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ABSTRACT 

 The development of catalysts for industrial use can take advantage of the design of clusters 

with a more abundant and relatively less expensive metal (i.e. silver (Ag)) rather than gold (Au)). 

Atom-precise Ag25(SR)18
- clusters are attractive as they have a similar structure to the Au analogue, 

Au25(SR)18
-, which has been well studied in the literature. This thesis documents the rational 

synthesis and structural characterization of Ag monometallic and silver-palladium (AgPd) 

bimetallic clusters for use as selective oxidation and hydrogenation catalysts. Clusters were 

synthesized and purified via solution-based synthetic strategies, followed by deposition of the 

clusters onto carbon supports. Atom-precise Ag25(SPhMe2)18
- clusters on carbon supports were 

activated at a mild temperature of 250 °C without the formation of Ag2O or Ag2S, albeit with a 

slight growth in cluster size. A sequential deposition (SD) strategy towards the rational synthesis 

of supported-bimetallic clusters catalysts based on atom-precise monometallic Ag cluster 

precursors was investigated and contrasted with a direct synthesis approach. The SD approach 

resulted in AgPd bimetallic catalysts with cluster-in-cluster atomic arrangements and could 

incorporate variable amounts of dopant Pd atoms. In contrast, the direct synthesis approach 

predominantly formed atom-precise Ag24Pd1(SPhMe2)18
2- bimetallic clusters with the single Pd 

dopant occupying a non-central position in the clusters. These bimetallic clusters were used as 

model catalysts to reveal the correlation between catalyst performance and their structures. The 

isolation of active Pd sites suppressed the over-hydrogenation of alkynols to alkanols by Pd 

catalysts and the AgPd bimetallic catalysts prepared by both methods were selective for 

intermediate hydrogenation products. Electron microscopy and X-ray spectroscopy were found to 

be good characterization tools to elucidate structures of the synthesized Ag-based clusters before 

and after activation for catalysis. Pair distribution function (PDF) analyses based on total scattering 

data also allowed insight into the structural changes that occur during the thermal activation 

process. Furthermore, differential PDF analysis clearly shows the structural transformation of 

atom-precise Ag and Au clusters to nanoparticles with bulk fcc-like structures at intermediate 

temperatures, while the Ag system behaves significantly differently than the analogous Au system 

at high temperatures.  
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Chapter 1 

General Introduction 

1.1 Metal Clusters for Nanocatalysis  

Noble metal particles with sizes in nanoscale generally exhibit excellent catalytic activity 

because of their enhanced surface-to-volume ratio which gives more active sites, as well as 

modified surface geometric and electronic properties compared in bulk materials.1,2 By tailoring 

the size as well as the morphology, robust nanocatalysts with excellent catalytic activity and 

selectivity can be achieved.2 Metal clusters, often referred to as nanoclusters, are a sub-class of 

metal nanoparticles (NPs) that exhibit molecule-like properties and typically have a metal core 

size of ≤ 3 nm.3,4 Clusters have fewer numbers of atoms and unique packing structures that have 

many low-coordination atoms at the surface compared to NPs and bulk materials.5 Unlike NPs that 

exhibit quasi-continuous electronic states, clusters show size dependent discrete electronic 

transitions.6-8 The molecule-like features of clusters further account for some fascinating physical 

and chemical properties that have made them excellent functional materials in sensor designs, 

biomedicine, drug delivery, energy conversion and catalyst development.9-12 Furthermore, the 

development of bimetallic clusters can enable the integration of the physicochemical properties of 

two constituent metal species and allow for tailoring of the catalytic properties by manipulating 

the structure, size, and composition of bimetallic clusters at the atomic level.13,14 Non-uniformity 

in the particle size distribution and composition that results from the traditional wetness 

impregnation method for the synthesis of supported-nanoparticle heterogeneous catalysts 

encourages the design of nanocatalysts with atom-precise compositions and structures. The use of 

atom-precise clusters as model catalysts can enable correlations between the intrinsic properties of 

the individual nanocatalysts and their overall catalytic performance.15 However, this assumes that 

the resulting atom-precise clusters can be activated for catalysis with no change in their underlying 

structure, which can be challenging. 
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1.2 Atom-Precise, Thiolate-Protected Au and Ag Metal Clusters  

Atom-precise, ligand-protected metal clusters, especially those comprised of Au and Ag 

atoms, have received significant research attention owing to developments in synthetic strategies 

and high stability of specific cluster compositions, which in turn has supported their wide 

applications in catalysis.16 Atom-precise metal clusters can be prepared by solution chemistry 

methods in polar and non-polar reaction environments. The available synthesis approaches in the 

literature typically adopt modified Brust-Schiffrin methods which generally entail reduction of 

metal precursors by a reducing agent in the presence of protecting ligands.4,17 Among other factors, 

the type of ligand influences reaction conditions for the successful synthesis of ligand-protected 

metal clusters.18-21 Unprotected clusters are thermodynamically unstable and chemically reactive 

due to their ultrasmall size and stabilization of their structures can be achieved with protection by 

ligands such as thiolates, selenolates, tellurolates, phosphenes, carbenes, dendrimers, proteins, and 

DNA.21-25 The choice of ligand strongly influences the properties, including the stability and 

catalytic performance, of the protected metal clusters.22,23,26 Notably, thiolate-protected clusters 

are widely studied due to strong sulfur-metal interactions that enable good stability of the clusters 

in solution, facile synthesis, and controlled cluster composition as well as functionalization of 

stable clusters.21,27,28 

Atom-precise thiolate-protected metal clusters are commonly designated as Mn(SR)m, 

where M is the metal (e.g. Au, Ag, etc.), n is the number of metal atoms, and m is the number of 

protecting thiolate ligands (-SR) in the cluster composition. Atom-precise Au clusters were first 

synthesized and characterized and have been extensively studied, while Ag and other metal cluster 

systems have received more research attention in the last five years. Many reports on the synthesis, 

characterization, and applications of atom-precise thiolate ligand protected Au clusters such as 

Au144(SR)60, Au102(SR)44, Au38(SR)24, Au25(SR)18, Ag25(SR)18, and Ag44(SR)30 can be found in 

literature.29-34 The structures of many of these clusters have been determined by X-ray 

crystallography, and typically clusters have core-shell morphologies, wherein the metal core has a 

certain geometrical structure that gives unique physicochemical properties to the whole cluster, 

and the shell consists of metal-thiolate complexes (or “staples”) that offer protection to the core 

structure.16,29-32 Xie and co-workers emphasized that the presence of protecting thiolate ligands on 

metal clusters enables both atomic precision and well-defined structures and influences the 
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physicochemical and catalytic properties of Au clusters of different cluster sizes.21 Au25(SR)18
- 

clusters remain the most researched atom-precise metal cluster family owing to its early discovery, 

facile preparation, great stability, and ease of functionalization.34 In fact, the high stability against 

degradation in solution and etching reactions by thiols has enabled extensive study of thiolate-

protected Au25 clusters.34,35 Using thiolate-protected Au25 clusters as the starting material, many 

non-thiolate ligand-protected Au25 clusters have been prepared via a ligand-exchange approach. 

For example, Meng et al. prepared selenophenolate-protected Au25 clusters from 

phenylethanethiolate-protected Au25 clusters via a complete thiolate to selenolate ligand exchange, 

as established by results from MALDI-MS, UV-Vis absorption spectroscopy, TGA, and 1H and 

13C-NMR analyses.36 Improved purification of clusters has been achieved with different forms of 

chromatographic separation techniques. Pradeep and co-workers purified a variety of Au clusters 

using normal-phase thin-layer chromatography by taking advantage of differences in polarity and 

the affinity of different clusters towards a stationary phase.37 Niihori et al. reported reversed-phase 

high-performance liquid chromatography (RP-HPLC) as an efficient separation method for 

different sizes of clusters with water-soluble ligands.38 Notably, non-chromatographic methods 

like polyacrylamide gel electrophoresis (PAGE) have also been used to successfully separate 

clusters of different sizes.39,40 Our group also reported a purification strategy that involves 

deprotonation and re-protonation of the mercaptoundecanoic acid-protected Au25 clusters for the 

isolation of clusters.41 

Unlike Au cluster systems, the design and development of Ag clusters are still limited, 

possibly due to greater susceptibility of Ag to oxidation. However, Ag cluster systems are gaining 

interest given the higher relative abundance and lower cost of Ag compared to Au. For example, 

Ag44(SR)30
4- clusters with different water-soluble thiolate ligands have been prepared,31,42,43 and 

Ag44(SR)30
4- clusters with 5-mercapto-2-nitrobenzoic acid ligands have been shown to be highly 

stable in aqueous solution for at least 9 months under ambient conditions as shown by the 

preservation of UV-Vis optical features.43 Desireddy et al. reported a simple synthetic procedure 

for achieving nearly quantitative yields of pure and ultrastable Ag44 clusters with p-

mercaptobenzoic acid (p-MBA), and found that the Ag44(p-MBA)30
4- clusters are more stable than 

Au clusters of the same size and structure.31 The synthesis method involves solubilization of a 

Ag(I)-p-MBA precursor by adjusting the solution pH with CsOH, followed by reduction with 

aqueous NaBH4 in the presence of a coordinating solvent.31 Later, Bakr and co-workers reported 
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the successful synthesis of 2,4-dimethylbenzenethiolate-protected Ag25(SR)18
- clusters that have 

similar (but not identical) atomic arrangements and ligand counts to well-studied Au25(SR)18
- 

clusters.32 Their synthesis involves the reduction of a Ag(I)-thiolate complex using NaBH4 as 

reducing agent in a CH3OH/CH2Cl2 mixture in the presence of Ph4PBr in an ice-bath. It was noted 

that the stability of Ag25 clusters relies on the nature of the protecting ligands, the coordinating 

solvent and temperature, and therefore, these parameters are needed to be strategically optimized 

to achieve Ag25 clusters of comparable stability to Au25 clusters.28,32 Recently, Xie and co-workers 

reported the successful synthesis of water-soluble Ag25 clusters using 6-mercaptohexanoic acid as 

a ligand,44,45 using a NaOH-mediated NaBH4-reduction method.46 The group also noted that the 

ligand structure can control the size and structure of thiolate-protected Ag clusters in aqueous 

solution.44 In similar synthesis conditions, a bulky thiol-containing tri-peptide ligand (i.e. 

glutathione (GSH)) gave Ag9-15(SR)5-10 clusters, a medium-sized aromatic-thiol (p-

mercaptobenzoic acid (p-MBA)) afforded Ag44(SR)30 clusters, while a smaller alkane-thiol (6-

mercaptohexanoic acid (MHA) led to the formation of Ag25(SR)18 clusters. Other thiolate ligands 

like 5-mercapto-2-nitobenzoic acid, 4-fluorothiophenol, 3-fluorothiophenol, 2-fluorothiophenol, 

(2-mercapto-5-methylphenyl) methanol, and 4-methylbenzene-1,2-dithiol have been reported for 

the synthesis of Ag44(SR)30
4- clusters.43,47 However, only 2,4-dimethylbenzenethiol, 3-

mercaptopropionic acid, 4-mercaptobutyric acid, and 6-mercaptohexanoic acid ligands have been 

used to prepare atom-precise Ag25 clusters.32,44  Generally, the cluster community has witnessed 

significant progress in the development and total-structure determination of atom-precise, thiolate-

protected noble metal clusters in the last decade. Advances in the syntheses include improvements 

in purification and isolation of these clusters with relatively high yields as well more detailed 

characterization to reveal their unique properties.  

1.2.1 Structural Description of Atom-Precise, Thiolate-Protected Au and Ag Metal 

Clusters 

Atom-precise, thiolate-protected Au25(SR)18
- clusters have core-shell structures as revealed 

by single crystal X-ray diffraction (SC-XRD) analysis. The X-ray crystal structure of Au25(SR)18
- 

clusters shows the presence of an icosahedral Au13 core where 12 of the 20 Au3 facets anchor six 

dimeric Au2(SR)3 staple-like motifs that also cap the Au13 core.29,48 Challenges in both making and 

crystallizing monodisperse clusters limits a comprehensive study of the relative X-ray crystal 
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structures of ligand protected clusters as one moves from Au to Ag clusters.24,49 However, there 

are reports on the total structure determination of both Ag25(SR)18
- and Ag44(SR)30

4- clusters, which 

are shown in Figure 1.1. The Ag25(SR)18
- clusters are the Ag analogue of well-studied Au25(SR)18

- 

clusters; both Au25(SR)18
- and Ag25(SR)18

- have comparable atomic arrangements, charges, core 

structures, and ligand counts, and their optical absorption spectra have some common features.32 

Both have M13 icosahedral cores (M = Au or Ag) having 12 vertices, 20 triangular faces, and 30 

edges but a more careful comparison of their crystal structures shows that there are differences in 

the arrangement of metal atoms around the cluster core. In contrast to the situation in Au25(SR)18
- 

clusters, where all the twelve non-icosahedral “staple” Au atoms occupy the center of the triangular 

face centers of the Au13 icosahedral core, the Ag25(SR)18
- structure has three of the non-icosahedral 

Ag atoms lying away from the triangular face centers, while the remaining nine non-icosahedral 

Ag atoms are lying on the triangular face centers of the Ag13 icosahedral core.32 This kind of atomic 

arrangement enables Ag to be in the proximity of anchoring thiolates of different v-shaped -S-Ag-

S-Ag-S- staple motifs in the Ag25(SR)18
- clusters and thus facilitates weak intermotif interactions 

which are absent in Au25(SR)18
- clusters. Furthermore, the crystal structure of Ag25(SR)18

- clusters 

shows four larger voids that allow possible solvent coordination to give better stability to the 

clusters, depending on the choice of the coordinating solvent.28,32 Unlike the Ag25(SR)18
- clusters, 

a single-crystal analysis of Ag44(SR)30
4- clusters showed that each cluster has a Keplerate (a two-

shell structure with one shell inside the other) Ag12@Ag20 core whose surface is protected by six 

Ag2(SR)5 units. The first shell of the core is a hollow Ag12 icosahedral cage whose faces are fully 

capped by twenty Ag atoms to form a concentric icosahedral and dodecahedral Ag core. The 

Keplerate cage of Ag12@Ag20 is surrounded by six Ag2(SR)5 staple units. Through Ag-SR 

interactions, each Ag2(SR)5 unit is connected to an edge of the Ag20 pentagonal dodecahedron and 

the Ag20 sub-shell offers extra stabilization to the hollow Ag12 icosahedral core.31 The difference 

in the atomic arrangement in the structures of Ag clusters is reflected in their optical properties as 

each of them shows distinct absorption fingerprint in the visible region of light, which is discussed 

in more detail below. 
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Figure 1.1. The single-crystal structures of (a) Ag25(SR)18
- and (b) Ag44(SR)30

4- clusters; Ag: 

Orange, S: Blue. Only the S atoms of thiolate ligands are shown and charge balancing cations are 

omitted for clarity. Reprinted from ref. 16 with permission from the Royal Society of Chemistry. 

1.2.2 Optical Features of Atom-Precise Ag Clusters versus Ag Nanoparticles 

The surface plasmon resonance is observed in metal NPs owing to the collective oscillation 

of electrons in their incompletely filled band,50 and the size, shape and dielectric constant of the 

metal nanoparticle and its environment determine the resonance condition.51 Unlike Ag 

nanoparticles that exhibit quasi-continuous electronic states, atom-precise Ag clusters have 

discrete energy levels that lead to the clusters having unique molecule-like absorption behavior in 

the visible region of light.31,32,52 Specific clusters can show multiple features across the entire 

visible range in their optical absorption spectra that are defined by their core structures. The total 

structure determination analysis shows that, in addition to the difference in the atom compositions, 

Ag25(SR)18
- clusters have a non-hollow metal core while Ag44(SR)30

4- clusters have a hollow metal 

core.53 This difference in core structures is reflected in the optical fingerprints displayed by each 

of these atom-precise Ag clusters as compared to spherical Ag nanoparticles that show a plasmon 

band in the region of ca. 400-420 nm (Figure 1.2). Ag44(SR)30
4- clusters exhibit broad multiband 

optical absorptions with six main peaks at around 374 nm, 411 nm, 483 nm, 535 nm, 641 nm, and 

833 nm, and two shoulder peaks at 590 nm and 689 nm. Yang et al. noted that these absorption 

peaks are the same regardless of the nature of thiolate ligands in the structure, to suggest that there 

is little or no influence of the type of thiolate ligands used on the absorption spectra of Ag44(SR)30
4- 
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clusters.54 In contrast, Ag25(SR)18
- clusters show a typical absorption spectrum with four 

characteristic peaks at 334 nm, 392 nm, 490 nm, and 678 nm, where the broad peak at around 678 

nm is due to the HOMO-LUMO transition from the Ag13 icosahedral core in the Ag25 structure.32 

The distinct optical fingerprints of atom-precise thiolate-protected Ag clusters in the visible region 

of light allow the use of UV-Vis absorption spectroscopy as a facile technique to follow the 

synthesis of Ag clusters in solution. 

 

Figure 1.2. UV-Vis absorption spectra of (a) spherical Ag nanoparticles in H2O, (b) Ag44(SR)30
4- 

clusters in DMF, and (c) Ag25(SR)18
- clusters in DCM. Unpublished work, Kazeem O. Sulaiman. 

1.2.3 Site-Specific Electronic Properties of Ag25(SR)18
- Clusters 

Information about the oxidation states and local environment of constituent metal atoms in 

a specific site of the cluster structure can be crucial for understanding the structure and electronic 

properties of the metal clusters. Like its Au analogue, Ag25(SR)18
- clusters are comprised of a well-

defined thirteen-atom icosahedral core surrounded by a shell containing six Ag2(SR)3
2- staple 

species.29,32 Even though the SC-XRD method cannot typically directly afford information about 

electronic properties of metal clusters,55 information from this technique about the atomic 

arrangement is crucial to the description of site-specific electronic properties of Ag25(SR)18
- 

clusters. Figure 1.3 shows the breakdown of the structural model of Ag25(SR)18
- clusters; Chen et 

al. observed about a 0.20 eV positive shift in the XPS spectrum of Ag25(SR)18
- clusters as compared 

to Ag foil,56 and similar positive shifts have been measured for metal nanoparticles and clusters 

which can be attributed to either the metal-ligand charge transfer and/or quantum size effects.57,58 

The multiple-component core-level XPS analysis of Ag25(SR)18
- clusters shows that the center Ag 

atom is mostly metallic with an oxidation state of 0, the surface Ag atoms have a mixture of both 
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non-metallic and metallic natures with oxidation states between 0 and +1, while the Ag atoms at 

the staple sites have a +1 oxidation state.56 As expected, the relative peak area ratio for Ag 

speciation is 1:12:12 for center:surface:staple sites. The tuning of the electronic properties of metal 

clusters is typically achieved via introduction of dopant atom(s) into parent clusters. A single atom 

replacement in the parent cluster structure with a foreign atom often leads to change in electronic 

properties of the parent clusters.28,59,60 For typical Ag25(SR)18
- clusters with a well-defined 

structure, single atom doping can position the dopant atom to one of three sites in the clusters: core 

center, core surface, or staples (Figure 1.3), and the use of element-specific characterization 

techniques, such as a combination of XPS and XAS, is essential for probing the possible location 

of dopants which typically cause modulation of the electronic properties of the parent metal 

clusters. 

 

Figure 1.3. Structural model of Ag25(SR)18
- broken down into the center (red), surface (green), and 

staple sites (blue); the -R parts of thiolate ligand are omitted for clarity. Reprinted with permission 

from ref. 56. Copyright 2021, Wiley-VCH GmbH. 

1.3 Design and Structural Description of Bimetallic Cluster Catalysts  

In the last 12 years, the metal cluster community has witnessed the emergence of bimetallic 

atom-precise clusters which contain two metal species in a cluster.27,28,61-64 The design of 

bimetallic clusters allows the integration of the physicochemical properties of the two constituent 

metal species and tuning of the overall electronic structures by manipulating the structure, size, 

and composition of the bimetallic clusters at the atomic level.13,26,27 Bimetallic atom-precise 

clusters constitute a class of promising functional clusters with rich surface chemistry and unique 

electronic structures that can enable improved catalytic applications. They can also serve as model 
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bimetallic catalysts to allow for a better understanding of structure-property relationships in 

bimetallic systems. Remarkably, bimetallic clusters show significant differences in their structures 

and physicochemical properties when parent clusters are doped with even a single foreign metal 

atom.28,58,63 Several synthesis protocols have been developed and reported for making 

monodisperse atom-precise bimetallic clusters,28,58,60,63 and research efforts are being geared 

towards synthesizing novel and high-quality bimetallic clusters with distinct sizes and structures.27 

Thiolate-protected bimetallic clusters are well studied owing to their facile synthesis, controlled 

cluster composition, rich surface chemistry, as well as strong metal-thiolate interactions that allows 

good stability of the clusters in solution.26-28 Based on the synthetic procedures, the synthesis of 

thiolate-protected bimetallic clusters can be generally classified as either direct syntheses or post-

treatment syntheses. The former entails simultaneous reduction of two metal ions in the presence 

of the protecting ligand while the latter involves two distinct processes, the first involving the 

preparation of a monometallic precursor/intermediate and the second post-treatment of the 

precursor/intermediate with a second metal species.27 

1.3.1 Direct Synthesis Approach to Preparing Bimetallic Clusters 

In the direct synthesis (also sometimes referred to as single-pot co-reduction) method, 

metal precursors of the two metals are reduced simultaneously using a reducing agent in the 

presence of the protecting ligands. This method has been largely reported for the synthesis of three 

most common species of thiolate-protected bimetallic clusters containing 25, 38, and 144 metal 

atoms.58,59,62-64 In this method, the interaction between the different metal atoms, their atomic radii 

and redox potentials, and the ligand affinity of thiolates for each of the metals are crucial factors 

that determine the metal incorporation ratio (i.e. composition) of the bimetallic clusters and the 

location of each metal within the cluster.27 Similar sizes of atomic radii and strong metal-pair 

interactions can help minimize distortions in the cluster structure while similar reduction kinetics 

discourages phase separation of the constituent metals. Several examples of atom-precise singly 

doped clusters, including M1Au24(SR)18 (M = Pd or Pt),58,60,63,65 and M1Ag24(SR)18
2- (M = Pd or 

Pt),28,66 have been prepared via a direct synthesis single-pot method. Notably, bimetallic clusters 

with a mixture of compositions, [Ag25-xAux(SR)18]
- (x = 1-8), were produced in an attempt to make 

Au1Ag24(SR)18
- bimetallic clusters using a co-reduction method.28 Despite their low synthesis yield 

and difficulties in purification, several examples of bimetallic clusters prepared by direct syntheses 
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showing interesting catalytic activities have been reported in the literature.27 Examples of catalytic 

applications of atom-precise bimetallic clusters are discussed in section 1.4 (see below). 

Both the parent clusters (Au25(SR)18 and Ag25(SR)18) and the singly doped clusters (M1Au24 

and M1Ag24) show core-shell structures as earlier described, with the dopant atom occupying either 

a core, surface, or staple position. The formation of doped clusters is commonly confirmed by 

mass spectrometry measurements while SC-XRD and computational methods are often employed 

to give information about the position of the dopant atom in the parent cluster structure. 

Au25(SR)18
- clusters have the largest number of structurally elucidated doped analogues, with the 

single atom dopant occupying the central core position in most cases and elsewhere in a few 

cases.60,63,65-68 For instance, a Cd dopant occupies the surface of the icosahedral core in the 

Au24Cd1(SR)18 cluster while a Hg dopant atom is in the staple position in Au24Hg1(SR)18 clusters.68 

SC-XRD analysis of thiolate-protected M1Ag24 (where M is Pd, Pt, or Au) bimetallic clusters 

suggested that M replaces the central Ag atom in Ag25 clusters.28,66,69 Intuitively, an element-

specific technique will be more suitable to probe the dopant position in Pd1Ag24, as SC-XRD 

cannot typically distinguish elements such as Ag and Pd due to similarity in their atomic numbers. 

Positioning catalytically active dopant atoms in a non-central position in Ag25(SR)18 clusters is 

desirable and this has been observed for its isostructural Au25(SR)18 clusters.68,70 There continues 

to be much research interest in developing synthetic methods for the fabrication of high-yield, 

compositionally and structurally pure bimetallic clusters, especially with the catalytic metal on the 

exterior surface of clusters.  

1.3.2 Post-Synthesis Treatments of Monometallic Clusters to Synthesize Bimetallic 

Clusters 

Several groups have employed indirect methods that involve post-synthesis treatments of 

monometallic parent atom-precise clusters to prepare bimetallic clusters. The most common 

method is referred to as a metal exchange strategy, wherein the metal precursor of the dopant is 

added to the solution of the parent cluster in a controlled manner.67,71 For such metal exchange 

reactions, Murray and co-workers proposed a redox model wherein the metal clusters act as 

reductants toward the metal ions for the reaction between Au25(SR)18
- clusters and metal ions (Ag+, 

Cu2+, and Pb2+).72 Various doped metal clusters with atomic precision have been prepared via both 

galvanic and antigalvanic exchange strategies.28,67,71-74 In a galvanic metal exchange, noble-metal 



11 
 

cations (such as Au+, Pd2+, etc.) are reduced by the less noble parent clusters (e.g. Ag25(SR)18
- host) 

with a favorable redox driving force. In an antigalvanic metal exchange reaction, however, a noble 

parent cluster (e.g. Au25(SCH2CH2Ph)18
- clusters) can reduce less noble metal ions (e.g. Ag ions) 

to form bimetallic clusters (e.g. AgxAu25-x(SCH2CH2Ph)18
-).28,73 Wang et al. noted the presence of 

NaBH4 in the metal exchange reaction between Cu(SR)2 and Au25(SC2H4Ph)18
- allowed the 

successful preparation of CuxAu25-x(SC2H4Ph)18
- bimetallic  clusters.71 Previous work from our 

group employed in situ X-ray Absorption Spectroscopy (XAS) methods to follow the reactions of 

Au25(SC8H9)18
- clusters with Ag+ and Pd2+ ions.75 Results showed that Pd2+ reacts with the staple 

motifs of the Au25(SC8H9)18
- clusters and forms Pd(II) thiolate species, while Ag+ reduces to Ag 

on the cluster core, rather than forming Ag(I) thiolate species.  

Single atom doping of other metals like Au, Pd, Pt, and Ni into parent Ag25 clusters has 

also been successfully realized via metal exchange methods.76-78 Using Ag25(SPhMe2)18
- as a 

template, Bootharaju et al. employed the galvanic metal exchange method to successfully 

synthesize Au1Ag24(SR)18
- bimetallic clusters that could not be prepared via a co-reduction 

method.76 The process involves reduction of Au+ ions (from AuPPh3Cl as a gold precursor salt) to 

Au0 by Ag atoms of the Ag25 cluster, due to the difference in electrochemical potentials of the two 

species. They noted that the choice of metal precursors is very crucial for such a process. In a 

similar galvanic synthesis, Pd1Ag24(SPhMe2)18
2- clusters were prepared using Ag25(SPhMe2)18

- 

clusters as the reducing agent.76,77 In both cases the single dopant atom (Au or Pd) was reported to 

be located at the center of the icosahedron core. Recently, Kim et al. reported the high-yield 

synthesis of centrally doped M1Ag24(SR)18 (M = Ni, Pd, Pt) clusters with the aid of a co-reductant 

(BH4
-) and a counterion (Ph4P

+).78 The authors proposed the dopant deposition followed by host 

dissolution as two mechanistic steps of the metal exchange process that led to the replacement of 

the central Ag atom of the Ag25 clusters with a dopant atom. 

Both core-shell and cluster-in-cluster architectures have been reported for small-sized 

AgPd bimetallic nanoparticles prepared via an indirect synthesis approach that involves sequential 

reduction of a second metal onto the preformed host metal clusters/seeds. Our group reported the 

preparation of AgPd bimetallic nanoparticles through galvanic exchange reactions by varying the 

ratio of Ag nanoparticle seeds and amount of K2PdCl4 in the presence of PVP stabilizer.79 The 

structure of the resulting bimetallic catalysts was best described as a cluster-in-cluster structure as 
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revealed by extended X-ray absorption fine structure (EXAFS) analysis. Mitsudome et al. prepared 

Pd@Ag core@shell nanoparticles via reduction of AgNO3 onto Pd nanoparticle seeds using 

ascorbic acid.80 The Pd@Ag catalyst showed high chemoselectivity towards a wide range of 

alkenes with high Z-selectivity under mild reaction conditions (room temperature and 1 atm H2) 

for the semihydrogenation of a wide range of terminal and internal alkynes containing hydroxyl, 

carboxylic acid, ester, amine, cyano, and halogen groups. 

1.4 Catalysis by Atom-Precise Monometallic and Bimetallic Clusters 

Atom-precise Au25(SR)18 clusters have been evaluated as either catalysts or precursors for 

catalysts for chemical conversions involving oxidation and reduction reactions.81-87 Zhu et al. 

showed that silica-supported Au25(SR)18 clusters were active for styrene oxidation in the presence 

of oxygen to give benzaldehyde as a major product.81 They observed that Au25(SR)18 clusters are 

more active than Au38(SR)24 and Au144(SR)60 clusters on the same silica support under the same 

reaction conditions, which indicated size-dependent activity of atom-precise Au cluster catalysts. 

In another study, glutathione-stabilized Au25 clusters on hydroxyapatite supports were found to be 

active for selective styrene to styrene oxide reactions using tert-butyl hydroperoxide (TBHP) as an 

oxidant.82 Notably, the activated clusters showed 100% conversion and 92% selectivity towards 

styrene oxide using TBHP as an oxidant in toluene at 80 ˚C. The reduction of 4-nitrophenol to 4-

aminophenol using NaBH4 as a reducing agent is another interesting reaction that has been used a 

model reaction for evaluation of metal cluster and nanoparticle catalysts.83-88 Our group and 

several other groups have observed that intact Au clusters are an active catalyst for this particular 

reduction reaction.83-87 In a comparison study of the catalytic activity of thiolate-protected 

Au25(SR)18
- clusters with different chain lengths of ligands (-SC12H25, -SC6H13, and -SC8H9) for 

the 4-nitrophenol reduction to 4-aminophenol reaction, an increase in the rate constant was 

observed with a decrease in chain length to suggest that there are reduced mass transfer issues 

associated with shorter thiolate chain lengths.84  

Compared to monometallic catalysts, bimetallic catalysts often show superior 

physicochemical and catalytic properties due to synergy of properties of the constituent 

metals,27,28,60,67,69 and careful syntheses and purification allow for the fabrication of atom-precise 

to bimetallic clusters with controlled cluster sizes, compositions, and structures. 28,60,63 Single 

foreign metal atom doping of atom-precise metal clusters is attracting great interest, as such subtle 
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atom replacement can afford bimetallic clusters with significantly different physicochemical and 

catalytic properties. Several studies have shown that a single atom doping of Au25(SR)18
- clusters 

leads to both improved cluster stability and enhanced catalytic efficiency. 28,58,60,63,89 For instance, 

Jin and co-workers observed an increase in substrate conversion from 58.9 % to 90.8% for the 

styrene oxidation reaction when Au25(SC2H4Ph)18 clusters were singly doped to form 

Pt1Au24(SC2H4Ph)18 cluster catalysts in which Pt was in the central core position.60 Meanwhile, 

Qian et al. observed similar catalytic activity for intact Pd1Au24(SC2H4Ph)18 and Au25(SC2H4Ph)18 

clusters for the selective hydrogenation of α,β-unsaturated ketones to α,β-unsaturated alcohol, to 

show that the central Pd atom is not the active site of the catalyst, and thus could not significantly 

affect the catalytic properties.90 Conversely, Xie et al. observed no catalytic activity for intact 

Pd1Au24(SC12H25)18/CNT and Au25(SC12H25)18/CNT catalysts, whereas thermally activated 

catalysts were active for benzyl alcohol oxidation reactions and single Pd atom doping 

significantly improved the catalytic performance of activated clusters.89 These different 

observations show that the enhanced catalytic performance by Pd1Au24(SR)18 clusters with a single 

Pd atom at the central position is still an open debate.  

Catalytic studies of atom-precise Ag and Ag-based bimetallic catalysts are presently much 

more scarce in the literature, perhaps due to the later discovery of the monometallic Ag cluster 

system as compared to Au-based clusters. Similar to the Au system, enhancements in stability and 

catalytic performance have been observed for M1Ag24(SR)18
2-

 clusters when compared with 

monometallic Ag25(SR)18
- clusters.28,66,69 Zhu and co-workers studied the effects of strategic 

replacement of central core atoms of atom-precise Ag25 clusters with a single foreign atom (Au, 

Pd, and Pt) on the catalytic properties of the resulting atom-precise bimetallic clusters with the 

protecting thiolate ligands intact.69 The centrally doped bimetallic clusters demonstrated superior 

catalytic performances for the carboxylation reaction of CO2 with terminal alkynes via C-C bond 

formation to give propiolic acid. Significant synergistic enhancements in the catalytic efficiency 

were observed in the order of Au > Pd ~ Pt > Ag for doping atoms. It is noted that the presence of 

Cs2CO3 was necessary to facilitate the adsorption and activation of the terminal C≡C bond of the 

alkyne on the clusters and the possibility of distinct chemical adsorption of CO2 on the clusters 

may account for different reactivities observed for the studied catalysts.69 It is noteworthy that the 

Ag-based bimetallic clusters were used as catalysts without activation, and the presence of ligands 

on the cluster surfaces can influence their catalytic properties. At present, there is no information 
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on the nature of Ag-based bimetallic clusters upon activation as there is possibility of metal 

oxidation, sintering, or phase separation upon activation at high temperatures. Moreover, more 

catalytic evaluations of Ag clusters and singly doped Ag-based bimetallic clusters need to be 

carried out.  

Hydrogenation reactions over heterogeneous metal catalysts is typically described by the 

Langmuir-Hinshelwood mechanism which involves adsorption of two reacting molecules onto 

neighboring sites of the catalyst, followed by a bimolecular reaction of the adsorbed molecules. 91 

For some metal catalysts studied in the literature, stronger adsorption of alkynes than alkenes is 

often a factor in the thermodynamic selectivity towards semi-hydrogenation products.92 Selective 

hydrogenation of alkynes is a chemical conversion of industrial interest.92,93 Metals like Au and 

Ag have low reactivity towards H2 but show high alkene selectivity, albeit with much lower 

activity that other metals.93 Pd catalysts are highly active hydrogenation catalysts but suffer from 

intrinsic poor selectivity for selective alkyne hydrogenations to alkenes. The selectivity of Pd can 

be improved by the addition of nitrogen based additives (such as ammonia, pyridine, and 

quinoline) but this often necessitates additional steps, like separation, which can be costly.94 

Improved selectivity can be also attained when Pd is diluted with other metals (Zn, Cu, Au, Ag, 

etc.) to form bimetallic catalysts.79,80,95-98 This promising strategy involves atomic distribution of 

Pd in the matrix of second metal, and such catalysts are known as single-atom alloys at low Pd 

loadings.66,69,89,90 The atomic composition and method of preparation are important tunable factors 

towards the final catalyst structure which is essential for optimum activity and selectivity of 

bimetallic systems.67,69,98 The presence of protecting ligands on the surface of the metal catalyst 

can also affect the catalytic performance by limiting the accessibility of metal active sites by the 

substrates. Thus, achieving a controlled desorption of ligands without significant compromise of 

structure and composition can enable higher activities and selectivities for bimetallic cluster 

catalysts. It is of great interest to assess both ligand-on and ligand-off Ag24Pd1 cluster catalysts as 

selective hydrogenation catalysts. 

1.4.1 Controlled Desorption of Thiolate Ligands from Atom-Precise Metal Clusters 

While some groups have observed catalytic activity over intact ligand-protected cluster 

catalysts in various chemical reactions, there are cases where partial or complete removal of ligand 

often leads to improved catalytic performance as the substrates have improved access to active 



15 
 

sites on the cluster surface.89,99 For example, Yoskamtorn et al. studied thiolate-protected Au25 

clusters on porous carbon nanosheets as catalysts for benzyl alcohol oxidation and observed no 

catalytic activity for thiolate-protected Au25 clusters whereas the thiolate-free Au25 clusters showed 

efficient conversion which suggests that thiolate ligands acted as a site-blocking agent and thus 

supressed the catalytic activity.99 They noted improved selectivity for benzaldehyde, although with 

reduced activity, for catalysts having residual thiolates on Au25 clusters. For the same benzyl 

alcohol oxidation reaction, the ligand-on Pd1Au24/CNT catalyst showed no activity while the 

ligand-free Pd1Au24/CNT catalyst showed a conversion of 74%.89 The removal of thiolate ligands 

from carbon-supported Au25(SC8H9)18
- clusters via calcination at 250 ˚C under air for 1.5 h led to 

an enhancement in the catalytic activity for the reduction of 4-nitrophenol to 4-aminophenol using 

NaBH4 as a reducing agent, albeit deactivation of the catalyst was noted for catalysts treated at 

higher temperatures due to cluster sintering.100 Similarly, thermal treatment of Ag44(SC6H4F)30
4- 

clusters on mesoporous carbon (MC) supports at 300 °C under vacuum for 2 hrs produced ligand-

free Ag44 clusters, and the resulting Ag44/MC catalyst was active for dehydrogenation of ammonia-

borane in the presence of oxygen.101 The removal of ligands likely enhanced the accessibility of 

reactants to the active sites on the metal surface, whereas at higher temperatures the decrease in 

available catalyst surface area led to lower activities. Our research group recently published a 

comprehensive review of the activation of atom-precise metal clusters for catalysis.16 Therein, we 

described the available methods of activation with examples of their applications and limitations. 

Generally, methods of activation of metal clusters for catalysis include heat treatment (thermal 

calcination) methods, chemical methods with oxidizing agents or reducing agents, and oxidation 

via light irradiation. Thermal activation is the simplest and most widely used method of activating 

clusters for catalysis.16 Slight or significant particle size growth may occur upon deprotection of 

metal clusters due to sintering, particularly at high temperatures.  

Both our group, and others, have shown that EXAFS is a valuable tool for following the 

activation of metal clusters.85,100-102 Figure 1.4 shows the EXAFS spectra of Au25(SR)18
- clusters 

on carbon supports calcined at different temperatures; there is a progressive 

decrease/disappearance of metal-thiol interactions and increase in the intensity of the Au-Au 

interaction as the calcination temperature is increased.100 The data shows that as the metal thiolate 

interactions are completely removed, cluster sintering becomes significant. Besides sintering due 

to agglomeration of metal clusters upon oxidization of metal-thiolate bonds during heat treatments, 
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the fate of oxidized ligands is also of concern. Using S K-edge XANES analysis, Zhang et al. 

reported that the thiolate ligand oxidation products (sulfides, sulfonates, and sulfates) migrate from 

the Au clusters to the oxide support after thermal treatment and noted that the presence of these 

sulfur-containing species could limit the role of redox active supports in catalytic reactions.103 

Conversely, Alkmukhlifi et al. showed that the presence of trace amount of sulfates on inorganic 

support surfaces after the thermal activation of thiolate-stabilized Au nanoparticles at 340 ˚C did 

not affect the activity of resulting catalysts for hydrocarbon oxidation reactions.104 Nevertheless, 

it is crucial to carefully select activation conditions that enable good stability of metal clusters 

upon thiolate removal, i.e. and prevent of particle agglomeration and sintering. In addition, 

oxidized ligands can potentially influence the catalytic performance in some reactions, and thus 

routes to remove these species would be beneficial.  

 

Figure 1.4. Au L3-edge EXAFS spectra in R space of Au25(SR)18 clusters on carbon (no phase 

shift correction). Reprinted with permission from ref. 100. Copyright 2013, American Chemical 

Society.  

1.5 Characterization Techniques 

Generally, the successful synthesis of materials, including metal clusters, is followed with 

detailed structural characterization to enable an understanding of the structure-property 

relationships of the materials. Both UV-Vis absorption spectroscopy and mass spectrometry can 

confirm the formation of both monometallic and bimetallic clusters, but these techniques do not 
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give information about the position of the foreign metal atoms in the structure of bimetallic 

clusters. Knowing the exact location of atoms in a cluster is essential to understanding and tuning 

their properties. Several modern characterization techniques can enable thorough structural 

elucidation of atom-precise clusters. Amongst the available techniques, SC-XRD is the most direct 

method of revealing the structure of clusters.29,32,65,66,105 However, crystalline samples of 

monodisperse clusters are needed for X-ray crystallographic analysis, and it can be difficult to 

obtain high-quality single crystals of metal clusters. Metal clusters are typically immobilized onto 

supports for their use in heterogeneous catalysis, and SC-XRD techniques are not suitable for such 

supported cluster samples.55,105 Many advanced techniques have been developed and subsequently 

explored to capture the structural changes of supported-cluster catalysts. Synchrotron-based X-ray 

methods (both absorption and scattering) can play critical roles in revealing structural information 

about cluster chemistry.105-107 Synchrotron radiation can provide energy-tunable high intensity 

monochromatic X-rays. This can allow analysis of nearly all elements by scanning over specific 

absorption edges of each element. X-ray absorption spectroscopy (XAS) is an element-specific 

technique which can be used to determine the average local structure of absorbing atoms.105,108,109 

For structural characterization of supported metal clusters, both XAS and X-ray total scattering 

measurements, alongside with Transmission Electron Microscopy (TEM) and X-ray Photoelectron 

Spectroscopy (XPS), are used in studies documented in subsequent chapters of this thesis. This 

section briefly describes some essential characterization techniques used in the thesis to monitor 

structural changes to metal clusters, particularly when they are thermally activated for catalysis.  

1.5.1 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is broadly used to measure the size of 

nanomaterials. A TEM instrument uses monochromatic high-energy electrons in a vacuum 

chamber to provide high-resolution, two-dimensional images of a sample. The electron gun 

component of the TEM instrument generates monochromatic electrons that then pass through a 

condenser to produce an electron beam directed at the sample. Depending on the sample density 

and thickness, the beam is scattered or absorbed as it passes through the sample, and the transmitted 

electrons form a two-dimensional negative projection of the sample. This sample projection is then 

magnified by the electron optics to produce a bright field image. Conversely, dark field images 

can also be obtained by reconstructing scattered electron beams on some instruments, which are 
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slightly off angle from the transmitted beam. Typically, high vacuum (≥10-6 Torr) is required 

within the specimen chamber to eliminate the energy loss of electrons due to collisions with 

gaseous atoms. 

In this thesis, bright field TEM images of high magnification and resolution were taken, 

and the imaging of metal clusters enables an evaluation of the average core size of the clusters. It 

is noteworthy that clusters are sometimes unstable with respect to the electron beam and caution 

must be taken in collecting reliable images of these small-sized clusters. The electron beam is a 

type of ionizing radiation, and the protecting ligands on cluster surfaces can be particularly 

susceptible to beam damage.110,111 Good practice involves using a moderate voltage TEM source 

and ensuring that a distinct sample position on the grid does not remain illuminated by the beam 

too long before taking the image. In addition, several images are usually taken for different 

portions of the TEM grid and the average size of clusters in each image are thoroughly sampled to 

determine average cluster sizes and standard deviations.  

1.5.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive technique that is based on the photoelectric effect. Upon 

irradiating a sample surface with an incident X-ray with sufficient energy (hυ), core level electrons 

are excited, and an eventual photoelectron is released with a certain kinetic energy (KE). The 

binding energy is the energy required to move an electron from its ground state orbital to the Fermi 

edge, while the work function is the energy required to move electron from Fermi level to vacuum. 

The kinetic energy of the photoelectron is related to the binding energy (BE) as described by 

Einstein equation (1.1). 

                                           KE= hυ - BE - φ                                                                              (1.1) 

Where h is Planck’s constant, υ is the frequency of exciting radiation, and φ is the work function. 

Common X-ray sources for XPS measurements are Al Kα (1487 eV), Mg Kα (1254 eV), 

and tunable synchrotron radiation. Through an electron lens, the ejected photoelectrons are 

directed to an electron energy analyzer and then get separated based on their kinetic energies, 

before finally hitting the detector. XPS survey spectra (wide scan but low resolution) analysis can 

provide compositional information about various elements, except H and He, on surfaces of a 
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sample. On the other hand, the analysis of high-resolution spectra of each elemental component 

affords direct information on the oxidation state of the components of the sample surface. In XPS 

nomenclature, the peak label (1s, 2p3/2, 3d5/2, etc.) depends on the final state configuration and 

spin-orbit coupling occurs when l > 0. The orientation of the unpaired electron in the orbital after 

photoionization determines the peak label. For instance, 2p3/2 (j = l + s) has a spin-up unpaired 

electron left, while 2p1/2 (j = l - s) has a spin-down unpaired electron after photoionization. Also, 

for a final state with multiple degenerate states, there is a fixed peak area ratio, regardless of the 

sample. 2p peaks have area ratio of 2:1 for 2p3/2 : 2p1/2, while 3d peaks have area ratios of 3:2 for 

3d5/2 : 3d3/2. XPS can enable the identification of atoms of an element in different chemical 

environments and with different oxidation states. In addition, the presence of an electron-

withdrawing adjacent atom in bimetallic clusters can lead to higher binding energies for the metal 

atom of interest.112,113 Element-specific XPS analysis is used throughout the thesis as a valuable 

tool in determining metal speciation in monometallic and bimetallic clusters. 

1.5.3 X-ray Absorption Spectroscopy (XAS) 

X-ray absorption occurs when the energy of an incident X-ray photon has energy that is 

greater than a core binding energy of an electron in a given element, and this causes a sharp rise 

in the absorption coefficient at the absorption edge. XAS measures the energy dependence of the 

X-ray absorption coefficient μ(E) at and above the absorption edge, and can be collected in either 

transmission or fluorescence mode. According to the Beer-Lambert law, the absorption coefficient 

is related to sample thickness (t), the intensity of incident photon (I0) and transmitted photon (It) 

as expressed in Equation 1.2 below. 

                                  𝐼𝑡/𝐼0 = 𝑒−𝜇𝑡                                                                                  (1.2) 

The absorption coefficient (μ) varies with the sample density (ρ), the atomic number (Z), 

the atomic mass (A), and the X-ray energy (E) as expressed in Equation 1.3. 

                               μ = ρZ4/AE3                                                                                     (1.3) 

The X-ray absorption energy corresponds to the binding energy of the electron energy 

levels in the atom. The edges are named according to the principal quantum number core electron 

that is excited, such that when the origin of the excited core electrons are from 1s orbitals (n=1), 
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2s or 2p orbitals (n=2), or 3s/3p/3d orbitals (n=3), we have K-, L-, or M-edge measurements, 

respectively. In this thesis, the K- and L3-edges of elements such as Ag, Pd, and S are analyzed. 

K-edges represent the excitation of electrons from 1s to (n+1)p orbitals and L3 edges represent the 

2p3/2→nd transition.  

A typical XAS spectrum comprises of two regions called the X-ray absorption near edge 

structure (XANES) and the extended X-ray absorption fine structure (EXAFS) regions as shown 

in Figure 1.5(a). The XANES region comprises of a pre-edge, absorption edge, and all the features 

within ~50 eV above the absorption edge. The electronic transition from the core level to 

unoccupied valence states of the absorbing atom gives rise to the white line in the XANES region. 

At the L3-edge, the white line peak intensity is inversely related to the valence d-electron count of 

the absorbing atom, and a positive shift of absorption edge and increasing intensity of the white 

line suggests higher oxidation states of the absorbing atom. On the other hand, the EXAFS region 

consists of all the features in the spectrum from 50 eV to up to 1000 eV above the absorption edge.  

Transitions near the end of the XANES region and early in the EXAFS region are often due to the 

multiple scattering of photoelectrons at low kinetic energy.114 EXAFS is the attenuation of the 

absorption spectra beyond the edge due to backscattering of photoelectrons from neighbouring 

atoms. The EXAFS ꭓ(k) signal contains sum of contributions arising from all the scattering paths, 

as expressed in Equation 1.4. The derivation of this EXAFS equation can be found elsewhere.115,116 

ꭓ(𝑘) =  𝛴𝐽𝑆0
2𝑁𝐽

|𝑓𝐽(𝑘)|

𝐾𝑅𝐽
2  𝑒−2𝑅𝐽∕𝜆(𝑘)𝑒−2𝜎𝐽

2𝑘2
sin (2𝑘𝑅𝐽 + 𝛿𝑐(𝑘) + 𝛿𝐽(𝑘))         (1.4) 

where 𝑆0
2 is the amplitude reduction factor which is due to the relaxation of all other electrons in 

the absorbing atom to the hole in the core level, and it is completely correlated with 𝑁𝐽, the 

coordination number or the degeneracy of a particular scattering path J. The term 𝑓𝐽 represents the 

scattering amplitude, the term 𝑒−2𝑅𝐽∕𝜆(𝑘) is due to the inelastic loss in the scattering process, while 

the mean free path of the ejected photoelectron from the absorber atom is designated by the term 

𝜆(𝑘). The amplitude of the EXAFS waves depends on the coordination number and the 

backscattering power of neighbouring atoms. The frequency of the EXAFS oscillation is inversely 

proportional to the average interatomic distance between the neighboring atoms. Dampening of 

the EXAFS wave is seen at higher k-ranges due to thermal disorder (σ), and the term 𝑒−2𝜎𝐽
2𝑘2
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accounts for the k-dependent dampening of the EXAFS wave. The phase shift due to the central 

atom and the phase shift due to the neighboring atoms are represented by the terms 

𝛿𝑐(𝑘) and 𝛿𝐽(𝑘),  respectively. The interaction of the photoelectron with the positively charged 

nucleus of the absorbing atom and neighboring atoms leads to energy losses and increased 

wavelength of the photoelectron, and thus causes the phase shift. The phase shift is responsible for 

the typically smaller interatomic distances observed in the EXAFS spectrum as compared to the 

theoretical values. The Fourier transformation of the k-space data provides a photoelectron 

scattering profile as a function of the radial distance from the absorber (also known as R-space).  

 

Figure 1.5. (a) Description of XANES and EXAFS regions of a XAS spectrum. (b) Simulated 

EXAFS spectra in R-space correlating peak intensity with coordination number (CN). (c) EXAFS 

spectra in R-space identifying different scattering path. Reprinted, with slight modification, from 

ref. 105. Copyright 2021, American Chemical Society.  

 EXAFS analysis entails calculating the theoretical EXAFS spectrum using a model 

structure and refining structural parameters (𝑁𝐽, delR, σ2, ΔE0) to best match the experimental data. 

The term 𝑁𝐽 gives the number of neighbouring atoms at a distance 𝑅𝐽, while the term delR 

measures the difference between first neighbor distance from the model and fitted distance. The 

term σ2 accounts for both static and thermal disorder in the neighbouring atom position, while the 

term ΔE0, measures the difference between chosen edge and fitted edge, and it is used to align the 

energy scale of the theoretical spectrum to match the measured spectrum. The relative fit of the 

model and experimental data is reported over the fitting range by an R-factor. Modelling involves 

determining all possible scattering paths of photoelectrons from a selected absorbing atom. In this 

thesis, EXAFS data treatments (background subtraction, normalization of EXAFS oscillations, k-

space transformations, and Fourier transform of k-space data into R-space) and EXAFS data 
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modeling were done using the Demeter software package.117 The details of EXAFS fitting 

procedures can be found elsewhere.115,117 In addition to the R-factor to be typically less than 5% 

for a meaningful fit, it is also important to critically evaluate the physical significance of the 

modelled data. For instance, the amplitude reduction factor (𝑆0
2) should typically have a value 

between 0.7 and 1, while the mean square disorder (σ2) must a positive value and most often be 

less than 0.01 (except for high temperature systems). Also, the ΔE0 value must be less than 10 eV, 

as there is no physical reality in shifting the sine wave of the theoretical model by more than a 

period to better match experimental data. The delR value should be small, typically < ±0.05 Å, 

otherwise the wrong theoretical model was likely used. Finally, low correlations, typically less 

than 85%, between the parameters (N and 𝑆0
2, and ΔE0 and R) are required for an acceptable fit. 

EXAFS is a bulk technique and does not require long-range order.108,116 It is suitable for 

different kinds of samples including crystals, amorphous samples, solutions, as well as gas-phase 

samples. EXAFS analysis gives average values over all absorbing atoms in a sample, and thus 

homogeneity of sample composition is essential. Unlike SC-XRD, EXAFS can typically 

distinguish transition metals of similar atomic number due to its element-specific nature. EXAFS 

fitting analysis provides local structure information like coordination numbers (CNs) and 

interatomic bond distances between the absorbing atom and its neighbouring atoms. An atom in 

the bulk of face-centred cubic (fcc) materials such as Ag, Au, Pd, etc. has 12 first shell neighboring 

atoms, while surface atoms of nanoparticles typically have much lower CN values as a certain 

number of neighboring atoms are missing on the surface. A greater number of atoms are exposed 

to the surface as the particle size decreases from the bulk to clusters. The EXAFS peak intensity 

is directly related to the CN value as shown in Figure 1.5(b), and small-sized clusters typically 

have low CNs that correspond to weaker EXAFS peak intensities. An increase in EXAFS peak 

intensity, and thus CN value, occurs when there is growth in the average cluster size, for example, 

due to sintering. The Fourier-transformed EXAFS peaks in R-space relate to the scattering paths 

of the photoelectron waves in different shells, and multi-shell EXAFS fittings can give bond 

distances of different bonding pairs in a sample (Figure 1.5(c)). By extension, more structural 

information can be obtained by conducting multi-element and multi-edge XAS measurements, as 

was done in this thesis. EXAFS is a remarkable tool for monitoring the structural changes in metal 

clusters, and it is best complemented with other experimental techniques like TEM, XPS, and 
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theoretical simulations to achieve detailed insights into the structure-property correlations of metal 

clusters. 

1.5.4 Pair Distribution Function (PDF) 

Pair distribution function (PDF) analysis is a total scattering technique that can provide 

structural information about amorphous materials, disordered crystallites, and nanomaterials as 

atomic periodicity is not required for PDF analysis.118,119 While the long-range order of atoms is 

deduced from the Bragg peaks, the local atomic structure (i.e. short-range order) is obtained from 

the broad and less-defined features arising from underlying diffuse scattering in an X-ray 

diffractogram.118-120 Total scattering is an excellent probe of local structure, but also of 

intermediate length scales which are not accessible by many techniques. For instance, EXAFS 

analysis mainly probes just the first coordination sphere, and possibly the second or third to a lesser 

extent thus giving limited information about the studied materials. PDF analysis can cover much 

longer length scales (>200 Å) and provide unparalleled structural information that may not be 

available from most other techniques.120,121 PDF analysis can be used to learn about the structures 

of clusters and nanoparticles which are too small to produce Bragg peaks, making it a very suitable 

technique for metallic cluster materials.122-124 Quantitatively, atomic PDF analysis describes the 

local structure by measuring/providing the probability of finding two atoms separated by a certain 

distance in a material under investigation. It is a radial distribution G(r) function, and the peaks 

are not sharp delta functions because of the thermal motion of the atoms.108,120,121 The intensity of 

a point in G(r) is proportional to the number of pairs of atoms at that r value weighted by products 

of the scattering powers of the pairs. In contrast to EXAFS, PDF analysis enables non-element 

specific and long order measurements along with quick data collection.108 Nevertheless, both 

EXAFS and PDF analyses are bulk techniques and can complement each other. 

1.5.4.1 Obtaining Experimental PDF: Instrumentation, Sample Preparation, Total 

Scattering Measurements, and PDF Generation  

To obtain a decent spatial resolution for the local structure of the material, the diffraction 

data acquisition must be done at large Q-range (high diffraction angles, Q = 4πsinθ/λ) using high 

energy (very short wavelength) X-ray radiation, with both excellent counting statistics and 

optimum background containment (to give an almost clean and featureless background).118,123 



24 
 

These requirements necessitate exclusive reliance on high-quality X-ray beams that are obtainable 

at synchrotron facilities. The total scattering measurements in this thesis were performed at the 

recently commissioned Brockhouse X-ray Diffraction and Scattering - High Energy Wiggler 

(BXDS-HEW) beamline at the Canadian Light Source (CLS), Saskatoon, Canada. Sample 

preparation involves careful sample packing into a one-end-closed quartz capillary (0.8 mm in 

diameter) and the loaded capillary is positioned between a heating filament along the beam 

direction. Importantly, beam alignment is necessary to ensure that beam hits the sample through 

the capillary only, but not the heating filament and/or temperature probe as these materials can 

contribute significantly to beam scattering. The whole set-up can be monitored closely throughout 

the measurement using in-house cameras installed inside the beamline hutch. While the 

temperature probe reads the actual sample temperature, the temperature of the heating filament is 

controlled remotely outside the beamline hutch. Both the set and measured temperature are in close 

agreement with ca. 3% error at temperature below 200 °C and ca. 1% error at higher temperatures. 

This set-up enables in situ heating of samples while measuring total scattering.  

Figure 1.6 qualitatively describes the steps involved in obtaining experimental PDF data 

from a total scattering pattern acquired for a Ni sample using GSAS-II software.125 The 2D 

scattering pattern is subjected to azimuthal integration to give I(Q) data, which is called intensity 

profile of the 2D scattering pattern. Then, necessary corrections and data normalization are applied 

to ensure I(Q) goes to 1 at high Q. This normalized function is referred to as the structure function, 

S(Q), and it is further processed to give the F(Q) which is a reduced structure function in reciprocal 

space. The Fourier transform of the function F(Q) converts the data from reciprocal space to real 

space giving the G(r) function. The underlying mathematical operations are not trivial and the 

quantitative descriptions of generating PDF data can be found in literature.123 There are several 

excellent software options, both open-sourced and commercial, that can be used for these 

exercises. GSAS-II and PDFgetX3 were employed to process the PDF data reported in this 

thesis.125,126 
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Figure 1.6. Steps in obtaining experimental PDF data from a 2D scattering pattern image of a 

standard nickel sample. Unpublished work, Kazeem O. Sulaiman. 

1.5.4.2 Differential PDF of Supported Metal Clusters 

Analyzing the PDF data of supported metal catalysts can be challenging as it contains 

information about both the support and the supported metal components, and the use of the 

differential PDF (dPDF) concept is commonly adopted to circumvent this challenge.127-129 For 

example, Harrington et al. subtracted the PDF of ferrihydrite from the PDF of ferrihydrite with 

arsenate adsorbed on the surface to reveal the bidentate binuclear binding mechanism in agreement 

with previously reported EXAFS data.127 Similar dPDF analysis was employed to investigate the 

interfacial structure of arsenate oxyanions adsorbed onto gamma-alumina nanoparticles, and the 

results indicated a bidentate binuclear coordination environment to the octahedral Al of γ-alumina 

in agreement with density functional theory (DFT) calculations.128 With respect to heterogeneous 

catalysts, the dPDF approach assumes that PDF data from the support can be accurately subtracted 

from the catalyst PDF data to obtain dPDF data that reflects only the local atomic ordering of the 

supported particles. It is noteworthy that any noticeable changes in the structure of the support 

during active metal deposition and thermal treatment can lead to difficulties in obtaining adequate 

dPDF data for analysis. This represents a major limitation of the differential approach, but it can 
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be overcome by treating the support material under similar conditions, such as thermal treatment 

at the same temperature.129   

1.5.4.3 PDF Data Reduction, Modelling, and Analysis 

There are few reports that have shown the usefulness of PDF analysis in the 

characterization of Au nanoparticles,120-122,131,132 and this thesis extends this technique to the 

characterization of atom-precise M25(SR)18 (M is Ag or Au) clusters. One important variable with 

respect to sample preparation is to have a high loading of metal clusters on a weakly scattering 

support. This leads to significant improvement in the separation of cluster scattering peaks from 

that of the support in the dPDF approach. There are several ways of modelling/analyzing the 

obtained dPDF; visual inspection, small box modelling, R-dependent refinements, 

cluster/nanoparticle modeling/refinement, Reverse Monte Carlo methods, and machine 

learning.133-135 Visual inspection is usual the first step and sometimes it is the only thing required 

to get necessary information from the data. Small box and R-dependent modelling can be done 

using PDFgui software,133 while cluster/nanoparticle modeling can be done with DISCUS 

software.135 The dPDF data in this thesis were modeled and analyzed using both visual inspection 

and small box refinement with PDFgui software. The dPDF data clearly showed the structural 

evolution of metal clusters upon thermal oxidation of protecting thiolate ligands off the metal 

surfaces. 

1.6 Research Objectives 

The major goal of this research work is the structural characterization of atom-precise Ag, 

Au, and AgPd bimetallic clusters for selective heterogeneous catalysis. The main hypotheses of 

this thesis were: (i) that low-temperature activation of thiolate-protected Ag clusters might prevent 

significant sintering and metal oxide/sulfide formation; (ii) that mildly activated Ag clusters on 

carbon support might be good templates for sequential deposition of Pd to synthesize AgPd 

bimetallic clusters; (iii) that dopant Pd atoms can be positioned in surface/staple positions of 

clusters for better accessibility for catalysis by controlling the reduction kinetics of metal-thiolate 

precursors in a direct synthesis method; and (iv) that total scattering measurements with pair 

distribution function analysis might complement XAS measurements in following the structural 

transformations that occur upon thermal activation of such atom-precise metal clusters. These 
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hypotheses were tested with a focus on Ag and Ag-based bimetallic clusters, while Au clusters 

were used as a control in the last experimental chapter.  Specific objectives for each of the 

experimental chapters are described below.  

Atom-precise Au25(SR)18
- clusters have been extensively studied as catalysts and 

precursors for Au-based bimetallic catalysts for various chemical reactions of industrial and 

commercial importance. Thus, there was research interest in the development of similar atom-

precise clusters of catalytically active noble metals other than Au. Considering its lower cost and 

higher relative abundance when compared to Au, Ag is a remarkably good choice but its 

susceptibility to oxidation imposes possible limitations on the development of heterogeneous 

catalysts based on thiolate-protected Ag clusters. In late 2015, the successful synthesis and crystal 

structure of Ag25(SR)18
- clusters was reported. The Ag25(SR)18

- clusters have a similar (but not 

identical) atomic arrangements and ligand counts as Au25(SR)18
- clusters. At that time, there was 

a knowledge gap as to whether Ag25(SR)18
- clusters could be activated and used for catalysis. So, 

the first research objective was to follow the activation of the 2,4-dimethylbenzenethiolate-

protected Ag25 clusters using element specific XAS and other characterization techniques. The 

selective oxidation of styrene to styrene oxide was chosen as a model chemical reaction to assess 

the particle size-dependent activity of the Ag clusters on carbon supports. The results of this study 

are presented in Chapter 2 and titled, ‘Activation of Atom-Precise Silver Clusters on Carbon 

Supports for Styrene Oxidation Reactions’. 

Results documented in Chapter 2 clearly showed that Ag-thiol bonds are selectively 

oxidized from the clusters upon mild heat treatments without formation of Ag2O or Ag2S, and thus 

the activated Ag clusters on carbon supports were hypothesized to be good starting materials for 

the design of Ag-based bimetallic clusters with other metals. Pd was considered as the second 

metal as Ag is a poor hydrogenation catalyst by itself and Pd, while being an excellent 

hydrogenation catalyst, is often unable to selectively reduce alkynes to alkenes. The second 

objective was to employ mildly activated Ag25 clusters on carbon supports as a precursor for 

designing AgPd bimetallic clusters and using these clusters as selective catalysts for hydrogenation 

reactions. By sequential deposition of Pd onto Ag clusters there is no practical limit to the number 

of Pd atoms that can be incorporated into the final AgPd bimetallic clusters. Chapter 3 of this thesis 
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contains the details of this study and is titled, ‘Atom-Precise Ag Clusters as Precursors for 

Bimetallic AgPd Heterogeneous Catalysts’. 

A wide range of bimetallic clusters have been prepared using co-reduction strategies, but 

this strategy is often constrained by purification challenges. Following recent developments in the 

synthesis and purification of atom-precise bimetallic clusters, the co-reduction method was 

reconsidered in a quest to prepare AgPd bimetallic clusters with atom-precision and a limited 

number of dopant metal atoms (Pd) in the matrix of the host metal (Ag) clusters. Previous literature 

reported that a single-atom Pd dopant was found in atom-precise PdAg24(SR)18
2- bimetallic clusters 

prepared by the co-reduction method, and SC-XRD measurements indicated Pd occupied the 

central core position.28,66 Typically, crystallography methods cannot unambiguously distinguish 

transition metals of similar atomic numbers (like Ag and Pd). The third research objective was to 

see what the maximum loading of Pd was in Ag clusters and perform structural characterization 

of atom-precise Ag24Pd1(SR)18
2- bimetallic clusters using element-specific spectroscopic methods 

(XPS and XAS) to determine their actual structures. Mass spectrometry data confirmed that only 

the singly doped Ag24Pd species could be synthesized, and spectroscopy data showed that the Pd 

atoms in such clusters are actually present in a thiolate environment which indicates that the Pd 

occupies the non-central position of atom-precise Ag24Pd1(SR)18
2- bimetallic clusters. The details 

of this work are presented in Chapter 4 and titled, ‘Exploring the Structure of Atom-Precise Silver-

Palladium Bimetallic Clusters Prepared via Improved Single-Pot Co-reduction Synthesis 

Protocol’.  

With the establishment of the Pd loading limit and the position of the Pd dopant in 

Ag24Pd1(SR)18
2- bimetallic clusters, insight into the structure-activity relationships for these atom-

precise Ag24Pd1(SR)18
2- clusters as heterogeneous catalysts was possible. Intuitively, atomically 

isolated Pd atoms on Ag cluster surfaces would be more accessible for catalysis. Earlier work in 

Chapter 3 established that AgPd bimetallic systems were excellent catalysts for the selective 

hydrogenations of alkynes to alkenes, though it was difficult to control the structures of the final 

catalysts. Thus, the singly-doped Ag24Pd1 bimetallic clusters were expected to be improved model 

catalysts for selective alkyne hydrogenation reactions. The fourth research objective was to 

investigate the thermal activation of carbon-supported Ag24Pd1(SR)18
2- bimetallic clusters in 

comparison with carbon-supported Ag25(SR)18
- monometallic clusters and evaluate their 
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performance as heterogeneous catalysts for the selective hydrogenation of alkynols to alkenols. 

The results of this study are documented in Chapter 5 and titled, ‘Atom-Precise Silver-Palladium 

Bimetallic Clusters on Carbon Supports as Selective Hydrogenation Catalysts’. 

Many research groups, including ours, have demonstrated that TEM and XAS are good 

techniques for monitoring particle size growth upon thermal activation of supported metal clusters. 

Unlike TEM, XAS is mostly a bulk technique that can be used to probe both chemical bonding 

and local structure properties of metal clusters both with and without thiolate ligands. However, 

EXAFS modelling often mainly probes the first coordination sphere, and thus giving somewhat 

limited information about the clusters. Pair distribution function (PDF) analysis is a total scattering 

technique that allow long order measurements with quick data collection, and it is suitable for 

probing the structures of metal clusters that are too small to produce Bragg peaks. While others 

have performed PDF analysis to characterize Au nanoparticles, PDF work had yet to be done on 

atom-precise metal clusters which have smaller sizes than nanoparticles. The fifth research 

objective was to assess the potential of differential PDF analyses towards the structural 

characterization of metallic atom-precise Au and Ag clusters upon activation. Interestingly, the Ag 

and Au systems behave very differently upon calcination at higher temperatures. The results of 

this study are reported in Chapter 6 and titled, ‘Taking A Different Road: Following Ag25 and Au25 

Clusters Activation via In Situ Differential Pair Distribution Function Analysis’. 

1.7 Thesis Organization and Scope 

This PhD thesis discusses the synthesis and structural characterization of atom-precise Ag, 

Au, and AgPd bimetallic cluster-based catalysts for selective catalysis. It is divided into seven 

chapters, and Chapters 2 and 4 are adapted from articles published in different journals. Chapters 

3, 5, and 6 are manuscripts to be submitted for publication in the near future. The Chapter 1 gives 

an overview of the literature of the subject of study and highlights the identified knowledge gaps 

that were investigated in the subsequent chapters of the thesis. In Chapter 2, atom-precise  

Ag25(SPhMe2)18
- clusters were prepared and immobilized onto carbon supports, followed by a 

thermal activation study to produce activated clusters on carbon supports without sintering or 

formation of Ag2O or Ag2S. The outcome of this study revealed that atom-precise thiolate-

protected Ag clusters could be carefully activated on carbon supports without significant particle 

growth under mild heat treatment. In Chapter 3, the mildly activated Ag clusters on carbon 
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supports were used as precursors to make AgPd bimetallic clusters via sequential reduction of Pd 

ions onto Ag clusters. It was found out that there was no limit to the amount of Pd that could be 

incorporated, and X-ray absorption spectroscopy analysis revealed cluster-in-cluster atomic 

arrangements in the bimetallic AgPd heterogenous catalysts prepared via sequential reduction 

approach. The Pd sites changed from subsurface to surface with increased Pd loading and these 

structural changes were reflected in the catalytic performance of the clusters as model catalysts for 

selective hydrogenation of alkynol substrates. In Chapter 4, direct synthesis was used to prepare 

AgPd bimetallic clusters with the precise atom composition of  Ag24Pd1(SPhMe2)18
2- as revealed 

by mass spectrometry data. These atom-precise bimetallic clusters species were the only atom-

precise bimetallic system formed which indicated that a limited amount of Pd could be 

incorporated into Ag clusters via the direct synthesis approach. Element-specific structural 

analysis of the Ag24Pd1(SPhMe2)18
2- bimetallic clusters suggested that the single Pd dopant 

occupied the non-central position of clusters. This was followed with the catalytic studies of 

carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic clusters with and without activation for 

selective hydrogenation of alkynol substrates (Chapter 5). In Chapter 6, total scattering 

measurements of the clusters was done in order to gain insight into the activation of atom-precise 

thiolate-protected metal clusters, Au25(SR)18
- and Ag25(SR)18

-, on alumina supports using in situ 

differential pair distribution function analysis. Chapter 7 wraps up this thesis with a summary of 

research outcomes and lessons learned in all these studies, along with proposals for future resarch 

directions with proof of concept studies. 
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Chapter 2 

Activation of Atom-Precise Silver Clusters on Carbon Supports for Styrene 

Oxidation Reactions 

 

In this chapter, the thermal activation of carbon-supported Ag25(SPhMe2)18
- clusters is 

discussed. XAS results showed that Ag-thiol bonds are selectively oxidized from the clusters upon 

mild heat treatment without formation of Ag2O or Ag2S. TEM and EXAFS studies showed particle 

size growth upon activation, and the catalytic studies revealed the particle-size-dependent activity 

of the Ag clusters catalysts for styrene oxidation reactions.  

This chapter is adapted from work published in RSC Adv. 2019, 9, 28019-28027, with 

permission from the Royal Society of Chemistry. I perfomed all the experimental work in this 

article. Some preliminary EXAFS analysis was performed with the assistance of Dr. V. 

Sudheeshkumar. I wrote the complete first draft of the manuscript and this was then edited with 

the guidance of Prof. Robert W.J. Scott prior to its publication. 
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2.1 Introduction 

The use of well-defined clusters for the development of model heterogeneous catalysis is 

a very active research area.1,2  Noble metals with sizes in the nanoscale generally show excellent 

catalytic activity due to their enhanced surface-to-volume ratio which leads to more active sites, 

as well as having modified surface geometric and electronic properties compared to bulk 

materials.3,4 By tailoring the size as well as the morphology and composition, robust nanocatalysts 

with excellent catalytic activity and selectivity can be achieved.4 Atomic-precise thiolate ligand 

protected clusters are widely studied due to strong sulfur-metal interactions that enable good 

stability in solution, facile synthesis, and controlled cluster compositions as well as 

functionalization of stable clusters.5 Owing to possible influence of the capping ligand on the 

activity and/or selectivity of ligand-protected clusters in catalytic reactions, it is desirable to have 

partial or complete ligand removal to enhance contact between the surface metal atoms and 

reactants, and thus allow higher catalytic activity.5,6 This leads to a research challenge in 

preventing or controlling particle aggregation upon removal of ligands from the protected clusters 

at high loading on supports. Metal-support interactions can play a key role in stabilizing naked 

clusters, in addition to other strategies that involve creating physical barriers to minimize or 

prevent particle aggregation.7,8  

Many research groups, including ours, have extensively studied Au25(SR)18
- clusters for 

various catalytic reactions.9-15 X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) techniques are components of X-ray absorption spectroscopy 

(XAS) which are often used in combination to probe chemical bonding and local structure 

properties of metal clusters with thiol ligands.12,16,17 Many research groups have demonstrated that 

XAS is a reliable bulk technique for following particle size growth upon thermal activation of 

supported Au clusters.12,18-20 Jin and co-workers showed that Au-thiolate bonds are stable to 

heating until 125 ºC beyond which the metal clusters become deprotected.21 A number of research 

groups have observed sintering of Au clusters upon thermal activation at temperatures above 250 

ºC for supported clusters, though some supports show strong interaction with clusters which 

mitigate sintering.10,12,22-25 Other activation strategies include chemical approaches, which involve 

the use of oxidizing and reducing agents, as well as light-induced approaches.26-30 Both naked and 

protected Au25 clusters have been reported to be active catalysts for styrene oxidation,10,31 and 
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others have shown size dependent activity of Au clusters, with high selectivity towards styrene 

oxide.10,13 Ag nanoparticles have also shown to be effective catalysts for styrene epoxidation, 

though the use of secondary promoter is a common practice to achieve high selectivity of the 

epoxide product.32,33 Then, selective styrene epoxidation can serve as a good model oxidation 

reaction to assess the activity of atomic-precise Ag cluster catalysts.  

A large number of ligand-protected Ag clusters such as Ag9, Ag10, Ag16, Ag25, Ag29, Ag32 

and Ag44 have been reported in the literature.20,34-38 Ag25(SR)18
- clusters have similar (but not 

identical) atomic arrangements and ligand counts as Au25(SR)18
- clusters. Bakr and co-workers 

reported the successful synthesis and structural elucidation of Ag25(SR)18
- clusters and noted that 

the crystal structure has four voids that can allow solvent coordination to give better stability of 

the clusters.5,39 The predisposition of silver (Ag) to oxidation, in spite of its lower cost and higher 

relative abundance (compared to Au), imposes possible limitations on the development of 

heterogeneous catalysts based on thiolate-protected Ag clusters. Indeed, early work in the field 

suggested that Ag systems might behave significantly differently than analogous Au systems. 

Padmos and Zhang showed by XAS that as-synthesized small thiolate protected Ag nanoparticles 

look to have Ag cores and Ag2S shells, while dialkylsulfide-stabilized Ag nanoparticles have pure 

Ag cores.40 Pradeep and co-workers found that glutathione-stabilized Ag25L18 clusters formed 

Ag2S materials, as evidenced by PXRD, after heating at 80 °C in solution.36 However, later work 

by Tsukuda and co-workers employed XAS techniques to study the behavior of mesoporous 

carbon supported [Ag44(SC6H4F)30]
- clusters upon thermal treatment.20 They observed sulfur-free 

Ag clusters upon calcination at 300 °C, which were used as catalysts for the catalytic 

dehydrogenation of ammonia-borane. At the current time, it is not clear whether such discrepancies 

in results are due to ligand differences or due to improved purification protocols of Ag cluster 

materials. This manuscript employs XAS and other techniques to probe the behavior of 2,4-

dimethylbenzenethiolate-protected Ag25 clusters upon thermal activation for heterogeneous 

catalysis. 

In this study, the structural and morphological properties of the purified Ag25(SPhMe2)18
- 

clusters, as catalyst precursors, were evaluated using UV-Vis absorption spectroscopy, thermal 

gravimetric analysis (TGA), and transmission electron microscopy (TEM), followed by 

monitoring the effect of choice of coordinating solvents and storage temperature on the stability 
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of solvent dispersed Ag25(SPhMe2)18
- clusters. Thereafter, Ag25(SPhMe2)18

- clusters were 

supported on carbon supports and activated thermally, followed by examining the carbon 

supported Ag25 clusters using X-ray photoelectron spectroscopy (XPS), TEM, and XAS, and then 

examined for catalytic activity and selectivity for styrene oxidation reactions. Results show that 

Ag-thiol bonds are selectively oxidized from the clusters upon mild heat treatments without 

formation of Ag2O or Ag2S, and that the activated Ag clusters on carbon supports showed particle 

size dependent activity for styrene oxidation reactions.  

2.2 Experimental  

2.2.1 Materials 

All chemicals are commercially available and used as received without any further 

purification. Silver nitrate (AgNO3, ≥99.0%), styrene (ReagentPlus®, 99.9%), tert-butyl 

hydroperoxide (tBuOOH, TBHP, 70% in H2O), high purity acetonitrile (MeCN) and 100% ethanol 

(EtOH) were purchased from Sigma Aldrich. Dichloromethane (CH2Cl2, DCM), methanol 

(MeOH, HPLC grade), sodium borohydride (NaBH4, 98%), tetrahydrofuran (high purity, THF) 

were purchased from Fisher Scientific. 2,4-Dimethylbenzenethiol (HSPhMe2, C8H9SH, 95%) and 

tetraphenylphosphonium bromide (Ph4PBr) were purchased from Alfa Aesar. Dimethylformamide 

(DMF, HPLC grade), dimethylsulfoxide (DMSO, HPLC grade), and activated carbon (Powder, 

CX0657-1) were purchased from EMD. Milli-Q (Millipore, Bedford, MA) deionized water 

(resistivity 18.2 MΩ cm) was used in all experiments.  

2.2.2 Synthesis and Purification of the Alkanethiolate-Protected Ag25 Clusters 

The Ag25(SPhMe2)18
-
 clusters were synthesized using a literature procedure,39 with slight 

modifications. In a typical synthesis, 2.0 mL of MeOH was used to dissolve 0.22 mmol of AgNO3 

in 50 mL flask with 5 min of sonication. Addition of 0.66 mmol of 2,4-dimethylbenzenethiol to 

this solution gave a thick yellow mixture that became dispersed with the addition of 18 mL of 

DCM. This solution was kept in an ice-bath with constant stirring at 600 rpm for 30 min before 

adding a freshly prepared 0.50 mL of methanolic solution containing 0.014 mmol of PPh4Br. 

Afterwards, 0.50 mL of an ice-cold aqueous solution containing 0.40 mmol of NaBH4 was added 

dropwise and the reaction mixture was continuously stirred in an ice-bath for 6 h. Within this 

period, the colour of the solution changed from deep yellow to light yellow and finally to a dark 
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red, which indicates the reduction of the silver (I)-thiolate mixture. The crude solution was aged 

at ~4 oC for 18 h followed by centrifugation (8500 rpm for 30 min) to remove a solid that 

presumably constitutes the excess thiol ligands. The supernatant was then concentrated using a 

rotary evaporator to about 5 mL before adding 20 mL of methanol to precipitate the Ag clusters. 

The precipitate was collected by centrifugation and extracted into 20 mL of DCM. The DCM 

solution of the clusters was again centrifuged (8500 rpm for 60 min) to remove an insoluble yellow 

solid. Then, the deep red colored supernatant was dried under vacuum, and the obtained purified 

and dried [Ph4P][Ag25(SPhMe2)18] clusters were stored in a glass vial under ambient conditions 

for further studies.   

2.2.3 Preparation of Carbon-Supported Ag25(SPhMe2)18
-
 Clusters  

Immobilization of Ag25(SPhMe2)18
- clusters onto carbon supports was done via the wetness 

impregnation method, to give a final metal loading of ca. 4 wt%. Typically, ca. 15.5 mg of Ag25 

clusters was dissolved in 5.0 mL of DCM followed by adding 200 mg of activated carbon and 

stirring for 24 h. Afterwards, the carbon-supported Ag25(SPhMe2)18
- clusters (Ag25/carbon) were 

first dried at 110 oC for 2 h in an oven, and then thermally treated at 250 oC, 350 oC, or 450 oC, for 

2 h, at a ramping rate of 10 oC/min under air flow using a Lindberg/Blue M furnace. The as-

prepared and thermally-treated Ag25/carbon samples were analyzed with TEM, XPS, and XAS 

(see below). 

2.2.4 Characterization Techniques 

UV-Vis absorption spectroscopy spectra of the Ag25(SPhMe2)18
- clusters in solutions were 

obtained using a Varian Cary 50 UV-Visible spectrophotometer with an optical path length of 1 

cm. A small amount of the dried Ag25(SPhMe2)18
- clusters was dissolved in 2.0 mL of suitable 

solvent (e.g. DCM) to prepare a sample solution for UV-Vis absorption measurements. Thermal 

gravimetric analyses (TGA) were performed using a TA Instruments TGA Q5000IR, upon which 

samples were heated from 25 to 800 oC under an air flow, with a heating rate of 5 oC/min. 

Transmission electron microscopy (TEM) images were collected using a Hitachi HT7700 and HF 

3300 TEM operated at 100 kV and 300 kV respectively. TEM samples were prepared by drop 

casting Ag25(SPhMe2)18
- cluster solutions onto a carbon coated 300 mesh copper TEM grid 

(Electron Microscopy Sciences, Hatfield, PA) and dried at ambient condition prior to TEM 
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analysis. In the case of thermally activated Ag25 clusters on carbon, each sample was dispersed in 

EtOH, and the dispersion was dropped onto a carbon coated copper grid, followed by drying the 

sample grid at ambient conditions for 2 h prior to TEM analysis. Average particle sizes were 

typically determined by manually measuring 100 particles from images obtained for each sample 

using the ImageJ software program.41  

X-ray photoelectron spectroscopy (XPS) measurements were collected using a Kratos 

(Manchester, UK) AXIS Supra system at the Saskatchewan Structural Sciences Centre (SSSC). 

This system is equipped with a 500 mm Rowland circle monochromated Al K-α (1486.6 eV) 

source and combined hemi-spherical analyzer (HSA) and spherical mirror analyzer (SMA). An 

accelerating voltage of 15 keV, an emission current of 15 mA, and a hybrid spot size of 300 x 700 

microns were used. All survey scan spectra were collected in the -5 to 1200 eV binding energy 

range in 1 eV steps with a pass energy of 160 eV. High resolution scans of three regions were also 

conducted using 0.05 eV steps with a pass energy of 20 eV. All binding energies were calibrated 

to the C 1s of the adventitious carbon at 284.8 eV and spectra were fitted without constraining the 

full width at half maximum (FWHM) using CasaXPS software.42 

The Ag K-edge XAS measurements were conducted at the Hard X-ray MicroAnalysis 

(HXMA) beamline 061D-1 (5-30 keV; resolution 1 x 10-4 ΔE/E) at the Canadian Light Source 

(CLS). Energy selection of the Ag K-edge was done using a Si(220) double-crystal Si 

monochromator, with a Pt-coated water-cooled collimating KB mirror. Ionization chambers were 

filled with nitrogen gas. Samples were mixed with boron nitride and measured in fluorescence 

mode at room temperature using a 32-element detector. The energy of the X-rays was calibrated 

by using Ag foil (25514 eV). The data processing was performed using the IFEFFIT software 

package.43 The X-ray absorption near-edge structure (XANES) spectra were obtained by 

subtracting the atomic absorption background and normalizing the spectra to the edge height. The 

k3-weighted spectra were subjected to a Fourier transform (FT) in R space for the k range of 2.8-

12 Å−1. Ag fcc bulk lattice parameters were used to fit the Ag-foil spectrum, keeping the first shell 

coordination number fixed (CN = 12) at first, in order to determine the amplitude reduction factor 

(S0
2). From this fitting, the amplitude reduction factor determined for the Ag-foil was 0.80 and 

was used for the subsequent sample fits.  

 



51 
 

2.2.5 Catalytic Measurements for Styrene Oxidation Reactions 

The catalytic performances of the as-prepared and activated Ag25/carbon samples were 

evaluated for styrene epoxidation reactions. For each catalyst sample, the catalytic test was conducted 

inside a 100 mL round bottom flask fitted with a reflux condenser. A typical reaction set-up includes 

addition of styrene (920 μL, 8.0 mmol), TBHP (3.3 mL, 24 mmol), MeCN (5.0 mL), and catalyst (20 

mg) into a flask under reflux and stirring (600 rpm) at reaction temperature of 82 °C for 24 h.13 Products 

were then analyzed using a gas chromatograph (7890A, Agilent Technologies) equipped with a HP-5 

column and a flame ionization detector. 

2.3 Results and Discussion 

The formation of a deep-red solution upon addition of sodium borohydride to the Ag(I)-

thiolate complex indicates the reduction of Ag(I) ions and formation of thiolate protected silver 

clusters. Figure 2.1 presents characterization results obtained for purified, unsupported thiolate-

protected metal clusters consisting of precisely 25 silver atoms; Ag25(SPhMe2)18
-. Figure 2.1(a) 

shows the UV-Vis absorption spectrum of purified Ag25(SPhMe2)18
- clusters in DCM with 

characteristic peaks at 334 nm, 392 nm, 490 nm, and 678 nm for nearly monodisperse 

Ag25(SPhMe2)18
- clusters.39 Similar to the case for Au25 clusters, the broad peak at around 678 nm 

is due to the HOMO-LUMO transition due to the Ag13 icosahedral core in the Ag25 structure. 

Figure 2.1(b) shows the previously determined crystal structure of Ag25(SPhMe2)18
-,39 as 

visualized using the VESTA software package,44 to reflect the atomic arrangement and ligand 

counts. There is one silver atom (red) at the center and twelve silver atoms (dark blue) on the 

surface of the icosahedral core. The remaining twelve silver atoms (blue) and eighteen sulfur atoms 

(yellow), from thiolate ligands, constitute atoms in the staple positions. Figure 2.1(c) shows a TEM 

image which shows individual Ag25(SPhMe2)18
- clusters have an average size of 1.0 ± 0.2 nm. This 

measurement slightly less than a value of 1.5 ± 0.3 nm previously reported for Ag25(SR)18,
45 but 

closer in line to the expected size of the Ag core. The slight difference in measured average particle 

size can be due to better size separation, due to extra purification step, in our synthesis procedure, 

as well as moderate voltage imaging at 100 kV on new sample areas to minimize damage to the 

clusters by the electron beam. The TGA result in Figure 2.1(d) shows no weight loss below 150 

oC and a major weight loss centering around 250 oC, which is presumed to be due to removal of 

the protecting thiolate ligands from the Ag25(SPhMe2)18
- clusters upon thermal treatment. The final 
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weight percent of material leftover is approximately 40%, which is slightly lower than the 

theoretically estimated ca. 47% Ag composition of the clusters and counter ions, i.e. 

Ph4P[Ag25(SPhMe2)18].  

 

Figure 2.1. Characteristic features of Ag25(SPhMe2)18
- clusters (a) UV-Vis spectra in DCM, (b) 

atomic arrangement as visualized using VESTA software,44 colour scheme is red for the Ag central 

atom, light blue for Ag surface atoms, dark blue for Ag staple atoms and yellow for sulfur staple 

atoms. (c) TEM image, and (d) TGA plot. 

Table 2.1 summarizes the preservation of UV-Vis absorption spectroscopy fingerprints of 

Ag25(SPhMe2)18
- clusters in four different aprotic polar solvents (THF, DMF, DCM, and DMSO), 

under different storage conditions. Equal concentrations (0.10 mg/mL) of Ag clusters were 

prepared with different solvents and time-dependent UV-Vis absorption studies were conducted 

for clusters stored at room (22-24 °C) and cold (~4 °C) temperatures. The fingerprints of 

Ag25(SPhMe2)18
- clusters in the UV-Vis absorption measurements turn out to be good features for 
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evaluating the stability of clusters in these solvents. The voids in the crystal structure of 

Ag25(SPhMe2)18
- allow coordination with suitable solvents, and thus can be correlated with the 

solution-based stability of the Ag25(SPhMe2)18
- clusters.5,39 The values of dielectric constant of the 

selected solvents correlates with the number of days it takes for the precipitation of the 

Ag25(SPhMe2)18
- clusters, presumably due to loss of coordination of solvent molecules with the 

voids in the crystal structure of Ag25(SPhMe2)18
- clusters. Both the nature of coordinating solvent 

and storage temperature affect the solution-based stability of Ag25(SPhMe2)18
- clusters. 

Importantly, it takes a minimum of 48 h to observe precipitation of Ag25(SPhMe2)18
- clusters in 

any of these solvents at room temperature and thus any choice among these solvents is suitable for 

immobilization of Ag25(SPhMe2)18
- clusters onto carbon supports via wetness impregnation, a 

procedure that was completed under 24 h, in making heterogeneous catalysts. DCM solvent was 

chosen for immobilization procedure as it dries quickly due to its lower boiling point. 

Table 2.1. Stability of dispersed Ag25(SPhMe2)18
- clusters as determined by the preservation of 

optical transitions in UV-Vis absorption measurements 

Solvent property Longevity (in days) at different 

storage temperature 

Solvent Dielectric 

constant (ε) 

22-24 °C 

(ambient) 

~4 °C  

(cold) 

THF 7.58 2 24 

DCM 8.93 4 31 

DMF 36.7 6 120 

DMSO 46.7 10 2* 

*Freezes up after 2 days. 

 

The activation of heterogeneous catalysts derived from colloidal precursors often entails 

partial or complete removal of any protecting ligands to enable access of active sites by 

reactants.21,46-48 While the activation can be achieved by several approaches, thermal calcination 

approaches to activation are quite simple and thus employed in this present study. TEM, XPS, and 

XAS analyses of the Ag25/carbon samples gave insight into the extent of ligand removal and 

particle growth at different activation temperatures. Figure 2.2 shows TEM images of thermally-
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activated Ag25/carbon catalysts. It is noteworthy that imaging clusters on carbon supports was 

somewhat difficult due to the small size and poor contrast between the support and clusters. 

Nevertheless, no appreciable increase in cluster size was noted upon loading the Ag clusters onto 

carbon supports. This suggests that majority of Ag clusters are effectively adsorbed without 

structural compromise. Improved contrast was seen between Ag and the carbon support for 

Ag25/carbon samples calcined at 250 oC and beyond. Average particle sizes were 1.2 ± 0.3 nm, 2.6 

± 0.4 nm, and 2.8 ± 0.6 nm for activated samples at 250, 350, and 450 oC, respectively. This shows 

that very minor growth in the average cluster size is seen for samples calcined at 250 oC, while the 

cluster size grows progressively with higher activation temperatures. Thus, particle growth 

revealed by TEM images may be a consequence of the removal of protecting thiolate ligands upon 

thermal activation of as-prepared Ag25/carbon catalysts. 

 

Figure 2.2. TEM images of thermally activated Ag25/carbon catalyst samples at (a) 250 oC (b) 350 

oC, and (c) 450 oC. 

Figure 2.3 shows the XPS spectra of the constituent elements of the as-prepared 

Ag25/carbon sample; XPS survey maps show the presence of C, Ag, S, and O as the constituent 

elements. The C 1s spectrum was fitted with multiple Gaussian components having peaks with 

binding energies at 284.8 eV, 285.3 eV, and 288.9 eV and these can be attributed to C-C/C-H, C-

O, and C=O species, respectively; the latter species are commonly found on activated carbon 

surfaces.49  Figure 2.3(b) shows the Ag 3d5/2 and Ag 3d3/2 peaks at 368.1 eV and 374.1 eV, 

respectively, which are consistent with silver atoms in the zerovalent state (Ag 3d5/2 = ~368.0 

eV).50,51 Deconvolution of the high resolution spectrum of S 2p spectrum, shown in Figure 2.3(c), 

shows two peaks with spin-orbit splitting of ~1.2 eV indicating the presence of Ag-thiolate species 

(162.2 eV for S 2p3/2 and 163.5 eV for S 2p1/2).
52 The O 1s spectrum shows an asymmetric profile 
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to suggest the presence of more than one kind of oxygen species (Figure 2.3(d)) on the carbon 

surface. The deconvolution of the spectrum gives two peaks centering at ~531.2 and 533.1 eV that 

can be ascribed to C-O and C=O species from the activated carbon surface, respectively, and thus 

the absence of metal oxide species.53 Altogether, XPS results indicate that thiolate ligands remain 

attached to the surface of silver cluster surface and no oxidation of silver atoms occurs in the 

Ag25/carbon sample prepared via wetness impregnation.  

 

Figure 2.3. XPS spectra for the as-prepared Ag25/carbon catalyst; (a) C 1s (b) Ag 3d, (c) S 2p and 

(d) O 1s peaks. 
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Figure 2.4. XPS spectra of Ag 3d peaks for (a) as-prepared, and the calcined Ag25/carbon catalyst 

samples at (b) 250 oC, (c) 350 oC, and (d) 450 oC. 
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Figure 2.4 shows the XPS spectra and fits of the Ag 3d peaks for the calcined Ag25/carbon 

catalyst samples. In the calcined samples, the Ag 3d5/2 and Ag 3d3/2 peaks are at 368.0 eV and 

374.0 eV respectively, which show that silver atoms maintain the zerovalent state after calcination. 

In contrast, analysis of the S 2p spectra of activated samples shows the absence of peaks earlier 

ascribed to Ag-thiolate species (Figure 2.5). Instead, S 2p peaks appears at higher binding energies 

and these peaks can be attributed to the organic disulfide and other oxidized sulfur species like 

sulfonates,54,55 which are byproducts of oxidative dethiolation. Also, there is no indication of 

formation of silver oxide or sulfide from both Ag 3d and O 1s spectra obtained for activated 

samples (Figures 2.4 and 2.5). Also, from the quantification of survey spectra, the amount of sulfur 

species decreases with an increase in activation temperatures. The sulfur species content was 

quantified to be 1.4% in the as-prepared sample, and 0.6%, 0.1% and 0% for activated samples at 

250 oC, 350 oC, and 450 oC, respectively. These XPS results suggest that thiolate ligands leave the 

surface of silver clusters upon thermal activation, which is consistent with the TGA results (Figure 

2.1(d)). Zhang et al. recently reported a similar observation showing migration of protecting 

ligands from the gold metal surface onto an oxide support upon deposition and oxidative 

pretreatment.56 All XPS results suggest Ag clusters remain in the zerovalent state after calcination, 

and that no significant Ag oxidation is occurring upon calcination.  

 

Figure 2.5. XPS spectra for activated Ag25/carbon catalyst at 350 °C; (a) S 2p, and (b) O 1s 

spectra. 
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XAS experiments were carried out to further examine the structural integrity of Ag25 

clusters on carbon supports. While XANES spectroscopy gives information about the oxidation 

state and local environment, EXAFS spectroscopy affords information about the average 

coordination number (CN) around metal atoms and bond distances.57 Figure 2.6 shows the Ag K-

edge spectra obtained for as-prepared and activated Ag25/carbon catalysts, alongside that of Ag 

foil as a reference. The spectra show a strong K-edge feature for Ag at 25514 eV which is attributed 

to the dipole-allowed 1s to 5p transition.58 Figure 2.6(a) shows the XANES spectra of the sample; 

the peak at ca. 25550 eV is absent in the as-prepared clusters and grows in intensity with increased 

activation temperature. A number of groups, including our own, have observed that this multiple 

scattering feature is a good fingerprint for Au cluster growth in analogous Au cluster samples (i.e. 

small clusters do not have such multiple scattering features given their small size).12,17,18 This 

agrees well with previous TEM results from these samples. The as-prepared sample shows distinct 

near edge features to suggest that the neighboring atoms are different for the as-prepared sample 

as compared to activated samples. Comparing the near edge features with those of reference Ag 

foil, it shows that Ag-Ag interactions become more predominant at calcination temperatures above 

250 oC which affirms that cluster sintering becomes problematic beyond 250 oC. This agrees with 

the results from both TGA and XPS, confirming the removal of protecting thiolate ligands upon 

thermal activation of as-prepared Ag25/carbon catalyst. It is noteworthy that the spectra features of 

all the samples show no detectable Ag2O or Ag2S in these samples, in consistent with the XPS 

results (Figures 2.3, 2.4 and 2.5).  

 

Figure 2.6. Ag K-edge (a) XANES and (b) FT-EXAFS spectra obtained for as-prepared and 

activated Ag25/carbon catalysts and Ag foil reference. 
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Figure 2.6(b) shows the Ag K edge EXAFS spectra of the Ag25/carbon samples in R-space. 

EXAFS measurements are sensitive to the bonding environment of the absorbing atom. All 

samples, as well as the reference Ag foil, show major peaks at around 2.72 Å (note the plotted data 

has no phase shift correction) that are characteristic features of first shell Ag-Ag contributions 

(Figure 2.6(b)), while only the as-prepared sample has a Ag-S feature in the 1.85 Å region. The 

crystallographic information of Ag25(SPhMe2)18
- provided in the literature was used to make the 

theoretical model for fitting the experimental data obtained for as-prepared sample using a two-

shell fitting approach.39 A similar approach was reported for EXAFS fittings of Ag44(SR)30
4- 

clusters.20 The fitting parameters such as coordination number (CN), nearest neighbour distance 

(R), Debye Waller factors (σ2), and energy shift (Eo) are presented in Table 2.2, while the k-space 

and R-space plots are shown in Figure 2.7. The bond distance of 2.401(6) Å was obtained for the 

Ag-S contribution from the fit and this value agrees very well with values of 2.382-2.445 Å earlier 

reported for Ag-S bonds in the crystal structure,39 and a value of 2.81(2) Å was obtained for the 

Ag-Ag bond distance in the as-prepared sample. CN values of 1.08(5) and 0.5(1) were obtained 

for Ag-S and Ag-Ag bonds, respectively. We note that the CN value for first shell Ag-Ag 

interactions is low, but this can be due to both the presence of multiple first shell Ag-Ag 

contributions and perhaps low levels of Ag thiolate impurities. Attempts to use multiple Ag-Ag 

first shells in fitting were unsuccessful as the data quality was not sufficient for such a detailed 

analysis.18,59 Nevertheless, the data suggests successful immobilization of Ag25(SPhMe2)18
- 

clusters onto carbon supports without compromising their structural integrity.39 In summary, XPS 

and XAS data of as-prepared Ag25/carbon catalysts suggest that the structural changes in activated 

Ag25/carbon samples can be solely due to calcination which causes removal of protecting ligands 

from Ag25(SPhMe2)18
- clusters.  

Table 2.2. Multi-shell EXAFS fitting parameters for as-prepared Ag25/carbon catalysts. 

Bond type CN R/Å σ2/Å2 Eo shift /eV R-factor 

Ag-S 1.08(5) 2.401(6) 0.00272(2) -4.0(8) 0.0066 

Ag-Ag 0.5(1) 2.81(2) 0.00900(3) -4.0(8) 
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Figure 2.7. EXAFS data in (a) k-space and (b) R-space, for as-prepared Ag25/carbon catalyst. 

In addition to the observable changes in the near edge features in XANES spectra (Figure 

2.6(a)), a single-shell fit approach is employed to analyze the EXAFS data obtained for thermally 

treated Ag25/carbon samples to probe the growth in cluster size with increasing activation 

temperatures. The single-shell fit entails the use of a Ag fcc model and is adopted due to observed 

growth in cluster size and presence of zerovalent Ag as revealed by the other results. Figure 2.8 

shows both k-space and R-space EXAFS spectra at the Ag K-edge for the thermally activated 

Ag25/carbon samples, and the obtained fitting parameters are presented in Table 2.3. The first shell 

Ag-Ag coordination number (CN) increases with an increase in activation temperature; this agrees 

with the increase in the peak intensities of the R-space EXAFS spectra (Figure 2.6(b)). No 

significant Ag-S contributions were found for any of the calcined samples. For samples thermally 

activated at 250 oC, 350 oC, and 450 oC, the first shell Ag-Ag CN values are 3.8(7), 6.1(3), and 

6.3(3), respectively. A CN value of 3.8(7) for the sample activated at 250 oC and 6.1(3) for the 

sample activated at 350 oC suggest significant structural changes occur at higher calcination 

temperatures due to sintering of Ag clusters. There is no significant change in the Debye-Waller 

parameter which indicates that the degree of disorder remains unchanged with increase in 

activation temperature. However, the Ag-Ag bond distance slightly increases with activation 

temperature which is also consistent with an increase in cluster size.20,58,60 Altogether, it can be 

said that the protecting thiolate ligands are completely removed with little compromise in the size 

of Ag25 clusters by thermal activation at 250 oC, whereas higher temperature calcination leads to 

moderate cluster sintering. 
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Figure 2.8. EXAFS data in k-space (a-c) and R-space (d-f) for activated Ag25/carbon catalysts at 

250 °C (a,d), 350 °C (b,e), and 450 °C (c,f) respectively. 
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Table 2.3. Single shell EXAFS fitting parameters for activated Ag25/carbon catalysts. 

Catalyst CN 

(Ag-Ag) 

R/Å 

(Ag-Ag) 

σ2/Å2 

(Ag-Ag) 

Eo shift /eV 

(Ag-Ag) 

R-factor 

@250 oC 3.8(7) 2.826(6) 0.0080(2) -3.7(8) 0.017 

@350 oC 6.1(3) 2.854(5) 0.0090(7) -1.9(5) 0.019 

@450 oC 6.3(3) 2.859(6) 0.0081(8) -0.7(6) 0.019 

 

Estimation of average particle sizes (dmean) directly from EXAFS CNs is reported in the 

literature.61-63 Recently, Wei et al. reported an equation that quantitatively relates the CN from 

EXAFS fittings to average particle size, in angstroms, using Ag nanoparticle sizes obtained by 

analyzing STEM images (for particles ranging from 0.8 to 8.7 nm in size).63 The equation was 

modified to give Equation 2.1 below that can directly estimate the average particle size in 

nanometers (nm). Using the concept of error propagation,64 Equation 2.2 was derived to estimate 

the error in dmean in Equation 2.1. These two equations enable estimation of size distribution using 

CN errors from EXAFS fittings.  

                               𝑑𝑚𝑒𝑎𝑛(𝑛𝑚) =  10((0.1319 ∗𝐶𝑁)−0.5763)                                                        (2.1) 

                              𝜎𝑑 =  |𝑑 ∗ (0.1319 ∗ 𝑙𝑛(10) ∗  𝜎𝐶𝑁)|                                                         (2.2) 

Using the two equations above, the average cluster size was estimated to be 0.84 ± 0.18 

nm, 1.69 ± 0.15 nm, and 1.80 ± 0.16 nm for Ag25/carbon samples activated at 250 °C, 350 °C and 

450 °C respectively. These values are somewhat consistent with the average cluster sizes measured 

from TEM images of 1.2 ± 0.3 nm, 2.6 ± 0.4 nm, and 2.8 ± 0.6 nm, respectively (Figure 2.2), 

though TEM measurements slightly over-represent cluster sizes.64 Determining precise particle 

sizes and distributions when dealing with clusters in the nanometer size range by TEM can be 

difficult in that sub-nanometer clusters may be present that are not easily observed. Thus, as the 

TEM particle sizes for the three activated samples are larger than the mean diameters calculated 

from first-shell CN values, this suggests there may be a population of smaller clusters which are 

difficult to image by TEM in the samples. 
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Selective oxidation of olefins to epoxides is a desirable chemical conversion in the fine 

chemical industry, and the use of heterogeneous Ag-based catalysts has gained attention in recent 

years.65 Specifically, styrene to styrene oxide (StO) conversion is a desirable chemical process in 

industry as StO is a useful chemical in the production of surface coatings and cosmetics.65,66 StO 

is also beneficial to the production of styrene glycol, polyurethanes, and cross-linked polyesters.66 

Both activity and selectivity are important parameters for describing performance of catalysts in a 

given reaction. Table 2.4 presents the results obtained for the catalytic evaluation of Ag25/carbon 

as catalysts in styrene oxidation reactions. Catalytic activity was measured in terms of both 

conversion and an average turnover number (TON), which was determined as moles of converted 

styrene per moles of Ag in the catalyst. No activity was observed in blank reactions (without 

catalyst or carbon support) and about 1% conversion of styrene was recorded when air was used 

as oxidant instead of tert-butyl hydroperoxide (TBHP) in the presence of our catalysts. Significant 

activity was observed with TBHP as an oxidant and thus data obtained for styrene oxidation 

reaction with TBHP were used to compare the performances of studied catalysts. Interestingly, 

carbon supports alone showed about 15% conversion of styrene, on average, under our reaction 

conditions. The results show that Ag25/carbon catalysts display size-dependent activities with StO 

as a major product for all examined catalysts in this study. The range of values obtained for 

selectivity for styrene oxide is in agreement with those reported for Au25 clusters in literature.10,13 

For example, Liu et al. noted that the activated Au clusters on hydroxyapatite supports showed 

100% conversion (TON = 302, t = 12 h) and 92% selectivity towards styrene oxide using TBHP 

as an oxidant in toluene at 80 ˚C.10 The TON of as-prepared catalysts was found to be 1114 and it 

increased to 1325 for catalysts activated at 250 °C. This increase in TON value can be ascribed to 

significant removal of protecting ligands off the catalyst surface which enables better access of the 

active sites by the substrate. The subsequent drop in TON values for catalysts activated at higher 

temperatures is due to particle sintering as indicated by the increase in the CN values in the XAS 

measurements and average particle sizes in the TEM measurements. The small trend obtained for 

product selectivity may be due to particle size effects, as the clusters increase in size at higher 

calcination temperatures.  
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Table 2.4. Catalytic performances of support, as-prepared and activated Ag25/carbon catalysts. 

Catalyst Activity Selectivity 

Conversion (%) TON StO (%) BA (%) 

Carbon support 15.3 - 90.9 9.1 

Ag25/carbon as-prepared 51.6 1114 95.1 4.9 

Ag25/carbon @250 °C 61.4 1325 94.0 6.0 

Ag25/carbon @350 °C 49.9 1078 92.6 7.4 

Ag25/carbon @450 °C 46.6 1006 89.4 10.6 

Reaction conditions: Styrene (8.0 mmol), TBHP (24 mmol), MeCN (5.0 mL), catalyst (20 mg) in a flask 

under reflux, stirring speed (600 rpm), reaction temperature of (82 °C), reaction time (24 h). Ratio of 

substrate to metal is 2157:1. TON = moles of converted styrene / moles of Ag. 

 

It is evident in the literature that TBHP works as a radical initiator, when present in small 

amount, and then allow the reaction to proceed with oxygen as the main oxidant.67,68 Using the 

Ag25/carbon@250 °C catalyst, we performed cycles of oxidation reactions like those reported in 

Table 2.4, but with a small amount of TBHP and for longer reaction times, and the results obtained 

are presented in Table 2.5. The reduction in amount of TBHP from 24 mmol (i.e. 300% of styrene 

amount) to 0.40 mmol (i.e. 5% of styrene amount) leads to decrease in the styrene conversion from 

61.4% to 5.8% for a reaction period of 24 h, and to no conversion in the complete absence of 

TBHP initiator. Whereas, by extending the reaction period to 72 h, a conversion of 23.3% is 

observed with 0.40 mmol TBHP. This indicates that the reaction proceeds much slower when 

smaller amounts of TBHP is used as radical initiator and molecular oxygen in air remains a major 

oxygen atom source for the epoxide formation. Similar observations were reported in separate 

studies for Au and Ag nanoparticle catalysts.68,69 Thus, a radical mechanism for styrene 

epoxidation over mildly activated Ag25/carbon catalysts, in which the thermolysis of t-BuOOH 

(TBHP) occurs on the surface of silver particles to give t-BuOO• and H• radicals, is speculated as 

reported for similar systems.68,70 It is of note that the selectivity towards epoxide formation is 

reduced in the case of 0.40 mmol of TBHP, as compared to the case of 24 mmol of TBHP. The 

decrease in the selectivity is consistent with results in the literature as TBHP itself has been 

identified to be more selective for epoxide formation.69 The spent catalyst was subjected to a 

recycling process that involves washing the spent catalyst with acetone for three times, followed 
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by oven drying at 110 °C for 30 min. Thereafter, the recycled catalyst was used for 2 more cycles 

of reaction, and it was found to be both active and selective for styrene oxide. The significant 

increase in activity after the first cycle of reaction can be due to the removal of organic sulfur 

species adsorbed on the catalyst surface by steps utilized to recycle the catalyst. The catalyst shows 

stability in activity and selectivity after the first cycle of the reaction.  

Table 2.5. Catalytic performances of mildly activated Ag25/carbon@250 °C catalyst with low 

amount of TBHP. 

Entry Activity Selectivity 

Cycle Reaction time Conversion (%) TON StO (%) BA (%) 

First 24 h 5.8 125 60.8 39.2 

Second 24 h 7.2 155 59.8 40.2 

Third 24 h 7.4 160 59.6 40.4 

First 72 h 23.3 502 59.6 40.4 

Second 72 h 46.2 997 61.0 39.0 

Third 72 h 46.7 1007 61.2 38.8 

Reaction conditions: Styrene (8.0 mmol), TBHP (0.40 mmol), MeCN (5.0 mL), catalyst 

(20 mg) in a flask under reflux, stirring speed (600 rpm), reaction temperature of (82 °C). Ratio 

of substrate to metal is 2157:1. TON = moles of converted styrene / moles of Ag. 

 

2.4 Conclusions 

Atom-precise Ag25(SPhMe2)18
- clusters were synthesized and deposited onto carbon 

supports for catalysis. Carbon-supported Ag25 clusters were activated at mild temperatures (250 

oC) without sintering, while growth in particle sizes was observed at higher calcination 

temperatures. Upon thermal activation, the protecting thiolate ligands were detached from the 

surface of Ag25 clusters and the products of dethiolation were adsorbed onto the carbon supports, 

and these sulfur species were further removed at high temperatures. XPS and XAS data both show 

that the resulting activated Ag clusters have metallic character, and Ag2S formation was not 

observed. Both as-prepared and activated Ag25/carbon catalysts showed high selectivity towards 

styrene oxide, with maximum activities and selectivities seen for clusters activated at 250 oC. The 

catalytic performance of the presumed best catalyst was however reduced when a small amount of 
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TBHP was used. Results showed that the reaction progressed much slowly using the greenest 

choice of oxidant, i.e. oxygen in air, as the major oxygen atom source for epoxide formation.  
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Chapter 3 

Atom-Precise Ag Clusters as Precursors for Selective Bimetallic AgPd 

Heterogeneous Catalysts 

In this chapter, an indirect method for preparing AgPd bimetallic clusters is documented. 

Mildly activated Ag clusters on carbon supports were investigated as a precursor for making AgPd 

bimetallic clusters via a sequential reduction approach. EXAFS analysis suggested a cluster-in-

cluster structural arrangement in the carbon-supported bimetallic samples prepared via the 

sequential reduction approach. Within the range of metal composition ratios studied, there was no 

limit to the amount of Pd that could be incorporated to make AgPd bimetallic samples via this 

sequential deposition approach. The catalyst structures and their catalytic performances for 

selective hydrogenation reactions of alkynes were correlated and alkene selectivity decreased with 

increases in Pd loading. 

This chapter is a manuscript that will be submitted for publication in the near future. I wrote 

the complete first draft of the manuscript and this was then edited with the guidance of Prof. Robert 

W.J. Scott. Andrew Bueckert, who was a summer student in our laboratory under my supervision, 

assisted with the testing of catalysts, and Ahmed Abdellah performed the STEM imaging under 

the supervision of Dr. V. Sudheeshkumar and Dr. Drew Higgins at Canadian Centre for Electron 

Microscopy (CCEM), McMaster University, Ontario, Canada. 
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3.1 Introduction 

The synthesis and activation of bimetallic clusters is an active research area towards 

making model heterogeneous catalysts for selective hydrogenation and oxidation reactions.1-3 

Bimetallic clusters can show superior physicochemical and catalytic properties compared to 

monometallic cluster catalysts due to synergistic interactions between the constituent metals.3-6 

Several factors including choice of metals and method of preparation influence the constituent 

atom arrangement; this can contribute to superior catalytic performance of bimetallic systems 

compared to monometallic systems.3,7 Careful synthetic protocols are needed to achieve pure, 

atom-precise bimetallic clusters with controlled cluster size, composition, and structure.3,8 Both 

direct synthesis and post-synthesis treatment strategies are well documented in literature and 

largely used for preparing atom-precise Au- and Ag-based bimetallic catalysts.6,9,10 Direct 

synthesis methods often have both thermodynamic limitations and purification challenges which 

can limit the possible compositions of bimetallic clusters made by such routes.9,11,12 Post-synthesis 

strategies involving the secondary reaction of atom-precise clusters can also afford excellent 

structural and compositional control of clusters, and potentially allow for greater compositional 

flexibility.12,13 The sequential deposition approach reported herein is a post-synthesis strategy 

which entails the use of mildly activated metal clusters on supports as precursors for making 

bimetallic heterogeneous catalysts.14  

The Au25(SR)18 cluster motif remains the most researched atom-precise metal cluster 

system owing to its early discovery, facile preparation, great stability, and ease of 

functionalization.15 Our group and others have developed Au and AuPd cluster catalysts for 

oxidation and hydrogenation reactions, with on-going efforts to achieve stability of these clusters 

against sintering upon activation.8,11,14,16-19 Unlike Au cluster systems, the design and development 

of Ag clusters are still limited due to susceptibility of Ag to oxidation. However, Ag cluster 

systems are gaining interest given their similar chemistry and the higher relative abundance and 

lower cost of Ag compared to Au. Of major interest amongst them is the atom-precise Ag25(SR)18
- 

clusters that are similar (but not identical) to Au25(SR)18
- clusters in terms of atomic arrangements 

and ligand counts. The crystal structure of Ag25(SR)18
- clusters shows four voids that enable 

solvent coordination which promotes higher stability of the clusters.20 Recently, I prepared 

activated Ag clusters on carbon supports without the formation of Ag2O or Ag2S and hypothesized 
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that such mildly activated Ag clusters could serve as precursor for making AgPd bimetallic 

heterogeneous catalysts (Chapter 2). Previous results in our group have shown that Pd atoms can 

be selectively reduced on the surface of activated Ag nanoparticles via galvanic reactions,1 and the 

use of smaller sized Ag clusters as precursors for this reaction is of research interest in designing 

Ag-based bimetallic catalysts. Herein, I report the sequential reduction of Pd onto activated Ag25 

clusters on carbon supports to make carbon-supported AgPd bimetallic clusters. The bimetallic 

cluster structures were further elucidated using element specific X-ray absorption spectroscopy 

(XAS), followed by catalytic evaluation of these heterogeneous catalysts in selective 

hydrogenation reactions.  

Pd catalysts are known to be highly active catalysts for alkyne hydrogenations, but have 

intrinsically poor selectivity to alkenes because of over-hydrogenation to alkanes.21 However, the 

selectivity of Pd catalysts can be improved by addition of secondary metals that enable isolation 

of Pd active sites.22 Specifically, Ag is a remarkably good secondary metal to suppress the over-

hydrogenation of alkynes to alkanes by Pd catalysts in industrial processes.23 Glyzdova et al. 

posited that dilution of Pd atoms can prevent adsorption of acetylene in a strong multisite mode 

and improve ethylene selectivity.24 A DFT study by Zhao et al. showed that there is a shift in the 

Pd d-band center in Pd alloys and this favours ethylene desorption over its further hydrogenation 

to ethane in the selective hydrogenation of acetylene.25 Mitsudome et al. reported 99% selectivity 

for 1-octene in the hydrogenation of 1-octyne at room temperature and 1 bar pressure over Pd@Ag 

nanoparticle catalysts with core-shell structures.26 We previously investigated the hydrogenation 

of allyl alcohol, 3-buten-1-ol, and 3-hexyn-1-ol over AgPd catalysts prepared via galvanic 

exchange between Ag nanoparticle seeds and K2PdCl4, and showed that presence of Ag 

significantly improved the selectivity of hydrogenation over isomerization products.1 The selective 

hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE) is another model 

hydrogenation reaction of industrial interest. While formation of the alkane product, 2-methyl-2-

butanol (MBA) is less desirable, MBE is a key product in the manufacture of vitamins and aroma 

compounds, and high selectivity to MBE is desirable due to the hurdles in the separation of 

MBE/MBA mixtures.27,28 

This work probes the location and speciation of Pd in heterogeneous AgPd bimetallic 

clusters prepared via a sequential deposition (SD) strategic route. Using X-ray absorption 
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spectroscopy (XAS) and other techniques, our results show that the mildly activated Ag25 clusters 

on carbon supports serve as an excellent precursor to make AgPd/carbon bimetallic catalysts. The 

constituent metal ratio influences the relative position of the Pd in the resulting AgPd bimetallic 

system, and the resulting structure is correlated to the catalytic performance of the AgPd bimetallic 

clusters as selective heterogeneous catalysts for the hydrogenation of MBY. The SD-AgPd/carbon 

catalysts show cluster-in-cluster atoms arrangements, with no limit to the amount of Pd that can 

be incorporated to form the AgPd bimetallic structures. AgPd catalysts with high Ag/Pd ratios 

strategically positions Pd in subsurface sites which enables the suppression of over-hydrogenation 

products of MBY, resulting in high MBE selectivity. Conversely, AgPd bimetallic catalysts with 

high Pd loadings have more Pd atoms on the surface and show high MBY conversion but poor 

MBE selectivity due to the over-hydrogenation of MBY. 

3.2 Experimental 

3.2.1 Materials 

Silver nitrate (AgNO3, ≥99.0%), palladium (II) acetate (Pd(OAc)2, 99.9%), 100% ethanol 

(EtOH), 2-methyl-3-butyn-2-ol (MBY, 98%), and high purity acetonitrile (MeCN) were procured 

from Sigma Aldrich. Dichloromethane (CH2Cl2, DCM), methanol (MeOH, HPLC grade), sodium 

borohydride (NaBH4, 98%), and tetrahydrofuran (high purity, THF) were purchased from Fisher 

Scientific. 2,4-Dimethylbenzenethiol (HSPhMe2, C8H9SH, 95%), 2-propanol (isopropanol, HPLC 

grade, 99.7+%), and tetraphenylphosphonium bromide (Ph4PBr) were procured from Alfa Aesar, 

while activated carbon (Powder, CX0657-1) was purchased from EMD. All chemicals are 

commercially available and were used as received without any further purification. In all 

experiments, Milli-Q (Millipore, Bedford, MA) deionized water with a resistivity of 18.2 MΩ cm 

was used. Glassware was thoroughly cleaned using aqua regia, rinsed with deionized water, and 

then dried completely before use. 

3.2.2 Preparation of Carbon-Supported Ag Monometallic and AgPd Bimetallic Clusters 

The 2,4-dimethylbenzenethiolate-protected Ag clusters were prepared as described in 

section 2.2.2. The wetness impregnation method was employed to immobilize Ag clusters onto 

carbon supports to give a final metal loading of 2.2 wt %, as determined by elemental analysis. 

Typically, 20 mL of a DCM solution of Ag25(SPhMe2)18
- clusters was added to 2.0 g of activated 
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carbon and stirred for 30 min, after which the colourless supernatant was removed under vacuum 

using a rotatory evaporator, and then a Schlenk line for complete removal of solvent, to obtain the 

carbon-supported Ag clusters (Ag/carbon) in dried form. The dried Ag/carbon sample was then 

calcined at 250 °C for 2 h at a ramping rate of 10 °C/min under air flow using a Lindberg/Blue M 

furnace to make the Ag/carbon precursor. The Ag/carbon sample was then washed twice with 

chloroform to remove disulfide and oxidized sulfur byproducts created by the activation of the 

Ag25(SPhMe2)18
- clusters by thermal treatment. The final SD-Ag/carbon sample was dried under 

ambient conditions and used as a precursor to prepare carbon-supported AgPd bimetallic clusters 

via a sequential deposition (SD) method. For the SD-1:1-Ag:Pd/carbon sample, 200 mg of the 

Ag/carbon sample (4.17 × 10-5 moles Ag) was dispersed in 5 mL of THF, and 8.34 × 10-5 moles 

(14.7 mg) of ascorbic acid and 4.17 × 10-5 moles Pd (9.4 mg Pd(II) acetate) were sequentially 

added, followed by stirring for 10 min. This was then followed by washing with an ethanol-water 

(1:1) mixture, followed by solvent removal using a Schlenk line vacuum. Other SD-x:y-

Ag:Pd/carbon samples (where x:y is 12:1, 6:1, 2:1, 1:1, 1:2, and 1:6) were prepared in the same 

way by varying the amount of Pd and ascorbic acid added to the system.  

3.2.3 Characterization Techniques 

UV-Vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) 

measurements were collected as described in section 2.2.4. Electrospray ionization mass 

spectrometry (ESI-MS) measurements were performed on a Thermo Fisher Q-Exactive mass 

spectrometer operating at the maximum resolving power of 140,000 (at m/z 200), using a m/z 

range of 2000-6000. The sample was continuously introduced to the heated electrospray ionization 

source at 10 µL/min. A spray voltage of 3.5-4.0 kV was used with sheath and auxiliary gas settings 

of 12 and 2 respectively, and a probe temperature of 50 °C. Prior to sample injection, purified 

monometallic Ag clusters were dissolved in DCM and 20 µL of the cluster solution (1 mg/mL) 

was further diluted with 1980 µL MeCN solvent. This diluted cluster solution was then vortexed 

for 2 min before injecting into the instrument for sample analysis in the negative ionization mode 

of ESI-MS. 

Elemental composition was determined using Varian SpectrAA 55 atomic absorption 

spectroscope equipped with a multi-element hollow cathode lamp. 50 mg of catalyst sample 

(Ag/carbon) was placed in 4 mL of aqua regia (prepared with ultrapure reagents; HNO3: HCl = 
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1:3) for 24 h. The sample in aqua regia was passed through a cellulose filter to get rid of 

undissolved support and then the filtrate was diluted to 10 mL by deionized water for elemental 

analysis. Another 4.0 mL of aqua regia was diluted to 10 mL with deionized water and was used 

as the blank. Transmission electron microscopy (TEM) images were collected using a Hitachi 

HT7700 TEM operated at 100 kV. TEM samples were prepared by drop casting cluster solutions 

onto a carbon coated 300 mesh copper TEM grid (Electron Microscopy Sciences, Hatfield, PA) 

and drying at ambient condition prior to TEM analysis. Scanning transmission electron microscopy 

(STEM) images were collected by a Thermo Scientific Talos 200X high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) operating at 200 kV. Elemental 

mapping was done using the Pd and Ag L peaks, respectively, from the energy dispersive X-ray 

spectra at each data point. The sample for STEM analysis was prepared by drop-casting the cluster 

solution (dispersed in isopropanol) onto a holey carbon-coated 200 mesh Cu grid. Typically, 

average particle sizes were manually determined by measuring 100 particles from images obtained 

for each sample using the ImageJ software program.29  

X-ray absorption spectroscopy (XAS) studies at the Ag K-edge and Pd K-edge were 

conducted at the Biological X-ray Absorption Spectroscopy (BioXAS) beamline 07ID-2 (Energy 

range 4-32 keV; resolution 1 x 10-4 ΔE/E; spot size 5 mm x 0.5 mm (W x H)) at the CLS. Energy 

selection of the Ag and Pd K-edge was done using a Si(220) double-crystal Si monochromator, 

with a water-cooled toroidal Rh coated Si mirror before the monochromator and a second Rh-

coated Si (focusing) mirror after the monochromator. Ionization chambers were filled with Ar gas 

and samples were measured in fluorescence mode at room temperature using a 32-element Ge 

detector. A GUI based data acquisition manager software (AquaMan) and a Python-based 

automation package were employed for data acquisition. The energy of the X-rays was calibrated 

by using Ag and Pd foils (25514 eV and 24350 eV respectively) for their K-edge measurements. 

The data processing was performed using the IFEFFIT software package.30 The XANES spectra 

were obtained by subtracting the atomic absorption background and normalizing the spectra to the 

edge height. The k2-weighted spectra were subjected to a Fourier transform (FT) in R space for 

the k range of 2.8-12 Å−1 for Ag and Pd data. Ag fcc bulk lattice parameters were used to fit the 

Ag-foil spectrum, keeping the first shell coordination number fixed (CN = 12) at first to determine 

the amplitude reduction factor (S0
2). Similar data fitting was performed for Pd fcc bulk lattice 

parameters for the Pd-foil spectrum. From these fits, amplitude reduction factors of 0.80 and 0.79 
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were determined for the Ag-foil and Pd-foil, respectively, and these values were used for the 

subsequent bimetallic sample fits.  

3.2.4 Catalyst Evaluation 

Hydrogenation reactions were carried out in a 50 mL three-neck round bottom flask. Prior 

to sealing all the three necks, an egg-shaped magnetic stirrer, 25.0 mg of catalyst, and 5.0 mL of 

EtOH were added to the reaction flask which was then purged with continuous flow of H2 gas for 

10 min. Thereafter, the system was filled with ca. 1.5 atm H2 gas and allowed to equilibrate for 10 

min, during which there was no observable leakage as monitored by a differential pressure 

manometer (407910, Extech Instrument). 2.0 mmol of 2-methyl-3-butyn-2-ol (MBY) was quickly 

added to start the reaction, and the reaction mixture was stirred at 1400 rpm for 180 min at 25 °C. 

After the reaction, the suspension was centrifuged to remove the solid catalyst and the liquid 

sample containing the catalytic products was analyzed by gas chromatography. The gas 

chromatograph (7890A, Agilent Technologies) was equipped with a flame ionization detector and 

a HP-5 column. For recycling experiments, the catalyst was washed twice in isopropanol, dried 

under vacuum, and reused in subsequent reaction cycles. The average TON was calculated as 

moles of substrate converted per moles of total metal (e.g. Ag+Pd). 

3.3 Results and Discussion 

The atom-precise Ag25(SR)18
- clusters were formed upon reduction of a Ag(I)-thiolate 

complex with a freshly prepared aqueous solution of NaBH4 in the presence of tetraphenyl 

phosphonium (Ph4P
+) counter ions as previously reported.20 The ESI-MS of the thiolate-protected 

Ag clusters shows a prominent molecular ion peak at m/z = 5166.3 and isotope distribution peaks 

are separated by a m/z value of 1; the m/z peak value affirms -1 as overall charge for the Ag 

clusters (Figure 3.1(a)), which is consistent with the value reported for atom-precise 

Ag25(SPhMe2)18
- clusters in the literature.31 Figure 3.1(b) shows the UV-Vis spectrum of thiolate-

protected Ag clusters with distinctive peaks at 334 nm, 392 nm, 490 nm, and 678 nm for the 

Ag25(SPhMe2)18
- clusters, which are also consistent with literature values.20 The Ag25(SPhMe2)18

- 

clusters were then immobilized on carbon supports. TEM imaging of the intact clusters on carbon 

supports (Figure 3.2(a)) was challenging due the small size of the clusters and poor contrast 

between the clusters and support, nevertheless some clusters can be distinguished. Improved 
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contrast was observed for the carbon-supported Ag clusters after thermal activation at 250 °C, and 

an average particle size of 1.6 ± 0.4 nm was measured (Figure 3.2(b)) which indicates a mild 

amount of sintering has taken place. Previous work showed oxidative desorption of thiolate ligands 

off cluster surfaces under such mild heat treatments with consequent mild growth in cluster size 

(Chapter 2), while disulfides and other products of thiol oxidation adsorb onto the support.32  

 

Figure 3.1. (a) ESI-MS spectrum and (b) UV-Vis absorption spectrum of Ag25(SPhMe2)18
- clusters 

in DCM. 

Figure 3.3 shows the S 2p XPS spectra of the as-prepared carbon-supported Ag25(SR)18
- 

cluster sample and those of thermally treated samples at 250 °C before and after washing with 

CHCl3. The S 2p3/2 peak at 162.2 eV attributed to Ag-thiolate species is present in the as-prepared 

sample while calcined samples show S 2p peaks at higher binding energies and these peaks are 

features of organic disulfide and other oxidized sulfur species.33 Quantification of the survey XPS 

spectra shows that the S species content decreases from 0.6% in the activated sample to 0.2% after 

the CHCl3 wash, as the disulfides and other S species are soluble in CHCl3,
34 and thus can be 

removed from the sample. The Ag 3d5/2 peak at ~368.1 eV suggests that Ag remains in metallic 

state upon activation of Ag clusters at 250 oC,35 and was not affected by the CHCl3 wash as 

indicated by the Ag 3d XPS spectra (Figure 3.4). 
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Figure 3.2. TEM images of carbon-supported Ag25(SR)18 clusters before (a) and after (b) thermal 

activation at 250 °C. The red circles in a) were added to show the location of Ag25(SR)18 clusters. 

 

Figure 3.3. XPS S 2p XPS spectra of carbon-supported Ag clusters (a) as prepared and (b) 

thermally treated at 250 °C, (i) before and (ii) after CHCl3 wash. 
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Figure 3.4. XPS Ag 3d spectra of carbon-supported Ag clusters thermally treated at 250 °C before 

and after CHCl3 wash. 

In the sequential deposition (SD) synthesis, Pd acetate was sequentially reduced with 

ascorbic acid onto the activated Ag clusters on carbon supports (labelled SD-Ag/carbon) to make 

AgPd bimetallic clusters with different Ag:Pd ratios (labelled SD-x:y-Ag:Pd/carbon); where x and 

y are the mole ratios as determined by elemental analysis (which were quite close to the synthetic 

mole ratios used). To ascertain the formation of bimetallic structures and rule out the possibility 

of secondary nucleation of pure Pd particles in the synthesis, STEM imaging was performed. 

Figures 3.5 and 3.6 show representative images obtained for the SD-6:1-Ag:Pd/carbon sample; 

individual particles show large populations of both Ag and Pd but without no obvious core-shell 

atomic arrangement. No Pd-only particles were seen which indicates the lack of secondary 

nucleation of new Pd particles during the synthesis, which is consistent with other work by our 

group and others using ascorbic acid as a mild reducing agent.14,36 
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Figure 3.5. Representative STEM images of an individual particle in a SD-6:1-Ag:Pd/carbon 

sample. The blue, red, and green colour maps are for the contributions from C, Ag, and Pd, 

respectively in the sample determined by Energy Dispersive X-ray Spectroscopy. 

 

Figure 3.6. STEM images of another particle of the SD-6:1-Ag:Pd/carbon sample. The red and 

green colour mappings are for the contributions from Ag and Pd, respectively in the sample 

determined by Energy Dispersive X-ray Spectroscopy. 
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 The SD-x:y-Ag:Pd/carbon samples were further characterized using XAS, a widely used 

technique to study the structure of bimetallic systems. XAS data can afford information about the 

oxidation state and local environment of a specific element of interest. Figure 3.7(a) shows the Ag 

K-edge XANES spectra for SD-Ag/carbon and the series of SD-x:y-Ag:Pd/carbon samples, as well 

as standard Ag2O and Ag foils. In particular, all the SD-x:y-Ag:Pd/carbon samples have Ag foil-

like XANES spectra which suggest that Ag is in a zerovalent fcc environment in all samples. 

Notably, the XANES spectrum obtained for the SD-Ag/carbon sample does not match up well 

with that of Ag foil, and this is due to small size of Ag clusters in SD-Ag/carbon sample. Figure 

3.7(b) shows the corresponding XANES data for Pd K-edge measurements; all the SD-x:y-

Ag:Pd/carbon samples show a Pd fcc-like metallic environment, with a strong K-edge feature for 

Pd at 24350 eV. The white line at the respective edges is attributed to the dipole-allowed 1s to 5p 

transition,37 and all SD-x:y-Ag:Pd/carbon samples show similar near edge features to metal foils 

at both edges to suggest that Ag and Pd atoms are in Ag(0) and Pd(0) fcc environments, 

respectively (Figure 3.7). The amplitude of the photoelectron wave at high k decreases for the SD-

x:y-Ag:Pd/carbon samples as compared to bulk Ag and Pd foils which suggests that small particles 

are formed with a large fraction of atoms on the surface. 

 

Figure 3.7. XANES spectra for (a) Ag K-edge of SD-Ag/carbon and SD-x:y-Ag:Pd/carbon 

samples, alongside standards and bulk metal foil; (b) Pd K-edge data of SD-x:y-Ag:Pd/carbon 

samples alongside standards and bulk metal foil. 
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EXAFS measurements are specifically sensitive to the bonding environment of the 

absorbing atom. As shown in k-space EXAFS plots (Figure 3.8), the SD-x:y-Ag:Pd samples show 

EXAFS oscillation patterns that have slight differences in amplitude and periodicity than those for 

the monometallic standards which suggests the presence of bimetallic clusters. This is consistent 

with the STEM images that show bimetallic structures of Ag and Pd atoms for individual particles 

in the sample (Figures 3.5 and 3.6). Figure 3.9(a) shows the Ag K-edge Fourier transformed 

EXAFS spectra of SD-Ag/carbon, the series of SD-x:y-Ag:Pd/carbon samples, and Ag2O and Ag 

foil standards in R-space. The Ag2O standard sample shows a major peak at around 1.56 Å (without 

phase shift correction) which is attributed to Ag-O contributions and this feature is absent in all 

other samples. However, an Ag-M (where M is Ag or Pd) feature in the 2.62 Å region is present 

in all samples to suggest a metallic state of Ag in the SD-x:y-Ag:Pd/carbon samples. Both Ag and 

Pd have nearly identical backscattering and phase effects on the photoelectron wave due to their 

similar atomic number, and thus they are almost indistinguishable around the central atom. 

Consequently, for modelling purposes both Ag-Ag and Ag-Pd scattering paths are fit as Ag-M 

interactions during the fitting of the experimental data collected for Ag K-edge measurements (and 

similarly Pd-M interactions for Pd-Pd and Pd-Ag interactions in the Pd K-edge measurements). 

Figure 3.9(b) shows the Pd K-edge Fourier transformed EXAFS measurements for the SD-x:y-

Ag:Pd/carbon samples, alongside other standards and Pd foil in R-space. The peaks at around 1.55 

Å for Pd-O and 1.84 Å for Pd-S bonds are absent in the SD-x:y-Ag:Pd/carbon samples. These 

samples only show a prominent peak that is attributed to Pd-M (where M is Ag or Pd) in the region 

of 2.50 Å. This is consistent with literature values for similar systems for Pd in zerovalent 

states.38,39 Thus, both constituent metals in the SD-x:y-Ag:Pd/carbon samples are in metallic states. 



86 
 

 

Figure 3.8. (a) Ag K-edge and (b) Pd K-edge EXAFS spectra in k-space for SD-x:y-Ag:Pd/carbon 

samples and bulk metal foils. 

 

Figure 3.9. (a) Ag K-edge and (b) Pd K-edge Fourier transformed EXAFS spectra in R-space for 

SD-x:y-Ag:Pd/carbon samples, alongside standards and bulk metal foils. 

EXAFS data fittings can give insight into the structural arrangement of atoms in bimetallic 

systems. Figure 3.10 shows the representative fits of experimental data for the SD-12:1-

Ag:Pd/carbon sample for both Ag and Pd K-edge measurements in both k-space and R-space, using 

a fcc alloy model while Table 3.1 presents a summary of EXAFS fitting parameters for all 

sequentially reduced AgPd systems. Upon thermal activation there is desorption of thiolate ligands 
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off the Ag cluster surface (Chapter 2). The activated monometallic Ag clusters have a coordination 

number (CN) of 3.8(6) which indicates their small size, while bimetallic samples show larger Pd-

M and Ag-M CNs to suggest that growth of particle size occurs during the ascorbic acid reduction 

(Table 3.1), which is consistent with the STEM images above (Figures 3.5 and 3.6). All bimetallic 

SD-x:y-Ag:Pd/carbon samples show coordination numbers (CNs) less than 12, at both edges, to 

suggest that small particles were formed with a large fraction of atoms on the surface. The SD-

x:y-Ag:Pd/carbon samples show Ag-M distances that are slightly shorter than the Ag-Ag bond 

distance of 2.88 Å in standard Ag foils. Similarly, their modelled Pd-M distances show deviations 

from typical Pd-Pd bond distances of 2.75 Å in standard Pd fcc foils. These differences in bond 

distance strongly indicate the presence of heteroatomic bonding in the SD-x:y-Ag:Pd/carbon 

samples.39-41 The trend in the CN values with the variation in constituent mole ratios in the AgPd 

clusters suggests that Ag@Pd core-shell structures are definitely not formed at higher Pd loadings. 

The cluster architectures are best described as cluster-in-cluster structures for the SD-x:y-

Ag:Pd/carbon bimetallic samples with high Pd loadings in which both Ag and Pd have some atoms 

on the surface.1 Notably, lower CN values are seen for Ag-M than Pd-M for samples with low Pd 

loadings, which suggests that Pd atoms are predominantly in sub-surface locations in these clusters 

(despite being reduced onto the Ag) and Ag atoms dominate the surface in these samples.42 This 

is consistent with the observation made recently by Gedara et al. that Ag atoms can migrate to 

cover Pd islands on Ag(111) in minutes at room temperature.43 However, this trend reverses at 

higher Pd loadings, and much lower Pd-M CNs are seen for Pd-rich AgPd clusters which suggests 

most Pd is on the surface of such clusters (Scheme 3.1). Given the large changes in the 

architectures of the AgPd clusters at different Pd loadings, we wanted to see how these structural 

changes affect the catalytic performance of these samples for alkyne hydrogenation reactions.  
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Figure 3.10. Experimental data of the Fourier transformed EXAFS and theoretical EXAFS fit for 

a representative SD-12:1-Ag:Pd/carbon sample for Ag and Pd K-edge measurements in (a,b) k-

space and (c,d) R-space.  
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Table 3.1. Summary of EXAFS fitting parameters for SD-x:y-Ag:Pd/carbon samples. 

 

SD-x:y 

Ag:Pd 

/carbon 

Fitting parameters 

Ag-M* Pd-M* 

CN  R/Å σ2/Å2 Eo shift 

/eV  

CN  R/Å σ2/Å2 Eo shift 

/eV  

Ag 3.8(6) 2.826(6) 0.0080(2) 0.7(5)     -     -       -      - 

12:1 Ag:Pd 8.4(4) 2.833(3) 0.0094(4) 0.4(3) 10.8(7) 2.786(4) 0.0082(5) -7.9(4) 

6:1 Ag:Pd 7.8(4) 2.819(3) 0.0088(4) 1.2(3) 10.5(5) 2.769(3) 0.0081(4) -8.7(3) 

2:1 Ag:Pd 7.7(4) 2.809(3) 0.0086(4) 1.3(3) 8.9(4) 2.748(3) 0.0072(4) -7.7(3) 

1:1 Ag:Pd 8.4(5) 2.807(3) 0.0086(5) 1.9(5) 8.7(5) 2.741(3) 0.0067(4) -9.2(4) 

1:2 Ag:Pd 7.9(4) 2.803(3) 0.0080(4) 1.2(3) 6.6(5) 2.734(4) 0.0061(5) -9.3(5) 

1:6 Ag:Pd 9.0(5) 2.806(4) 0.0086(5) 0.4(3) 7.1(4) 2.735(3) 0.0059(4) -8.3(4) 

*M is Ag or Pd. 

 

 

Scheme 3.1. Illustration of cluster-in-cluster architecture with Pd atoms predominantly in sub-

surface sites for clusters with low Pd loadings moving to clusters with a greater percentage of Pd 

atoms on the surface as the Pd loading increases. 

The catalytic performance of these heterogeneous catalysts was evaluated for the 

chemoselective hydrogenation of MBY to MBE and the results are presented in Table 3.2. 

Turnover numbers were used to compare the catalytic activity in order to normalize the activity 

for slight changes in the total amount of Ag+Pd over the SD-x:y-Ag:Pd/carbon samples. No 

measurable MBY conversion was observed in the absence of catalyst, but we noted that the carbon 

support alone shows very low (3.8%) MBY conversion, which may be due to impurities. As shown 

in Table 3.2, all AgPd bimetallic catalysts, except for the SD-12:1-Ag:Pd/carbon catalyst, showed 
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significantly greater catalytic activity compared to monometallic Ag catalysts in the hydrogenation 

of MBY. For instance, the bimetallic SD-12:1-Ag:Pd/carbon catalyst has a TON of 92.2 as 

compared with a TON value of 53.1 for the monometallic Ag catalyst. The catalytic activity 

significantly increases with Pd loading and the maximum TON of 194.7 was seen for the SD-1:1-

Ag:Pd/carbon catalyst. The SD-1:1-Ag:Pd/carbon catalyst had nearly similar Ag-M and Pd-M CN 

values obtained for Ag and Pd, 8.4(5) and 8.7(5) respectively (Table 3.1), which shows that 

optimum catalytic activity seems to be correlated with roughly equal amounts of each metal on the 

surface of the clusters. Changes in the Pd loading (and consequently the structure) of the AgPd 

catalysts had drastic consequences towards the selective hydrogenation of MBY to MBE. The SD-

12:1-Ag:Pd/carbon catalyst showed a MBE selectivity of 96.6% and this decreased to 0% for the 

bimetallic SD-1:6-Ag:Pd/carbon catalyst (in which MBA was the only product seen). Pd catalysts 

intrinsically have poor selectivity for hydrogenation of alkynes to alkenes because of over-

hydrogenation to alkanes,21 and similarly poor selectivities to alkene products are likely for 

catalysts whose surface is largely dominated by Pd atoms. Thus, the trend in MBE selectivity can 

be explained in term of the location of the Pd atoms in the bimetallic catalysts. In samples with 

high Pd loadings, Pd atoms are predominantly on the cluster surface which leads contiguous Pd 

surfaces which are active for the complete hydrogenation of MBY to MBA, and thus such AgPd 

catalysts show poor MBE selectivity. Meanwhile, EXAFS data show that Ag atoms dominate the 

catalyst surface in bimetallic samples with low Pd loading, and these samples have higher MBE 

selectivity, which indicates that having predominantly subsurface Pd atoms suppresses the over-

hydrogenation of MBY to MBA. The MBE selectivity decreases progressively with Pd loading in 

the AgPd bimetallic samples. It is noteworthy that the suppression of over-hydrogenation products 

is more effective when Pd is significantly diluted by Ag. The SD-1:1-Ag:Pd/carbon catalyst with 

the maximum catalytic activity shows a moderate MBE selectivity of 30.3%, while AgPd 

bimetallic catalysts with lower Pd loadings had slightly lower activities but much higher 

selectivities to MBE. Rebrov et al. reported an MBE selectivity of 90% with a titania-supported 

ZnPd bimetallic catalyst prepared with a molar ratio of 3:1 (Zn:Pd).44 They noted a further increase 

in MBE selectivity to 97% with the addition of pyridine to the reaction mixtures. Although 

differences in operating conditions limit an extensive comparison of the catalytic performance of 

this system with state-of-the-art catalysts, it is noteworthy that the high selectivities of catalysts 

with low Pd loading reported in this work, are attained without addition of any additives. Others 
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have also observed that the presence of Ag on Pd surface suppresses the over-hydrogenation of 

alkynes like acetylene and 1-octyne.26,45 Finally, a recyclability study was done to see if the AgPd 

bimetallic catalysts retained their activity and selectivity over several cycles. Note this study was 

done at moderate conversions (25-45%) to ensure that any catalyst deactivation would be readily 

apparent. AgPd bimetallic catalysts with lower Pd loadings maintained both their activity and high 

MBE selectivity over three reaction cycles (Table 3.3). 

Table 3.2. Catalytic performance of carbon-supported Ag monometallic and SD-x:y-Ag:Pd 

bimetallic catalysts for the hydrogenation of 2-methyl-3-butyn-2-ol (MBY).  

SD-x:y-Ag:Pd /carbon TON MBE Selectivity (%) 

Ag 53.1 84.7 

12:1 Ag:Pd 92.2 96.6 

6:1 Ag:Pd 147.9 93.3 

2:1 Ag:Pd 151.0 79.9 

1:1 Ag:Pd 194.7 30.3 

1:2 Ag:Pd 131.8 8.5 

1:6 Ag:Pd 56.7 0 

Reaction conditions: MBY (2.0 mmol), EtOH (5.0 mL), catalyst (25 mg), 

hydrogen gas (1.5 atm), stirring speed (1400 rpm), temperature (25 °C), time (3 h).  

 

Table 3.3. Recyclability test of selected SD-x:y-Ag:Pd/carbon catalysts for hydrogenation 

reactions of MBY.  

SD-x:y-Ag:Pd /carbon Cycle TON MBE Selectivity (%) 

 

12:1 Ag:Pd 

Cycle-1 92.2 96.6 

Cycle-2 94.0 96.0 

Cycle-3 90.8 95.8 

 

6:1 Ag:Pd 

Cycle-1 147.9 93.3 

Cycle-2 145.8 92.8 

Cycle-3 146.8 93.0 

Reaction conditions: MBY (2.0 mmol), EtOH (5.0 mL), catalyst (25 mg), 

hydrogen gas (1.5 atm), stirring speed (1400 rpm), temperature (25 °C), time (3 h).  
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3.4 Conclusions 

This work establishes structure-activity relationships for carbon-supported AgPd catalysts 

prepared via the sequential deposition approach for the selective hydrogenation of MBY. 

Ag25(SR)18 clusters could be activated on carbon supports at 250 °C with very mild sintering and 

were shown to be good precursors for the subsequent formation of AgPd bimetallic clusters by 

sequentially reducing Pd(OAc)2 using an ascorbic acid reducing agent. XAS data shows cluster-

in-cluster AgPd heterogeneous bimetallic clusters are formed at high Pd loadings rather than 

perfect core-shell heterogeneous bimetallic clusters, while at low Pd loadings nearly all the Pd is 

in subsurface sites. Bimetallic AgPd catalysts showed superior activity to monometallic Ag 

catalysts and high Ag/Pd ratios favoured better MBE selectivity in the hydrogenation reactions. 

High Ag/Pd ratios in the sample strategically positioned Pd atoms in subsurface locations which 

enabled the suppression of over-hydrogenation of MBY, and thus resulting in high MBE 

selectivity.   
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Chapter 4 

Exploring the Structure of Atom-Precise Silver-Palladium Bimetallic Clusters 

Prepared via Improved Single-Pot Co-Reduction Synthesis Protocol 

This chapter explores the structure of atom-precise AgPd bimetallic clusters prepared via 

an improved single-pot co-reduction synthesis protocol. UV-Vis absorption spectroscopy and 

mass spectrometry techniques ascertained the optical fingerprint and atomic composition of the 

bimetallic of Ag24Pd1(SR)18
2- clusters. Element-specific XPS and XAS analyses indicated that the 

single dopant Pd atom is positioned at surface/staple site of the clusters.  

This chapter is adapted from work published in J. Chem. Phys. 2021, 155, 084301. I 

perfomed all the experimental work in this article. Dr. Randy W. Purves assisted with the mass 

spectrometry experiments at the Centre for Veterinary Drug Residues, Canadian Food Inspection 

Agency (CFIA). I wrote the complete first draft of the manuscript and this was then edited with 

the guidance of Prof. Robert W.J. Scott prior to its publication. 
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4.1 Introduction 

The development of model heterogeneous catalysts using atom-precise metallic clusters is 

a very active research area.1,2 Generally, nanoscale-sized clusters of noble metal atoms show 

excellent catalytic activity due to their possession of well-defined active sites, high surface area, 

modified surface geometries, and modulated electronic properties compared to bulk materials.3,4 

In addition to the size, tailoring the composition and morphology can afford robust nanocatalysts 

with outstanding catalytic activity and selectivity.3 Bimetallic clusters are commonly more 

catalytically active than their monometallic analogues due to the synergetic effect of two metals, 

and the choice of method of synthesis can remarkably influence the success of making pure, high-

yield, compositionally precise bimetallic clusters.1,5 The use of thiolate ligands is ubiquitous with 

the co-reduction strategy of making atom-precise ligand protected clusters possibly owing to 

strong sulfur-metal interactions that enable good stability in solution, facile synthesis, and 

controlled cluster compositions.6 Unlike Au systems, atom-precise Ag monometallic and Ag-

based bimetallic clusters are less studied in the literature, perhaps due to the predisposition of silver 

(Ag) to oxidation, although Ag cluster systems are gaining interest given the higher relative 

abundance and lower cost of Ag compared to Au.  

Bimetallic clusters systems have been prepared successfully via co-reduction and galvanic 

approaches to give compositionally-pure systems.7-9 Atom-precise bimetallic systems can be a 

greater characterization challenge as there can also be subtle changes in the relative positions of 

each type of metal atom in the cluster.9-11 Thus, it is essential to explore the position of the dopant 

atom in such bimetallic systems to properly establish structure-activity relationships of the 

resulting bimetallic cluster catalysts. It is difficult to determine the surface structures of small 

bimetallic clusters in the range of 1-2 nm sizes by using electron microscopy techniques. Using X-

ray crystallography methods, many studies have shown that single atom dopants in Au25 and Ag25 

clusters often occupy the central core position, however, there are examples in which other 

positions are occupied by the dopant atom. Notably, Zheng et al. showed that single Au atoms 

started in staple positions on Ag clusters and diffused towards the core over time.12 Also, Negishi 

and co-workers recently showed that Cu preferentially substitutes for Au in the staple position of 

Au25(SR)18
- clusters regardless of the synthesis method used, and that the Cu substitution also 
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occurred at the cluster core-surface of the Au clusters when the amount of Cu substitution is 

increased or when the central Au atom is substituted by Pt.13 

X-ray absorption spectroscopy (XAS) is a good alternative choice for structural elucidation 

and this technique has been largely used by our research group and others as a crucial tool for the 

structural determination of bimetallic nanoparticles and clusters with thiolate ligands.14-18 Several 

research groups have reported singly-doped Ag based bimetallic clusters,9,19,20 but none have 

employed XAS to probe the position of the dopant atom. Zheng and co-workers carried out a total 

structure and electronic structure analysis of Ag24M(SPhCl2)18
2-, (M = Pd or Pt) clusters, and found 

that the obtained 25-metal-atom bimetallic clusters have a cluster structure similar to that of widely 

investigated Au25(SR)18.
19 In a separate study, Bakr and co-workers reported the successful 

synthesis and structural elucidation of Ag25(SPhMe2)18
- and Ag24Pd(SPhMe2)18

2- clusters with 

core-shell morphologies.20 Both studies noted that the Pd dopant atom replaces the core central 

atom using X-ray crystallography methods,19,20 and such single Pd atom doping of Ag25 leads to 

both improved cluster stability and enhanced catalytic efficiency.9 We note that X-ray 

crystallography methods cannot typically unambiguously distinguish Pd versus Ag locations given 

their similar atomic numbers, which leaves the question on the actual position of the dopant Pd 

atom potentially unanswered.19,21 Moreover, it is not clear how many Pd atoms can be doped into 

parent Ag clusters while maintaining the compositional purity of the resulting bimetallic clusters 

prepared via the co-reduction strategy. Intuitively, multiple doping of secondary metal atoms 

cannot be ruled out, especially when the amount of the dopant metal ions is stoichiometrically high 

in the co-reduction synthesis procedure. While mass spectrometry can afford information about 

the atomic composition, a technique such as XAS can be an important alternative tool to 

understand the structure of such atom-precise bimetallic clusters. 

Herein, we explore the possibility of making compositionally-pure Ag clusters doped with 

variable amounts of Pd, and report the use of XAS to explore the structure of atom-precise AgPd 

bimetallic cluster systems. In this study, both Pd and Ag ions were reduced simultaneously to form 

thiolate-stabilized bimetallic clusters, followed by deposition of the bimetallic clusters onto carbon 

supports. Mass spectrometry was used to examine the purity and atomic composition of the clusters 

and UV-Vis absorption spectroscopy revealed the electronic properties of the clusters, while X-

ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) were employed 
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to probe the metallic speciation and structure of bimetallic AgPd heterogeneous catalysts. Our 

results show that only singly-doped Pd in Ag clusters occurs even with equimolar ratios of Ag(I) 

and Pd(II) ions in the synthesis, whereas at higher Pd loadings, the resulting samples are not 

compositionally pure and Pd salts are not fully reduced. In comparison with monometallic Ag25 

clusters, the absorption peaks of the obtained bimetallic Ag24Pd1 cluster system are blue shifted 

due to incorporation of Pd atoms. Interestingly, XPS and XAS results show the bimetallic clusters 

have multivalent Ag atoms and Pd(II) ions with significant thiolate interactions. These results 

suggest that single Pd atoms predominantly occupy the staple position of individual clusters, or 

possibly alternatively icosahedral surface sites. Single-atom doping of Pd allows for the formation 

of thiolate-protected Ag24Pd1 bimetallic clusters and this work distinctly shows that the Pd atom 

is not positioned in the core position of the icosahedral cluster.  

4.2 Experimental 

4.2.1 Materials 

All chemicals are similar to those mentioned in section 3.2.1. Palladium (II) chloride 

(PdCl2) used in the experiments described in this chapter was procured from Sigma Aldrich.  

4.2.2 Synthesis of the Purified, Alkanethiolate-Protected Ag and AgPd Clusters 

Monometallic Ag25(SPhMe2)18
-
 clusters were prepared as described in section 2.2.2, and 

the x:y Ag:Pd bimetallic clusters were synthesized using a literature procedure with slight 

modifications.20 In a typical synthesis of the bimetallic system, metal solution A (0.22 mmol of 

AgNO3 dissolved in 2.0 mL of MeOH, under 10 min sonication) and metal solution B (0.22 mmol 

of Pd(OAc)2 dissolved in 2.0 mL of MeOH, under 10 min sonication) were mixed in a 50 mL flask 

and stirred at 600 rpm for 2 min, followed by the addition of 0.66 mmol of 2,4-

dimethylbenzenethiol (HSPhMe2) to give a brownish-coloured opaque mixture that became 

dispersed with the addition of 18 mL of DCM. This solution was continuously stirred at the same 

speed for 20 min before adding freshly prepared 0.50 mL of methanolic solution containing 0.014 

mmol of PPh4Br. Afterwards, 0.50 mL of an ice-cold aqueous solution containing 0.40 mmol of 

NaBH4 was added dropwise and the reaction mixture was continuously stirred for 18 h. Within the 

first hour, the colour of the solution changed from light brown to a dark brown, which indicates 

the reduction of metal-thiolate mixture.  
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The crude solution was centrifuged (8500 rpm for 30 min) to remove a solid that 

presumably contains undissolved metal salts and/or thiol ligands. The obtained supernatant was 

then concentrated under a rotary evaporator to about 5 mL before adding 20 mL of methanol to 

precipitate the metal clusters. The precipitate was collected by centrifugation and extracted into 20 

mL of DCM. The DCM solution of the clusters was again centrifuged (8500 rpm for 60 min) to 

remove an insoluble yellow solid. Then, the deep red colored supernatant was dried under vacuum, 

and the obtained purified and dried bimetallic clusters were stored in a glass vial under ambient 

conditions for further studies. In making the series of clusters using x:y Ag:Pd ratios (where x and 

y are synthetic mole ratios for Ag and Pd respectively), the concentration of solution A was 

maintained while the moles of Pd were varied in solution B. For example, the 2:1 Ag:Pd sample 

was prepared with the intended metal composition of 0.22 mmol Ag and 0.11 mmol Pd (for clarity 

this nomenclature will be used throughout this manuscript). The atom-precise composition was 

assigned based on the results from electrospray ionization mass spectrometry (ESI-MS) 

measurements (see below). 

4.2.3 Preparation of Carbon-Supported Atom-Precise Metallic Clusters  

The wetness impregnation method was employed to immobilize x:y Ag:Pd cluster samples 

onto carbon supports, with a final metal loading of ca. 2 wt%. For example, 19.8 mg of clusters 

was dissolved in 2.0 mL of DCM followed by adding 200 mg of activated carbon and stirring for 

2 h. Afterwards, the colourless supernatant was completely removed under vacuum using a 

Schlenk line apparatus. Then, the as-prepared dried, carbon-supported cluster samples were 

analyzed by XPS and XAS methods. 

4.2.4 Characterization Techniques 

UV-Vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) 

measurements were collected as described in section 2.2.4, while X-ray absorption spectroscopy 

(XAS) measurements were collected as described in section 3.2.3. All cluster solutions were 

analyzed in the negative ionization mode in ESI-MS measurements, and the isotopic distribution 

was simulated using open-sourced mMass 5.5.0 software.22,23 
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4.3 Results and Discussion 

The formation of silver-palladium (AgPd) bimetallic clusters was achieved using a single-

pot synthetic approach that involves co-reduction of Ag(I) and Pd(II) ions in the presence of 2,4-

dimethylbenzenethiolate ligands, and using NaBH4 as the reducing agent. For the established 

procedure in the literature, PdCl2 was added to a preformed Ag-thiolate complex.9 We noted the 

presence of a greater amount of insoluble materials prior to purification using this strategy, 

presumably due to incomplete solubility of the Pd precursor. A modified method, reported herein, 

involves homogenizing a methanolic solution of each metal ion precursor separately before mixing 

in a single-pot, followed by addition of thiolate ligands. While either PdCl2 or Pd(OAc)2 could be 

used as the Pd species, Pd(OAc)2 showed improved solubility in methanol and showed 

improvements in the fractions of compositionally pure clusters (see below). The formation of a 

dark-brown solution upon addition of NaBH4 to the Ag(I)-Pd(II)-thiolate complex indicates the 

formation of thiolate protected AgPd bimetallic clusters. The Ag:Pd ratio was changed by varying 

the amount of Pd(II) added while other variables were maintained.  

Figure 4.1 presents the UV-Vis absorption spectra of different samples of purified, 

unsupported thiolate-protected AgPd bimetallic clusters synthesized using variable Ag:Pd ratios, 

in which x:y is the synthetic molar ratio used in the synthesis. The Ag-only clusters show a 

spectrum which is consistent with the literature for clusters containing 25 Ag atoms precisely: 

Ag25(SPhMe2)18
-, with characteristic peaks at 334 nm, 392 nm, 490 nm, and 678 nm for nearly 

monodisperse Ag25(SR)18
- clusters.24 The broad peak at around 678 nm is due to the HOMO-

LUMO transition due to the Ag13 icosahedral core in the Ag25 structure. In contrast, the HOMO-

LUMO peaks of the AgPd bimetallic samples with high Ag loadings are blue-shifted by ~11 nm 

and such a change in the UV-Vis absorption spectrum is a characteristic feature of bimetallic AgPd 

samples, as the incorporation of a dopant atom results in moderation of the electronic properties 

of the clusters.18 A similar electronic perturbation is reported in literature for Au25L18
- clusters 

when doped with single Pd atoms.10,25 Upon introducing more Pd in the system, no significant 

change in the UV-Vis spectra is seen until equimolar Pd was present in the synthesis. The four 

characteristic peaks assigned to metallic clusters are clearly visible up to a 1:1 Ag:Pd synthetic 

ratio, beyond which the spectra show no cluster signatures. The preservation of a yellowish-orange 

colour in the case of the Pd-only system, and absence of HOMO-LUMO transitions, suggests no 
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reduction of the Pd(II)-thiolate complex with NaBH4 under the same experimental conditions used 

for the reduction of the other samples. This shows that the Pd(II)-S bonds are seemingly more 

resistant to borohydride reduction than Ag(I)-S bonds. This is consistent with earlier work by 

Murray and co-workers who found that Pd thiolate complexes are very resistant to reduction.26 

 

Figure 4.1. UV-Vis absorption spectra of (A-H) AgPd bimetallic syntheses with varying 

constituent metal ratios using Pd(OAc)2 as the Pd precursor. The x:y Ag:Pd ratios in the legend 

refer to the synthetic molar ratios used. The inset in the upper left shows photographs of the 

resulting solutions. 

Mass spectrometry is a useful technique for providing information about the atomic 

composition, and to some extent, purity, of atom-precise cluster systems. Figure 4.2(a) shows the 

mass spectrum of the monometallic Ag25(SPhMe2)18
- clusters. The clusters show a prominent 

molecular ion peak at around m/z = 5166 and isotope distribution peaks that are separated by a 

m/z value of 1, which confirms an overall -1 charge for the [Ag25(SPhMe2)18]
- clusters and is 

consistent with the literature.20,24 When solid PdCl2 was added into the Ag(I)-thiolate mixture, a 

less pure and polydisperse sample was formed as seen in the nature of the obtained mass spectrum 

(Figure 4.2(b)). High resolution molecular ion peaks at m/z = 2582, m/z = ~2602, and m/z = 5166 

can be seen, which suggest the presence of both a bimetallic and monometallic Ag25 analogue in 

the system. In contrast, when a homogenized methanolic solution of PdCl2 was used, a sole 

prominent molecular ion peak was seen at m/z = 2582 (Figure 4.2(c)), which is consistent with 
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monodisperse Ag24Pd1(SPhMe2)18
2- bimetallic clusters.9 Importantly, the difference in mass 

spectra for similar samples with the same metal precursor but a slight difference in method of 

synthesis, emphasizes the significance of synthetic protocol in achieving pure and monodisperse 

AgPd bimetallic cluster samples.  

 

Figure 4.2. Mass spectra of (a) Ag25(SPhMe2)18
- clusters (b) 12:1 Ag:Pd sample prepared with 

dispersed PdCl2 solid, no sonication (c) 12:1 Ag:Pd sample prepared with sonicated PdCl2 solution.  

Pd(OAc)2 was found to be much easier and faster to solubilize in methanol than PdCl2 

under sonication and in our modified method a series of AgPd bimetallic samples was prepared 

using Pd(OAc)2 as the Pd precursor. Figure 4.3(a) shows the mass spectrum of 12:1 Ag:Pd 

bimetallic samples prepared using this modified single-pot synthesis method. The mass spectra of 

samples prepared with similar metal loading of 12:1 Ag:Pd, regardless of Pd precursor (Figure 

4.2(c) versus Figure 4.3(a)), show high similarity to further show that the monodispersity of AgPd 

bimetallic clusters is more sensitive to the synthetic protocol than the Pd precursor type. Near 

identical mass spectra were obtained for bimetallic samples with synthetic ratios ranging from 12:1 
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Ag:Pd to 2:1 Ag:Pd (Figure 4.3). The prominent molecular ion peak at m/z = 2582 is consistent 

with that of bimetallic clusters comprising of a single Pd atom in the cluster and 24 Ag atoms, i.e., 

Ag24Pd1(SPhMe2)18
2- clusters.9,20 The experimental and simulated mass spectra match completely, 

which also confirms the atomic composition of the atom-precise Ag24Pd1(SPhMe2)18
2- bimetallic 

clusters (Figure 4.3(d)). Note that despite the much higher Pd loading in the synthesis for the 6:1 

Ag:Pd and 2:1 Ag:Pd systems, single-atom doping is predominant. However, mass spectrometry 

cannot uniquely identify the position of the Pd in the cluster, thus XPS and XAS studies were 

undertaken to understand the Ag and Pd speciation in these samples. 

 

Figure 4.3. Mass spectra of as-prepared thiolate-protected AgPd bimetallic clusters samples made 

using synthetic ratios of (a) 12:1 Ag:Pd, (b) 6:1 Ag:Pd, (c) 2:1 Ag:Pd; and (d) overlay of 

experimental (black) and simulated (red) spectra of atom-precise Ag24Pd1(SPhMe2)18
2- clusters. 

The crystal structure of Ag25(SPhMe2)18
-, reported elsewhere,24 was visualized using the 

VESTA software package,27 to reflect the atomic arrangement and ligand counts. There exists one 

Ag atom at the center and twelve Ag atoms on the surface of the icosahedral core, while the 

remaining twelve Ag atoms and eighteen S atoms from thiolate ligands constitute atoms in the 

staple positions (Scheme 4.1(a)). In atom-precise Ag25-xPdx(SPhMe2)18
2- clusters the Pd dopant 
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atoms can exist in the central core (Scheme 4.1(b)), the core surface (Scheme 4.1(c)), or staple 

position (Scheme 4.1(d)) and by extension, depending on the number of dopant atoms in the 

composition of bimetallic clusters, the dopant can either occupy one site type or two or more of 

these positions simultaneously. In the case of a single dopant atom in the composition of bimetallic 

clusters, the situation is less complicated, and the position of the dopant can be carefully explored. 

For this bimetallic system, Bark and co-workers reported that the single Pd dopant atom occupies 

central core position of Ag24Pd1(SPhMe2)18
2- using X-ray crystallography methods.20 However, a 

recent study by Zheng et al. suggests that sometimes staple atoms can move towards the core over 

time in related systems, and thus both kinetic and thermodynamic products may be possible.12 

More element specific techniques like XPS and XAS can be employed to better unravel the 

structure of AgPd bimetallic clusters. 

 

Scheme 4.1. Pictorial representation of possible location of dopant in the atom-precise bimetallic 

clusters compared with monometallic analogue. Green depicts Pd, grey depicts Ag while yellow 

represents S. 

Through a wetness incipient impregnation method, after full purification, clusters were 

deposited onto carbon support to give total metal loading of 2% wt. and the atom-precise, carbon-

supported, thiolate-protected monometallic and bimetallic clusters were dried at room temperature 

before XPS and XAS measurements. Previous work showed that this method allows for the 

successful immobilization of clusters without compromising the cluster structure and no Ag 
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oxidation is seen (Chapter 2). Figure 4.4 shows the XPS spectra of a representative 12:1 

Ag:Pd/carbon sample which was shown to be compromised of Ag24Pd1(SPhMe2)18
2- clusters by 

mass spectrometry. XPS survey maps show the presence of C, O, Ag, Pd, and S as the constituent 

elements and Table 4.1 presents a summary of the fitting parameters. The C 1s spectrum (Figure 

4.4(a)) was fitted with multiple Gaussian components having peaks with binding energies at 289.9 

eV, 285.9 eV, and 284.8 eV, and these can be attributed to C=O, C-O, and C-C/C-H species 

respectively, which is consistent with species commonly found on activated carbon surfaces.28 The 

O 1s spectrum shows an asymmetric peak that indicates the presence of more than one kind of 

oxygen species (Figure 4.4(b)) on the carbon surface. The deconvolution of the spectrum gives 

two peaks centering at 533.1 and ~531.2 eV that can be ascribed to C=O and C-O species from the 

activated carbon surface, respectively, and thus the absence of metal oxide species.29 Figure 4.4(c) 

presents the multiple-component XPS analysis of carbon-supported Ag25(SPhMe2)18
- and 

Ag24Pd1(SPhMe2)18
2- clusters to show the site-specific speciation of Ag atoms using method 

described by Zhang and co-workers.30 Each of the Ag peaks (both Ag 3d5/2 and Ag 3d3/2) was fitted 

with three components and the peak area ratio was constrained to 1:~12:~12 for 

Agcenter:Agsurface:Agstaple. The components of Ag 3d5/2 peak of Ag25(SPhMe2)18
-/carbon sample have 

binding energies of 367.2 eV, 368.5 eV, and 368.9 eV respectively to show that the central Ag 

atom is most metallic with oxidation state of 0, the surface Ag atoms are a mixture of both metallic 

and non-metallic natures with oxidation states between 0 and +1, while the Ag atoms at the staple 

sites are in +1 oxidation state.30,31 The Ag 3d peaks are slightly shifted to lower binding energies 

due to electronic perturbation resulting from incorporation of the Pd atom in the bimetallic system.9  

Figure 4.4(d) shows one set of Pd 3d5/2 and Pd 3d3/2 peaks at 337.5 eV and 342.8 eV, respectively, 

which are inconsistent with Pd atoms in the zerovalent state (Pd 3d5/2 = 334.5 eV and  Pd 3d3/2 = 

339.8 eV),32 but rather closer to typical values for Pd thiolate species (Pd 3d5/2 = 336.7 eV and  Pd 

3d3/2 = 342.5 eV).33,34  
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Figure 4.4. XPS spectra of carbon-supported Ag24Pd1(SPhMe2)18
2- clusters synthesized using a 

Ag:Pd ratio of 12:1; (a) C 1s, (b) O 1s, (c) Ag 3d, (d) Pd 3d, and (e) S 2p plots.  
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Table 4.1. XPS fitting parameters for carbon-supported Ag24Pd1(SPhMe2)18
2- clusters made using 

a 12:1 Ag:Pd synthetic ratio. 

 

Element Assignment Spin-orbit Position (eV) FWHM Area % 

O 1s C=O  533.1 2.84 74 

C-O  531.2 1.96 26 

 

 

Ag 3d 

Ag in Core  

5/2 

367.2 0.84 2 

Ag on Surface 367.7 1.32 28 

Ag in Staple 368.5 1.36 28 

Ag in Core  

3/2 

373.2 0.84 2 

Ag on Surface 373.7 1.32 20 

Ag in Staple 374.5 1.36 20 

Pd 3d Pd-thiolate 5/2 337.5 1.41 60 

3/2 342.8 1.62 40 

C 1s C-C/C-H  284.8 0.82 46 

C-O  285.9 2.98 31 

C=O  289.9 4.75 23 

S 2p Ag-thiolate 3/2 162.7 1.43 44 

1/2 163.8 1.18 22 

Pd-thiolate 3/2 162.3 0.82 23 

1/2 163.5 0.82 11 

 

Deconvolution of the high-resolution spectrum of S 2p spectrum, shown in Figure 4.4(e), 

shows two peaks with spin-orbit splitting of ~1.2 eV indicating the presence of metal-thiolate 

species.35 The peaks at 162.3 eV for S 2p3/2 and 163.5 eV for S 2p1/2 are assigned as Pd-S (i.e., Pd-

thiolate), whereas peaks at 162.7 eV for S 2p3/2 and 163.8 eV for S 2p1/2 are attributed to Ag-S 

(Ag-thiolate) interactions.29,35 Altogether, XPS results indicate that thiolate ligands remain 

attached to the surface of the AgPd bimetallic cluster surface and that the carbon-supported 

bimetallic clusters show multivalent (0 and +1) Ag atoms and a non-zerovalent state for Pd atoms, 

with no indication of PdO or Ag2O formation. Thus, XPS results indicate that the Pd atom does 
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not occupy the central core position. The non-zerovalent state of Pd atoms is seen for all synthesis 

ratios up to Ag:Pd of 2:1, as shown in Figure 4.5. This is consistent with mass spectrometry results 

for this sample such that Ag24Pd1(SPhMe2)18
2- clusters are the only species formed up to a Ag:Pd 

ratio of 2:1, and no clusters are seen at higher Pd loadings. Only the 1:6 Ag:Pd/carbon sample with 

a higher loading of Pd (and no cluster signature in the UV-Vis) shows Pd(0) peaks in addition to 

the non-zerovalent Pd prominent peaks at 336.1 eV (3d5/2) and 341.3 eV (3d3/2) (Figure 4.5(b)). 

 

Figure 4.5. XPS spectra of a series of carbon-supported x:y Ag:Pd bimetallic clusters: (a) Ag 3d 

and (b) Pd 3d. 

XAS provides information about the oxidation state and local environment of a specific 

element and this technique was employed to further explore the position of dopant atoms. Figure 

4.6 shows the Pd K-edge XAS spectra obtained for carbon-supported Ag24Pd1(SPhMe2)18
2- clusters 

synthesized using a 12:1 Ag:Pd ratio, and Pd(OAc)2, Pd(OH)2, PdO, and Pd foil standard samples. 

The Pd K-edge XANES spectra (Figure 4.6(a)) shows a strong K-edge feature for Pd at 24,350 

eV, which is assigned to the dipole-allowed 1s to 5p transition. Inspection of the spectra of the 

Ag24Pd1(SPhMe2)18
2- clusters suggest that it is in a Pd(II) state rather than a Pd(0) state as seen for 

the Pd foil reference. All x:y Ag:Pd/carbon samples and the Pdm(SPhMe2)n/carbon sample show 

similar near edge features to suggest that the chemical environments around Pd atoms are the same 

(Figure 4.7(a)).  Figure 4.6(b) shows the Pd K edge R-space EXAFS spectra of the carbon-

supported Ag24Pd1(SPhMe2)18
2- sample, along with Pd(OAc)2, Pd(OH)2, PdO, and Pd foil 

standards (Note the spectra are not phase shift corrected). EXAFS measurements are sensitive to 
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the bonding environment of the absorbing atom. The Ag24Pd1(SPhMe2)18
2- clusters show a strong 

single peak at ~1.9 Å which is consistent with Pd in a thiolate environment, and this is consistent 

with the Pd dopant atom is most likely occupying a staple position or possibly a position on the 

icosahedral surface. Similarly the carbon-supported 12:1 Ag:Pd, 6:1 Ag:Pd, 2:1 Ag:Pd, and 1:1 

Ag:Pd and Pdm(SPhMe2)n
- samples all show a peak at around 1.9 Å that is attributed to a Pd-S 

contribution (Figure 4.7(b)) The Pd-O feature at ca. 1.60 Å is only present in Pd(OAc)2, Pd(OH)2, 

and PdO standards. Moreover, the Pd-M (where M is Pd or Ag) feature in the 2.50 Å region is 

weak or absent to further indicate that the Pd dopant atom does not occupy central core positions 

in the x:y Ag:Pd bimetallic samples, and that the majority of the Pd is likely in a staple position in 

individual clusters, though we can not unambiguously rule out some Pd on the icosahedral surface 

of some clusters. The XAS data at the Pd K-edge indicate Pd bonding with thiolate ligands and no 

noticeable Pd-O interactions. 
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Figure 4.6. XAS Pd K-edge (a) XANES and (b) R-space EXAFS plots of carbon-supported 

Ag24Pd1(SPhMe2)18
2- clusters in comparison with Pd(OAc)2, Pd(OH)2, PdO and Pd foil standards. 
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Figure 4.7. XAS Pd K-edge (a) XANES and (b) R-space EXAFS plots of carbon-supported x:y 

Ag:Pd bimetallic clusters in comparison with Pd(OAc)2, Pd(OH)2, PdO and Pd foil standards. 

One concern about the Pd(II) data showing a thiolate environment in both XPS and XAS 

data was the possibility of Pd(II) thiolate impurities in the cluster solutions. Multiple solvent 

extractions and redissolutions of clusters were done in the purification step, and a series of 

chromatographic separations was attempted and showed no indication of a trace of impurities in 

the cluster samples. So, the prominent Pd-S peak is ascribed to the sample rather than any 

impurities. It is noteworthy that these observations are not consistent with the earlier studies that 

reported Pd dopant atom as the core central atom in a similar Ag24Pd1(SPhMe2)18
2- system using 

single crystal X-ray diffraction (SC-XRD) methods.19,20 Typically, the SC-XRD method cannot 

distinguish transition metals of similar atomic numbers; also it involves sample crystallization 

which may bias the structure determination by favoring certain structures over others.19,21 Besides 

these highlighted limitations of the SC-XRD method, the observed difference, with respect to the 

position of the dopant atom, may be related to subtle changes in my synthesis protocols. In my 

synthesis procedure, both Ag and Pd ions are present initially before adding the thiolate ligand and 

other reagents, whereas the Pd precursor was added to a preformed Ag-thiolate complex in earlier 

reported procedures.9,20 XPS and XAS data shown above both indicate the Pd dopant atom 

predominantly occupies a staple position in individual clusters (or possibly an icosahedral surface 

position) in the structure of AgPd bimetallic clusters. It is noteworthy that similar staple positions 

for Pd have recently been reported for dopant Pd atoms in a Pd2Au36(SC2H4Ph)24 system using 
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combined experimental and theoretical EXAFS analysis.21 Aikens and co-workers performed 

robust theoretical calculations and predicted centrally doped structures to be the most stable 

structure of PdAg24 clusters. It was however noted that where there is no interaction between the 

nd levels and superatomic levels, other factors such as the strength of RS-M-SR bonds in the ligand 

shell, or the energetics of 1S and 1P levels may come into play in understanding the relative 

stability of the isomer structures which have dopant metal atoms in the staple site.36 Our group, 

and others,26 have noted Pd thiolate bonds can be quite resistant to borohydride reduction, which 

may be due to increased RS-M-SR bond strengths. This likely positions the Pd dopant in the staple 

position due to faster Ag reduction during the co-reduction protocol used in this work.  

Figure 4.8(a) shows the Ag K-edge XANES spectra obtained for Ag25(SPhMe2)18
- /carbon 

and Ag24Pd1(SPhMe2)18
2-/carbon samples, alongside that of Ag2O and Ag foil as standards. The 

spectra show a strong K-edge feature for Ag at 25,514 eV which is assigned to the dipole-allowed 

1s to 5p transition. The Ag K-edge spectra are quite similar for Ag25(SPhMe2)18
- /carbon and 

Ag24Pd1(SPhMe2)18
2-/carbon samples, suggesting Ag has the same environment in both samples. 

Ag25(SPhMe2)18
-/carbon and nearly all x:y Ag:Pd/carbon samples show similar near edge features 

(Figure 4.9(a)), which suggests that the neighboring atoms are likely the same. The only exception 

is the 1:6 Ag:Pd/carbon sample which has distinct features, possibly because some Pd(0) is in the 

Ag coordination sphere for that sample. Figure 4.8(b) shows the Ag K-edge EXAFS R-space 

spectra of the Ag25(SPhMe2)18
-/carbon and Ag24Pd1(SPhMe2)18

2-/carbon samples; notably both 

have similar R-space spectra which contain major Ag-S contributions and minor Ag-Ag 

contributions. The weaker Ag-Ag interactions are likely due to the fact that there are multiple 

bonding modes in the clusters (Chapter 2). The Ag-S feature in the 1.85 Å region is consistent with 

the presence of protecting thiolate ligands on the surface of metal clusters. The Ag2O standard 

sample shows a major Ag-O peak at around 1.62 Å which is assigned to Ag-O contributions and 

is absent in both samples. Figure 4.9(b) shows the Ag K-edge EXAFS R-space spectra for all 

synthetic AgPd ratios; interestingly the Ag-Ag metallic peaks become more prominent at Ag:Pd 

ratios of 1:1 and 1:2, which suggest a more metallic environment for these samples (earlier UV-

Vis data showed that these samples did not have cluster signatures and thus are likely larger 

nanoparticles). In summary, XPS and XAS data show that the Ag24Pd1(SPhMe2)18
2-/carbon 

samples have a metal framework structure similar to that of Ag25(SPhMe2)18
-/carbon and that the 

single Pd dopant atom predominantly occupies the staple position in individual clusters (or 
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possibly occasionally the icosahedral surface site) in the structure of atom-precise 

Ag24Pd1(SPhMe2)18
2-/carbon catalysts.  

 

Figure 4.8. XAS Ag K-edge (a) XANES and (b) R-space EXAFS plots of carbon-supported 

Ag25(SPhMe2)18
- and Ag24Pd1(SPhMe2)18

2- bimetallic clusters in comparison with Ag2O and Ag 

foil standards. 
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Figure 4.9. XAS Ag K-edge (a) XANES and (b) R-space EXAFS plots of carbon-supported 

Ag25(SPhMe2)18
- and x:y Ag:Pd bimetallic clusters in comparison with Ag2O and Ag foil 

standards. 

4.4 Conclusions 

The use of atom-precise, ligand-protected metal clusters has exceptional promise towards 

the fabrication of model supported-nanoparticle heterogeneous catalysts which have controlled 

sizes and compositions. One of the major setbacks of the co-reduction strategy of making 

bimetallic clusters is achieving monodispersity of the clusters. AgPd bimetallic clusters were 

prepared via an improved co-reduction strategy. The method of preparation, rather than Pd 

precursor type, was crucial to achieving improved purity. Interestingly, atom-precise 

Ag24Pd1(SPhMe2)18
2- bimetallic clusters are the only species seen up to Ag:Pd synthetic ratios of 

2:1. At higher Pd loadings, monodisperse clusters are not seen, and no clusters at all are seen when 

Pd is present in large excess. Single Pd doping leads to changes in the optical properties of the 

clusters. XPS and XAS results reveal that the single Pd dopant predominantly occupies the staple 

position in individual clusters, although may alternatively occupy icosahedral surface positions, in 

the atom-precise Ag24Pd1(SPhMe2)18
2- bimetallic clusters. The position of the doping metal will 

lead to changes in the electronic structure, stability, and catalytic properties of the resulting 

Ag24Pd1(SPhMe2)18
2- bimetallic clusters.  
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Chapter 5 

Atom-Precise Silver-Palladium Bimetallic Clusters on Carbon Supports as 

Selective Hydrogenation Catalysts  

This chapter details the catalytic performance of atom-precise bimetallic 

Ag24Pd1(SPhMe2)18
2- clusters made by the direct synthesis method for the semi-hydrogenation of 

terminal and internal alkynols. EXAFS analysis indicated better stability upon thermal activation 

for bimetallic Ag24Pd1(SPhMe2)18
2- clusters as compared to monometallic Ag25(SR)18

- clusters. 

The bimetallic systems showed better catalytic activities than monometallic systems for the 

selective hydrogenation of 3-hexyn-1-ol and 3-methyl-3-butyn-2-ol.  

This chapter is a manuscript that is in preparation for publication. I wrote the complete first 

draft of the manuscript and this was then edited with the guidance of Prof. Robert W.J. Scott. 

Catalytic studies were done with the assistance of Andrew Bueckert, who was a summer student 

in our laboratory under my supervision.  
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5.1 Introduction 

Atom-precise, ligand-protected metal clusters are relevant for the design of model 

heterogeneous catalysts.1-5 Nanosized metal clusters can offer both atom economy for catalysis 

and possess modified electronic properties, surface geometries, and unique structures, and thus can 

exhibit catalytic performance than bulk materials.6,7 Atom-precise Au25(SR)18
- clusters are heavily 

studied in the literature and the analogous Ag system is also gaining research attention.8,9 

Compared to monometallic catalysts, bimetallic catalysts often show superior physicochemical 

and catalytic properties due to synergy of properties of the constituent metals,4,10-15 and preparation 

of selective bimetallic catalysts with control over atom counts allow one to access bimetallic 

clusters with controlled cluster size, composition, and structure.10-14 Bimetallic clusters with a 

single foreign metal atom dopant are attracting great interest, as such subtle atom replacement can 

afford bimetallic clusters with significantly different physicochemical and catalytic properties. For 

instance, several studies have shown that a single atom doping of Au25 clusters lead to both 

improved cluster stability and enhanced catalytic efficiency.13,14,16-19 Meanwhile, Qian et al. noted 

similar catalytic activity for Pd1Au24(SC2H4Ph)18 and Au25(SC2H4Ph)18 clusters in the selective 

hydrogenation reaction of α,β-unsaturated ketones to α,β-unsaturated alcohols, which indicated 

that the central Pd atom could not affect the catalytic properties significantly since the central atom 

was not the active site of the catalyst.17 In contrast, Xie et al. observed no catalytic activity for 

ligand-on Pd1Au24(SC12H25)18/CNT and Au25(SC12H25)18/CNT catalysts, whereas activated 

catalysts (via thermal activation in vacuum) were active for aerobic oxidation of benzyl alcohol 

and that single Pd atom doping significantly enhanced the catalytic performance of activated Au25 

clusters.19 Using operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS), Garcia et al. showed that migration of the Pd dopant atom from the Au cluster core to 

the cluster surface is responsible for increased activity of titania-supported PdAu24 catalysts for 

CO oxidation.20 These divergent observations show that the enhanced catalytic performance by 

Pd1Au24(SR)18 with a single Pd atom at the central position is yet to be clearly rationalized 

completely.  

Atom-precise Ag-based bimetallic clusters are less studied compared to their Au-based 

bimetallic counterparts and have similar atomic arrangements and ligand counts. Bakr and co-

workers prepared Pd1Ag24(SR)18
2- clusters and noted, via crystallography, that the Pd dopant atom 



124 
 

replaces the core central atom.21 Like the Au system, improvement in stability and catalytic 

performance has been observed for Pd1Ag24(SR)18
2-

 clusters when compared with Ag25(SR)18
- 

clusters,12,15,21 but catalytic studies of bimetallic Ag-based clusters are presently limited. Zhu and 

co-workers reported that the centrally-doped bimetallic Pd1Ag24(SR)18
2-

 clusters display superior 

catalytic performances to Ag25(SR)18
2-

 clusters in the carboxylation reaction of CO2 with terminal 

alkynes via C-C bond formation to give propiolic acid.15 The rationale as to how such subtle 

modification by a single atom in the center of the cluster results in significant enhancements in the 

catalytic efficiency still needs to be unraveled. Alternatively, positioning the active metal on the 

catalyst surface for better accessibility by the substrates can significantly improve the catalytic 

performance.14,20 In addition, the optimum catalytic potential of these ligand-protected bimetallic 

clusters can be achieved by partial or complete desorption of protecting ligands.9,19,22 At present, 

there is no information on the nature of bimetallic Pd1Ag24(SR)18
2-

 clusters upon activation and 

there is possibility of oxidation and/or phase separation upon thermal activation. 

In Chapter 4, I reported the synthesis of atom-precise bimetallic Ag24Pd1(SR)18
2- clusters 

and showed via element-specific X-ray absorption spectroscopy that the single Pd dopant atom did 

not reside in the central core position of the overall structure. The Pd dopant atom is in the 

surface/staple environment and thus should be more accessible for catalysis. Notably, Ag is a poor 

hydrogenation catalyst by itself while Pd is very active, albeit with intrinsic poor selectivity.23,24 

So, a bimetallic cluster system that comprises of atomically isolated Pd on a Ag cluster surface, 

like in the case of singly-doped Ag24Pd1(SR)18
2- clusters, is an intriguing model single-atom 

hydrogenation catalyst that should allow for selective hydrogenations of alkynes to alkenes. 

Several research groups, including ours, have reported AgPd bimetallic systems as excellent 

selective hydrogenation catalysts.25-33 Single-atom alloy AgPd catalysts with isolated Pd atoms 

were found to be active for the hydrogenation of acrolein.31 Khan et al. described a system of 

having a Pd-rich surface to dissociate H2 and catalyze hydrogenation reactions, as well as an Ag-

rich core to prevent the occurrence of sub-surface H, for an ideal highly-selective AgPd bimetallic 

catalyst.26 Moreover, in Chapter 3, I showed that AgPd bimetallic catalysts prepared via the 

sequential reduction of Pd onto the surface of Ag clusters show structure-dependent selectivity for 

hydrogenation reactions, with high selectivity for selective hydrogenations at low Pd levels.  
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In this study, the structural characterization and catalytic evaluation of atom-precise 

Ag24Pd1(SPhMe2)18
2- bimetallic clusters, prepared via a modified direct synthesis method, were 

done in comparison with the corresponding Ag25(SPhMe2)18
2- monometallic clusters. Clusters 

were examined both with and without low temperature activation on carbon supports. Both intact 

and activated clusters were characterized using element-specific X-ray absorption spectroscopy to 

follow the structure evolution upon activation, and then evaluated as selective heterogeneous 

catalysts for the hydrogenation of alkynols. Results further affirm that Pd atoms selectively occupy 

a staple position in the clusters while Ag atoms occupy the core and surface of the icosahedral 

cluster cores and the remaining staple positions. Upon activation, both Ag-M and Pd-M (where M 

is Ag or Pd) interactions increase upon increasing the activation temperature. Pd-S interactions 

remain for calcined samples at 250 °C, but they are absent in samples calcined at 450 °C. 

Bimetallic Ag24Pd1(SR)18
2- clusters showed better thermal stability and catalytic activity than 

homonuclear Ag25(SR)18
2- clusters on carbon supports. The Ag24Pd1(SR)18

2- clusters showed 

excellent selectivity for the selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY) and 3-

hexyn-1-ol (HY) to their respective alkenols. Upon mild activation at 250 °C, catalytic activities 

were not significantly different from intact clusters, albeit the presence of residual thiolate ligands 

on the activated Ag24Pd1 clusters increased the selectivity towards alkenols.  

5.2 Experimental 

5.2.1 Materials 

Silver nitrate (AgNO3, ≥99.0%), palladium (II) acetate (Pd(OAc)2, 99.9%), acetonitrile 

(MeCN, 99.9%), ethanol (EtOH, 100%), 2-methyl-3-butyn-2-ol (MBY, 98%), and 3-hexyn-1-ol 

(HY, 98%) were procured from Sigma Aldrich. Dichloromethane (CH2Cl2, DCM), methanol 

(MeOH, HPLC grade), acetone (C3H6O, 99.5%), hexane (C6H14, 98.5%), sodium borohydride 

(NaBH4, 98%), and 1% wt Pd/Al2O3 catalyst were bought from Fisher Scientific. 2,4-

Dimethylbenzenethiol (HSPhMe2, C8H9SH, 95%), tetraphenylphosphonium bromide (Ph4PBr), 

and 2-propanol (isopropanol, HPLC grade, 99.7+%) were procured from Alfa Aesar, while 

activated carbon (Powder, CX0657-1) was bought from EMD. In all experiments, Milli-Q 

(Millipore, Bedford, MA) deionized water with resistivity of 18.2 MΩ cm was used. Glassware 

was thoroughly cleaned using aqua regia, rinsed with deionized water, and then dried completely 

before use. All chemicals were used as received without any further purification.  
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5.2.2 Synthesis of Atom-Precise Thiolate-Protected Ag25 and Ag24Pd1 Clusters 

Monometallic Ag25(SPhMe2)18
-
 clusters were prepared as described in section 2.2.2. 

Bimetallic Ag24Pd1(SR)18
2- clusters were prepared via a method described in section 4.2.2 using 

0.22 mmol of AgNO3 and 0.018 mmol of Pd(OAc)2, as the synthetic metal compositions.  

5.2.3 Preparation and Activation of Carbon-Supported Atom-Precise Metal Clusters 

The carbon-supported metal clusters were prepared by immobilizing metal clusters onto 

carbon supports via the wetness impregnation method, to give a final metal loading of ca. 1 wt%. 

Typically, 2.0 mL of a DCM solution of the metal clusters was added to 200 mg of activated carbon 

and stirred for 30 min. Afterwards, the mixture was allowed to settle, and the colourless 

supernatant was removed under vacuum to obtain the carbon-supported metal clusters. This 

powder was then allowed to dry completely under ambient conditions. Activated samples were 

prepared by calcining samples of the as-prepared carbon-supported metal clusters at 250 °C and 

450 °C for 2 h at a ramping rate of 10 °C/min under air flow using a Lindberg/Blue M furnace. 

5.2.4 Characterization Techniques 

UV-Vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) 

measurements were collected as described in section 2.2.4. Elemental compositions and ESI-MS 

measurements were performed as described in section 3.2.3. X-ray absorption near-edge structure 

(XANES) measurements at the Pd L3-edge and S K-edge were conducted in fluorescence yield 

(FY) mode at the Soft X-ray Micro Characterization Beamline (SXRMB) 06B1-1 (Energy range 

1.7-10 keV; resolution 1 x 10-4 ΔE/E Si (111); spot size 4 mm x ~1 mm) at the Canadian Light 

Source (CLS). Several mg of each powdered sample was placed on carbon tape which was 

mounted on the Cu plate sample holder. The Cu plate was then placed inside the vacuum chamber 

with a vacuum of 3 x 10-5 torr. High energy XAS (Ag K-edge and Pd K-edge) measurements were 

conducted at the Biological X-ray Absorption Spectroscopy (BioXAS) beamline 07ID-2 at the 

CLS as described in section 3.2.3. The k2-weighted spectra were subjected to a Fourier transform 

(FT) in R space for the k range of 3.0-11.8 Å−1 and 3.0-13.8 Å−1 for Ag and Pd data respectively. 

Ag fcc bulk lattice parameters were used to fit the Ag-foil spectrum, keeping the first shell 

coordination number fixed (CN = 12) at first to determine the amplitude reduction factor (S0
2). 

Similar data fitting was performed for Pd fcc bulk lattice parameters for the Pd-foil spectrum. From 
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these fits, amplitude reduction factors of 0.85 were determined for both Ag-foil and Pd-foil, and 

this value was used for the subsequent sample fits. 

5.2.5 Catalyst Evaluation 

The hydrogenation reaction was carried out in a 50 mL three-neck round bottom flask. 

Prior to sealing all the three necks, an egg-shaped magnetic stirrer, 25.0 mg of catalyst, and 5.0 

mL of solvent (typically ethanol, except for initial solvent studies) were added to the reaction flask 

which was then purged with continuous flow of H2 gas for 10 min. Thereafter, the system was 

filled with ca. 1.5 atm H2 gas and allowed to equilibrate for 10 min, during which there was no 

observable leakage as monitored by a differential pressure manometer (407910, Extech 

Instrument). 2.0 mmol of alkynol (MBY or HY) was quickly added by syringe to start the reaction, 

and the reaction mixture was stirred at different speeds (200-1600 rpm) for 180 min at 25 °C. After 

the reaction, the solid catalyst was removed by centrifugation, and the liquid sample containing 

the catalytic products was analyzed by gas chromatography (7890A, Agilent Technologies), 

equipped with a flame ionization detector and a HP-5 column. For recycling experiments, the 

catalyst was washed twice in isopropanol, dried under vacuum, and reused in subsequent reaction 

cycles. Selectivity was calculated as the ratio of a particular product to the sum of all products, 

expressed as a percentage. The stereoselectivity of a product isomer is the ratio of the amount of 

its Z-configuration product to the total amount of its Z- and E-isomer products, expressed as a 

percentage. 

5.3 Results and Discussion 

The reduction of the metal-thiolate complex mixture by NaBH4 addition resulted in the 

formation of thiolate-protected metal clusters whose atom compositions were ascertained by mass 

spectrometry measurements. Figure 5.1(a) shows the mass spectra of Ag25(SPhMe2)18
- and 

Ag24Pd1(SPhMe2)18
2- clusters. The Ag25(SPhMe2)18

- monometallic clusters show a prominent peak 

at m/z of 5166 with isotopic distribution peaks separated by m/z value of 1. In contrast, the 

Ag24Pd1(SPhMe2)18
2- bimetallic clusters show a prominent peak at m/z of 2582 with isotopic 

distribution peaks separated by m/z value of 0.5. These values are consistent with values of ~5167 

and ~2582 reported in the literature for monodisperse Ag25(SPhMe2)18
- and Ag24Pd1(SPhMe2)18

2- 

clusters, respectively.15,21 Atom-precise thiolate-protected metal clusters have distinct optical 
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features in the visible light region, and thus UV-Vis absorption spectroscopy is an excellent 

characterization technique to follow the synthesis of these atom-precise thiolate-protected metal 

clusters. Figure 5.1(b) shows the UV-Vis absorption spectra both Ag25(SPhMe2)18
- and 

Ag24Pd1(SPhMe2)18
2- clusters in DCM solvent. The clusters exhibit broad multiband optical 

absorptions in the UV-Vis region. The Ag25(SPhMe2)18
- clusters particularly show characteristic 

peaks at 334 nm, 392 nm, 490 nm, and 678 nm which are consistent with nearly monodisperse 

Ag25(SR)18
- clusters.34 The absorption peak at 678 nm is ascribed to the HOMO-LUMO transition 

in the Ag25 structure, and it undergoes a hypsochromic shift of ~11 nm upon incorporation of 

dopant Pd to form Ag24Pd1(SPhMe2)18
2- clusters. Such a hypsochromic shift in the optical 

absorption spectra is consistent with the previous studies on Pd-doped M25 (where M is Ag or Au) 

clusters.12,13,15,16,21 Except for the hypsochromic shift, the overall optical features are similar to the 

Ag25(SPhMe2)18
- clusters which suggests an analogous structural framework for both 

Ag25(SPhMe2)18
- and Ag24Pd1(SPhMe2)18

2- clusters.12,21 Both ESI-MS and UV-Vis data clearly 

showed that highly monodisperse and pure atom-precise Ag25(SPhMe2)18
- and Ag24Pd1(SR)18

2- 

clusters were produced, which is consistent with previous work (Chapter 4). 

 

Figure 5.1. (a) ESI-MS spectra and (b) UV-Vis absorption spectra of unsupported 

Ag25(SPhMe2)18
- monometallic and Ag24Pd1(SPhMe2)18

2- bimetallic clusters.  

The atom-precise metallic and bimetallic clusters were immobilized onto carbon supports 

for heterogeneous catalysis. The carbon-supported samples were further characterized using 

element-specific X-ray spectroscopy and Table 5.1 summarizes the results obtained from the 
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multiple-component XPS analysis of Ag25(SPhMe2)18
- and Ag24Pd1(SPhMe2)18

2- clusters on 

carbon supports. For the Ag 3d peaks, the peak area ratio was constrained to 1:~12:~12 for 

Agcenter:Agsurface:Agstaple to show the site-specific speciation of Ag atoms as described by Chen et 

al.35 The components of the Ag 3d5/2 peaks of carbon-supported Ag25(SPhMe2)18
- clusters have 

binding energies of 367.2 eV, 368.5 eV, and 368.9 eV for Ag at center, surface, and staple 

positions, respectively. Similar Ag 3d5/2 binding energies of 367.2 eV, 367.7 eV, and 368.5 eV 

were obtained for the carbon-supported Ag24Pd1(SPhMe2)18
2- sample. Notably, the Ag 3d peak 

components assigned to Ag atoms in the surface and staple sites are slightly shifted to lower 

binding energies to indicate electronic perturbation due to incorporation of the Pd atom.15 In both 

systems, the Ag atom in the center position is most metallic with oxidation state of 0, the Ag atoms 

in surface position have oxidation states between 0 and +1 to suggest a mixture of both non-

metallic and metallic natures, while the Ag atoms at the staple sites are in +1 oxidation state.35 The 

Pd 3d5/2 peak at 337.3 eV for the Ag24Pd1 clusters is consistent with a Pd(II) oxidation state in a 

thiolate environment.36 The Ag24Pd1 clusters have S 2p3/2 peaks at 162.7 eV and 162.3 eV which 

suggests two metal-thiolate (i.e. Ag-thiolate and Pd-thiolate) interactions are present in bimetallic 

clusters, whereas only one metal-thiolate interaction (S 2p3/2 peak at 162.6 eV) is seen for the 

monometallic Ag25 clusters. In summary, XPS results show that thiolate ligands are present on the 

metal cluster surface and that the dopant Pd is a Pd(II) species which is therefore likely present on 

either the core surface or in a staple environment and thus should be accessible for catalysis. 
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Table 5.1. Multiple component XPS analysis of atom-precise Ag25(SPhMe2)18
- and 

Ag24Pd1(SPhMe2)18
2- clusters on carbon supports.  

Element Element Assignment Position (eV) FWHM Area % 

Ag25(SPhMe2)18
-/carbon Ag 3d5/2 Ag in Center 367.2 0.84 2 

Ag on Surface 368.5 1.32 28 

Ag in Staple 368.9 1.36 28 

Ag 3d3/2 Ag in Center 373.3 0.84 2 

Ag on Surface 374.5 1.32 20 

Ag in Staple 374.9 1.36 20 

S 2p3/2 Ag-thiolate 162.6 1.38 66 

S 2p1/2 163.9 1.21 34 

Ag24Pd1(SPhMe2)18
2-

/carbon 

Ag 3d5/2 Ag in Center 367.2 0.84 2 

Ag on Surface 367.7 1.32 28 

Ag in Staple 368.5 1.36 28 

Ag 3d3/2 Ag in Center 373.2 0.84 2 

Ag on Surface 373.7 1.32 20 

Ag in Staple 374.5 1.36 20 

Pd 3d5/2 Pd-thiolate 337.3 1.41 60 

Pd 3d3/2 342.7 1.62 40 

S 2p3/2 Ag-thiolate 162.7 1.41 44 

S 2p1/2 163.8 1.18 22 

S 2p3/2 Pd-thiolate 162.3 0.82 23 

S 2p1/2 163.5 0.82 11 

 

The presence of ligands on the surface of a cluster can influence the catalytic performance 

as the protecting ligand may limit the accessibility of active site by the substrates.9,19,22 Thermal 

treatment (calcination) is one of the simple and efficient ways of activating (i.e. removing the 

ligand from) ligand-protected clusters.9 The carbon-supported, atom-precise monometallic and 

bimetallic clusters were activated at different temperatures and both the as-prepared and activated 

samples were further characterized using element-specific XAS methods. XAS can provide 

information about the local environment as well as the oxidation states of a specific element. Figure 
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5.2 presents the Ag K-edge XAS data for as-prepared and thermally-activated Ag25(SPhMe2)18
- 

and Ag24Pd1(SPhMe2)18
2- clusters on carbon supports. The Ag K-edge XANES spectra are similar 

for as-prepared carbon-supported Ag25(SPhMe2)18
- and Ag24Pd1(SPhMe2)18

2- clusters to indicate 

that the chemical environment of Ag is similar in both samples (Figures 5.2(a) and 5.2(b)). 

Meanwhile, there is a difference in the spectra obtained for the metallic and bimetallic cluster 

samples upon thermal activation. For the Ag25(SPhMe2)18
- clusters there is growth in the intensity 

of the multi-scattering peak at ca. 25,548 eV after calcination which increases at higher calcination 

temperatures, while for the bimetallic sample growth of this peak is only seen for the 

Ag24Pd1(SPhMe2)18
2- clusters calcined at 450 °C (and little to no change is seen at 250 oC). Figure 

5.2(c) shows the Ag K-edge EXAFS data for the monometallic system. The Ag-S peak (~1.85 Å) 

disappears with a consequent increase in the Ag-Ag peak for the sample calcined at 250 °C 

indicating mild sintering of clusters at this temperature. The Ag-Ag peak grows further at a 

calcination temperature of 450 °C which indicates that cluster sintering becomes particularly 

problematic beyond 250 °C. Figure 5.2(d) shows the analogous Ag K-edge data for the Pd-doped 

system (i.e. Ag24Pd1(SPhMe2)18
2-); nearly no growth in the Ag-Ag peak is seen at 250 °C whereas 

the Ag-Ag peak increases in intensity significantly at 450 °C, which points to significant sintering 

at higher temperatures but no sintering at 250 oC. The absence of a Ag-O peak around 1.60 Å in 

both systems suggests that there is no formation of Ag2O (Figures 5.2(c) and 5.2(d)). These results 

indicate that the single Pd atom in Ag24Pd1(SPhMe2)18
2- bimetallic clusters enables increased 

stability to thermal treatment than the analogous Ag25(SPhMe2)18
- monometallic clusters.  



132 
 

 

Figure 5.2. The Ag K-edge XANES (a, b) and Ag K-edge EXAFS (c, d), spectra of as-prepared 

and activated carbon-supported Ag25(SPhMe2)18
- monometallic (a, c) and Ag24Pd1(SPhMe2)18

2- 

bimetallic (b, d), clusters samples. 

XANES can be an excellent probe of the speciation of constituent metals of clusters upon 

activation. Figure 5.3(a) presents the Pd K-edge XANES spectra obtained for as-prepared and 

activated carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic clusters. A close look at the near edge 

features shows that the chemical environment of Pd atoms changes for the bimetallic sample 

calcined at 450 °C; Pd is neither in thiolate environment as in the as-prepared sample nor in a fcc 

Pd zerovalent metallic state like in standard Pd foil. The Pd K-edge EXAFS data show that in the 

as-prepared, carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic clusters, Pd is in a thiolate 

environment as suggested by the presence of Pd-S peak at about 1.9 Å (Figure 5.3(b)), which is 

consistent with previous work (Chapter 4). Interestingly, at 250 °C, this peak is still seen, showing 

that the Pd-S thiolate interaction is much stronger than Ag-S thiolate interactions (as seen in Figure 
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5.2). Upon activation of carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic clusters at 450 °C, there 

is disappearance of the Pd-S peak with consequent emergence of a prominent Pd-M peak (where 

M is Pd or Ag) at 2.55 Å, as well as a very weak Pd-O feature at ~1.60 Å (Figure 5.3(b)).  

 

Figure 5.3. (a) Pd K-edge XANES, and (b) Pd K-edge EXAFS, spectra of as-prepared and 

activated carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic cluster samples. 

Figure 5.4 presents the fits of experimental EXAFS data for the activated sample at 450 °C 

for both Ag and Pd K-edge measurements in both k-space and R-space using a fcc model, while 

Table 5.2 presents a summary of EXAFS fitting parameters (note that data for samples calcined at 

250 oC were not amenable to EXAFS fitting due to poor S/N in the Ag K-edge data). At both Ag 

and Pd K-edges, the Ag-M and Pd-M coordination numbers (CNs) for the bimetallic sample 

calcined at 450 oC are significantly less than 12, which is consistent with the presence of small 

clusters with a large fraction of surface atoms. Also, the activated sample shows a Ag-M distance 

(2.836(6) Å) that is slightly shorter than the Ag-Ag bond distance of 2.88 Å in standard Ag foils. 

Similarly, the modelled Pd-M distance of 2.787(7) Å is slightly larger than typical Pd-Pd bond 

distance of 2.75 Å in a standard Pd fcc foil. These differences in bond distance also strongly 

indicate the presence of heteroatomic bonding in the activated sample;37-39 i.e. no indication of 

phase separation is seen upon activation at 450 oC. This is consistent with the result obtained for 

bimetallic AgPd/carbon catalysts with similar metal compositions prepared via an indirect method 

of catalyst preparation (Chapter 3). The fit of the Pd K-edge EXAFS data also suggests a small 

amount of PdOx species are present on the surface of the clusters. The greater CNPd-M of 6.5(9) 

(compared to a CNAg-M value of 5.0(4)) also suggests there may be slightly more subsurface Pd 
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atoms in the final clusters, which is an indication of structural changes upon calcination. Using 

scanning tunneling microscopy (STM) and machine-learning molecular dynamics simulations, 

others have also observed migration of some Ag atoms to cover Pd islands on Ag(111), especially 

at elevated temperatures, with the degree of Ag encapsulation depending on temperature and 

coverage of Pd deposited onto the Ag(111) surface.40 Notably, incomplete encapsulation will 

expose some Pd atoms for possible surface oxidation.  

 

Figure 5.4. Experimental data of the Fourier transformed EXAFS and theoretical EXAFS fits for 

the carbon-supported Ag24Pd1@450 °C sample for Ag and Pd K-edge measurements in (a,b) k-

space and (c,d) R-space.  
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Table 5.2. Summary of EXAFS fitting parameters for the carbon-supported Ag24Pd1@450 °C 

sample.  

Bond type CN R/Å σ2 /Å2 Еₒ Shift (eV) R (%) 

Pd-O 1.0(5) 1.98(2) 0.003(1) -3.4(9) 1.3 

Pd-M 6.5(9) 2.787(7) 0.006(1) 

Ag-M 5.0(4) 2.836(6) 0.008(1) 0.7(5) 1.6 

where M is Ag or Pd. 

 

Figure 5.5(a) shows Pd L3-edge XANES measurements for as-prepared and activated 

carbon-supported bimetallic samples. The L3-edge Pd XANES white line is sensitive to 4d 

vacancies in Pd and a positive shift in the white line after calcination at 450 °C suggests a small 

increase in oxidation state of Pd.41 Thus the Pd L3-edge white line is consistent with a small degree 

of surface oxidation of Pd to PdOx in sample activated at 450 °C. Figure 5.5(b) shows S K-edge 

XANES measurements for carbon-supported samples activated at different temperatures. The peak 

assignments are based on values reported in the literature for sulfur-metal (S-M) and sulfur-carbon 

(S-C) interactions.42 The peak around 2472 eV is characteristic of S-M interactions (where M is 

Ag or Pd in this case) and the S-M peak significantly loses intensity for samples activated at 450 

°C to indicate the oxidative desorption of thiolate ligands off the metal surface (Figure 5.5(b)). 

The S-C peak still has strong intensity after calcination of the sample at 450 °C which suggests 

that although thiols are being removed from the metal surfaces, significant disulfide and/or 

sulfonate species still exist on the surface.42 
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Figure 5.5. (a) Pd L3-edge EXAFS, and (b) S K-edge XANES spectra of as-prepared and activated 

carbon-supported Ag24Pd1(SPhMe2)18
2- bimetallic cluster samples. 

Selective hydrogenation of the carbon-carbon triple bonds of alkynols is an essential 

chemical reaction for the production of fine chemicals.43-46 Carbon-supported Ag25 and Ag24Pd1 

clusters were evaluated as heterogeneous catalysts for the selective hydrogenation of 2-methyl-3-

butyn-2-ol (MBY) and 3-hexyn-1-ol (HY) as model examples of internal and terminal alkynol 

substrates. Pd-only catalysts have intrinsically poor selectivity for the hydrogenation of alkynes to 

alkenes, as they tend to give the alkanes; double hydrogenation products.24,47-49 Many research 

groups, including ours, have shown that the incomplete hydrogenation of alkynes to alkenes can 

be achieved via suppression of Pd by alloying with other metals, including Ag.25,28,32,33,47-50 The 

use of Ag-only catalysts for hydrogenation reactions is less common and a certain level of activity 

can be seen under optimized reaction conditions.51-53 Considering the three-phase nature of 

hydrogenation of liquid alkynes over solid catalysts, the choice of solvent and stirring speed were 

considered as two important parameters to be optimized to address possible mass transfer 

limitations in this reaction. The MBY hydrogenation reaction was carried out with ethanol as 

solvent over carbon-supported Ag catalysts at different stirring speeds, ranging from 200 rpm to 

1600 rpm. Figure 5.6(a) shows the results indicating there was no mass transfer limitation at high 

stirring speeds, and a maximum 15.7% MBY conversion is attained at a stirring speed of 1400 

rpm, and thus subsequent reactions were carried out at this stirring rate. Note that conditions were 

chosen to ensure that only moderate yields were seen for the Ag only system as it was anticipated 

that Ag24Pd1 systems would have higher activities (see below). Figure 5.6(b) presents the solvent 
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effect on MBY conversion. The order of MBY conversion in the studied solvents is acetone < 

water < acetonitrile < hexane < methanol < ethanol, but the trend cannot be explained with a 

particular solvent property (Table 5.2). Others have shown that solvents affect the enthalpy of 

hydrogen adsorption on the catalyst surface to give differences in catalyst performance for MBY 

hydrogenation reactions,45,54 and that a combination of factors like hydrogen solubility and solvent 

properties, such as polarity, dipole moment, and dielectric constant, affect solvent influence on 

hydrogenation reactions.45,55 Hydrogenation reactions over different catalysts were performed at a 

stirring speed of 1400 rpm and using ethanol as a solvent. 

 

Figure 5.6. Effect of (a) stirring speed (in ethanol) and (b) solvent on catalytic activity of carbon-

supported Ag25(SPhMe2)18
- catalysts for the hydrogenation reaction of MBY. 

Table 5.3. Solvent parameters for solvents used for hydrogenation reactions of MBY with carbon-

supported Ag25(SPhMe2)18
- catalysts. 

Solvent Dipole 

moment (D) 

Dielectric 

constant 

Relative 

polarity 

MBY 

Conversion (%) 

Acetone 2.85 21.0 0.355 3.4 

Acetonitrile 3.50 37.5 0.460 10.1 

Ethanol 1.70 24.0 0.654 15.7 

Hexane 0 1.9 0.009 11.1 

Methanol 1.60 33.0 0.762 13.8 

Water 1.85 80.1 1.000 5.2 
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Table 5.4 presents the catalytic performances of studied catalysts in the selective 

hydrogenation of a terminal alkynol (MBY) and an internal alkynol (HY) to their respective 

alkenols. There was no measurable substrate conversion in the reactions carried out in the absence 

of catalyst. The intact Ag25(SR)18
- catalyst has 15.7 % MBY conversion with 85.0 % MBE 

selectivity and there is no significant change in the catalytic performance after calcination at 250 

°C, which indicates that the presence of the thiolate ligand has no significant effect on the Ag-only 

catalyst performance. The intact bimetallic Ag24Pd1(SR)18
2- catalyst gave 34.2 % MBY conversion 

with 96.2% MBE selectivity. The superior catalytic performance is likely due to both electronic 

interactions between Ag and Pd and the presence of single-atom Pd species.30 The activated 

Ag24Pd1@250 °C catalyst showed similar activity to the intact clusters, albeit with a slightly lower 

MBE selectivity of 91.5%. This contrasts with the Ag24Pd1@450 °C catalyst which showed 

significantly lower MBE selectivity (73.4%). This is consistent with EXAFS data which clearly 

shows that there is a loss of single-atom Pd character for the Ag24Pd1@450 °C catalyst sample 

(Figure 5.3(b) and Table 5.2). This shows that the presence of protecting thiolate ligands (via 

residual Pd-thiolate bonds) on the Ag24Pd1 catalyst hinders the over-hydrogenation of MBY and 

allows improved MBE selectivity. Others have shown that the addition of sulfur-containing 

additives to reaction mixture can improve MBE selectivity over Pd catalyst.56,57 Nikoshvili et al. 

reported 98.7% MBE selectivity at 95% MBY conversion in ethanol (T = 40 °C, P = 3 bar) over a 

Pd catalyst supported on hypercrosslinked polystyrene.45 Others have also noted that the presence 

of Ag on Pd surfaces suppresses the over-hydrogenation of alkynes like acetylene, acrolein, and 

1-octyne.30-32,49 

The catalysts were also tested for the hydrogenation of another alkynol substrate, 3-hexyn-

1-ol (HY). The HY substrate has an internal triple bond, and the selective hydrogenation of this 

substrate enables the evaluation of both chemoselectivity and stereoselectivity of catalysts. Similar 

activity and selectivity trends were observed for the Ag25 and Ag24Pd1 catalysts in the 

hydrogenation of 3-hexyn-1-ol (HY), albeit with slightly lower selectivity to the alkenol product. 

The highest selectivity towards Z-HE was seen for intact Ag24Pd1 (80.3%) and Ag24Pd1@250 °C 

systems (78.5%). Again, a decrease in selectivity was seen for the Ag24Pd1@450 °C catalyst. The 

stereoselectivity to the Z-3-hexen-1-ol (Z-HE) product was ≥ 80% for all catalysts. This is 

consistent with results in the literature which indicate that Z-isomers are typically commonly 

obtained products over solid catalysts like Pd metal due to steric constraints.33,46,58-60 The 
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monometallic Pd (1% wt Pd/Al2O3) catalyst shows poor selectivity for both substrates due to over-

hydrogenation to alkanols compared to other catalysts tested under the same conditions. Finally, a 

recyclability study was performed, and the selected bimetallic catalysts showed similar activity 

and selectivity over three cycles (Table 5.5). 

Table 5.4. Catalytic performance of carbon-supported metal clusters catalysts in hydrogenation 

reactions of MBY and HY alkynols. 

 

 

 

Catalyst 

2-Methyl-3-butyn-2-ol 

(MBY) 

3-Hexyn-1-ol (HY) 

MBY 

Conversion 

(%) 

MBE 

Selectivity 

(%) 

HY 

Conversion 

(%) 

Z-HE 

Chemo-

selectivity 

(%) 

Z-HE 

Stereo-

selectivity 

(%) 

Ag25(SR)18 15.7 85.0 27.5 64.4 84.1 

Ag25@250 oC 15.5 84.7 30.5 63.6 84.7 

Ag24Pd1(SR)18 34.2 96.2 44.2 80.3 85.0 

Ag24Pd1@250 oC 35.6 91.5 42.7 78.5 87.4 

Ag24Pd1@450 oC 37.8 73.4 40.0 64.0 84.2 

Pd 100 0 99.5 0.1 20.0 

Reaction conditions: Alkynol (2.0 mmol), EtOH (5.0 mL), catalyst (25 mg) in a flask charged with 

H2(g), stirring speed (1400 rpm), reaction temperature of (25 °C), reaction time (3 h). Ratio of substrate 

to metal is 500:1. The Pd sample is s commercial 1% wt Pd/Al2O3 catalyst. 
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Table 5.5. Recyclability tests of selected catalysts in hydrogenation reactions of terminal and 

internal alkynes. 

 

 

 

Catalyst 

 

 

 

Cycle 

2-Methyl-3-butyn-2-ol 

(MBY) 

3-Hexyn-1-ol  

(HY) 

MBY 

Conversion 

(%) 

MBE 

Selectivity 

(%) 

HY 

Conversion 

(%) 

Z-HE 

Chemo-

selectivity 

(%) 

Z-HE 

Stereo-

selectivity 

(%) 

Ag24Pd1 First 34.2 96.2 44.2 80.3 85.0 

Second 33.9 96.8 42.1 82.6 86.6 

Third 34.0 95.7 42.8 82.1 86.1 

Ag24Pd1 

@250 oC 

First 35.6 91.5 42.7 78.5 87.4 

Second 33.8 92.4 41.3 77.9 86.5 

Third 34.2 91.1 40.0 78.2 85.3 

Reaction conditions: Alkynol (2.0 mmol), EtOH (5.0 mL), catalyst (25 mg) in a flask charged with 

H2(g), stirring speed (1400 rpm), reaction temperature of (25 °C), reaction time (3 h). Ratio of substrate 

to metal is 500:1.  

 

5.4 Conclusions 

Atom-precise Ag25(SR)18
- and Ag24Pd1(SR)18

2- bimetallic clusters were synthesized and 

examined as selective hydrogenation catalysts for alkynols. Element-specific X-ray spectroscopy 

results indicated that the single Pd dopant atom in Ag24Pd1(SR)18
2- bimetallic clusters is located in 

the thiolate environment and thus is more accessible for catalysis. Ag24Pd1(SR)18
2- bimetallic 

clusters exhibited better thermal stability (upon calcination at 250 oC) and catalytic activity 

compared to Ag25(SR)18
- monometallic clusters on carbon supports. Atom-precise Ag24Pd1(SR)18

2- 

bimetallic clusters activated on carbon supports at 450 °C showed significant sintering and reduced 

activity and selectivity compared to catalysts activated at milder 250 oC calcination conditions. 

The atom-precise Ag24Pd1(SR)18
2- bimetallic clusters on carbon supports are selective for the 

hydrogenation of both terminal and internal alkynols to alkenols, and the presence of residual 
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protecting thiolate ligands improved the performance of the catalysts for the selective 

hydrogenation of the alkynol substrates to alkenols. 
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Chapter 6 

Taking A Different Road: Following Ag25 and Au25 Cluster Activation via In 

Situ Differential Pair Distribution Function Analysis 

In the previous chapters, catalyst materials were mostly characterized using microscopy, 

X-ray photoelectron spectroscopy and X-ray absorption spectroscopy. X-ray diffraction is also an 

excellent method of characterizing nanomaterials. Although atom-precise metal clusters are 

typically too small to produce Bragg peaks, total scattering measurements with pair distribution 

function (PDF) analysis can be done. This chapter examines the suitability of PDF analysis towards 

the characterization of atom-precise metal clusters, particularly in gaining insights into their 

structural changes during thermal activation processes. Both TEM and in situ total scattering/PDF 

analyses showed that Ag clusters behaved differently than Au clusters upon activation. The 

interatomic distances measured by differential PDF (dPDF) analysis agreed with those measured 

by single-crystal crystallographic and EXAFS methods. Furthermore, the dPDF analysis clearly 

showed the structural transformation of the atom-precise clusters to fcc-like structures upon 

thermal activation at intermediate temperatures, while the Ag system began to fracture again at 

higher temperatures.  

This chapter is a manuscript that is in preparation for publication. I wrote the complete first 

draft of the manuscript and this was then edited with the guidance of Prof. Robert W.J. Scott. Dr. 

Graham King assisted with the experimental set up for total scattering measurements at the BXDS-

HEW beamline at the Canadian Light Source, Saskatoon, Canada. The PDF data refinement and 

modelling was performed in collaboration with Muhammad Zubair and Dr. Nicholas Bedford at 

the University of New South Wales, Sydney, Australia.  
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6.1 Introduction 

The structural evolution and catalytic reactivity of atom-precise, ligand-protected coinage 

metal clusters are of great research interest.1,2 Owing to their definite structure and monodispersity, 

ultrasmall metal clusters are excellent model catalysts that can enable insights into structure-

performance correlations at the atomic scale.3 Among ligand-protected metal clusters, atom-

precise thiolate-protected metal clusters are widely studied due to strong metal-sulfur interactions 

that enable good stability in solution, simple synthesis, and controlled cluster compositions.4 With 

its early discovery, facile preparation, excellent stability, and interesting catalytic properties, 

Au25(SR)18 is one of the most studied atom-precise metal clusters.5 Meanwhile, other twenty-five 

metal atom clusters have also been reported for coinage metals like Ag and Cu,6,7 but only the 

Ag25(SR)18 cluster system shows similar atomic arrangements and ligand counts to those of 

Au25(SR)18 clusters as revealed by crystallographic methods. Several groups including ours have 

reported the catalytic performance of Au25(SR)18
- and Ag25(SR)18

- on various supports like carbon 

and metal oxides (Chapter 2).8-14 Accessing the optimum catalytic potential of these ligand-

protected noble metal clusters often necessitates partial or complete removal of the ligands, i.e. 

activation of catalysts, to enable adequate substrate access to the active site of the catalysts.11,15,16  

Thermal activation is one of the most common and simplest approaches to activate atom-

precise clusters, and it involves the oxidation or decomposition of ligands from the cluster surface 

by thermal calcination in air or inert atmospheres.14,16 It is important to be able to follow the growth 

of the resulting activated clusters by sintering upon such thermal treatments. Both our group and 

others have shown growth in cluster size upon thermal activation of Au clusters on supports, with 

the eventual particle size depending on the type of support, activation temperature, and duration 

of heating, and there are continuous efforts to achieve stability of these clusters against 

sintering.10,13,14,16-18 Shivhare et al. examined the activation of phenylethanethiolate- and 

hexanethiolate-protected Au25(SR)18 clusters on carbon supports, and EXAFS Au L3-edge 

analyses clearly showed that thiolate ligand removal began at temperatures as low as 125 ˚C and 

was nearly complete at 250 ̊ C.10 EXAFS modelling and TEM images showed that average particle 

sizes increased due to sintering as the calcination temperature increased. Yan and coworkers 

studied the activation of 6-mercaptohexanoic acid-protected Au25(SR)18 clusters on different 

supports by calcination under nitrogen stream at 300 ˚C for 2 h and noted significant sintering of 
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the clusters on many supports, though some supports such as Degussa P25 titania and 

hydroxyapatite supports mitigated sintering.17 Tsukuda and colleagues observed that the activation 

of glutathionate-protected Au25(SR)18 clusters on hydroxyapatite supports at 300 ˚C in vacuo for 

2 h resulted in complete removal of thiolate ligands with a slight increase in cluster size (from 1.0 

± 0.4 nm to 1.4 ± 0.6 nm).18 Though the activation of Au25(SR)18 clusters has attracted significant 

research attention, thermal activation of analogous Ag25(SR)18 clusters has been less studied. Our 

group reported the activation of Ag25(SR)18 clusters on carbon supports for 2 h in air and observed 

desorption of thiolate ligands off Ag clusters surface with minimal cluster size growth at a 

temperature of 250 ˚C, though significant sintering was observed at 450 ˚C (Chapter 2). However, 

a number of research groups, including ours, have previously noted that larger Ag nanoparticles 

tend to fracture at higher temperatures.19-21 Thus, examining the thermal behaviour of Ag clusters 

with a wider range of activation temperatures was of research interest. 

The most common ways to follow the particle growth of atom-precise metal clusters upon 

thermal activation include high-resolution transmission electron microscopy (HRTEM) and 

extended X-ray absorption fine structure spectroscopy (EXAFS) measurements. Unlike HRTEM 

which is considered as a localized technique, EXAFS is a bulk technique and the average 

coordination number for a given element obtained from EXAFS data fittings can be correlated to 

the average particle size.22,23 However, EXAFS studies of metal clusters predominately probe the 

first coordination sphere, along with the second or third to a lesser extent, thus giving somewhat 

limited information about the materials under study. In contrast, pair distribution function (PDF) 

analyses can cover length scales of ~1-200 Å, and thus provide bulk structural information not 

available from most other techniques.24,25 Atomic PDF analysis is a bulk technique that enables 

non-element specific and long order measurements along with quick data collection.22 Notably, 

PDF analysis is a total scattering technique and can be used to learn about the structures of particles 

which are too small to produce Bragg peaks, making it a very suitable technique for metal cluster 

characterization.26 Qualitatively, particle size can be determined by observing when G(r), the 

probability of finding a pair of atoms separated by distance-r, tends to zero.22,24 EXAFS and 

HRTEM data are still valuable complementary techniques that can provide independent constraints 

which can be used for the structure modeling of experimental PDF data.27,28 
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Several groups have shown the suitability of PDF analysis in the characterization of Au 

nanoparticles,24,26,29-31 but this technique has yet to be extended to very small atom-precise metal 

clusters. Herein, we show in situ heating total scattering measurements of Au25(SR)18
- clusters and 

Ag25(SR)18
- clusters on alumina supports collected at the recently commissioned Brockhouse X-

ray Diffraction and Scattering - High Energy Wiggler (BXDS-HEW) beamline at the Canadian 

Light Source (CLS). Both Au25(SR)18
- clusters and Ag25(SR)18

- clusters were synthesized, purified, 

and successfully immobilized on alumina supports without compromising their structures. 

Thereafter, the alumina-supported metal clusters were thermally activated in air and characterized 

using both ex situ TEM measurements and in situ total scattering/PDF analyses. TEM 

measurements on Au and Ag cluster systems complement differential PDF (dPDF) results, in 

which the alumina background scattering signal is subtracted from the scattering data. For the Au 

cluster system, dPDF measurements show that the particle size continuously increases with 

activation temperature, which is consistent with previous studies. Conversely, the initial growth in 

particle size in the Ag cluster system ceases and then decreases significantly at higher activation 

temperatures, which is likely due to the thermal oxidation of Ag and resulting instability of Ag 

oxides, which quickly break back down into smaller Ag clusters. 

6.2 Experimental 

6.2.1 Materials 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, 99.9% on a metal basis), silver 

nitrate (AgNO3, ≥99.0%), tetraoctylammonium bromide (TOAB, 98%), 11-mercaptoundecanoic 

acid (HS-(CH2)10-COOH, 11-MUA, 95%), alumina (Al2O3, NIST742, pore size = 58 Å), and 100% 

ethanol (EtOH) were purchased from Sigma Aldrich. 2,4-Dimethylbenzenethiol (C8H9SH, 

HSPhMe2, 95%) and tetraphenylphosphonium bromide (Ph4PBr) were purchased from Alfa Aesar. 

Sodium borohydride (NaBH4, 98%), acetic acid (≥99.7%), tetrahydrofuran (THF, high purity), 

dichloromethane (CH2Cl2, DCM), methanol (MeOH, HPLC grade), were purchased from Fisher 

Scientific. Milli-Q (Millipore, Bedford, MA) deionized water (18 MΩ cm) was used throughout, 

and all chemicals are used as received from commercial manufacturer without any further 

purification.  
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6.2.2 Synthesis and Purification of Atom-Precise, Thiolate-Protected M25 (M = Au or Ag) 

Clusters 

The Au25(11-MUA)18 clusters were synthesized and purified according to an established 

procedure.32 In a typical synthesis, 0.609 mmol of TOAB was added to 20 mL of THF containing 

dissolved 0.508 mmol of HAuCl4.3H2O and the mixture was stirred at 600 rpm until a reddish-

brown solution was obtained in the reaction flask. At this point, the stirring speed was reduced to 

200 rpm and a solution of 2.54 mmol of 11-MUA dissolved in 5.0 mL of THF was added dropwise. 

The resulting solution quickly turned colourless. Afterwards, the colourless solution was cooled 

in an ice bath and stirred at 1000 rpm while adding ice cold NaBH4 (2.03 mmol in 2.0 mL of water) 

dropwise until Au25(SR)18
- features were seen by UV-Vis absorption spectroscopy. Then, the 

solution was centrifuged at 6000 rpm for 2 min and the coloured supernatant solution of Au25(11-

MUA)18 clusters in THF was obtained. In the purification step, freshly prepared ice cold NaBH4 

(2.03 mmol in 2 mL of water) was again slowly added dropwise to the Au25(11-MUA)18 clusters 

in THF, while vigorously stirring in an ice-bath, until a fine brown precipitate suspended in a 

colourless solution was observed. Then, centrifugation was used to obtain a brown solid that was 

washed twice with fresh THF. The Au25(11-MUA)18 clusters were re-dissolved in water to form a 

brown coloured solution and re-precipitated as a brown suspension upon protonation of the 

carboxylate groups using few drops of dilute acetic acid (pH = ~3). The solid was then collected 

using centrifugation and stored in a glass vial under ambient conditions.  

The Ag25(SPhMe2)18
- clusters were synthesized following the procedure reported in section 

2.2.2.  

6.2.3 Preparation of Alumina-Supported Metal Clusters (M25/alumina) Samples 

The isolated and purified thiolate-protected M25 clusters (M = Au or Ag) were immobilized 

onto alumina supports via the wetness impregnation method, to give a final metal loading of ca. 2 

wt%. Typically, 2.0 mL of a THF solution of each atom-precise, ligand-protected metal cluster 

solution was added to 200 mg of the alumina support and stirred for 30 min, followed by complete 

removal of solvent under vacuum using a Schenk line apparatus. Afterwards, the alumina 

supported M25 clusters (Au25/alumina or Ag25/alumina) were dried in air for another 15 min. The 

dried samples in powder form were then packed in sample vials and used directly for in situ PDF 
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measurements. For ex situ measurements, as-prepared M25/alumina samples were thermally 

calcined at 250 °C, 350 °C, 450 °C, 550 °C, and 650 °C under air flow for 2 h in a Lindberg/Blue 

M furnace with a ramping rate of 10 °C/min.  

6.2.4 Characterization Techniques 

UV-Vis absorption spectroscopy measurements and thermal gravimetric analyses (TGA) 

were performed as described in section 2.2.4. Transmission electron microscopy (TEM) images 

were collected and analyzed as described in section 3.2.3. Total scattering measurements were 

performed at the Brockhouse X-ray Diffraction and Scattering – High Energy Wiggler (BXDS-

HEW) beamline (Energy range 20 – 94 keV; beam size 2-10 mm x ~100 µm (W x H); energy 

resolution 1 x 10-3 Δd/d; monochromator crystal Si (111); Flux 5 x 109 – 2 x 1013) at the Canadian 

Light Source (CLS). Experimental conditions were the same for all measurements and all 

diffraction patterns were collected in a wide-angle transmission geometry with area detectors 

positioned close to the sample. The Q-range was tuned for each sample to give the best balance 

between statistical noise and real space resolution. Total exposure times differed between different 

temperature measurements for a sample but were typically less than five minutes. Samples were 

carefully packed into a one-end-closed quartz capillary (0.8 mm in diameter) and each loaded 

quartz capillary was positioned between heating filaments along the beam direction (Figure 6.1).33 

Beam alignment was done to ensure that the beam hit the sample through the quartz capillary only, 

but not the heating filaments and/or temperature probe as these materials could contribute 

significantly to beam scattering. The whole set-up was monitored closely throughout the 

measurement using an in-house camera installed inside the beamline hutch. The temperature was 

monitored by a Eurotherm® temperature controller with a thermocouple as a temperature probe 

inserted into the capillary. Both the set and measured temperature were in close agreement with 

ca. 5% error at temperatures below 200 °C and ca. 2% error at higher temperatures. Diffraction 

patterns were collected using a Qmax of 24 Å-1. Diffraction data treatment and pair distribution 

function (PDF) data extraction were done using PDFgetX3.34 In analyzing the data, instrumental 

resolution parameters (Qdamping and Qbroading) were calibrated using a standard crystalline Ni sample 

measured directly before the alumina support and alumina-supported metal cluster samples. 

Differential PDFs (dPDFs) of metal cluster samples were obtained by subtracting a PDF of an 

alumina sample at a particular temperature from the PDF of alumina-supported metal cluster 
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sample collected at the same temperature. Similar differential PDF measurements have been 

recently reported for the structural studies of adsorbates on nanomaterials.35,36 Simulations of PDF 

data for Au and Ag fcc structures, as well as the modelling of experimental dPDF data were 

performed using PDFGui.37  

 

Figure 6.1. Set up for in situ heating at Brockhouse beamline, Canadian Light Source. 

6.3 Results and Discussion 

Atom-precise metal clusters have unique absorption behavior in the visible region of light 

due to their discrete electronic energy levels. This makes UV-Vis absorption measurements a facile 

technique to follow the preparation of atom-precise metal clusters in solution. Figure 6.2 shows 

the UV-Vis spectra of the thiolate-protected Au25 and Ag25 clusters in THF. The thiolate-protected 

Au25(11-MUA)18
- clusters show expected characteristic peaks at 398 nm, 446 nm, and 680 nm that 

are a clear indication of Au25 clusters.32 The choice of the carboxylate-terminated thiolate ligand 

for the Au system allows thorough purification of the Au clusters as we observed poor solubility 

of the carboxylic acid-terminated clusters in water in acidic conditions as well as poor solubility 

of the deprotonated clusters in THF under basic conditions. Attempts to make similar acid-

terminated Ag clusters were not successful, hence alkanethiolate ligands were used in preparing 

analogous atom-precise Ag clusters. The UV-Vis absorption spectrum of thiolate-protected Ag25 

clusters, as presented in Figure 6.2(b), shows distinctive peaks at 334 nm, 392 nm, 490 nm, and 
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688 nm which indicates the presence of nearly monodisperse Ag25(SPhMe2)18
- clusters.38 In both 

cases, the UV-Vis absorption results give clear evidence for the formation of 25-metal-atom 

clusters, and the lowest energy peak in each case has been ascribed to the HOMO-LUMO transition 

due to the M13 icosahedral core in the M25 structure (where M is Au or Ag).38,39 We have previously 

performed mass spectrometry (ESI and MALDI-TOF) analyses to further bolster these 

assignments of Au25(11-MUA)18
- and Ag25(SPhMe2)18

- clusters for the Au and Ag systems, 

respectively.32 

 

Figure 6.2. UV-Vis absorption spectra of (a) Au25(11-MUA)18
- and (b) Ag25(SPhMe2)18

- clusters 

in THF. 

The purified atom-precise metal clusters were immobilized onto alumina supports for 

further studies. While the presence of protecting thiolate ligands on metal clusters enables the 

synthesis of these well-defined structures, the deprotection of metal clusters with little to no cluster 

growth is often considered necessary in establishing the size-dependent catalytic performance of 

metal clusters.16 We employed the simplest and most studied activation approach which involves 

the thermal treatment of alumina-supported metal clusters samples in air. It is noteworthy here that 

the difference in terminal groups of the thiolate ligand is of less importance in this study as there 

is clear evidence in the literature that the cleavage of the metal-sulfur bond occurs in the same 

temperature range for atom-precise Au and Ag clusters, regardless of the terminal group on the 

thiolate ligand.14,40 What is rather crucial is the structural behavior of these metal clusters, 

especially at relatively high temperatures when the complete deprotection (i.e. removal of thiolate 

ligands) has already occurred. TEM analysis is a conventional method for examining metal cluster 

stability against sintering. Figure 6.3 presents TEM images of the as-prepared and calcined 
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Au25(11-MUA)18
-/Al2O3 samples at different temperatures. The average particle sizes were 

measured to be 1.4 ± 0.2 nm for the as-prepared Au25(11-MUA)18
-/Al2O3 sample and increased to 

4.9 ± 2.8 nm, 5.1 ± 3.0 nm, 7.5 ± 3.2 nm, 7.8 ± 3.0 nm, and 11.2 ± 2.1 nm for Au25(11-MUA)18
-

/Al2O3 samples calcined at 250 °C, 350 °C, 450 °C, 550 °C, and 650 °C, respectively. These values 

indicate growth of the Au clusters via sintering and growth becomes significant at high activation 

temperatures. The observed particle size growth with increasing calcination temperature is 

consistent with previous results for similar Au systems which showed measured particle sizes of 

7.1 ± 6.0 nm and 11.7 ± 4.0 nm for alumina-supported Au samples calcined at 250 °C and 650 °C 

respectively.41 Moreover, we have previously shown via in situ HRTEM studies that deprotected 

metal clusters migrate on supports and then agglomerate to form bigger particles.42  

 

Figure 6.3. TEM images of (a) as-prepared Au25(11-MUA)18
-/Al2O3; clusters are highlighted 

with red circles, and calcined samples at (b) 250 °C, (c) 350 °C, (d) 450 °C, (e) 550 °C, and (f) 

650 °C. 

Figure 6.4 presents the TEM images of as-prepared and thermally activated Ag clusters on 

alumina supports at different temperatures. The average particle sizes were measured to be 1.1 ± 

0.3 nm for the as-prepared Ag25(SPhMe2)18
-/Al2O3 sample and changed to 3.4 ± 1.2 nm, 3.2 ± 0.8 
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nm, 3.2 ± 0.4 nm, 1.5 ± 0.3 nm, and 1.3 ± 0.2 nm for Ag25(SPhMe2)18
-/Al2O3 samples calcined at 

250 °C, 350 °C, 450 °C, 550 °C, and 650 °C, respectively. Like the Au system, the analogous Ag 

system shows early growth in average particle size with increasing activation temperature up to 

activation temperature of 450 °C, beyond which the Ag particles then undergo thermal degradation 

to form Ag fragments as suggested by decrease in average particle sizes measured for Ag samples 

calcined at high temperatures. Further discussion on the mechanism by which this happens will be 

detailed below. 

 

Figure 6.4. TEM images of (a) as-prepared Ag25(SPhMe2)18
-/Al2O3 and calcined samples at (b) 

250 °C, (c) 350 °C, (d) 450 °C, (e) 550 °C, and (f) 650 °C. Clusters are highlighted with red circles 

in (a) and (f). 

X-ray absorption spectroscopy (XAS) is also a useful technique to follow cluster integrity 

upon thermal deprotection of supported-cluster materials and complements local TEM 

measurements. Atomic structural information can be obtained from the EXAFS fitting analyses.43 

Previous EXAFS studies involving thermal calcination of both Ag and Au cluster systems showed 

significant changes in peaks that are attributed to metal-sulfur (M-S) and metal-metal (M-M) 

interactions at moderate temperatures.10 Previous EXAFS data for Ag K-edge measurements 
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showed the disappearance of Ag-S peaks with a simultaneous increase of Ag-Ag interactions at a 

calcination temperature of 250 °C (Chapter 2). Au L3-edge EXAFS analysis of a similar Au25 

system showed that the thiolate ligands start to be removed from the Au surface at 125 °C and 

were nearly completely removed from the Au surface at 250 °C.10 During the activation process 

in both cases, peaks due to first shell M-S interactions appearing just below 2 Å slowly disappear 

to indicate the removal of thiolate ligands. This disappearance of the first shell M-S interaction is 

accompanied by a growth in intensity of the first shell M-M peaks in the 2.5 to 3.0 Å region. 

 In order to further follow the structural changes right from the beginning of the ligand 

desorption all the way to fragmentation of the resulting Ag nanoparticles, total scattering data was 

collected under in situ heating conditions on the newly commissioned BXDS-HEW beamline at 

the CLS. The resulting atomic PDF analysis directly complements previous EXAFS studies in 

unravelling the structural changes in both these systems. Obtaining a decent spatial resolution for 

the local structure of materials requires the acquisition of diffraction data at large Q-range (where 

Q = 4πsinθ/λ; i.e. at high diffraction angles and very short wavelength) using X-ray radiation, with 

both excellent counting statistics and optimum background containment.44,45 These special 

requirements for PDF measurements are met by the synchrotron facilities such as the BXDS-HEW 

beamline of the CLS. With the additional set up for in situ heating of samples (Figure 6.1), the 

total scattering from the same sample area was measured while increasing the calcination 

temperature. Figure 6.5 presents the PDF data for the alumina support under in situ heating at 

different temperatures, which shows the structural stability of the alumina support over the range 

of temperatures of our study (25 °C - 650 °C). The PDF pattern is consistent with γ-alumina 

reported in the literature, with peaks at 1.86 Å and 2.78 Å assigned to Al-O and Al-Al interatomic 

distances.36,46 It follows that any observable changes in the PDF plots for alumina-supported metal 

clusters upon calcination can be attributed to the structural changes of the metal clusters upon 

thermal treatment. This forms the basis for performing dPDF analyses to clearly reveal the change 

in PDF data that can be attributed to changes in the metal cluster structures upon thermal activation.  
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Figure 6.5. Atomic PDF profile of γ-alumina support under in situ heating at different 

temperatures over (a) long distance, and (b) short distance. 
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Figure 6.6 shows the dPDF data plot for the Au25(MUA)18
- cluster system under in situ 

heating at different temperatures. The ligand-on Au25 clusters show a peak (at 2.27 Å) that can be 

assigned to Au-S interatomic distances, and multiple peaks (at 2.78 Å, 3.16 Å, and 3.43 Å) that 

are respectively attributed to Aucore-Ausurface, Ausurface-Ausurface, and Ausurface-Austaple distances; these 

peaks reflect the multiple bonding modes in the as-prepared Au clusters sample at a temperature 

of 25 °C. The measured values for these interatomic distances are in close agreement with those 

reported from SC-XRD and EXAFS methods for similar Au25(SR)18 systems (Table 6.1). The SC-

XRD structure of Au25(SR)18
- clusters shows the clusters have a Au13 icosahedral core that is 

surrounded by six -S-Au-S-Au-S- staple motifs whose terminal sulfur atoms are directly attached 

to the icosahedral core.47 So, there are two different sulfur-binding modes and different Au-Au 

interatomic distances (such as Aucore-Ausurface, Ausurface-Ausurface, Ausurface-Austaple) in the structure 

of Au25(SR)18 clusters.  

 

Table 6.1. Summary of interatomic distances obtained from different methods for thiolate-

protected Au25 and Ag25 clusters. 

Interatomic 

distance 

Au system Ag system 

SC-XRDa EXAFSb dPDF SC-XRDc EXAFSd dPDF 

 (Å) (Å) (Å) (Å) (Å) (Å) 

M - S 2.32-2.38 2.32(1) 2.27 2.38-2.45 2.401(6) 2.39 

Mcentral - Msurface 2.79(1) 2.82(3) 2.78 2.76(1) 2.81(2) 2.78 

Msurface - Msurface 2.93(6) 3.03(4) 3.16 2.86(4) N/A 3.04 

Msurface - Mstaple 3.16(4) 3.31(9) 3.43 2.91(4) N/A 3.32 

a. Crystallographic data of Au25(SCH2CH2Ph)18 clusters reported in ref. 47. 

b. EXAFS fittings of alumina-supported Au25(11-MUA)18 sample reported in ref. 41. 

c. Crystallographic data of Ag25(SPhMe2)18
- clusters reported in ref. 38. 

d. EXAFS fittings of carbon-supported Ag25(SPhMe2)18
- sample reported in Chapter 2. Fitting 

for Ag-S contribution and a single Ag-Ag contribution were done. (N/A means ‘data not 

available’). 
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Figure 6.6. dPDF profiles of Au25(MUA)18
- clusters upon in situ heating at different temperatures 

over (a) long distance, and (b) short distance. 

A closer look of the dPDF spectra pattern reveals the structural changes in the Au cluster 

system with increases with activation temperatures. Upon in situ thermal treatment, the observable 

structural changes begin as low as 100 °C (Figure 6.6(b)), which indicates the start of ligand 
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desorption off the Au metal surface at this temperature. Meanwhile, the available EXAFS Au L3-

edge data obtained from ex situ measurements of a similar Au cluster system showed that the 

thiolate ligands start desorption from the Au surface at 125 °C.10 It is likely that the 

desorbed/oxidized ligands are still on the support at this point, as TGA results (Figure 6.7) show a 

mass loss only occurs beyond 150 °C. As reported elsewhere for a similar Au system, the 

consequence of ligand desorption is particle migration and coalescence, which then leads to Au 

particle growth at higher temperatures.42 For calcination temperatures of 100 °C and beyond, the 

Au-S peak and Au-Au cluster peaks observed for intact Au25(SR)18
- clusters disappear, with 

consequent emergence of peaks at 2.83 Å, 4.02 Å, 4.89 Å, 5.64 Å, 6.33 Å, 6.92 Å, 7.51 Å, 8.48 Å 

etc., which are consistent with Au-Au distances observed for a fcc Au system (for a simulated Au 

fcc PDF, see Figure 6.8(a)). Subsequent changes at higher temperatures are minimal and mostly 

due to cluster sintering and thermal expansion effects, the latter of which shows up as slight peak 

broadening for Au samples between the calcination temperatures of 100 °C and 650 °C (Figure 

6.6(b)). The dPDF data at 250 °C was fit with a fcc Au model (Figure 6.9), and refined values were 

4.020(1) Å for the unit cell lattice parameters and 0.0107(3) Å2 for the isotropic atomic 

displacement parameter (Uiso).  

 

Figure 6.7. Thermal gravimetric analysis profiles of (a) Au25(11-MUA)18
- and (b) 

Ag25(SPhMe2)18
- clusters. 
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Figure 6.8. Simulated atomic PDF plot for (a) Au and (b) Ag fcc models at higher Qmax of 40 Å-1 

for better resolution.  

 

Figure 6.9. Fit of experimental dPDF with calculated PDF plot of Au fcc models for Au sample 

thermally treated at 250 °C. 

A correlation plot offers a swift way of looking at large dataset to determine when (i.e., 

over which datasets) the sample is changing. Pearson correlation is a purely mathematical tool that 

can be used to compare spectra, with Pearson correlograms typically showing how similar datasets 

are to each other. Figure 6.10 presents the similarity maps obtained from the Pearson correlation 

analysis over the entire r-range for the Au sample. The rapid change in colour seen at 100 °C is 

due to the structural phase transition from the pristine core-shell structure of the intact clusters to 
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nanoparticles with a fcc Au structure. These structural changes are due to sintering of metal clusters 

upon the thermal removal of protecting thiolate ligand from the pristine atom-precise Au25 clusters 

starting from thermal treatment at 100 °C. Intuitively, transient structure (core-shell) collapse and 

atom reconstruction would precede particle migration and coalescence. While the in situ heating 

method and total scattering measurement nature of atomic PDF technique should potentially 

enable insights into possible structural changes that occur in this region, more work still needs to 

be done to collect well-calibrated temperature data over the 100 oC to 150 oC temperature range. 

While it is evident from TEM results that the eventual Au particle size depends on the activation 

temperature (Figure 6.3), the particle size is qualitatively defined by observing when G(r) tends to 

zero,22,24 for atomic PDF plot obtained for a sample at a particular temperature. Notably, the dPDF 

data at high G(r) do show that there is continuous increase in particle size with increase in 

activation temperature and this is consistent with the TEM results. However, Fourier artefacts at 

high G(r) prevent a quantitative estimate of particle size from the dPDF data in this work. Others 

have also seen sintering of Au clusters upon thermal activation at temperatures above 250 ºC for 

supported Au clusters and noted that some supports can mitigate sintering by showing strong 

interactions with Au clusters.14,16 

 

Figure 6.10. Similarity mapping from Pearson correlation matrix analysis of temperature series of 

dPDF profiles for the Au cluster system upon in situ heating. 
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In spite of the similarity of Ag25(SR)18
- to Au25(SR)18

- in term of atom and ligand count as 

well as core-shell structure, a more careful comparison of their crystal structures reveals a slight 

difference in the arrangement of staples around the cluster core. In contrast to a situation in 

Au25(SR)18
-, where all the twelve staple Au atoms occupy the center of the triangular face centers 

of the Au13 icosahedral core in Au25(SR)18
- crystal structure, the crystal structure of Ag25(SR)18

- 

shows that three of the staple Ag atoms lie away from the triangular face centers with the remaining 

nine staple Ag atoms lay on the triangular face centers of the Ag13 icosahedral core.38 This atomic 

arrangement enables weak intermotif interactions in Ag25(SR)18
-. Figure 6.11 shows the dPDF data 

plot for Ag25(SPhMe2)18
- clusters on alumina, which shows obvious structural changes starting at 

around 200 °C, a much higher temperature than that seen for the analogous Au cluster system. The 

intermotif interactions may be responsible for better stability of Ag25(SR)18
- against thermal 

dethiolation until 200 °C. The weak peak at 1.96 Å is attributed to the interaction between Ag 

clusters and the alumina surface (i.e. a Al-O-Ag interaction). The voids in the Ag structure (areas 

where the core could be coordinated by solvents) may be allowing weak Al-O-Ag interactions of 

the support with intact clusters. At room temperature, the Ag clusters also show four other peaks 

at 2.39 Å, 2.78 Å, 3.04 Å, and 3.32 Å which are due Ag-S and three Ag-Ag interactions due to 

multiple bonding modes in the clusters (Table 6.1). Similar multiple bonding modes were 

identified in the EXAFS data of atom-precise Ag25(SR)18
- clusters on carbon supports (Chapter 2).  
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Figure 6.11. dPDF profiles of Ag25(SPhMe2)18
 clusters under in situ heating at different 

temperatures over (a) long distance, and (b) short distance. 

While the dPDF spectra for the Ag clusters are consistent at activation temperatures below 

200 °C which shows the preservation of the cluster structure, there are significant changes in the 

spectra of the activated Ag clusters within the temperature range of 200 °C - 450 °C (Figure 6.11).  
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Notably, the differential PDF treatment of Ag clusters was more problematic due to weaker 

scattering of Ag compared to Au, and thus poorer signal-to-noise ratios were obtained in the 

resulting dPDFs for the Ag system. Nonetheless, the Ag-S peak at 2.39 Å is significantly 

suppressed to indicate the dethiolation of Ag clusters, while weak peaks emerge at around 2.0 and 

2.3 Å which can be assigned to Al-O and Ag-O interactions of activated clusters with the alumina 

support (e.g. Al-O-Ag interactions), and thus are present in all activated samples. Importantly, new 

Ag-Ag peaks are seen at higher peak positions at 2.81 Å, 3.41 Å, and 3.74 Å, etc. (Figure 6.11(b)). 

The first prominent peak at 2.81 Å can be assigned to first shell Ag-Ag interactions that emerge 

due to an increase in cluster size, and thus particle growth to form Ag nanoparticles with a fcc 

structure. This value is in close agreement with the values of 2.826(6) Å - 2.859(6) Å earlier 

reported for Ag-Ag interactions from the single-shell EXAFS fittings for fcc Ag particles in the 

same range of activation temperatures (Chapter 2). The simulated atomic PDF for Ag fcc (Fig 

6.8(b)) shows first seven major peaks at around 2.88 Å, 4.05 Å, 4.98 Å, 5.79 Å, 6.47 Å, 7.07 Å, 

and 7.64 Å, which are consistent with several of the new and prominent peaks in the samples 

thermally treated within the temperature range of 200 °C - 450 °C. An excellent fit was obtained 

for the dPDF data for sample treated at 250 °C when modelled with a Ag fcc structure (Figure 

6.12). The refined values were 4.023(6) Å for the fcc lattice parameter, and 0.011(3) Å2 for the 

isotropic atomic displacement parameter (Uiso).  

 

Figure 6.12. Fit of experimental dPDF with calculated PDF plot of Ag fcc models for Ag sample 

thermally treated at 250 °C. 
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Unlike in the analogous Au system, the observed particle growth in the Ag system ceases 

and the particle size declines significantly beyond 450 °C. Beyond the activation temperature of 

450 °C, there is a re-emergence of a set of weaker Ag-Ag interactions at 2.80 Å, 3.05 Å, 3.35 Å, 

and 3.71 Å, assigned to multiple bonding modes in the small-sized Ag clusters that are presumably 

formed from the fragmentation of Ag nanoparticles as supported by the TEM results (Figure 6.4). 

The similarity maps obtained from the Pearson correlation analysis for the Ag sample clearly show 

the re-emergence of PDF features that are highly correlated with unactivated samples (Figure 

6.13). For samples treated beyond 450 °C, new peaks at 1.92 Å and 2.33 Å, ascribed to Al-O and 

Ag-O interactions, respectively (i.e. Al-O-Ag interactions, see below for more discussion), become 

prominent; these are possibly be due to a higher population of Ag atoms interacting with the 

alumina support and/or Ag oxide cluster formation.48,49  The peak at 1.92 Å is likely due to Al-O 

interactions and may indicate a small amount of silver aluminate, AgAlO2, has formed on the 

surface; indeed, She and Flytzani-Stphanopoulos have shown that AgAlO2 species can form when 

heating co-gels of alumina and silver salts at 650 oC.50 Meanwhile, the new peak at 2.33 Å  is 

likely due to Ag-O interactions of the Ag clusters with the support; others have shown Ag-O bond 

distances are typically around 2.3 Å.49,51 Others have also shown that the surface of Ag 

nanoparticles gets easily oxidized to AgOx during annealing in air,52,53 whereas AgOx is 

thermodynamically unstable and dissociates into Ag and O2 at higher temperatures.19 The PDF 

data at high temperatures is consistent with Ag nanoparticles being oxidized to form a large 

proportion of small Ag and or AgOx clusters, and possibly some AgAlO2 formation. Thus, the Ag 

system undergoes mild particle growth at low activation temperature, followed by thermal 

degradation and fragmentation into small-sized Ag clusters at relatively high temperatures. This 

behaviour is completely different from the Au cluster behaviour discussed above, and thus shows 

that activation protocols need to be developed separately for different metal cluster systems. 
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Figure 6.13. Similarity mapping from Pearson correlation matrix analysis of temperature series of 

dPDF profiles for the Ag cluster system upon in situ heating. 

6.4 Conclusions 

Synchrotron sources offer broad opportunities for studying catalyst materials and 

alternative experimental techniques such as total scattering that can complement more common 

characterization methods such as TEM and EXAFS. We have shown here that differential PDF 

analysis is an excellent complementary method for investigating in situ structural changes in atom-

precise metal clusters during thermal activation. The interatomic distances in atom-precise 

Au25(SR)18
- and Ag25(SR)18

- clusters as measured by the differential PDF method are in good 

agreement with those measured by crystallography and EXAFS methods. Notably, Au clusters 

behave significantly differently than analogous Ag clusters upon thermal activation. The Au 

system shows continuous growth in particle size with increasing activation temperature due to 

particle migration and coalescence upon thermal deprotection and particle reconstruction. 

Conversely, the analogous Ag system exhibits discontinuous growth in particle size due to thermal 

oxidation and degradation of Ag at high activation temperatures to give small-sized Ag fragments. 

Aside the nature of the metals, the underlying subtle differences in staple atom arrangements can 

also contribute to the observed difference in the activation temperature as the starting point of 

structural changes that follow the cleavage of metal-thiolate bonds in the atom-precise Au25(SR)18
- 

and Ag25(SR)18
- clusters. Further studies will look to allow for measurements with more precise 
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temperature control such that subtle changes upon thiol deprotection and cluster rearrangement at 

low temperatures, and under inert gas flow, can be followed in detail. 
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Chapter 7 

General Discussion, Concluding Remarks and Future Directions 

7.1 General Discussion and Concluding Remarks 

Heterogeneous catalysis occurs at the active metal surface and/or active metal-support 

interface and minimizing metal particle sizes affords higher surface energies and enables higher 

catalytic activity of metal nanoparticles compared to bulk metals. Further downsizing of 

conventional metal nanoparticles to ultra-small metal clusters with uniform composition enhances 

the utilization of metal atoms, and besides the cluster size, atom composition and arrangements 

are crucial in designing selective heterogenous catalyst materials. The design and catalytic 

applications of atom-precise metal clusters have attracted tremendous research attention as their 

detailed characterization affords information that enables atom-level structure-activity relationship 

studies of the catalysts. Atom-precise Ag25(SR)18
- clusters are an analogue of well studied 

Au25(SR)18
- clusters and both are similar in terms of metal and ligand count, overall cluster charge, 

and their morphologies. This thesis contributes to the body of knowledge about the design, 

preparation, characterization of both atom-precise Ag25(SR)18
- monometallic and Ag-based 

bimetallic clusters as precursors for selective heterogenous catalyst materials. Ag is an attractive 

choice among noble metals for heterogeneous catalysis design owing to its lower cost (at the time 

of writing, Ag is 50 times cheaper than Pd and 70 times cheaper than Au and Pt) and high 

abundancy. Carbon-supported Ag-based bimetallic clusters were made via both direct and indirect 

preparation methods, where the indirect preparation methods entailed post-synthesis treatments of 

atom-precise Ag25(SR)18
- clusters.  

The first objective was to examine the activation of atom-precise Ag25(SR)18
- clusters on 

carbon supports by conventional thermal treatment methods. Results showed that Ag-thiol bonds 

were selectively oxidized from the clusters upon mild heat treatments without formation of Ag2O 

or Ag2S and no significant sintering, and that the activated Ag clusters on carbon supports showed 

particle size dependent activity for styrene oxidation reactions (Chapter 2). Carbon-supported Ag 

cluster samples calcined at 250 °C showed mild cluster growth and were evaluated as a precursor 

onto which Pd ions were added by a sequential deposition (SD) method to make bimetallic 

AgPd/carbon samples (Chapter 3) as the second objective of this thesis. By varying the amount of 
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Pd, SD-x:y-Ag:Pd/carbon samples with different Ag:Pd ratios were made and characterized using 

XAS and XPS. While the XANES results showed that Ag and Pd are in zerovalent states, the 

results from EXAFS data fittings suggested cluster-in-cluster structural arrangements in the 

carbon-supported bimetallic samples prepared by the sequential deposition approach. Moreover, 

there was no limit to the amount of Pd that could be incorporated to make AgPd bimetallic samples 

via this sequential deposition approach, albeit the final clusters were not atom-precise. It was 

proven that activated Ag clusters on carbon supports were a good precursor for making carbon-

supported AgPd bimetallic clusters. A drawback of this method is the lack of atom precision in the 

final AgPd bimetallic samples, as some growth of the clusters to nanoparticles was seen. For AgPd 

bimetallic catalysts with low Pd loadings, Pd atoms occupy subsurface sites while Ag atoms are 

predominately on the catalyst surface. Conversely, most Pd atoms occupy surface sites for catalysts 

with higher Pd loadings. Bimetallic AgPd catalysts showed better activity than monometallic Ag 

catalysts and low Pd loadings favoured better 2-methyl-3-buten-2-ol (MBE) selectivity in the 

hydrogenation reactions of 2-methyl-3-butyn-2-ol (MBY). The dominance of catalyst surface by 

Ag atoms, rather than Pd atoms, atoms enabled the suppression of over-hydrogenation of MBY, 

and thus high MBE selectivity with such catalysts.   

Subsequently, an improved single-pot co-reduction (CR) synthesis protocol was explored 

to make compositionally pure Ag clusters doped with variable amounts of Pd (Chapter 4) as the 

third objective of the thesis. The purity and atomic composition of these CR-x:y-Ag:Pd bimetallic 

clusters were chemically confirmed by mass spectrometry. Only singly-doped Pd in Ag clusters, 

i.e. atom-precise Ag24Pd1(SR)18
2- clusters, occurred even with equimolar ratios of Ag(I) and Pd(II) 

ions in the direct synthesis (otherwise referred to as co-reduction approach), whereas at higher Pd 

loadings, the resulting samples were not compositionally pure and Pd salts were not fully reduced. 

As compared with the monometallic Ag25(SR)18
- clusters, the absorption peaks of the obtained 

bimetallic Ag24Pd1(SR)18
2- cluster system were blue shifted due to incorporation of Pd. Multiple 

component XPS analysis and XAS results showed that the carbon-supported Ag24Pd1(SR)18
2- 

bimetallic clusters have multivalent Ag atoms and Pd(II) ions with significant thiolate interactions. 

These results suggested that single Pd atoms predominantly occupied the staple position of 

individual clusters, or possibly alternatively on icosahedral vertex sites. It was noted that Pd-

thiolate bonds can be quite resistant to borohydride reduction due to increased RS-M-SR bond 

strengths. This likely positions the Pd dopant in a non-central position due to faster Ag reduction 
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during the co-reduction protocol used in this work. In a follow up study (to pursue the fourth 

objective), carbon-supported Ag24Pd1(SR)18
2- bimetallic clusters were subjected to thermal 

treatments, and the Pd-thiolate bonds in the metal-ligand shell were found to be more thermally 

stable in carbon-supported Ag24Pd1(SR)18
2- bimetallic clusters than the Ag-thiolate bonds in the 

earlier studied carbon-supported Ag25(SR)18
- monometallic clusters (Chapter 5). This further 

showed that the Pd dopant occupies the ligand-shell environment. Thus, a well-defined structure 

with an unprecedented level of atomic precision was implemented in AgPd catalysts prepared by 

the co-reduction protocol. This design employs the strong cooperative effects induced by a single 

catalytically active heteroatom (Pd) to tailor the performance of the passive host metal (Ag) while 

concomitantly minimizing precious metal usage. Besides the improved thermal stability, carbon-

supported Ag24Pd1(SR)18
2- bimetallic clusters catalysts also showed superior catalytic activities as 

compared to homonuclear Ag25(SR)18
2- cluster catalysts for the semi-hydrogenation reactions of 

MBY and HY (3-hexyn-1-ol) as model terminal and internal alkynol substrates. Moreover, the 

presence of residual thiolate ligands led to higher alkenol selectivity, as well as excellent 

stereoselectivity towards the Z-isomer of 3-hexen-1-ol (Chapter 5). Altogether, the eventual 

structure of the carbon-supported AgPd bimetallic clusters depends on the choice of synthesis 

protocol. The carbon-supported AgPd bimetallic clusters, regardless of the method of preparation, 

showed superior catalytic activities to monometallic Ag clusters and the selectivity of the 

hydrogenation reactions towards semi-hydrogenation products is sensitive to the surface structure 

of AgPd catalysts (Chapter 3 and 5). 

The fifth, and final objective of this thesis, was to use pair distribution function analysis 

(PDF) to investigate the structural transformation of Ag and Au metal clusters on supports upon 

in situ thermally activation for heterogeneous catalysis. Unlike in earlier work (Chapter 2-5), 

where XAS was extensively used in probing the catalyst structures, herein, an in situ differential 

PDF analysis was employed as a novel structural characterization technique to follow the 

activation of atom-precise Ag25 and Au25 clusters for heterogeneous catalysis (Chapter 6). The 

Au25(SR)18
- cluster system was chosen as a Au standard for comparison with the Ag25(SR)18

- 

cluster system. Synchrotron X-ray total scattering measurements, along with PDF analyses proved 

to be a complementary characterization technique to both transmission electron microscopy (TEM) 

and extended X-ray absorption fine structure (EXAFS) spectroscopy methods for detailed 

structural studies of atom-precise metal clusters. The interatomic distances in atom-precise 
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Au25(SR)18
- and Ag25(SR)18

- clusters as measured by the differential PDF (dPDF) method agreed 

with those measured by crystallography and EXAFS methods. Furthermore, the dPDF analysis 

clearly showed the structural transformation of the atom-precise clusters to fcc-like structures upon 

thermal activation, though Ag and its analogous Au systems remarkably behaved in a different 

way at higher temperatures. The Ag system exhibited discontinuous growth in particle size due to 

thermal oxidation and degradation of Ag at high activation temperatures to give small-sized Ag 

fragments. Meanwhile, the analogous Au system showed continuous growth in particle size with 

increasing activation temperature due to particle migration and coalescence upon thermal 

deprotection and particle reconstruction. 

Summarily, the major conclusions from all these studies are as follows: (1) atom-precise 

Ag25(SPhMe2)18
- clusters can be carefully activated on carbon supports, via conventional thermal 

treatments, without formation of Ag2O or Ag2S or significant sintering of clusters; (2) the carbon-

supported  Ag25(SPhMe2)18
- clusters are active for selective oxidation of styrene to styrene oxide; 

(3) the mildly activated Ag clusters on carbon supports at 250 °C can make good precursors for 

the design of carbon-supported AgPd bimetallic clusters with cluster-in-cluster atomic 

arrangements; (4) atom-precise Ag24Pd1(SR)18
2- clusters are predominantly formed via the 

improved single-pot co-reduction synthesis protocol, and the Pd dopant resides in non-central core 

position; (5) bimetallic AgPd catalysts have superior activities to monometallic Ag catalysts for 

the selective hydrogenation of alkynols to alkenols and the selectivity of the hydrogenation 

reactions is sensitive to the surface structure of AgPd catalysts; (6) X-ray absorption spectroscopy 

(XAS) is a reliable characterization technique for getting insights to the structure of bimetallic 

AgPd heterogeneous catalysts; (7) differential PDF analysis is an excellent complementary method 

of probing the structural changes in atom-precise metal clusters under in situ thermal activation; 

and (8) Ag systems perform considerably differently than analogous Au systems at the atomic 

scale upon thermal activation.  
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7.2 Future Directions 

7.2.1 Enhancement of Thermal Stability of Ag25 Clusters by Encapsulation in Hollow Metal 

Oxide Shells 

While Chapter 2 work showed that Ag25(SR)18
- clusters can be successfully activated with 

minimal sintering at low temperatures, some catalytic applications may require higher 

temperatures and thus improved control of sintering is desired. Besides strong metal-support 

interactions, sintering due to particle migration and agglomeration can be minimized by building 

confinement around the metal clusters. Our group has previously reported silica encapsulation of 

carboxylic acid-terminated thiolate-protected Au25(SR)18
- clusters.1 Improved sinter resistance of 

Au clusters was seen upon silica encapsulation, albeit with the introduction of minor mass transfer 

issues upon introduction of the silica shell. Such silica encapsulation strategies have yet to be 

extended to the Ag25(SR)18
- system. With the recent successful development of carboxylic acid 

terminated thiolate-protected Ag25 clusters,2 metal oxide (e.g. silica) shells can be built around 

Ag25(MHA)18 (where MHA is 6-mercaptohexanoic acid) clusters using similar sol-gel chemistry 

as reported for Au25(MUA)18
- (where MUA is 11-mercaptoundecanoic acid) systems. Meanwhile, 

others have shown that the mass transfer limitation introduced by metal oxide shells can be 

overcome by using hollow shell encapsulation,3-6 and a common strategy for designing hollow 

shells around clusters is to first have encapsulation with two shells of different materials, and then 

do selective etching of the inner shell.6 With these strategies in mind, thermal stability of Ag25 

clusters can possibly be enhanced via encapsulation in hollow silica shells that can protect the 

clusters yet still allow for significant mass transfer of substrates to the catalysts surface. 

Firstly, carbon shell encapsulated Ag clusters can be made using a reported synthesis 

method in the literature with triblock copolymer EO106PO70EO106 (F127, where EO is ethylene 

oxide and PO is propylene oxide) as a carbon precursor.7-9 In a typical synthesis, aqueous F127 

and the Ag25(MHA)18 clusters can be put in a sealed autoclave and kept at 100 ˚C for 1 h, after 

which the carbon shell encapsulated Ag25(MHA)18 clusters can be collected by centrifugation. This 

step can be followed by silica shell encapsulation using sol-gel polymerization of 

tetraethylorthosilicate (TEOS) in ammonia medium.1 The inner shell thickness can be controlled 

by optimizing the concentration of F127, while the outer shell thickness can be tuned by changing 

the concentration of TEOS, ammonia, and reaction time.1,10 The eventual Ag25@carbon@SiO2 
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sample could then be annealed at 500 ˚C under nitrogen atmosphere for selective calcination of 

the inner carbon shell. N2-physisorption measurements could be performed to measure the porosity 

of the shell, while TEM and EXAFS measurements would give insight to the thermal stability of 

Ag25 clusters encapsulated in hollow silica shell. 

 

7.2.2 Post-Synthesis Treatments of Ag25(SR)18
- Clusters for Heterogeneous Ag25-xPdx 

Bimetallic Catalyst Design 

The improved single-pot co-reduction synthesis protocol discussed in Chapter 4 

predominantly formed atom-precise Ag24Pd1(SR)18
2- clusters, regardless of the varying ratios of 

constituent metals. Meanwhile doping the parent Ag25 clusters with more Pd atoms could improve 

the catalytic activity of the eventual Ag25-xPdx(SR)18
2- bimetallic catalysts for hydrogenation 

reactions. Galvanic metal exchange is another promising strategy for incorporating foreign metals 

into parent clusters to form bimetallic systems with atom precision.11 Using the metal exchange 

approach, carbon-supported Ag25-xPdx(SR)18
2- bimetallic catalysts can be prepared as illustrated in 

Figure 7.1.  

 

 

Figure 7.1. Illustration of preparation of heterogeneous Ag25-xPdx(SR)18
2- bimetallic clusters by 

metal exchange of Ag25(SR)18
- clusters with Pd salts. 
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As a proof of concept, Ag25-xPdx(SR)18
2- bimetallic clusters were prepared with different 

loadings of Pd (using Pd(OAc)2) through a series of metal exchange (ME) reactions. For brevity, 

the ME-AgxPdy description is used where x and y represent the synthetic ratio of parent Ag25(SR)18
- 

clusters and Pd ions, respectively. The exact stoichiometric formula of the products could 

potentially be confirmed with MS measurements. Carbon-supported bimetallic clusters were 

characterized by XAS measurements and results are presented in Figure 7.2. The Ag L3-edge XAS 

results suggest the presence of trace of Ag+ species as byproducts of the metal exchange reaction. 

The Pd L3-edge XANES spectra show that the ME-AgxPdy/carbon samples exhibit a reduction in 

white line intensity compared to the Pd(OAc)2 precursor, especially for samples with low loading 

of Pd, which suggests partial reduction of Pd2+ ions by the parent Ag25(SR)18
- clusters. Finally, the 

S K-edge XAS data show that the characteristic peak of S-M interactions (where M is Ag or Pd) 

around 2471 eV is more intense and slightly blue-shifted in ME-AgxPdy/carbon samples than in 

the homonuclear Ag/carbon sample which suggests that Pd exchanges Ag in the surface or staple 

positions of the clusters. 

 

Figure 7.2. XANES spectra of (a) Ag L3-edge (b) Pd L3-edge, and (c) S K-edge measurements for 

ME-AgxPdy/carbon samples. 
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Besides ascertaining the exact formula for each bimetallic system in the future, the study 

can be extended by conducting multielement and multiedge XAS measurements for activated 

samples (i.e. samples after calcination). The activation of Ag clusters has been successful at 

relatively low temperatures, but bimetallic AgPd systems in this thesis did not show complete Pd-

thiolate removal until much higher temperatures. The use of higher temperatures to activate 

bimetallic clusters can be challenging due to thermal-induced sintering, and possible phase 

separation of the bimetallic systems. This problem can potentially limit their use as catalysts for 

high temperature reactions. Alternatively, alumina supports can also be examined as our group is 

aware of significant support effects on the activation process, and that sintering is reduced on 

alumina supports compared to activated carbon supports.12,13 Moreover, robust and sintering 

resistant catalysts can be achieved with zirconia-modified alumina support as described 

elsewhere.14 Accordingly, the partial coverage of metal cluster surfaces by zirconia can restrain 

cluster growth and improve the metal-support interactions during high temperature reactions.  

 

7.2.3 In situ Pair Distribution Function Analysis of Atom-Precise, Thiolate-Protected 

Bimetallic Cluster Catalysts 

Results discussed in Chapter 6 demonstrate the suitability of dPDF measurements in 

revealing the structural changes in atom-precise monometallic clusters under thermal activation. 

A follow up work in progress is to employ this concept to examine the structural changes of atom-

precise bimetallic clusters upon calcination. Bimetallic Pd1M24(SR)18
2- (M = Au, Ag) clusters were 

prepared using direct synthesis methods reported in Chapter 4 and elsewhere,15 for Ag and Au 

systems, respectively. The composition, purity, and monodispersity of the bimetallic clusters 

systems can be confirmed by UV-Vis absorption and MS measurements. The purified bimetallic 

clusters can be immobilized onto alumina supports and characterized by XPS and XAS methods 

to give insight into the structure of these as-prepared, supported bimetallic clusters catalysts. The 

alumina supported bimetallic clusters samples can be subjected to in situ heating while collecting 

total scattering measurements at the Brockhouse beamline at the CLS. Chapter 6 work showed that 

alumina support is structurally stable within a wide temperature range (25 - 650 °C), and thus 

dPDF will reveal structural changes of the bimetallic clusters only. Given that the alumina support 

can scatter significantly, samples with 5-10% wt. metal loading would be more ideal for such 

dPDF measurements. The outcome of the dPDF analysis can be compared with respective 
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monometallic analogues to show the influence a single Pd dopant atom on the structural stability 

of Pd1M24 bimetallic system. The proposed research work is important in terms of developing 

sinter-resistant bimetallic clusters for heterogeneous catalysis, which are ideal model catalysts for 

many selective oxidation and hydrogenation reactions in the petrochemical industry.  
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