell around a Ag-rich core.
Conversely, the R3 NPs yield JAg > 100 % and JAu < 50 %, indicating a Ag-rich pseudoshell around a Au-rich core. On the other hand, JAg < 100 % and JAu < 100 % for the R2
NPs, which describe a homophilic NP structure.257 The JAg and JAu of the R2 NPs are also
closer to 50 % than 100 %, which is similar to ideal core-shell NPs (i.e., JAg < 50 %, JAu <
50 % for ideal core-shell NPs). Therefore, the R2 NPs likely contain homophilic Ag
layers at their surfaces, and are more similar to ideal core-shell NPs than the R1 and R3
NPs. It should also be noted that these structures are also supported by the UV-vis results
(see Figure 5.1) in which the R2 NPs exhibited two major SPR peaks (indicative of a
thicker shell), while the R1 and R3 NPs both exhibited one major SPR peak along with a
minor SPR peak (indicative of a thinner shell).
Metal-metal bond lengths for the NPs were also elucidated by the EXAFS
refinements. For each type of NP, the Ag-Ag and Ag-Au bond lengths were
indistinguishable from those of Ag and Au bulk bond lengths around 2.87-2.90 Å, as
observed by low temperature EXAFS.259 These are typical metal bond lengths for NPs of
this size (~ 7-8 nm), as detectable lattice contraction is usually only observed around 5
nm in nanostructures.183 On the other hand, the R1 and R2 NPs exhibited shorter Ag-Au
bond lengths than in Ag50Au50 bulk alloy at low temperature (i.e., 2.874(2) Å),259 while
the R3 NPs exhibited a longer Ag-Au bond length. The disparity between the Ag-Au
bond lengths seen here is proposed to be a result of the unique local structure exhibited by
the NPs.
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The alloying interaction between Ag and Au was also examined from Ag L3-edge
and Au L3-edge XANES. The first feature in the Ag and Au L3-edge XANES spectra is
attributed to the electronic transition from p- to unoccupied d-orbitals.96,155,156 For metal
NPs, this feature is size-dependent and commonly observed to be less intense relative to
bulk metals.96,97,155,157 In addition, the intensity of this feature is inversely proportional to
the amount of alloying in the system156,158 and thus can be useful in resolving the alloy
interactions in the NPs, which may be important in resolving the antibacterial or cytotoxic
effect. The Ag and Au XANES are presented in Figure 5.4, and show that there is a
decrease in both Ag and Au whitelines for R1, R2, and R3. From the Ag L3-edge spectra,
the decrease of the whiteline is proportional to the amount of alloying in the NPs. The R3
NPs show the least intense whiteline, which may imply the most alloying as a result of
the higher number of Au neighbouring atoms. However, the R3 Ag whiteline is reduced
even further because of the thin layer (i.e., smaller size) of Ag on the surface of the NPs,
which may be the reason for the difference in intensity to the other bimetallic NPs. For
the Au L3-edge spectra, the NP whiteline intensities are also lower than the bulk
reference, although the bimetallic NPs show very similar intensities to each other.
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In order to verify the disc diffusion results and more effectively compare the
antibacterial activity of the NPs, an MIC assay with S. aureus was also carried out. Figure
5.7 shows the MICs for each solution based on their total metal concentrations, which
were then used to retrospectively calculate the Ag and Au concentrations based on the
molar ratios determined by ICP-OES. The first observation from a comparison of the
MICs was that the R0 sample gave the lowest MIC of 50 µM total metal, indicating the
highest antibacterial activity. On the other hand, all bimetallic NPs showed the same MIC
values of 460 µM, based on their total metal concentrations. A similar trend in the
antibacterial activity of the AgAu NPs against Gram-negative bacteria (Escherichia coli,
E. coli) was also observed, albeit under slightly different assay conditions. These MIC
values against E. coli and a brief description of the assay method are presented in
Appendix A. For S. aureus, the MIC results are similar to the disc diffusion assay results,
although the bimetallic NPs demonstrated identical MIC values. Given that there were
different amounts of Ag in each bimetallic NP, we initially expected this to lead to
different MICs. However, we can rationalize these antibacterial activities given their
structural determination by XAS (Figure 5.5). By examining the structure of NPs, the
location of the Ag in each NP was determined to be slightly different. For example, the
R1 NPs exhibited a mixed surface layer of Ag and Au, the R2 sample had a thinner layer
of Ag enriched with Au, and the R3 NPs had a thin layer of mostly Ag. Based on the
EXAFS and MIC results, it is proposed that the antibacterial activity of the NPs is largely
a result of the location of the Ag and not the overall Ag concentration in the NP.
Therefore, the similar amount of Ag located on the immediate surface for all of the
bimetallic NPs led to similar antibacterial effects. The slight difference between the MIC
and the disc diffusion assay results, (e.g., for R2), may be a result of the different
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amount of NP surface area interacting with bacteria. The MIC results show that even with
a lower amount of Ag (i.e., R3), there was still an antibacterial effect, because the Ag was
located primarily on the surface. Had the NPs been normalized based on Ag concentration
only, the R3 NPs may have appeared to be more effective at inhibiting bacteria growth, as
they showed the lowest MIC based on Ag concentration. However, only through the
comparison of similar NP surface areas and structural determination by XAS was a
reliable comparison of MIC values achieved.
Our results clearly show that per mole of NP, and hence per individual NP, the
bimetallic NPs were less active against the S. aureus bacteria. Nevertheless, since the
surface of the bimetallic NPs were composed primarily of Ag atoms (see Figure 5.5), the
large difference between the MICs of the bimetallic NPs and the pure NPs was
unexpected. Taking into account that the thick peptidoglycan wall likely inhibits the
penetration of entire NPs into Gram-positive bacteria,37 the antibacterial effect observed
here is likely dependent on the penetration of Ag+. Therefore, since the alloying in the
NPs implies stronger bonding between Ag and Au (i.e., 202.5 ± 9.6 kJ/mol265 for Ag-Au;
162.9 ± 2.9 kJ/mol265 for Ag-Ag) we propose that the large difference in MICs between
R0 and the bimetallic NPs was a result of the Au inhibiting the release of the Ag+. On the
other hand, it is also conceivable that the Au component of the NPs could have
contributed to the antibacterial activity; however, previous work has shown that Au NP
surface reactions were the predominant mechanism of antibacterial effect and not surface
released Au3+.246 Again, since the peptidoglycan wall likely inhibited the penetration of
the entire NPs into the bacteria, the surface interactions of the Au would be limited and
the antibacterial mechanism of the bimetallic NPs was mostly reliant on the Ag+ release
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as discussed. Nevertheless the role of the Au becomes further defined in the cytotoxicity
assessment in the following section.
5.5.4 Cytotoxicity
Despite the lower activity of the bimetallic NPs against bacteria, another
important aspect of NPs is their cytotoxicity against normal mammalian cells. Therefore,
the cytotoxicity of the NP solutions were tested against NIH-3T3 fibroblasts and the
results presented in Figure 5.8. The assay was conducted with NP concentrations
standardized by total metal concentration in order to compare to the disc diffusion and
MIC assay results. The results show that there was a consistent decreasing trend in the
cell viability of the fibroblasts as each NP total metal concentration was increased. Based
on a minimum cell viability of 70 %,252 R0 is considered to be cytotoxic at < 95 µM,
which was similar to other PVP protected Ag NPs.244 On the other hand, the bimetallic
NPs showed 70 % viability at 280 µM, 370 µM, and 460 µM, for the R1, R2, and R3
samples respectively. Therefore, the cytotoxicity of the NPs followed R0 > R1 > R2 >
R3. As shown in Figure 5.8b, at 70 % viability, the Ag content in each sample at the
above concentrations would be <95 µM, 180 µM, 185 µM, 140 µM for R0, R1, R2, and
R3, respectively. Correspondingly, the Au concentrations would be 0 µM, 100 µM, 185
µM, and 320 µM. In the case of the R3 NPs, the lower amount of Ag and higher amount
of Au likely contributed to the lowest cytotoxicity towards the fibroblasts. As the EXAFS
results showed that there was a similar amount of Ag on the immediate surface of the
bimetallic NPs; these results suggest that the location of the Ag is less important to their
cytotoxicity towards the fibroblasts. As the uptake of NPs into the intracellular matrix of
other fibroblast cell lines has been reported,65 it is feasible that the NPs are engulfed by
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were able to rationalize the similar MICs for the bimetallic NPs. On the other hand, the
cytotoxicity of the pure Ag NPs against fibroblasts was much higher than the bimetallic
NPs, which was dependent on the concentration of the Au in the bimetallic NPs. The
results show that there is indeed a therapeutic window of these bimetallic AgAu NPs to
provide the highest antibacterial activity with the least cytotoxicity towards mammalian
cells. Moreover, the correlation of bioactivity to NP atomic structure was demonstrated,
which is the first step in providing more architectural control over NP structures for
increased benefit.
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Chapter 6 - The Surface Structure of SilverCoated Gold Nanoparticles and Its Influence
on Shape Control
Sections 6.3-6.6 are reproduced in part with permission from: Padmos, J. D.; Personick,
M. L.; Tang, Q.; Duchesne, P. N.; Jiang, D.; Mirkin, C. A.; Zhang, P. The Surface
Structure of Silver-Coated Gold Nanocrystals and Its Influence on Shape Control. Nature
Communications 2015, 6, 7664. Copyright 2015, Nature Publishing Group. The
supporting information for this publication is included in Appendix B.

6.1 Contributions
J.D.P. conducted the XAS experiments and XANES simulations, analyzed the XAS
and DFT results and wrote the manuscript. M.L.P. synthesized the NC samples. Q.T.
carried out the DFT experiments and helped with interpretation of the DFT results.
P.N.D. helped carry out some of the EXAFS experiments. D.J. supervised Q.T., carried
out the DFT experiments and helped with interpretation of the DFT results. C.A.M.
supervised M.L.P.. P.Z. supervised J.D.P. and helped revise the manuscript.

6.2 Foreword
The previous chapter described the effect of alloying of Au to Ag NPs on their
resulting atomic structure and resulting bioactivities. This chapter also describes alloying
effects between Ag and Au but focuses on the surface structure of more distinct Ag
monolayers on anisotropic Au NPs with specific surface facets. Instead of correlating this

140

information to the antibacterial activity of the NPs, it was used to rationalize their
surface stabilization and growth mechanism.

6.3 Introduction
Metal nanoparticles (NPs) with well-defined shapes and facet indices are
promising nanomaterials for many different applications due to the fascinating properties
associated with their unique morphologies and surface structures.139,266–269 Moreover,
recent studies on silver (Ag)-assisted seeded growth with select halides have shown that
gold (Au) NPs with unusual morphologies and high-index facets can be deliberately
prepared in high yield.120,139,269 The preparation of such Au NPs has demonstrated the
correlation between Ag precursor concentration and Au NP facet index and shape. Most
importantly, it has also identified the significance of the underpotential deposition (UPD)
of Ag on the resulting rhombic dodecahedra with {110} facets, truncated ditetragonal
prisms with {310} facets, and concave cubes with {720} facets. The same method was
also used to prepare Au octahedra with {111} facets, but their growth was found to be
governed by a more typical thermodynamic formation process.120 In addition, halide ions,
such as the chlorides (Cl-) used in those syntheses, are an important factor governing the
shape evolution of NPs prepared by the UPD method.139 Briefly, halides have been shown
to control the growth of specific facets on Au NP surfaces by (i) modifying the reduction
potential and solubility of the Au+-halide complexes formed in solution and (ii)
passivating the Au NP surface thereby changing the amount of Au surface available for
the catalyzed reduction of Au+.139 Furthermore, in Ag-assisted Au NP syntheses, the
resulting halide-Ag UPD layer can control specific facet growth by its stability on the Au
NP surface, and the facet type produced is dependent on the type of halide used.270
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Although the synergistic roles of Ag and halides have been implicated in the formation
mechanisms of the aforementioned NPs, their facet-specific surface structure is still
largely unknown, despite being critically important to understanding their growth
mechanisms and structure-property relationships. In particular, little is known about the
halide portion of the structure, as halides are nearly invisible to traditional analytical
techniques. Therefore, elucidating the surface structure of multicomponent systems, such
as Cl--adsorbed Ag-coated Au NPs, is a challenging yet worthwhile endeavor due to its
impact on controlling NP shape and functionality.
Towards this end, X-ray absorption spectroscopy (XAS) can provide surface
structure information regarding oxidation state, electronic structure, and local
coordination environment (including metal-metal and metal-adsorbate bonding) from the
perspective of a given element.248 Due to this element specificity, XAS is particularly
useful in probing multicomponent surface structures, including AgAu bimetallic
NPs.75,87,198,250,271,272 Although, typically, extracting information regarding surface
bonding configurations from XAS is limited to smaller NPs (i.e., < 10 nm), as the signals
from the more numerous non-surface atoms in larger NPs outweigh those from the
surface atoms. However, in the case of the relatively large NPs described herein (i.e., > 50
nm), their surfaces are covered by a thin layer of Ag that can be isolated using elementspecific XAS, thus allowing their surface structures to be determined. In addition, density
functional theory (DFT) can be used to model the coordination environments of these NP
surfaces, as their large sizes permit their treatment as bulk surfaces. DFT has been
previously used to calculate adsorbate interactions with low-index bulk metal surfaces
({111}, {110}, {100}, etc.);273–276 however, higher index surfaces, let alone those on NPs,
are less commonly prepared and have not been correspondingly studied with DFT.
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In this study, we implement element-specific XAS to reveal the atomic surface
structures of Cl--adsorbed Ag-coated Au NPs with {111}, {110}, {310}, and {720}
surface facets. In this way, we identify key differences between non-UPD and UPD NP
surface coordination and bonding, as well as characterize the facet-index dependent AgCl bonding between all of the NCs. We then use DFT structural optimization calculations
to generate a more complete description of the NP surfaces, in particular the Cladsorbates on the Ag. Moreover, we systematically explore the effect of Cl- adsorption on
each NP surface by XAS simulations, and those results are used in conjunction with
experimental XAS to both identify the Ag valence state on the NP surfaces and further
confirm the Ag-Cl bonding environment. This combination of experimental/simulated
XAS and DFT modelling demonstrates the ability to comprehensively study the surface
structure of shape and facet-index controlled bimetallic NPs.

6.4 Experimental
6.4.1 Preparation of Ag-coated Au NPs
The synthesis and characterization methods of the NP samples has been
previously published.120 Briefly, cetyltrimethylammonium chloride (CTAC) stabilized
seed Au NPs were mixed with a growth solution containing CTAC, hydrochloric acid
(HCl), ascorbic acid, hydrogen tetrachloroaurate (HAuCl4), and differing amounts of
silver nitrate (AgNO3). The concentration of AgNO3 has been shown to determine the
resulting shape and surface index and samples prepared with 1, 10, 40, and 100 µM
AgNO3 produced {111} octahedra, {110} faceted rhombic dodecahedra, {310} faceted
truncated ditetragonal prisms, and {720} faceted concave cubes, respectively.
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6.4.2 X-ray Absorption Spectroscopy (XAS)
After preparation, the samples were freeze-dried and packed into kapton film
pouches in order to conduct XAS experiments at the Advanced Photon Source (BM-20
beamline, Argonne National Laboratory, Argonne, IL, USA) or the Canadian Light
Source (SXRMB beamline, Saskatoon, SK, Canada). For Ag K-edge XAS measurements,
the samples were placed in a cryostatic sample holder at 50 K while the Ag K-edge XAS
measurements were collected using a 32-element Ge fluorescence detector; XAS data for
Ag foil was collected simultaneously using standard gas-ionization chamber detectors.
This low-temperature fluorescence XAS method was used to compensate for the dilute
concentration of Ag in the samples, and to reduce the dynamic thermal disorder.277 For
Ag L3-edge XAS, the freeze dried samples were affixed to double-sided carbon tape on a
sample holder and then placed in the sample chamber and allowed to reach an ultra-high
vacuum atmosphere. The Ag L3-edge XANES spectra were collected with a 4-element
Silicon drift detector.
All of the XAS spectra were processed with the WinXAS162 or IFEFFIT160,161
software packages. The raw EXAFS data (see Appendix Figure B1) were converted to kspace (see Appendix Figure B2) and then Fourier-transformed into R-space using a
Hanning function with a range of k = 2.5-12.7 Å-1, which was chosen by the overall data
quality of the samples (see Appendix Figures B3-B6). The R-space spectra were then
refined with WinXAS162 using bonding paths from an ab initio simulation of Cl--adsorbed
Ag on Au{111} model generated using the FEFF code (version 8.2).164,165 The
refinements calculated structural information such as CN, bond length (R), and DebyeWaller factors (σ2) along with the energy shift parameter, ∆Eo, which helps account for
refinement assumptions. Given the composition of the samples, it was surmised that Ag144

Cl, Ag-O, Ag-N, Ag-Ag, and AgAu were potential bonding paths, as those theoretical
phase amplitudes generated by FEFF are contained within the R-space region of around
2-3 Å (without phase correction). However, tentative refinements of Ag-N and Ag-O
paths produced entirely unphysical results; thus, they were not considered in any further
refinements. The smaller peaks under 1.5 Å for the samples are most likely too short to be
attributed to nearest neighbour backscattering and may be an artifact of low frequency
noise in the fluorescence data (see Appendix Figures B3-B6). Therefore, all of the Rspace spectra underwent refinements with Ag-Cl, Ag-Ag, and Ag-Au bonding paths
within the R-space range of 1.7-3.3 Å. In order to reduce the number of free running
parameters to number of independent points, the ∆Eo values for all of the paths, and the σ2
values for the two metal-metal paths were correlated. The ∆Eo values account for the
phase differences of the experimental data to the theoretical FEFF input data. These
values are often correlated in EXAFS refinements given the assumption that each path
will have the same phase differences if the same model was used in the input files. In our
case, the same model was used and therefore we can correlate them to reduce the number
of variables. In addition, the σ2 values were correlated because Ag and Au have very
similar lattice constants and bonding, therefore the disorder in their bonds should be
similar. It should be noted that the {111} spectrum could not be refined with correlated
σ2, which is likely a result of the very different bonding arrangement of the Ag in that
sample demonstrated later (e.g., higher degree of alloying). For each refinement,
WinXAS calculated the number of free parameters to be 8 (except for {111} with 9 free
parameters) and the number of independent points to be 13. The uncertainties reported
were calculated from off-diagonal elements of the correlation matrix of each refinement,
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weighted by the square root of the reduced chi-squared value, taking into account the
experimental noise for each R-space spectrum from 15 to 25 Å.278
6.4.3 Density Functional Theory (DFT)
The DFT computations were performed with a frozen-core plane-wave
pseudopotential approach using the Vienna ab initio simulation package (VASP).279 Since
the NPs were relatively large, periodic slab surface models with different indices
represented the corresponding facets of the NPs. A 4×4×1, 2×2×1, 2×2×1 and 2×1×1
supercell size was used to simulate the {111}, {110}, {310}, and {720} surfaces, which
contained about 80/16, 28/4, 20/4 and 58/10 Au/Ag atoms, respectively. Among these
surfaces, {111} surface has a planar shape, while {110}, {310}, and {720} surfaces have
step-like shapes. The Au {111}, {110}, {310}, and {720} periodic slab surfaces were
modeled with six, seven, ten, and thirteen layers of Au atoms, respectively, and are within
a thickness of 1-2 nm, in order to provide qualitatively reasonable predictions on the NP
core behavior. The Cl- anion was modeled by placing Cl atoms on the slab surfaces,
letting the electronic density converge and then determining the partial atomic charges on
the Cl atoms. The full 1.0 monolayer (ML) Cl- coverage for each surface was created by
the following: for the {111} surface, about ¼ Ag diffuse into the Au layer, and the vacant
surface Ag sites were then occupied by Cl, while the remaining ¾ of surface Ag atoms
are coordinated to adsorbed Cl- in the 3:1 ratio. For the {310} and {720} surfaces, full
coverage was also created by coordinating Cl- in a 3:1 ratio, while for the {110} surface,
a 4:1 ratio was used. Based on the full coverage model for each surface, other coverage
models were constructed (e.g., 25 %, 50 %, 75 %) by taking out either the substituted Clor adsorbed Cl randomly, and then used a low-lying energy model for further structural
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analysis. During the computations, pseudopotentials with 5d106s1, 4d105s1 and 3s23p5
valence electron configurations were used for Au, Ag and Cl atoms, respectively and the
scalar-relativistic effect was included in the pseudopotential for Au. Since the surfaces
contained strong covalent Ag-Cl and Ag-Au bonds, no correction for the long-range
aurophilic interactions was implemented. The ion-electron interaction was described with
the projector augmented wave (PAW) method.280 Electron exchange-correlation was
represented by the generalized gradient approximation (GGA) functionals from Perdew,
Burke and Ernzerhof (PBE).281 A cutoff energy of 450 eV was used for the plane-wave
basis set. The Brillouin zone was sampled using a 4×4×1 Monkhorst-Pack k-point mesh.
The convergence threshold for structural optimization was set to be 0.02 eV/Å in
interatomic force. The thickness of the vacuum layer was set to be 12 Å which is large
enough to ensure decoupling between neighbouring slabs, as the further increase of the
vacuum thickness leads to a small energy change of less than 0.01eV. During
optimization, the top three, two, four, and six layers of the respective {111}, {110},
{310}, and {720} Au surfaces were allowed to relax together with the surface Ag layer
and adsorbed Cl atoms, while the bottom layers were kept at their bulk positions. The
resulting atomic coordinates from the DFT computations were obtained for each surface
and modelled with the Crystal Maker program (version 9.0.2).
6.4.4. XANES Simulations and Linear Combination Fitting
Simulated Ag K-edge XANES spectra were calculated using the FEFF code with
atomic coordinates obtained from the DFT-optimized structures. The coordinates for the
bulk models were generated from their respective symmetries and space groups. For each
simulation, a full multiple scattering (FMS) diameter of 30 Å and a self-consistent field
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(SCF) radius of 6 Å was used for each individual Ag site, which equated to approximately
100 and 30 atoms for the FMS and SCF calculations, respectively. An amplitude
reduction factor (So2) of 0.95 was used to render the results directly comparable to the
experimental data. The linear combination fitting of the Ag K-edge XANES spectra were
conducted with Athena, part of the IFEFFIT software package.160,161 In this way, the
experimental XANES of each NP sample was individually fit with the corresponding
average of the simulated XANES spectra for each coverage model. The linear
combination fits were conducted within a range of -20 to 30 eV of the Eo-normalized
spectra. The resulting R-factor, which represent the goodness of fit, was recorded for each
coverage model.149

6.5 Results and Discussion
The preparation and general characterization of octahedra with {111} facets,
rhombic dodecahedra with {110} facets, truncated ditetragonal prisms with {310} facets,
and concave cubes with {720} facets have been published elsewhere.120 Briefly, their
specific facets were identified by a combination of electron diffraction and facet-angle
measurements using scanning electron microscopy, and were found to have approximate
edge lengths between 70-120 nm.120,282,283 The Ag coverage on each surface was
identified by a combination of X-ray photoelectron spectroscopy and inductively coupled
plasma spectroscopy and each NP type exhibited slightly lower than full monolayer Ag
coverage (60-80 %).120 In the work presented here, synchrotron Ag K-edge extended Xray absorption fine structure (EXAFS) experiments were used to elucidate a threecomponent bonding structure composed of Ag-Cl, Ag-Au, and Ag-Ag for each NP
surface (schematically illustrated in Figure 6.1a). The validity of this three-component
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structure is supported by the high quality Ag K-edge R-space refinements shown in
Figure 6.1b (see Appendix Table B1 for refinement results table and Appendix Figures
B3-B6 for the refinement components and residuals). The most notable result from the
EXAFS bond length analysis (Figure 6.1c) is that the {111} Ag-Cl bond (2.66 ± 0.02 Å)
is longer than those of the {110} (2.62 ± 0.01 Å), {310} (2.61 ± 0.01 Å), and {720} (2.58
± 0.01 Å) surfaces. Likewise, the Ag-Au bond length of the {111} sample (2.99 ± 0.03 Å)
is longer than those of the {110} (2.87 ± 0.01 Å), {310} (2.88 ± 0.01 Å), and {720} (2.86
± 0.01 Å) samples. These two findings indicate the remarkable difference in adsorbateand alloy-bonding between the non-UPD and UPD NPs (i.e., {111} versus {110}, {310},
and {720}), and illustrate the effectiveness of the UPD mechanism in inducing stronger
Ag-Cl and Ag-Au interactions (i.e., shorter bond lengths). Furthermore, Ag-Cl bond
lengths in the NPs are shown to be facet-index dependent, suggesting that Ag-Cl bonding
is a key component in stabilizing the increasing surface energies of the NPs (i.e., γ111<
γ110< γ310< γ720140). On the other hand, there is no discernable trend in the Ag-Au bond
length between the UPD samples, and therefore the Ag-Au bonding in these structures is
likely more dependent on the UPD mechanism rather than facet-specific bonding.
Moreover, the Ag-Ag bond lengths do not demonstrate any clear trend, which may be a
result of interplay between facet-specific bonding and the UPD mechanism.
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to calculate average Ag-Ag/Ag-Au CNs, yielding 6/3 for {111}, 2/5 for {110}, 2/5 for
{310} and 3/4.8 for {720}. In order to compare the experimentally observed CNs to the
ideal monolayer CNs, it is first useful to note that NP surfaces are commonly found to
have under-coordinated surface sites (edges, corners, defects, etc.).155 In addition, the
slightly less than monolayer coverages of Ag on the NPs could contribute to undercoordinated Ag. The under-coordinated Ag on these NP surfaces will greatly influence
their Ag-Ag CNs, and could explain why the Ag-Ag CNs are lower than the ideal (i.e.,
3.4 ± 0.3 versus 6 for {111}, 0.8 ± 0.1 and 0.6 ± 0.1 versus 2 for {110} and {310}, and
0.6 ± 0.1 versus 3 for {720}). However, the subsurface Au (the main component of the
NPs) will be less influenced by Ag under-coordination, and therefore the Ag-Au CN is a
more reliable parameter to evaluate the surface structure in these cases. Taking this into
account, the Ag-Au CNs of the two high-index surfaces (4.9 ± 0.8 for {310} and 5.7 ± 0.9
for {720}) are consistent with the ideal monolayer models (Ag-Au CN of 5 and 4.8). On
the other hand, the {110} shows a slightly higher Ag-Au CN (6.8 ± 0.7) than the ideal
Ag-Au CN of 5, indicating that the Ag is perhaps present both in and below the top-most
surface layer. However, the {110} Ag-Cl CN of 1.8 ± 0.4 is similar to 1.2 ± 0.2 for {310}
and 1.5 ± 0.4 for {720}, indicating that the Ag is mostly on the surface and therefore
more consistent with a monolayer model. In contrast to the UPD NPs, the {111} Ag-Au
CN of 7.1 ± 1.4 is significantly higher than the ideal CN (i.e., 3). This is consistent with
interdiffused Ag on Au-core/Ag-shell NPs,271 and supports the presence of Ag below the
surface of the {111} NPs. In addition, the Ag-Cl CN is significantly lower for the {111}
NPs (i.e., 0.4 ± 0.2) compared to that of the three UPD NPs with Ag monolayer type
structures. This low Ag-Cl CN further supports the notion that there is a significant
amount of Ag below the {111} NP surface. Conversely, the higher Ag-Cl CNs of the
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{110}, {310}, and {720} NPs support that the Ag is predominantly on their surfaces, and
also demonstrates the increased Cl- adsorption from the UPD mechanism.284 Collectively,
the Ag-Ag, Ag-Au, and Ag-Cl CN results suggest that the Ag atoms in the {111} NP
surface are both in and below the top-most metal layer, whereas the {110}, {310}, and
{720} NP surfaces are more distinct Ag monolayer type structures.
In order to confirm the experimental EXAFS coordination trends and provide
more detailed information about the Ag-Cl, we carried out DFT structural optimization
calculations for the {111}, {110}, {310}, and {720} surfaces (see models in Figure 6.2a).
In these structural optimizations, we considered the amount of Cl- coverage and compared
0, 0.25, 0.50, 0.75, and 1.0 (full) Cl- monolayer (ML) coverages on each surface type (20
DFT models in total, see Appendix Figures B7-B11). Remarkably, the {111} DFT model
(see Figure 6.2a top-left) was in good agreement with an embedded Ag configuration
(i.e., Ag below and in top-most layer), while the {110}, {310}, and {720} DFT models
showed more distinct Ag monolayer-type structures (Figure 6.2a). These DFT-optimized
structures were also in excellent agreement with the EXAFS CN results (see Appendix
Table B2 for further comparison). Moreover, the DFT results were used to determine
actual Cl- coverages on the NP surfaces by plotting Ag-Cl CN versus Cl- coverage for
each DFT-optimized surface model (Figure 6.2b). The high-index UPD NPs were found
to have similar Cl- coverages of 0.41 ML for {310} and 0.48 ML for {720}. Interestingly,
the higher Cl- coverage for the {110} UPD NPs (0.73 ML) is consistent with a higher
degree of Cl- interaction to stabilize the surface, as it has the lowest number of surface Ag
atoms per unit area of Au.120 In contrast, the {111} Cl- adsorption was much lower than
the others (0.23 ML), again highlighting its difference from the UPD NPs and affirming
the notion that it is stabilized by a different mechanism.
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6.3c) and in each case were found to fit well with the simulations, thus verifying the
proposed DFT models (Figure 6.2a). Furthermore, the spectral feature (i) in Figure 6.3c
for each surface matches with the reference Ag foil, indicating that the surfaces are of a
similar valence state (i.e., zero-valent). The later oscillatory feature (ii) in Figure 6.3c of
all of the surfaces also lines up with the reference Ag foil, denoting similar metal-metal
interactions, although it is less intense because of the lower backscattering amplitude
from fewer Ag neighbours in the NP surfaces. In contrast, the NP spectral features are
much different from the AgCl reference, which rules out the presence of ionic Ag and
highlights the more extensive halide-metal bonding nature of the NP surfaces. We also
carried out Ag L3-edge XANES experiments on each NP sample to further confirm the
oxidation state of the Ag on the NP surfaces (see Appendix Figure B16). The NPs all
exhibited similar features to the Ag foil reference and showed the typical reduction in the
first peak of the XANES due to nanosize and alloying effects.123,158 thereby confirming
the metallic oxidation state of the Ag on each surface.
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6.6 Conclusion
In this work, we uncovered the multicomponent surface structures of Cl-adsorbed, Ag-coated {111}, {110}, {310}, and {720} Au NPs. These NPs represent
excellent systems to elucidate the unique properties of NPs derived from specific
synthetic approaches (e.g., UPD vs. non-UPD) and specific surface crystallography (e.g.,
low vs. high index). Our results can also help to clarify a number of fundamental concepts
related to shape-controlled anisotropic NPs. First, the surface structures of the NPs were
identified at the atomic scale and shown to be composed of Ag-Cl, Ag-Ag, and Ag-Au
bonding. Interestingly, the NP surfaces comprised metallic Ag which demonstrates the
ability of these NPs to maintain the metallic nature of the less noble surface metal (i.e.,
Ag). This finding is in contrast to the typical surface oxidation that occurs at other Ag NP
surfaces. Second, the significant differences between non-UPD and UPD NP surface
structure were revealed in this work. In particular, the non-UPD NPs ({111}) exhibited
Ag atoms embedded within the subsurface Au, whereas the UPD NPs ({110}, {310}, and
{720}) showed more distinct Ag monolayer type structures on top of Au. This finding
alone may have a substantial impact on the surface engineering of bimetallic NPs, as the
UPD method may represent an important strategy to prevent the commonly observed
metal-interdiffusion at NP surfaces.271 In addition, the Ag-Au alloy bond of the non-UPD
NPs was significantly longer than those of the UPD NPs, implying that the UPD
mechanism produced a stronger alloying interaction (i.e., shorter alloy bonding) at the
surface of the NPs. Third, and most importantly, this work sheds light on the still-debated
halide-induced formation mechanisms of shape-controlled Au NPs139 by providing a
detailed picture of the surface halide-metal bonding. So far, the special stabilization of Ag
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by Cl- adsorbates has been proposed as an explanation for the formation of a wider
variety of Au NP shapes in the presence of Cl- than in the presence of other halides, such
as Br- and I-.285 The four NPs studied in this work exhibited surface-index dependent AgCl bond lengths and coverage, and such remarkable flexibility of the Ag-Cl bonding on
the NP surfaces helps to explain this special Cl- stabilization mechanism and particular
NP growth. Finally, our work also demonstrates the usefulness of combining EXAFS,
DFT modelling, and experimental/simulated XANES to reliably uncover the surface
structure of shape and facet-index controlled bimetallic NPs. The potential of this
technique towards more in-depth studies of bimetallic NP formation mechanisms is
enormous, given the ability of in-situ and liquid/solid phase element-specific XAS
measurements.286
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Chapter 7 - Conclusions and Future Work
7.1 Conclusions
The surface structures of metal NPs are heavily correlated with their
physicochemical properties and subsequent applications. Thus, it is important to
characterize the surface and atomic structure of metal NPs, and understand ligand and
alloy formation effects. Consequently, three specific subject areas have been emphasized
in this thesis:

1. The effects of organic and aqueous organosulfur ligands on the surface
structure and antibacterial activities of Ag NPs.
2. The effects of Au alloying on the atomic arrangement, antibacterial activity,
and cytotoxic activity of bimetallic AgAu NPs.
3. The surface structure of Ag monolayers on anisotropic Au NPs and its
influence on shape control.

In Chapter 2, a study of the structure and composition of a series of organosulfurstabilized Ag NPs was carried out from both metal and ligand perspectives using XAS. It
was determined that Ag NPs of varied sizes prepared with dodecanethiol (DDT) exhibited
neither the “staple” surface structure nor the traditional metal-thiolate structure (i.e., with
thiolates bound at three-fold hollow sites of the metal surface). Instead, a concentrationdependent layer of Ag-sulfide on the surface of the metallic Ag cores was formed.
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Moreover, a comparison between the surface structure of DDT-Ag NPs and those
protected with didodecyl sulfide (DDS), indicated that the sulfide layer formation was
inhibited when DDS was used. These results showed that surface structure and bonding in
Ag NPs can be tailored by controlling the Ag/S molar ratio of the precursor materials and
type of organosulfur ligand used, and demonstrated that the bonding between Ag and S is
generally different from that of Au and S in a similar system.
In Chapter 3, a similar methodology was used to identify the structure and
composition of Ag NPs protected with an aqueous thiol (cysteine, Cys) to compare these
qualities with those of identically sized Ag NPs protected with polyvinylpyrrolidone
(PVP). The PVP-Ag NPs showed a metallic Ag surface, consistent with metal NPs
protected by weakly binding protecting ligands. On the other hand, the Cys-Ag NPs
exhibited a distinct surface shell of sulfide, which is remarkably different from previously
studied Cys-Ag NPs, and more similar to the Ag NPs prepared with DDT (discussed in
Chapter 2). The effect of this sulfidized surface structure on the antibacterial activity of
the Cys-Ag NPs was also examined. In this way, the minimum inhibitory concentrations
(MIC) of both PVP-Ag NPs and Cys-Ag NPs were tested against Gram-positive (S.
aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria. It was found that the
MICs of the Cys-Ag NPs were significantly higher, and therefore less effective, than the
PVP-Ag NPs for each strain of bacteria, implicating a reduced activity from the sulfidized
surface structure. Therefore, this work demonstrated the similar effect of thiols on Ag NP
surface structure, consistent with that described in Chapter 2, as well as the importance of
the surface structure in controlling antibacterial activity.
In Chapter 4, XAS was used to identify the structure and composition of 2 nm
tiopronin-protected Ag NCs arranged in 1D chain assemblies. Wavelet-transformed
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EXAFS analysis and multi-path R-space refinements found that the NCs comprised small
metal cores surrounded by sulfide-type shells, further demonstrating that the sulfide shell
is a prevalent surface structure among thiolate-protected Ag NCs and Ag NPs. The
antibacterial activities of the NCs were also examined, and they were found to be active
against both Gram-positive and Gram-negative bacteria in similar capacity to the larger
Ag NPs protected by cysteine (discussed in Chapter 3). As a follow-up to this study, Ag
NCs were also prepared without 1D assemblies by preventing initial Ag+-thiolate
formation; their structure was then studied using a similar XAS methodology and were
found to exhibit a larger metallic core with a thinner sulfide shell in comparison to the 1D
NC structure. Therefore, this shed more light on the influence of the Ag+-thiolates on both
the surface structure and overall assembly of tiopronin-protected Ag NCs.
Chapter 5 built upon the work in Chapter 3 which demonstrated the relatively
higher antibacterial activity of PVP-protected Ag NPs than thiolate-protected Ag NPs. Ag
NP cytotoxicity towards normal mammalian cells is also a subject of interest, and so the
addition of Au to PVP-Ag NPs was carried out to measure its effect on their atomic
structures and bioactivities. The addition of Au was found to drastically change the
atomic structure of the Ag NPs. In brief, the Ag core of the NPs was gradually replaced
with Au, with Ag being subsequently mixed with Au at the surface. As a result, the
antibacterial activity of the bimetallic NPs was lower than that of pure Ag NPs, and was
overall dependent on the location of Ag within the NPs. On the other hand, the
cytotoxicity of the bimetallic NPs was much lower than that of the pure Ag NPs, and was
dependent on the overall Au concentration. Using the structural information garnered
from XAS, it was possible to rationalize the bioactivities of the NPs based on their atomic
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structure, and to provide guiding principles for the design of AuAg NPs with specific
antibacterial and cytotoxic activities.
Chapter 6 studied alloy and ligand effects at the surface of anisotropic Au NPs
coated by Ag monolayers. These effects are important due to their impact on NP shape
and functionality. However, in the case of halide-adsorbed NPs, they are particularly
challenging to study due to the difficulty in analyzing interactions between metals and
light-halides (e.g., Cl-). Thus, XAS and DFT modeling were required in order to uncover
the surface structures of Cl--adsorbed, Ag-coated Au NPs with {111}, {110}, {310}, and
{720} indexed facets. The Ag-Cl, Ag-Ag, and Ag-Au bonding structures differed
markedly between the NP surfaces, and were sensitive to the formation mechanism and
facet type of the NP. A unique approach combining DFT and experimental/simulated
XAS further verified the surface structure models and identified the previously
indistinguishable valence states of Ag atoms at the NP surfaces. Similar to the surfacerelated reactions of Ag NPs with bacteria, the location and alloying interactions between
Ag and Au were related to the shape control of anisotropic NPs, whereby the strong
alloying and ligand interactions provide the stabilization mechanisms for the high-index
facets and guide subsequent growth.
Finally, the effectiveness of synchrotron XAS techniques in the characterization
of nanomaterials was demonstrated throughout all of the studies presented. XAS allowed
many of the challenges associated with the characterization of nanomaterials to be
overcome and contributed to a greater fundamental understanding of the surface structure
of various Ag NPs. In addition, the insight gained from these results allowed for the
rationalization of surface-related activities, namely bioactivity and NP growth, which are
important applications for Ag NPs in general. The methods and results presented within
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this thesis will no doubt find potential application in the rational design of future Ag
nanomaterials.

7.2 Future work
7.2.1 Control of Ag NP sulfidation
From the studies of thiolate-protected Ag NPs/NCs, it was proposed that electron
displacement from the S-Ag interaction in thiolate-metal bonding results in S-C bond
cleavage (as demonstrated by S K-edge XAS in this work), which in turn generates S2leading to surface sulfidation.287 Based on this proposition, it would seem likely that the
amount of sulfidation would depend on the concentration of the thiol available. Indeed, it
was observed in Chapter 2 that the 6Ag1DDT Ag NPs exhibited less sulfide at the surface
of the NPs compared to 1Ag1DDT Ag NPs. Based on these results, it was hypothesized
that a similar 6Ag:1thiol ratio used to prepare the Cys-Ag NPs in Chapter 3 would result
in a similar surface structure. As it turned out, the resulting Cys-Ag NPs had more
significantly sulfidized surface structure, which could be related to the type of thiol used.
Therefore, one potential area of future exploration for this system is to assess the effect of
cysteine concentration on the sulfidation of the Ag NPs, in a manner similar to the
methodology employed in Chapter 2. Furthermore, the examination of other thiols in this
type of synthesis would provide important insight into thiol dependent sulfidation. In
terms of their application, the amount of sulfide at the NP surface could also provide a
potential control mechanism for the antibacterial activity and cytotoxicity of the Ag NPs,
which could then be explored using similar methods presented in this thesis.
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7.2.2 Comparison of Tiopronin-protected Ag NCs to Other Ag NCs
Overall, the preparation of Ag NCs using tiopronin has afforded control over both
the surface structure and assembly of the resulting NCs. Further studies of surface
bonding interactions between tiopronin and NC-1 (1D assembly) and NC-2 (no 1D
assembly) would be worthwhile, for comparison with previously identified structures of
Ag62 and Ag44 NCs.84,104 This study could be carried out using Ag K-edge XAS to
examine the experimental coordination numbers and bond lengths of both Ag44 and Ag62
NCs, and then comparing these results to those of the NC-1 and NC-2. In addition, the
examination of the S K-edge XAS of the NCs may also provide useful insight, although
this would be less useful for the NC-1 due to the excess Ag+-thiolates which make up the
1D assembly. Finally, the antibacterial properties of NC-2 would be interesting to
compare to those of NC-1, as the combination of their more metallic nature and
potentially less steric hindrance from Ag+-thiolates may lead to a greater antibacterial
effect. The stability of NC-2 in solution should be more closely assessed though, as their
potential for aggregation during dialysis was a concern that prevented their assessment of
their antibacterial activity.
7.2.3 Antibacterial Mechanism and Cytotoxicity of Ag NPs
Although the antibacterial activity assessments carried out in Chapter 3, 4, and 5
yielded much information regarding the overall effect of the surface structure on
antibacterial activity, the mechanism of action was only partially explored through the
comparison of activity against Gram-positive and Gram-negative bacteria. Further study
of antibacterial action from other perspectives may elucidate useful information relevant
to their applications. This should include examining dissolution of Ag+ ions from the NPs
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in the biological solutions used for the antibacterial activity assays as well as measuring
the antibacterial activity of the Ag+ ions themselves and correlating this information to
the data collected for the Ag NPs. Furthermore, corresponding studies of the bacteria
structure after exposure to Ag NPs would be worthwhile in order to determine any
potential membrane-specific effects. This could be carried out by using TEM studies in
order to observe the locations of the Ag NPs in and/or around the bacteria. Finally,
although the thiolate-protected Ag NPs were found to be less active against bacteria
relative to more metallic Ag NPs, their cytotoxicity should also be examined in order to
assess their overall therapeutic effectiveness.
7.2.4 Varied Metal Concentrations in AgAu Bimetallic NPs
The bimetallic AgAu NPs described in Chapter 5 demonstrated a rearrangement
of the Ag and Au atoms depending on the concentration of the Au added to the Ag seed
NPs. The amounts added in the preparation were generally spaced out in order to yield
definitive changes in the structures produced, and thus potentially change their
bioactivities in a significant way. The amounts of Au added led to Ag:Au ratios of
approximately 100:0, 65:35, 50:50, and 30:70 within the NPs. Taking this concept
further, it would be interesting to examine the effect of adding both smaller and larger
amounts of Au to the Ag seeds, in order to prepare different ratios of Ag:Au in the NPs
and study their resulting atomic arrangement and bioactivities.
7.2.5 Delivery Mechanism Exploration
From the results presented in Chapter 5, the application of these bimetallic NPs to
biomedical technologies may be of potential use. One aspect not discussed thus far is the
potential delivery method for the NPs. One drug delivery application that could be
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explored is a polyphosphate (CPP) matrix delivery system for bone graft models.252,288
CPP consists of long phosphate polymeric chains connected via calcium (Ca2+) ions
between chains (Figure 7.1).289
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Figure 7.1. Schematic of polymeric unit of calcium polyphosphate chains.

CPP matrices in general have been shown to be good bone biomaterials and
feasible drug delivery platforms.252,288 In this methodology, CPP matrices can be loaded
with antibiotics and used to fill bone defects, in order to prevent infection while the bone
grows. However, the development of new antibiotic formulations, such as those
containing Ag NPs, are of interest due to their ability to overcome bacterial resistance.
Therefore, employing a previously used methodology for other antibiotics, the asprepared AgAu NPs could be formulated into CPP matrices in order to assess their Ag
release in an in vitro bone defect model as a proof of concept.252 Preliminary results on
this concept demonstrated that Ag and Au were released with approximately the same
profile, and exhibited cumulative release that was dependent on the original concentration
of the Ag and Au in the NPs. In addition, the Ca and P concentrations in the media
deviated negligibly between the NP groups and the blanks. Future work should include
XAS characterization of the NPs within the CPP discs which could provide information
complementary to the results discussed in Chapter 5. Furthermore, the antibacterial (or
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cytotoxic) activity of the NP loaded CPP discs could be conducted using a similar elution
apparatus in situ, wherein the discs are suspended in bacteria solutions and their activity
over time is subsequently measured.
7.2.6 Applications of Ag-coated Au NPs
The surface structure study of Ag-coated Au NPs may yield further insights into
the stability mechanisms of other anisotropic NP systems, but also holds interesting
implications for both their catalytic and biomedical applications. For example, the
alloying of Pt to Au has been shown to increase in the efficiency of oxygen-reduction
catalysts.290 Combined with increased catalytic efficiency from higher-indexed
facets,268,291 the NPs studied herein may have great potential as catalyst materials, and are
worth examining in future work. In addition, the precise location of the Ag on the high
energy surface facets of the NPs may also affect antibacterial activity. Since the NPs were
also composed primarily of Au, their cytotoxicity towards mammalian cells would also be
of interest.
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Figure B3. R-space refinement for the {111} NPs. The R-space spectra were refined
with Ag-Cl, Ag-Au, and Ag-Ag paths (shown individually for clarity) and contribute
to the overall refinement (red) of the experimental data (black circles). The
refinement residual is also given which shows the good agreement between the
refinement range of 1.7-3.3 Å.
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Figure B4. R-space refinement for the {110} NPs. The R-space spectra were refined
with Ag-Cl, Ag-Au, and Ag-Ag paths (shown individually for clarity) and contribute
to the overall refinement (red) of the experimental data (black circles). The
refinement residual is also given which shows the good agreement between the
refinement range of 1.7-3.3 Å.
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Figure B5. R-space refinement for the {310} NPs. The R-space spectra were refined
with Ag-Cl, Ag-Au, and Ag-Ag paths (shown individually for clarity) and contribute
to the overall refinement (red) of the experimental data (black circles). The
refinement residual is also given which shows the good agreement between the
refinement range of 1.7-3.3 Å.















)7 Ȥ N N

5 c


Figure B6. R-space refinement for the {720} NPs. The R-space spectra were refined
with Ag-Cl, Ag-Au, and Ag-Ag paths (shown individually for clarity) and contribute
to the overall refinement (red) of the experimental data (black circles). The
refinement residual is also given which shows the good agreement between the
refinement range of 1.7-3.3 Å.





















Table B1. Ag K-edge EXAFS refinement results. The uncertainties of the refinement
values are given by the numbers in parentheses.
Sample
{111}

{110}

{310}

{720}

2

ΔE (eV)

2.663(24)

σ (Å2)
0.011(9)

7.1(14)

2.991(30)

0.021(9)

-1(1)

Ag-Ag

3.4(3)

2.878(6)

0.009(1)

-1(1)

Ag-Cl

1.8(4)

2.624(8)

0.009(3)

-7(1)

Ag-Au

6.8(7)

2.870(4)

0.007(1)

-7(1)

Ag-Ag

0.8(1)

2.790(10)

0.007(1)

-7(1)

Ag-Cl

1.2(2)

2.611(9)

0.006(2)

-6(1)

Ag-Au

4.9(8)

2.880(8)

0.004(1)

-6(1)

Ag-Ag

0.6(1)

2.887(30)

0.004(1)

-6(1)

Ag-Cl

1.5(4)

2.587(10)

0.007(3)

-6(1)

Ag-Au

5.7(9)

2.863(10)

0.006(1)

-6(1)

Ag-Ag

0.6(1)

2.842(50)

0.006(1)

-6(1)

Bond

CN

R (Å)

Ag-Cl

0.4(2)

Ag-Au
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Table B2. DFT versus EXAFS CN results. The DFT CNs for each coverage are
shown (background darkened to distinguish DFT results), while the proposed
surface models based on the experimental results are highlighted in red. The
uncertainties of the refinement values are given by the numbers in parentheses.
Surface

Bond

EXAFS CN

0 ML

0.25 ML

0.5 ML

0.75 ML

1.0 ML

{111}
Non-UPD

Ag-Cl
Ag-Au
Ag-Ag

0.4(2)
7.1(14)
3.4(3)

4
3.25

0.3
4
3.6

0.75
4
4

1.1
4
4

2
4
4

{110}
UPD

Ag-Cl
Ag-Au
Ag-Ag

1.8(4)
6.8(7)
0.8(1)

5
2

0.5
5
2

1
5
2

2
5
2

2.5
5
2

{310}
UPD

Ag-Cl
Ag-Au
Ag-Ag

1.2(2)
4.9(8)
0.6(1)

5
2

0.75
5
2

1.5
5
2

2
5
2

3
5
2

{720}
UPD

Ag-Cl
Ag-Au
Ag-Ag

1.5(4)
5.7(9)
0.6(1)

4.8
3.0

0.6
4.8
2.2

1.4
4.8
2.2

2.5
4.8
2.2

3.2
4.8
2.2
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Figure B16. Experimental Ag L3-edge XANES. The experimental XANES of the NPs
(black circles) were fit with a smooth line (in blue) in order to show overall feature
similarities (black dashed lines). The large difference between the Ag foil and Ag+
can be seen by the overlaid spectra in the inset figure. The NPs exhibit a slightly
lower intensity of the first feature which as expected for nanosized and alloyed
materials. Overall, their similarity to the Ag foil features and their peak intensities
confirm their metallic state.
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Figure B17. Simulated {111} Ag K-edge XANES spectra for all Cl- coverages. The
XANES spectrum for each unique Ag site (represented by different colours) in each
coverage model (0, 0.25, 0.50, 0.75, and 1.0 ML Cl-) was simulated by FEFF using the
atomic coordinates obtained by DFT.
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Figure B18. Simulated {110} Ag K-edge XANES spectra for all Cl- coverages. The
XANES spectrum for each unique Ag site (represented by different colours) in each
coverage model (0, 0.25, 0.50, 0.75, and 1.0 ML Cl-) was simulated by FEFF using the
atomic coordinates obtained by DFT.
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Figure B19. Simulated {310} Ag K-edge XANES spectra for all Cl- coverages.The
XANES spectrum for each unique Ag site (represented by different colours) in each
coverage model (0, 0.25, 0.50, 0.75, and 1.0 ML Cl-) was simulated by FEFF using the
atomic coordinates obtained by DFT.
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Figure B20. Simulated {720} Ag K-edge XANES spectra for all Cl- coverages. The
XANES spectrum for each unique Ag site (represented by different colours) in each
coverage model (0, 0.25, 0.50, 0.75, and 1.0 ML Cl-) was simulated by FEFF using the
atomic coordinates obtained by DFT.
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