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Abstract 

This thesis investigates the synthesis and activation of highly monodisperse Au25(SR)18
- 

clusters and bimetallic clusters (AuAg and AuPd) protected with various stabilizers for reduction 

and hydrogenation catalytic reactions. The first chapter is the introduction chapter, which 

summarizes the literature involving monolayer protected Au clusters, atomically precise Au 

clusters, bimetallic clusters, X-ray absorption spectroscopy, research objectives, and organization 

and scope. The second chapter describes the synthesis of Au25(SR)18
- clusters protected with 

various thiolate stabilizers for nitrophenol reduction catalysis using NaBH4 as a reducing agent. 

This chapter also describes the stability of these clusters under reaction conditions using UV-Vis 

spectroscopy and MALDI mass spectrometry. The third chapter details the synthesis of carboxylic 

acid-protected Au25 clusters using a NaBH4 purification strategy. Here, the knowledge obtained in 

the second chapter regarding the exceptional stability of Au25(SR)18
- clusters in the presence of 

NaBH4 was used to isolate carboxylic acid protected Au25 clusters from a polydisperse reaction 

mixture. The fourth chapter describes the synthesis and activation of mesoporous carbon supported 

Au25(SR)18
- clusters for nitrophenol reduction catalysis. Here, thermal removal of thiolate 

stabilizers led to the enhancement in the catalytic activity at low calcination temperatures; 

however, at higher calcination temperatures activity dropped as particle sintering was observed. 

Activation of these clusters on mesoporous carbon support was followed by TEM and X-ray 

absorption spectroscopy. The fifth chapter describes the thermal and chemical removal of thiolate 

stabilizers from supported Au25(SC8H9)18
- clusters. Here, the removal of thiolate stabilizers and 

subsequent growth of Au25 clusters was followed by TEM and EXAFS spectroscopy. The sixth 

and seventh chapters describe the synthesis of AuPd and AuAg bimetallic clusters using 

Au25(SR)18
- clusters as precursors and their characterization using UV-Vis spectroscopy, 

transmission electron microscopy, and X-ray absorption spectroscopy. Here, AuPd bimetallic 

clusters were thermally and chemically treated, which resulted in the formation of AuPd bimetallic 

nanoparticles with segregated Pd atoms on the surface. AuPd bimetallic nanoparticles were used 

for the selective hydrogenation catalysis of allyl alcohol. The last chapter of this thesis includes 

final conclusions and possible avenues for future work. 
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1.0 Introduction 

Metallic gold had long been considered inactive for catalysis until the seminal discovery 

by Haruta et al. showing that well dispersed Au nanoparticles on oxide supports can act as catalysts 

for low temperature CO oxidation reactions.1 Since then, a large number of research articles have 

been published showing the use of supported Au nanoparticles for a variety of chemical 

transformations.2-5 Investigations on the origin of catalytic activity from supported Au 

nanoparticles catalysts reveal that various factors such as 1) nanoparticle size, 2) activation of 

substrates at the nanoparticle-support interface, 3) presence of water, and 4) charge transfer from 

support to nanoparticles can be responsible for the observed catalytic activity.6 A widely accepted 

belief has been that a decrease in Au nanoparticles size will lead to the enhancement in the catalytic 

activity because of higher surface to volume ratio and higher number of under-coordinated surface 

sites. These observations have been mainly based on polydisperse Au nanoparticles and therefore 

obviate the study of exact structure-property relationships.  

Brust, Schiffrin and co-workers in 1994 reported the synthesis of Au monolayer protected 

clusters (Au MPCs) via a two phase method using a phase transfer catalyst. These clusters were 

found to be relatively monodisperse in nature and could be size-tuned by changing the amount of 

thiolate stabilizers used in the synthesis.7 Later, other groups reported the synthesis of atomically-

precise Au clusters by modifying the synthesis protocol reported by Brust and Schiffrin, often by 

changing to a single phase solvent such as tetrahydrofuran (THF). These atomically precise Au 

clusters are highly monodisperse in nature and the number of Au atoms and thiolate stabilizers 

present in these clusters can be determined by mass spectrometry.8 Because of their high 

monodispersity, these clusters have been used by various groups in order to study the size and 

structure related catalytic properties of Au nanocatalysts.9  

This section begins with the synthesis, characterization, and applications of Au MPCs. 

Subsequently, atomically-precise Au and bimetallic clusters, their applications, and 

characterization using X-ray absorption spectroscopy are described. Finally, the objectives of this 

thesis, as well as it’s organization and scope are discussed.        

1.1 Au Monolayer Protected Clusters (Au MPCs) 

Au MPCs are Au clusters protected with a monolayer of organic stabilizers.10 In this thesis 

Au MPCs are divided into two categories. The first category includes polydisperse Au monolayer 
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protected clusters and the second category includes highly monodisperse, atomically-precise Au 

monolayer protected clusters.   

1.1.1 Synthesis of Polydisperse Au MPCs  

The first successful synthesis of polydisperse Au MPCs was reported by Brust, Schiffrin 

and co-workers, which is commonly known as the bi-phasic protocol for the synthesis of Au 

MPCs.7 According to this protocol, first the HAuCl4 salt was transferred from aqueous solution to 

toluene using tetraoctylammonium bromide (TOAB) as the phase-transfer reagent. In the second 

step, Au(III) in toluene reacted with dodecanethiolate stabilizers to putatively form Au(I) thiolate 

polymers. Finally, the Au(I) was reduced by adding an excess of NaBH4. 

 

Scheme 1.1. Synthesis of Au MPCs using bi-phasic protocol. 

This eventually leads to the formation of Au MPCs, as shown in Scheme 1.1. The as-

prepared Au MPCs were found to be stable and can be repeatedly isolated from and redissolved in 

common organic solvents without any decomposition.11 Subsequent studies suggested that a wide 

range of different thiolates can be used in the same protocol.12-14 This method turned out to be 

somewhat useful in controlling the size of various MPCs by simply changing the amount of thiolate 

stabilizers used.15-20 

Shortly afterwards, another synthesis protocol was reported. According to this protocol, 

the entire reaction was carried out in a one-phase system. Here Au salt was mixed with p-

mercaptophenol in methanol, and to the resulting mixture, NaBH4 was added carefully in small 

portions.21 The advantage of one-phase protocol over bi-phasic protocol was to be able to use 

thiolate stabilizers protected with polar functional groups, and to avoid the use of TOAB and other 

phase transfer agents that are difficult to remove from the final reaction product.  
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To be able to control the size distribution of the final product, many groups have tried to 

identify the metal ion precursor prior to the addition of NaBH4. The widely accepted belief until 

2010 was that Au(III) salt reacts with thiolate stabilizers and forms [Au(I)SR]n polymers (Scheme 

1.1, 2a), which upon reduction convert into Au MPCs.2,10 This long-standing view was recently 

challenged by Lennox and co-workers.22 They showed that in the bi-phasic protocol, the actual 

metal ion precursor species was [NR4][AuX2] complex and not [Au(I)SR]n polymers (Scheme 1.1, 

2b). The [NR4][AuX2] complex was formed after the addition of alkanethiols to the [NR4][AuX4] 

complex. In this reaction, alkanethiols were oxidized to disulfides, and Au3+ was reduced to Au+. 

The stoichiometry of the reaction and the formation of disulfide was confirmed by 1H NMR and 

Raman spectroscopy. Data showed that after the addition of 2 equiv. of alkanethiols, [NR4][AuX4] 

was completely converted to [NR4][AuX2] (Scheme 1.1, 2b) with the concomitant formation of 

disulfides. Furthermore, this study suggested that while tetraoctylammonium metal complexes 

were the precursors for bi-phasic protocols, insoluble [Au(I)SR]n polymers were the precursors for 

one-phase protocol, and this polymer precursor was also formed in bi-phasic synthesis if water 

was present in the reaction mixture. 

In order to further delineate the mechanism of Au MPCs formation in bi-phasic systems, 

Tong and co-workers studied the formation of Au-S bond after the addition of NaBH4 to 

[NR4][AuX2] complexes.23  They found using various spectroscopic techniques that [NR4][AuX2] 

complexes form reverse micelles in toluene with water molecules trapped inside the micelle. After 

the addition of NaBH4 to [NR4][AuX2] complexes, first Au+ gets reduced inside the micelle and 

then the thiol stabilizers diffuses through the micelle and attaches to the Au surface resulting in 

the formation of MPCs. 

1.1.2 Synthesis of Atomically-Precise Monolayer Protected Au Clusters  

Atomically-precise Au clusters (<2 nm in diameter) are highly monodisperse, relatively 

stable, structurally well-defined, ligand protected Au clusters with a definite number of Au 

atoms.11 These clusters have also been termed as molecular clusters because of their small sizes, 

which leads to the quantization of energy levels and hence the appearance of molecule-like optical 

properties.8 Atomically-precise Au clusters, because of their monodispersity and well-established 

structures are an important class of materials in order to study the size and structure related 

properties of Au nanomaterials.9         
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The synthesis of atomically-precise Au clusters has been non-trivial compared to 

conventional Au monolayer protected clusters (Au MPCs), as it involves the optimization of 

reaction conditions in such a way that only certain sized clusters are obtained. In some cases, 

tedious post synthetic extraction steps are involved in order to isolate specific Au clusters from a 

crude mixture.  

1.1.2.1 Synthesis of Alkyl and Aryl Thiolate Protected Atomically-Precise Au Clusters 

Two widely used strategies are reported in the literature for the synthesis of alkane-thiolate 

and aryl-thiolate protected, atomically-precise Au clusters, namely, a size focusing strategy and a 

ligand based etching strategy.24-25 The underlying principle behind both these strategies is the same 

and involves the decomposition of unstable (larger) clusters through etching, leaving behind only 

stable atomically-precise Au clusters in solution.  

The size focusing strategy involves the exposure of polydisperse Au MPCs to air for 4-5 

days until stable atomically precise Au clusters are obtained, which can be observed by UV-Vis 

absorption spectroscopy and mass spectrometry. The first successful high-yield synthesis of 

atomically precise Au25(SR)18
- clusters using size focusing strategy was reported by Jin and co-

workers.26 According to this synthesis, HAuCl4 in water was first phase transferred to toluene 

using TOAB. Subsequently, the Au salt in toluene was cooled and then reduced by adding excess 

of cold NaBH4 in the presence of thiol stabilizers. The resulting crude mixture started to show 

peaks characteristic of small Au clusters (step-like features), which upon further stirring under air 

for 4-5 days converted to monodisperse Au25(SR)18
-. Dass et al. showed using mass spectrometry 

that as-synthesized crude mixture contained Au clusters ranging from Au25 to Au102, which upon 

further stirring slowly converted to monodisperse Au25 clusters.27 The role of TOAB in this bi-

phasic protocol was earlier thought to be only a phase-transfer reagent, which was essential in 

order to phase-transfer Au salt from water to toluene. However, later studies suggested that 

tetraoctylammonium bromide was necessary to stabilize Au25(SR)18
- clusters by providing 

tetraoctylammonium (TOA+) ions which can stabilize negatively charged Au25(SR)18
- clusters in 

solution.28-29 Our group has also reported that bromide ions from TOAB acts as oxidation promotor 

of-Au MPCs.30 Decomposition of all unstable Au MPCs will lead to the formation of highly stable 

Au25(SR)18
- clusters. The critical role of the solvent in size focusing strategy was reported for 

Au144(SR)60 clusters.31 While toluene and THF were shown to be suitable for the synthesis of 
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Au25(SR)18
- clusters, methanol was found to be suitable for the synthesis of Au144(SR)60 clusters.31 

Although,  single phase methods using THF and methanol are available, the majority of these 

methods still use TOAB. The exact role of the solvent in these syntheses is not clear, however 

several groups have suggested that the choice of solvent is essential in controlling the initial 

distribution of Au MPCs in the polydisperse mixture, which eventually convert into atomically 

precise Au clusters through size focusing.32-33 

Ligand-based etching strategies are also common, and have been used by various groups 

in order to synthesize a variety of atomically-precise Au clusters.34-40 According to this strategy, a 

polydisperse Au MPC mixture is treated with a large excess of thiol stabilizers at higher 

temperatures. This results in the decomposition of all unstable Au clusters, leaving behind only 

stable, atomically-precise Au clusters. Whetten et al. first reported the thermal etching of 

hexanethiolate-protected, polydisperse Au clusters in the presence of dodecanethiol at 70oC.25 

Analysis of the reaction mixture at various after certain time intervals using mass spectrometry, 

optical spectroscopy, and X-ray diffraction revealed the formation of small clusters. Based on the 

formation of Aun(SR)m
 oligomers upon etching as shown by mass spectrometry, they suggested 

that [Au(I)SR]n polymers could be the possible byproduct of the etching reaction, which is 

responsible for the decrease in size. Formation of [Au(I)SR]n polymers was also supported by the 

appearance of a white byproduct during the etching reaction, which, they ascribed to labelled a 

Au(I) thiolate polymer. Subsequently this concept has been used in the synthesis of various ligand-

protected, atomically-precise Au clusters. For example, Pradeep et al. reported the synthesis of 

glutathione (SG) protected Au25 clusters through the etching of polydisperse Aun(SG)m clusters at 

55oC in water.41 Jin et al. reported the synthesis of dodecanethiolate protected Au38(SR)24 clusters 

through the etching of polydisperse Aun(SR)m clusters in a two phase (acetone + water) system at 

80oC.38 Here, Aun(SR)m clusters dissolved in water, were treated with excess of dodecanethiol 

dissolved in acetone. The etching reaction took place at the interface of acetone and water, and 

after a few hours, all the clusters were transferred to the acetone layer. Characterization of the 

acetone layer by UV-Vis spectroscopy and mass spectrometry showed the formation of 

dodecanethiolate protected Au38(SR)24 clusters. Qian et al. reported the synthesis of 

Au144(SCH2CH2Ph)60 clusters through the etching of polydisperse Aun(SCH2CH2Ph)m clusters in 

toluene at 80oC for 24 hours.42 Mass spectrometric characterization of the starting polydisperse 

mixture showed several distinct peaks of ~34, 31.9, 29, 25.8, and 7.4 kDa, while after etching only 
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one peak at ~34 kDa representative of Au144(SCH2CH2Ph)60 clusters was seen.42 The effect of 

different solvents on the synthesis of Au38(SR)24 clusters through ligand based etching strategies 

was explored by Jin et al.33 They found that the solvent seems to affect the size distribution of 

initially formed polydisperse mixture, which subsequently affects the outcome of the reaction after 

etching. They used two different solvents, methanol and acetone in order to synthesize 

polydisperse Au MPCs as starting precursors for etching. Polydisperse Au MPCs mixtures 

synthesized in methanol and acetone were characterized using mass spectrometry. Mass 

spectrometry showed the formation of Au38(SR)24 and larger clusters in the case of acetone, and 

Au38(SR)24 and sub-Au38 clusters in the case of methanol. These Au MPC precursors were then 

subjected to etching in toluene-ethanol mixture at 80oC for 40 hours in the presence of large excess 

of phenylethanethiol as etchant. The MPCs which were originally synthesized in acetone gave 

higher yields of Au38(SR)24 clusters than MPCs which were synthesized in methanol. 

Both size focusing and ligand-based etching approaches have their advantages in terms of 

synthesizing specific sizes Au clusters. However, there is still a need to systematically study the 

effect of various reaction parameters such as choice of solvent, reaction temperature, time of 

etching, and the amount of etchant (thiol) used in order to fully realize the true potential of these 

strategies.  

1.1.2.2 Synthesis of Functional Thiolate-Protected Atomically-Precise Au Clusters 

Synthesis of atomically-precise Au clusters which have functional groups on the thiolate 

group is extremely challenging and there are few examples described in the literature. Pradeep et 

al. reported an indirect route, in which they attempted to substitute glutathione ligands with 3-

mercapto-2-butanol, N-acetyl glutathione at room temperature in water as a solvent.43 An attempt 

to synthesize Au25 clusters directly using these ligands did not lead to a successful outcome. Data 

suggested only partial substitution of glutathione ligands with the aforementioned ligands, and 

repeated attempts to completely substitute glutathione ligands on the surface of Au25 clusters were 

unsuccessful.  Synthesis of Au102(p-MBA)44 has been reported, however; it involves a series of 

complex post-synthetic steps in order to extract Au102 clusters from the crude mixture.44 

Recently, Xie and co-workers reported a novel, high yield synthesis of carboxylic acid and 

amine terminated thiolate protected Au25 clusters.45 In this synthesis, NaOH was introduced into 

the reaction mixture before the addition of NaBH4. Addition of NaOH was hypothesized to 
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decrease the reducing strength of NaBH4, and increase the etching ability of free thiols present in 

the reaction mixture. Under weakly reducing and enhanced etching conditions, equilibrium was 

established between forward (reduction) and backward (etching) reactions, leading to the 

formation of thermodynamically stable, ligand protected Au25 clusters. Salient features of the 

synthesis were two-fold: 1) this synthesis protocol was able to accommodate a wide range of 

functional thiols with different chain lengths, and 2) yield of resulting thiolate protected Au25 

clusters was ~90%.In another study, use of a weak reducing agent for the synthesis of Au25(SR)18
- 

clusters has also been reported by the same group. They showed that CO instead of more 

conventional NaBH4 can be used as mild reducing agent in order to synthesize atomically precise 

Au25(SR)18
- clusters.46  

Our group has also reported the synthesis of 11-mercaptoundecanoic acid and 16-

hexadecanoic acid protected Au25 clusters. The results of this study are discussed elsewhere 

(Chapter 3). 

1.1.3 Characterization 

The presence of both inorganic (cluster core) and organic (organic stabilizers) moieties 

allow for the characterization of these MPCs using a variety of characterization techniques. The 

following techniques have been used very frequently in order to characterize Au MPCs. 

1.1.3.1 UV-Vis spectroscopy 

UV-Vis absorption features of Au MPCs have been found to be sensitive to the average 

cluster size. Au clusters above 2 nm in diameter exhibit a surface plasmon resonance (SPR) band 

at ~550 nm wavelength.47 The intensity of this SPR band depends on the cluster size. For example, 

Murray and co-workers showed that the intensity of SPR band decreases and eventually disappears 

for smallest cluster giving a featureless absorption spectrum.11 Clusters smaller than ~2 nm in 

diameter do not support a SPR band and start to show step-like absorption features in their 

absorption spectra because of HOMO-LUMO transitions.47 The position of HOMO-LUMO 

absorption bands varies with the cluster size and hence can be used in order to identify a particular-

sized cluster. For example; in the case of Au25(SR)18
- clusters, three main absorption features are 

observed.28 The major peak at ca. 1.7 eV is attributed to the HOMO-LUMO transition and other 
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two minor peaks at ca. 2.6-3.3 eV are attributed to the transition from HOMO to LUMO+1 and 

LUMO+2, and HOMO-5 to LUMO transitions (Figure 1.1). 

 

Figure 1.1 (a) Step-like UV-Vis absorption features of Au25(SR)18
- clusters and (b) orbital level 

energy diagram for a model compound; Au25(SH)18
-. (Reprinted with permission from reference 

28. Copyright (2008) American Chemical Society)   

1.1.3.2 HRTEM and TGA analysis 

High resolution transmission electron microscopy (HRTEM) in conjunction with 

thermogravimetric analysis (TGA) has been used in order to characterize the average number of 

thiolate stabilizers present on the surface and the average number of metal atoms present in the 

core. Using this information, the average molecular formula for Au MPCs can be determined.25 

For example, Murray and co-workers calculated the average molecular formula for 1-

dodecanethiolate-protected Au MPCs using TEM and thermogravimetric analysis (TGA).48 The 

number of Au atoms in one cluster can be calculated using the formula below (Equation 1.1). 

     n =  
4𝜋𝑅3𝑁𝑎

3𝑉𝑔
       (1.1) 

Here n is the number of atoms per cluster, R is the nanoparticle radius, Na is the avogadro 

number and 𝑉𝑔 is the molar volume of Au. The number of ligands in one cluster (N) can be 

calculated using Equation 1.2: 

N = (n × AW × wt%of ligand)/(MW × wt%of Au)  (1.2) 

Here, AW is the atomic weight of Au, and MW is the molecular weight of one thiolate ligand. The 

Diameter of Au cluster can be obtained from TEM analysis and wt% of ligand can be calculated 
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from TGA analysis. Using this information average molecular formulae for Au MPCs have been 

calculated.  

1.1.3.3 NMR 

Nuclear magnetic resonance (NMR) analysis of Au MPCs has been done by various groups 

in order to compare between various core sizes, and to differentiate between the thiolate stabilizers 

attached to the surface of Au core and free excess alkanethiols in solution.11,49 1H and 13C NMR 

resonances of thiolates on Au MPCs are relatively broadened compared to free thiols. This 

broadening has been attributed to several factors such as, spin-spin relaxing, distribution in 

chemical shifts because of various Au-SR bonding sites and a gradient in chain packing density 

from near surface to terminus.12,50 Broadening in 1H and 13C NMR resonances has been found to 

be directly correlated with the size of Au MPCs, where sharper peaks were observed with a 

decrease in cluster size.11-12 NMR spectroscopy has also been used to confirm the Au-SR linkage 

for thiolate stabilizers with multiple coordination sites.49 Methylene groups close to Au surface are 

broadened compared to methylene groups further away from Au surface. This is because of the 

dense, solid-like packing of methylene groups near Au surface. This may lead to fast spin-

relaxation from dipolar interaction and thereby broaden the width of NMR peak. Whereas 

methylene groups further away from the Au surface experience freedom of motion similar to 

dissolved species. Based on this, for a ligand molecule with multiple coordination sites, the NMR 

peak width of specific hydrogen atoms on the thiolate can be used to identify the point of linkage.11     

1.1.3.4 Mass Spectrometry 

Recently mass spectrometry has been used by various groups in order to study the 

composition and charge state of Au MPCs. Using mass spectrometry, the composition of various 

Au MPCs has been established.51-52 Two types of mass spectrometry have been commonly used; 

matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) and electro-spray 

ionization mass spectrometry (ESI-MS). Unlike MALDI-MS, ESI-MS has usually been 

considered to be a soft technique, and fragmentation of clusters during analysis can be significantly 

minimized using this technique.53-57 ESI-MS has also been demonstrated to be useful in studying 

the charge state of atomically precise Au clusters. For example, Tracy et al. showed using ESI-

MS that Au25(SR)18
- clusters are negatively charged.57 While in negative ion ESI-MS mode, 

Au25(SR)18
- clusters show an intense molecular ion peak, and addition of metal salts is necessary 
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in positive ion mode in order to generate positive charge on these clusters. Metal ions bind with 

these clusters and develop positive charge, which can be analyzed in positive ESI-MS mode. The 

use of ESI-MS is limited to samples which either carry charge with them or can be charged by 

either metal ion addition or through ligand functionalization. MALDI-MS has been shown to be 

useful for characterizing neutral clusters. However, it can lead to significant fragmentation of 

clusters under investigation.58 It is important to minimize the laser intensity to suppress the 

fragmentation of clusters under investigation. However, extra care is needed since this can also 

suppress the molecular ion peak signal.58 Using MALDI-MS, various neutral clusters such as Au38, 

Au24, Au144, etc. have been analyzed and their molecular compositions have been assigned.59-60       

1.1.3.5 Single Crystal X-ray Diffraction 

Single crystal X-ray diffraction has been used to study the atomic structure of various Au 

MPCs. The first successful use of single crystal X-ray diffraction was shown by Kornberg and co-

workers in the characterization of p-mercaptobenzoic protected Au102 clusters.44 Subsequently, this 

technique has been used to characterize the atomic structure of various Au MPCs, such as Au25, 

Au38, Au144, etc.8 Use of this technique, however, is limited to only those clusters which can 

produce single crystals; thus samples need to be ultra-monodisperse.  

X-ray single crystal studies of atomically precise Au clusters suggest that these clusters are 

made up of highly symmetrical Au core and [-Au(I)SR-]n “staple motifs”. These oligomeric units 

attach to the Au core via the sulphur atoms, resulting in the formation of a core-shell type structure 

(Figure 1.2).8 

 

Figure 1.2 Crystal structure of Au25(SC8H9)18
- cluster showing Au13 icosahedron core protected 

with 6 staple motifs. Reprinted (adapted) with permission from (29). Copyright (2008) American 

Chemical Society. 
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The length and the number of these oligomeric units vary from cluster to cluster. The first crystal 

structure study of an atomically precise Au102(p-MBA)44 cluster was published by Kornberg et al. 

and showed that Au102(p-MBA)44 clusters are made up of an 80 Au atom core and 22, –S-Au-S- 

staples which were attached to the Au80 core via sulphur atoms.44 Subsequently, various other 

groups have reported similar types of bonding arrangements in different sized Au clusters. For 

example, Murray et al. reported the crystal structure of Au25(SC8H9)18
- clusters.29 These clusters 

are made up of an Au13 icosahedron core and 6 V-shaped –S-Au-S-Au-S- staple motifs. These 

clusters were found to carry a negative charge, which is balanced by the tetraoctylammonium ion 

(TOA+) originally used in the synthesis. A crystal structure study of Au38(SC8H9)24 clusters 

suggested that these clusters are made up of Au23 prolate shaped core and three monomeric (-S-

Au-S-) and six dimeric (-S-Au-S-Au-S-) staple motifs.61 Here, Au23 core can be viewed as the 

fusion of two Au13 icosahedron cores by sharing one triangular plane of the icosahedron, resulting 

in the loss of a Au3 unit. The crystal structure of [Au24(SCH2Ph-tBu)20] shows that two Au4 

tetrahedron units join together through two triangular faces of tetrahedron forming the Au8 core.62 

This Au8 core is further protected with four tetrameric Au4(SR)5 staple motifs forming the 

Au24(SR)20 cluster. Likewise, there are many other clusters reported in the literature with an unique 

core-shell structure.8  

A major question which arises from these studies is what determines the stability of these 

clusters with different sizes and shapes? The most widely accepted theory in order to explain the 

stability of these clusters has been the super-atom theory.63 According to this theory, Au clusters 

with a total number of valence electrons of 2, 8, 18, 34, 48, 58, 92, etc. are stable because they 

have closed electronic shells. The total number of valence electrons in a Au cluster can be 

expressed by the following equation 1.3.  

N* =N x Va – L – Z formula.      (1.3) 

Here, N is the total number of Au atoms, Va is the number of valence electrons per Au 

atom, L is the number of ligands, and Z is the charge on the Au cluster. Based on this formula, for 

Au25(SC8H9)18
- clusters, the total number of valence electrons can be expressed as 25 x 1 – 18 + 1 

= 8. Here, 8 represents the total number of valence electrons in Au25(SC8H9)18
- clusters and 

therefore these clusters follow the super-atom stability concept as mentioned before. Using this 

formula, the stability of several clusters such as, Au102(SR)44 and Au38(SR)20 can also be explained. 
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However, there are numerous other clusters such as, Au144(SR)60, Au24(SR)20, Au30(SR)18, 

Au40(SR)24 and Au44(SR)28, the stability of which cannot be explained by using super-atom theory, 

and alternative explanations are needed in order to explain the stability of these clusters. 

1.1.4 Applications 

Because of the presence of Au core and surface monolayers, Au MPCs have been used for 

various applications such as sensing, catalysis, and photocatalysis. Sensing applications are based 

on the surface plasmon resonance band of the Au core and the ability to attach various monolayers 

with different functional groups. The second and third applications are based on the ability to tune 

Au MPC sizes and therefore the HOMO-LUMO band gap in order to study the size and electronic 

structure dependent catalytic and photocatalytic properties of Au nanocatalysts.  

1.1.4.1 Sensing  

Au MPCs have been used for the sensing of heavy metal ions, small molecules, and 

biological molecules. Metal ion sensing is typically based on the incorporation of metal ion binding 

sites into the monolayers. The binding of metal ions to these monolayers changes the intensity and 

the position of SPR band. For example, Hupp and co-workers reported that 11-

mercaptoundecanoic acid-protected Au MPCs were able to coordinate with heavy metal ions such 

as Pb2+, Hg2+, and Cd2+.64 This resulted in the change in color of Au MPCs because of aggregation 

and therefore change in SPR band position. The selectivity towards different metal ions has been 

studied by various groups by modifying the monolayer on the surface of Au MPCs which would 

selectively bind to particular metal ion. Researchers have also reported that the sensitivity of 

detection can be significantly enhanced through metal-ion induced aggregation. Aggregation of 

Au MPCs leads to multifold enhancement in the detection limit compared to single Au clusters 

because of plasmon dipole coupling.65-67 

Au MPCs with metallated monolayers (monolayers appended with metal ions) have been 

used for small molecules, DNA, and protein detection. Metal ions complexed with the functional 

groups of monolayers can act as binding sites for various compounds. For example, Yuan and co-

workers reported the detection of bis-phosphorylated peptides using Au MPCs appended with 

dipicolylamine·Zn2+ complexes. The detection mechanism was based on red-to-blue color change 

of the Au MPCs solution because of the coordination of peptides with the metal ions complexed 
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with surface monolayer, which resulted in MPC aggregation.68 Gunnlaugsson and co-workers 

reported that Au MPCs with thiol monolayers complexed with Eu3+ were ideal candidates for the 

detection of phosphate and carboxylate containing molecules such as ATP, ADP, NADP or 

coumaric and pantothenic acid. The detection mechanism was based on luminescence quenching 

upon coordinating phosphate and carboxylate containing molecules with Eu3+.69 William and co-

workers functionalized Au MPCs with Ru2+-polypyridyl complexes. The resulting water soluble 

systems were found to have high affinity for salmon testes DNA.70   

1.1.4.2 Catalysis 

Au MPCs have been widely used for a variety of catalytic reactions mainly because of the 

ability to tune their sizes and the steric bulk of the monolayers. The catalytic activity of these 

MPCs has been found to be influenced by two main factors. First is the size of these MPCs which 

is directly correlated with the electronic structure and the number of low-coordinated surface 

atoms. Second is the accessibility of the cluster surface to substrate molecules which can be tuned 

by modifying the steric bulk of the capping ligands. Our group has recently shown that the catalytic 

activity of Au MPCs protected with different chain length thiolate stabilizers was directly related 

to the steric bulk of these stabilizers.71 The highest activity for p-nitrophenol reduction was found 

in the case of least bulky stabilizers and catalytic activity decreased as the chain length of the 

stabilizers was increased. Jin and co-workers found that the catalytic activity of Au25 clusters 

protected with glutathione and captopril stabilizers for p-nitrobenzaldehyde hydrogenation was 

directly related to the steric bulk of these stabilizers. Captopril-stabilized Au25 clusters, because of 

the smaller steric bulk of captopril compared to glutathione, showed higher catalytic activity.72 

Mandal and co-workers studied the effect of chain length on the catalytic activity of Au MPCs for 

the reduction of p-nitrophenol, and the redox reaction between potassium ferricyanide and sodium 

thiosulfate. They established a direct correlation between the chain length of the stabilizers and 

catalytic activity.73  

In a classic example, Jin and co-workers studied the size and structure dependent catalytic 

activity of atomically precise Au clusters for the chemoselective hydrogenation of 4-

nitrobenzyldehyde.74 Here, various Au clusters, such as Au15, Au18, Au25, and Au38 protected with 

different thiolate stabilizers were used as catalysts and the resulting catalytic activity was 

correlated with the sizes and structures of these clusters. Zhu et al. studied styrene oxidation to 
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benzaldehyde, styrene epoxide, and acetophenone using Au25(SR)18, Au38(SR)24, and Au144(SR)60 

clusters as catalysts, and found that with an increase in cluster size the catalytic activity 

decreased.75 Lie et al. studied the effect of Au cluster size on cyclohexane oxidation to 

cyclohexanol and cyclohexanone. They deposited various sized glutathione-protected Au clusters 

(Au10, Au18, Au25, Au39, and Au85) on hydroxyapatite supports followed by calcination at 300oC 

in order to remove thiol stabilizers. The highest catalytic activity was observed for Au39 clusters 

and further increases in size led to decreases in the catalytic activity.76 Wu et al. studied the 

activation of Au25(SR)18
- clusters supported on various oxide supports for CO oxidation 

reactions.77 Mild thermal activation of Au25(SR)18
-/CeO2 under O2 atmosphere was reported to be 

necessary in order to activate these clusters for catalysis. A mechanistic investigation on the origin 

of catalytic activity showed that thiol stabilizers block the active sites for catalysis. After thermal 

treatment at 473 K, removal of thiol stabilizers was observed with a concomitant enhancement in 

CO oxidation. Data suggested that catalysis took place at the interface of Au25(SR)18
- clusters and 

CeO2 support. While O2 activation took place on CeO2 support, CO was hypothesized to be 

activated by cationic Au sites generated after thiol stabilizers removal. Menard et al. reported the 

effect of thermal vs. ozone activation of Au13[PPh3]4[S(CH2)11CH3]4 clusters deposited on TiO2 

support for the CO oxidation reaction.78 Clusters activated via ozone treatment were found to 

catalyze CO oxidation at much lower temperature than clusters activated via thermal treatment. 

This was attributed to the significant growth in cluster size after thermal activation, whereas ozone 

treatment led to only minor growth in cluster size.  

1.1.4.3 Photocatalysis 

Au clusters, because of the presence of a HOMO-LUMO transition in the visible energy 

range, higher exited state lifetime, solubility in both polar and non-polar solvents, and relatively 

higher stability have been used as photocatalysts for several applications.79-84 The advantages of 

using Au clusters have been to be able to tune their HOMO-LUMO band gap by tuning their sizes 

and the ability to tune their solubility by modifying the surface functionality. 

 Recently, Jin et al. showed that Au25(SC8H9)18
- clusters were able to generate singlet 

oxygen (1O2) species upon exposure to visible light. These species was found to be responsible for 

the selective catalytic oxidation of organic sulfides to sulfoxides.79 The optical band of Au25(SR)18
- 

clusters (~1.3 eV) is larger than the energy of 1O2 (~0.97 eV), which can allow for efficient energy 
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transfer to 3O2.
79 The efficiency of 1O2 production as a function of cluster size was also studied.  

Au25(SR)18
- clusters were reportedly found to produce 1O2 much more efficiently than Au38(SR)24 

clusters.79 The reason behind this was the lower HOMO-LUMO gap of Au38(SR)24 clusters (~0.9 

eV) compare to 1O2, such that efficient electron transfer was not possible. Yu et al. reported the 

photocatalytic activity of Au25(SR)18
- clusters supported on TiO2 supports for methyl orange 

degradation.80 TiO2 has long been used as photocatalyst; however, it absorbs light mainly in the 

ultra-violet (UV) range, which limits the application of TiO2 in photocatalytic applications because 

of the lack of absorption in visible range due to its large band gap (~3.2 eV). Yu et al. reported 

that a Au25-TiO2 composite material was an excellent catalyst for visible light driven photocatalytic 

degradation of methyl orange. Here, under visible light irradiation, Au25(SR)18
- clusters generated 

exited electrons and holes. The exited photoelectrons were injected into the conduction band of 

TiO2, while the leftover hole in the Au25(SR)18
- clusters then reacted with O2 forming 1O2, which 

subsequently reacted with the dye molecule.81 Lee et al. reported that the photocatalytic activity 

of ZnO-Au composites was found to increase with an increase in the size of Au cluster.82 Here, an 

increase in cluster size was found to affect the rate of electron transfer from ZnO to the Au clusters, 

which subsequently affected the photocatalytic activity of the ZnO-Au composite material for the 

photobleaching of thionine. Size- and electronic structure-dependent photocatalytic activity of 

various Au MPCs was studied by Kamat and co-workers for the photocatalytic reduction of methyl 

viologen.85 The photocatalytic activity of different sized glutathione protected Au MPCs was 

found to be directly correlated with the ligand-to-metal charge-transfer lifetime. The photocatalytic 

activity trend showed increasing photocatalytic reduction yields with decreasing cluster sizes, Au25 

< Au18 < Au15 <Au10-12. 

1.2 Bimetallic Clusters 

Bimetallic clusters can be defined as structurally well-characterized and highly 

monodisperse clusters (typically <2 nm in diameter) made up of two different metal components.86-

88 These clusters, owing to their well-characterized structures offer an opportunity to 

systematically study the effect of mixing two metal components on the physicochemical properties 

of resulting bimetallic species.89-92  
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1.2.1 Synthesis of Bimetallic Clusters 

Bimetallic clusters have been mainly synthesized by using two strategies, namely, co-reduction 

strategies and post synthetic treatment strategies. 

Co-reduction strategies typically involve the mixing of two metal salts in the presence of 

stabilizers followed by the addition of a reducing agent. The resulting crude mixture is then 

subjected to either thiol induced etching in order to synthesize the most stable bimetallic species 

or a purification step in which different sized bimetallic clusters are separated using either solvent 

extraction or chromatographic separation.87,90,93-104 Formation of bimetallic clusters using this 

strategy have been reported to be influenced by several factors such as the redox potentials of the 

two metal components, their atomic radii, and the interaction between the metals and stabilizers. 

In a classic example, Negishi et al. reported the synthesis of Au25-xAgxL18 bimetallic 

clusters, where x varied from 0 to 11.93 Here, Au and Ag have similar atomic radii (~1.44 Å), 

which makes it easier to incorporate Ag within Au clusters.95 However, the difference in redox 

potentials of Au (AuCl4
-/Au: ca. 1V) and Ag (Ag+/Ag: ca. 0.8 V) may lead to a separation of Ag 

and Au phases after the addition of reducing agent.105 Negishi et al. overcame this challenge by 

using the difference in binding affinity of thiol stabilizers with Au and Ag metals,93 as the thiol 

stabilizers have a higher binding affinity with Au than with Ag.105 This can significantly reduce 

the redox potential difference between Au and Ag and therefore ensure the formation of bimetallic 

species. Xie et al. also reported the synthesis of mixed thiolate protected Au25-xAgxL18 bimetallic 

clusters.45 Here, different ratios of hydrophobic and hydrophilic thiols were used in order to 

synthesize mixed thiolate-protected AuAg bimetallic clusters. It should be noted that the 

incorporation of both hydrophobic and hydrophilic stabilizers on the cluster surface can be 

challenging because of the difference in solubility between two different stabilizers, and difference 

in binding affinity with the two different metal components. These issues were mitigated by the 

incorporation of NaOH into the reaction mixture during the addition of NaBH4. NaOH was 

proposed to diminish the reducing strength of NaBH4.
106 Under these weakly reducing conditions, 

both stabilizers were found to be incorporated on the surface of the bimetallic clusters. In addition 

to Au25-xAgxL18 bimetallic clusters, Au144-xAgxL60 and Au38-xAgxL24 bimetallic clusters have also 

been synthesized. Unlike Au25-xAgxL18 clusters, Au144-xAgxL60 and Au38-xAgxL24 clusters were 

synthesized through post-synthetic thiol etching treatments of as-synthesized MPC polydisperse 
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mixtures at elevated temperatures.88,96 This is similar to the method used to make monometallic 

Au38(SR)24 clusters, where the synthesis of Au38 clusters requires post-synthetic thiol etching.38 

Au25-xCuxL18 bimetallic clusters were synthesized by Negishi et al..97 It should be noted 

that unlike Ag, Cu has much lower atomic radius (1.28 Å) than Au (1.44 Å), and also the redox 

potential of Cu (Cu2+/Cu: ca. 0.34 V) is much lower than Au (Au3+/Au: ca. 1 V).105 Based on this, 

it can be envisioned that the incorporation of Cu with Au might be challenging. Characterization 

of the resulting bimetallic clusters showed that, unlike Au25-xAgxL18 bimetallic clusters, Au25-

xCuxL18 could only accommodate a maximum of 5 Cu atoms.97 This was attributed to the difference 

in atomic radii and redox potentials between Au and Cu. Instability of the resulting AuCu 

bimetallic clusters because of the difference in above mentioned physical parameters was also 

shown by Gottlieb et al.87 Here, they found dealloying of as synthesized Au25-xCuxL18 bimetallic 

clusters into stable monometallic Au25L18
- clusters after a certain period of incubation. Kurashige 

et al. showed that more than 5 Cu atoms can be incorporated with Au in the resulting Au25-xCuxL18 

bimetallic species by changing the bond strength of the thiol stabilizers.99 They used selenolate 

stabilizers instead of thiolate stabilizers and found that up to 9 Cu atoms could be incorporated 

with Au. This was attributed to the enhanced binding strength of the selenolate ligands with Au 

and Cu metals, which imparts an extra stabilizing effect on the resulting bimetallic species. 

Several groups have also reported the synthesis of Au24ML18 (M = Pd, Pt) bimetallic 

clusters.90,104,107-109 Interestingly, only one hetero atom was found to be incorporated in the Au 

clusters, regardless of the initial metal salt ratio. The reason behind this anomaly could be the 

higher stability of resulting Au24ML18 bimetallic clusters compared to Au25-xMxL18 bimetallic 

clusters.102,109 Structural studies using x-ray single crystal spectroscopy and DFT calculations 

suggest that Pd or Pt atoms were incorporated inside the Au13 core of the Au25 cluster. Theoretical 

studies suggest that the incorporation of one Pd atom into the Au13 core of Au25 cluster would 

stabilize resulting bimetallic clusters more than the incorporation of more than one Pd atoms.109 

While the co-reduction strategy has been used in order to incorporate different numbers of 

hetero atoms within Au cluster, it usually suffers from low yields of the resulting bimetallic 

clusters. This is because of the tedious post-synthetic separation steps involved in order to isolate 

specific bimetallic clusters from the crude mixture. For example, Jin and co-workers reported the 

synthesis of PtAu24(SR)18 clusters.90 These clusters were synthesized using co-reduction strategy 
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and isolated from crude mixture using size exclusion chromatography (SEC). The yield of these 

clusters was reported to be ca. 5%.     

Post-synthetic strategies typically involve the reaction between as-synthesized 

monometallic thiolate-protected Au clusters and metal salts resulting in the formation of bimetallic 

clusters.110-113 Murray et al. first reported the use of post-synthetic strategy in the synthesis of Au25-

xMxL18 (M = Ag, Cu, and Pb) bimetallic clusters via the reaction between Au25L18
- clusters and 

metal salts.111 They proposed that the reaction proceeded through a galvanic exchange between 

Au25L18
- clusters and the metal ions. Here, the metal ions were reduced by exchanging electrons 

with the negatively charged Au clusters and the reduced metal atom was found to be incorporated 

into the resulting bimetallic species. Using this method, metal atoms have been usually found to 

be incorporated into the Au core. However, Wu and co-workers showed that reduced Ag atoms 

form adducts with Au25 clusters and proposed using DFT calculations that two Ag atoms were 

directly bonded with the Au13 core.113  

Contrary to the co-reduction strategy, post-synthetic strategies are relatively similar in 

nature, as it involves the treatment of monometallic Au clusters with desired metal ions. Also, 

using post-synthetic strategies, in theory higher yields of the resulting bimetallic clusters can be 

obtained, as it does not involve any post-synthetic step in order to isolate bimetallic clusters from 

the crude mixture. 

1.2.2 Structural Studies of Bimetallic Clusters 

References suggest that the structure of bimetallic clusters can be viewed as core-shell type 

structures. Here, as for pure Au clusters, the metal core is protected by (-S-M-S-M-S-)n type staple 

motifs. Studies suggest that hetero metal atoms could either become the part of core resulting in 

the formation of a mixed metal core or could become the part of staple motifs.101-106 Detailed 

characterization of these clusters using EXAFS spectroscopy is described elsewhere (Section 

1.3.3.4). 

A crystal structure study of Au24PdL18 bimetallic clusters shows that the central Au atom 

from the Au13 icosahedron core of Au25 clusters was replaced by one Pd atom resulting in the 

formation of Au25PdL18 bimetallic clusters.107-109,49 Theoretical studies suggest that the positioning 

of Pd atom at the center of the icosahedral core could lead to the enhancement in the interaction 
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energy between central Pd atom and the surrounding Au24L18 core, and the replacement of central 

Au atom with Pd increases the thermodynamic stability of the resulting bimetallic cluster.114 

Tsukuda and co-workers also carried out extended X-ray absorption fine structure (EXAFS) 

analysis on these bimetallic clusters and found that the Pd-Au coordination number value after 

fitting was 12, and no Pd-S contribution was observed, further supporting a structure where Pd 

was incorporated at the center of the icosahedron core.115 Jin and Zhang’s groups subsequently 

predicted a similar structure for PtAu24L18 bimetallic clusters using EXAFS spectroscopy; EXAFS 

data also supported the fact that Pt atoms replaced the Au atom in the center of the Au13 

icosahedron core.103  

Yamazoe et al. studied the structure of Au25-xAgxL18 and Au25-xCuL18 bimetallic clusters 

using EXAFS spectroscopy.116 Here, unlike the case for Pd atoms above, Ag and Cu atoms were 

found to be incorporated on the surface of the Au core. EXAFS data suggested that Ag atoms were 

incorporated on the surface of the Au13 core and Cu atoms were incorporated into the staple motifs. 

Incorporation of Ag on the surface of Au13 core was also predicted by the density functional theory 

(DFT) calculations. According to DFT, the lower surface energy of Ag(111) (1.25 J m-2) compared 

to Au(111) (1.55 J m-2) and similar atomic radii of Ag (1.45 Å) and Au (1.44 Å) atoms favor the 

incorporation of Au and Ag together on the surface.117-118 Incorporation of Cu into the surface 

staple motifs was, however, not predicted by DFT calculations. This is because of the much higher 

surface energy of Cu(111) (1.83 J m-2) compared to Au(111), which should favor the incorporation 

of Cu inside the Au13 core as in the case of Pd.118 Later studies of Au38-xAgxL24 and Au144-xAgxL60 

clusters also supported the incorporation of Ag atoms on the surface of Au core.88,96 These 

theoretical findings in the case of AuAg bimetallic clusters were subsequently substantiated by the 

first successful crystallization and x-ray single crystal analysis of Au25-xAgxL18 bimetallic clusters 

by Dass and co-workers.119 Data showed that the 12 Au atoms surrounding the central Au atom of 

13 atom icosahedron core were substituted by Ag atoms in the resulting bimetallic clusters. X-ray 

single crystal analysis in the case of mixed ligand-protected (phosphine and thiolate) Au13Cux (X 

= 2, 4, 8) clusters suggested that an intact Au13 icosahedron core was protected with thiolate 

stabilizers directly and by phosphine ligands through Cu atoms. Here, as suggested by the earlier 

EXAFS study, Cu atoms did not become the part of Au13 core and preferred to stay in surface 

ligand motifs.100 
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It should be noted that the structure of bimetallic clusters with similar metal compositions 

obtained using two different strategies mentioned above could be different. For example, 

Au24AgL18 bimetallic clusters prepared through a co-reduction strategy were shown to have Ag 

atoms incorporated on the surface of Au13 core.116 On the other hand, synthesis of AuAg bimetallic 

clusters through a postsynthetic strategy led to the formation of an Au25Ag2L18 adduct. Here two 

Ag atoms were found to form an adduct with the Au13 core.113 

1.2.3 Applications of Bimetallic Clusters 

Bimetallic clusters, owing to the atomic level understanding of their structures, have been 

used in order to elucidate the systemic changes in physicochemical properties after mixing two 

metal components. 

1.2.3.1 Photoluminescence 

As mentioned previously, metal clusters (Au and Ag), because of their small sizes (<2 nm) 

can show a HOMO-LUMO gap.47 Because of this, metal clusters show strong photoluminescence, 

and this property of metal clusters has been utilized in several applications such as metal sensing, 

biological imaging, and biological detection.121-123 Recently, successful synthesis of structurally 

well-characterized bimetallic metal nanoclusters (<2 nm in size) have prompted the scientific 

community to study their structure dependent photoluminescence responses. 

Jin et al. reported that upon substituting 13 Au atoms from rod shaped 

[Au25(PPh3)10(SC2H4Ph)3Cl2]
2+ clusters by 13 Ag atoms, strong enhancement in the 

photoluminescence was observed.124 Monometallic Au25 clusters showed only weak luminescence 

(QY = 0.1%) which upon substitution with 13 Ag atoms was increased to 40.1% in the resulting 

Ag13Au12 bimetallic cluster. Photoluminescence data suggested that substitution by up to 12 Ag 

atoms only led to very small enhancement in the photoluminescence (QY = 0.21%); however, after 

substitution with 13th Ag atom, photoluminescence increased dramatically to 40.1%. Here, the 

number and the position of substituted Ag atoms were characterized using mass spectrometry and 

X-ray single crystal spectroscopy. Dou et al. reported that Au18L14 monometallic clusters, upon 

treatment with Ag+ started to show huge enhancement in the photoluminescence (QY = 6.8%) 

compared to monometallic Au18L14 clusters with very weak photoluminescence (QY = 0.37%).125 

Data suggested that Ag atoms were incorporated into the staple motifs of Au18 clusters, leading to 
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dramatically increased emission, which they termed as aggregation-induced emission (AIE). 

Appearance of photoluminescence because of the incorporation of Ag+ in to the staple motifs was 

substantiated by a control experiment. Here, they treated bimetallic clusters with cysteine, which 

preferentially reacted with Ag and turned off the photoluminescence. Products before and after the 

addition of cysteine were characterized by mass spectrometry and X-ray photoelectron 

spectroscopy, which again pointed towards the incorporation of Ag+ into the staple motifs. Negishi 

et al. synthesized a series of Au25-xAgxL18 bimetallic clusters and studied the effect of Ag doping 

on photoluminescence.93 Data suggested that Ag doping took place on the surface of the Au13 

icosahedron core and a modulation in the emission wavelength was observed with doping. Pradeep 

and coworkers synthesized Ag7Au6L10 bimetallic clusters starting with Ag6 or Ag7 monometallic 

clusters as precursors.110 Here AgAu bimetallic clusters were shown to have a 10 fold enhancement 

in the emission intensity compared to monometallic Ag clusters. 

1.2.3.2 Catalysis 

Bimetallic nanoparticles have improved activity and selectivity for several chemical 

transformations compared to their monometallic constituents.126 Improved activity and selectivity 

have been mainly attributed to two factors, namely ligand and ensemble effects. Ligand effects 

arise because of the modification in electronic structure upon mixing two metal components.127 

Ensemble effects arise from the particular surface arrangements of both metal components. In 

practical terms, it becomes very difficult to isolate these two effects because of the polydispersity 

of the bimetallic nanoparticles, and therefore the realization of the full potential of bimetallic 

nanoparticles for catalytic applications is challenging. 

Bimetallic clusters are a new class of materials, and have the potential to address above 

mentioned issues because of their well-defined structures. In bimetallic clusters, the catalytically 

active component can be incorporated either on the surface or inside the core and thereby can help 

to elucidate structure/property relationships that result in improved catalytic activity and selectivity 

upon mixing two metal components. 

Toshima et al. synthesized AuPd bimetallic clusters through galvanic exchange between 

Pd147 clusters and Au3+ ions. Au atoms in bimetallic clusters found to be atomically dispersed on 

the surface of Pd cluster. These bimetallic clusters were found to have much higher catalytic 

activity for glucose oxidation reactions than their larger counterparts.89 Due to the presence of 
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atomically well-dispersed Au atoms on the surface and results obtained from X-ray photoelectron 

spectroscopy, the high catalytic activity was attributed to the electronic effect as a result of the 

charge transfer from Pd to Au. Jin and coworkers synthesized PtAu24L18 bimetallic clusters and 

used them for styrene oxidation reactions.90 Here, bimetallic clusters were found to have much 

higher catalytic activity (90.8% conversion) and selectivity (89.9% for benzaldehyde) for styrene 

oxidation reaction compared to monometallic Au25L18 clusters, which showed only 58.9% 

conversion and 54.0% selectivity towards benzaldehyde. It should be noted that in these bimetallic 

clusters Pt was incorporated inside the 13 atom icosahedron core. Since Pt is not in direct contact 

with styrene, the enhancement in catalytic activity and selectivity is likely caused by the electronic 

perturbation of the surface atoms after Pt incorporation. Similarly, Tsukuda and coworkers showed 

that PdAu24L18 bimetallic clusters were more active for benzyl alcohol oxidation reaction than 

monometallic Au25L18
- clusters. Here Pd was also incorporated inside the 13 atom icosahedron 

core, and hence catalytic activity was attributed the modulation in electronic structure upon Pd 

incorporation.128   

1.3 X-ray Absorption Spectroscopy  

X-ray absorption spectroscopy is a branch of spectroscopy in which X-ray photons over 

the energy range of 100 eV to 100 keV are used to characterize crystalline or amorphous materials 

in bulk or nanoscale form. Absorption of X-rays by a material takes place based on the Lambert- 

Beer law. According to the Lambert-Beer law, if a photon of intensity Io is incident on the sample 

then the transmitted intensity of the photon (It) can be defined as follows (Equation 1.4).  

It (t) =Ioe
-µ(E)t.      (1.4) 

Here, µ(E) is the frequency dependent absorption coefficient.  When the energy of the 

photon equals or exceeds the binding energy of the core electron then a sharp increase in absorption 

coefficient takes place, as shown in Figure 1.3. Above the absorption edge, any energy higher than 

binding energy is converted into the kinetic energy of the photoelectron and the absorption 

coefficient will continue to decrease with increase in photon energy. The absorption coefficient is 

a smooth function of photon energy and varies approximately as follows (Equation 1.5).   

µ(E) ~ dZ4/mE3     (1.5) 
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Here, d represents the target density, Z represents atomic number, and m represents mass. 

Ejection of the photoelectron simultaneously creates a core-hole. This hole gets filled by an 

electron from higher energy state after a short time period of the order of 10-15 seconds and the 

corresponding energy difference is released through fluorescence X-rays or Auger electron 

emission.129 In this section, spectroscopic techniques related to only absorption of photons such as 

X-ray absorption near edge structure (XANES) spectroscopy, and extended X-ray absorption fine 

structure (EXAFS) spectroscopy are discussed. 

 

Figure 1.3 (a) Schematic of an incident and transmitted X-ray beam and (b) absorption coefficient 

as a function of photon energy around the absorption edge.  

1.3.1 X-ray Absorption Near Edge Structure (XANES) Spectroscopy 

XANES spectroscopy deals with the region within ~50 eV of the absorption edge which is 

characterized by the transition of a photoelectron to an unoccupied bound state (Figure 1.4). This 

region is divided in to three parts. The first part is the pre-edge which is caused by the electronic 

excitation to empty bound states. The second part is the absorption-edge, which is caused by the 

excitation of a photoelectron to the continuum. And, third part is caused by the multiple scattering 

of photoelectron ejected at low kinetic energy.129 Two types of absorption edges are commonly 

used in this thesis; K-edge and L-edge. K-edges result from the excitation of an electron from 1s 

orbital (which have allowed transitions to p orbitals), while the L-edges represents the excitation 

of an electron from a 2s or 2p orbital.  XANES features are sensitive to the oxidation states of 

absorbing atom and the coordination environments around the absorbing atom.129 Higher oxidation 

states can leads to the increase in absorption edge (white line intensity) and also shift the absorption 

edge to the higher energy range.122-126 XANES features are also useful in explaining the charge 

transfer phenomenon from or towards the absorbing atom. For instance, in the case of AuPd alloy 

bimetallic nanoparticles, charge transfer takes place from Pd to Au.130-133 This charge transfer leads 
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to higher white line intensity in the case of Pd L3-edge (which probes the 2p3/2 to 4d transition) 

and reduced white line intensity in the case of Au L3-edge, which probes the 2p3/2 to 5 transition. 

 

Figure 1.4 (a) Excitation of an electron to empty bound state, (b) absorption coefficient as a 

function of photon energy including EXAFS features, and (c) schematic depiction of constructive 

and destructive interferences.  

1.3.2 Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) 

EXAFS refers to the oscillatory features in the X-ray absorption spectrum ~30 eV past the 

absorption edge. These features arise because of the scattering of the created photoelectron from 

the atoms surrounding the absorbing atom. These scattered photoelectron waves interacts with the 

outgoing photoelectron wave to produce both constructive and destructive interferences, which 

eventually results in EXAFS oscillations in the X-ray absorption spectrum (Figure 1.4). Since 

EXAFS features originate because of the presence of neighboring atoms around the absorber, it is 

therefore dependent on the atomic arrangement around the absorbing atom. It contains information 

about the bond distance, coordination number, and thermal and structural disorder of atoms around 

a particular atomic species. EXAFS does not require long range order and thus amorphous 

materials also exhibit EXAFS oscillations.129  
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1.3.2.1 EXAFS equation 

EXAFS refers to the extended features in the X-ray absorption spectrum ~30 eV past the 

absorption edge. Figure 1.5a shows the L3-edge X-ray absorption spectrum of Au25(SC8H9)18
- 

clusters supported on mesoporous carbon support (Au25(SC8H9)18
-/carbon). Figure 1.5b is the 

extracted EXAFS signal from L3-edge absorption spectrum from this spectrum in k-space (i.e. 

wavenumber space), with the y axis multiplied by k2 in order to increase the magnitude of the 

signal at high k values. 

 

Figure 1.5 (a) L3-edge x-ray absorption spectrum of Au25(SC8H9)18
-/carbon and (b) extraction of 

the EXAFS signal in k-space from the X-ray absorption spectrum.  

 The EXAFS fine structure function χ(E) is described as: 

𝜒(𝐸) =  (µ(𝐸)   −  µ0(𝐸))/(△ µ0(𝐸))    (1.6) 

Here, µ(E) is measured absorption coefficient, µo(E) is smooth background function 

representing the absorption of an isolated atom, and △µo(E) represents the jump in the absorption 

µ(E) at the threshold energy Eo. Because of the wave-nature of the photoelectron, the EXAFS 

function (χ) can be written as a function of wavenumber (k) (Equation 1.7):  

k = √(2𝑚𝑒(𝐸 − 𝐸0)/ħ2)     (1.7) 

Here, me represents the electron mass, and ħ represents Planck constant divided by 2.  

The EXAFS signal can be fourier transformed back into R-space, as shown in Figure 1.6.  

R-space data show various bonding pairs present in Au25(SC8H9)18
- clusters.  
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Figure 1.6 (a) EXAFS signal of Au25(SC8H9)18
-/carbon in k-space and (b) Fourier transformation 

of the EXAFS signal form k-space to R-space.   

The EXAFS function can be expressed as a sum over the scattering contributions arising 

from the various scattering paths (Equation 1.8).116 

𝜒(𝑘) =  ∑ 𝑆0 
2

𝑗 𝑁𝑗
|𝑓𝑗(𝑘)|

𝑘𝑅𝑗
2  𝑒−2𝑅𝑗/𝜆(𝑘)𝑒−2𝜎𝑗

2𝑘2
х 𝑠𝑖𝑛 [2𝑘𝑅𝑗 + 𝛿𝑐 (𝑘) + 𝛿𝑗  (𝑘)]  (1.8) 

Here, j represents the paths with same kind of scattering atom and same path length. 𝑆0 
2  

represents the amplitude reduction factor. 𝑁𝑗 represents the coordination number or the degeneracy 

of a particular scattering path, and 𝑓𝑗(𝑘) represents the scattering amplitude. The term 𝑒−2𝑅𝑗/𝜆(𝑘) 

accounts for the increasing decay of the photoelectron wave with increasing distance Rj. The term 

𝑒−2𝜎𝑗
2𝑘2

 accounts for the k dependent dampening of the EXAFS wave. Here σ is the disorder 

parameter (Debye-Waller parameter). Atoms in a given coordination shell do not have the same 

distance from the absorber. This is because the vibration of atoms from their mean position 

(thermal disorder) or structural variation in bond distance (static disorder). This results in the 

dampening of EXAFS wave with increasing k. The potential of the absorbing and scattering atom 

leads to a phase shift of the photoelectron wave represented by 𝛿𝑐 (𝑘) and 𝛿𝑗  (𝑘). This eventually 

appears in the sine function of the EXAFS wave.134 A model can be used to fit EXAFS signal using 

above equation. Here, scattering amplitude and phase shift are calculated from the model, and 

amplitude reduction factor is calculated from the reference. Using the EXAFS equation, structural 

parameters such as, coordination number (Nj), distance between absorbing and scattering atom 

(Rj), disorder parameter (σ), and energy shift (E0) can be calculated.  
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1.3.3 Characterization of Au and Bimetallic Clusters using X-ray Absorption Spectroscopy 

XANES spectroscopy is typically used to characterize the oxidation state of metals and the 

coordination environments around the absorbing atom, therefore the main focus of this section will 

be on the characterization of Au and bimetallic clusters using EXAFS spectroscopy. As EXAFS 

spectroscopy is sensitive to the type and number of the surrounding atoms around the absorber and 

the distance between absorber and neighboring atoms, it has been used very extensively in order 

to characterize atomically-precise Au and bimetallic clusters. 

 

Figure 1.7 (a) Simulated FT-EXAFS from Au25(SR)18
- clusters (b) different Au-Au bonding pairs 

present within Au25 cluster. Reprinted with adaptions with permission from (135). Copyright 

(2011) American Chemical Society. 

1.3.3.1 EXAFS Characterization of Au25(SC8H9)18 Clusters 

Zhang and coworkers et al. first reported the successful characterization of Au25(SC8H9)18 

clusters using EXAFS spectroscopy.135 Based on single crystal data reported by Jin  and coworkers 

and Murray and coworkers,28-29 Au25(SC8H9)18
- clusters are made up of a 13 Au atoms icosahedron 

core and 6 V-shaped –S-Au-S-Au-S- staple motifs (as seen in Figure 1.5).  

The staple motifs attach to the Au13 icosahedron core on Au3 triangular planes forming the 

Au25 cluster. There are three different first-shell Au-Au bonding pairs present within Au25 cluster. 

The first Au-Au bonding pair represents the bonding between the central Au atom of the Au13 

icosahedron and the 12 surface Au atoms of the core, and 6 short Au-Au pairs present on the 

surface of icosahedron with an average bond distance of 2.78 Å. The second Au-Au pair represents 

the larger distance Au-Au pairs present on the surface of the Au13 icosahedron with a bond distance 
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of 2.95 Å. The third and last Au-Au bonding pair represents the bonding between surface Au atoms 

in the Au13 core and staple Au atoms (Figure 1.5). 

The EXAFS spectrum of Au25(SC8H9)18
- clusters shows four different peaks in R-space 

(Figure 1.5a). The first peak at ~ 2Å represents the Au-S contribution and three small peaks from 

~ 2.5-3.8Å represent different Au-Au contributions as mentioned above (Figure 1.5b). X-ray single 

crystal data of Au25(SC8H9)18
- clusters show four Au-Au bonding pairs instead of three. Surface 

Au atoms of Au13 core have two different Au-Au bonding pairs. Au-Au pairs directly below staple 

motifs are slightly squeezed (ca. 2.81 Å) compared to other Au-Au pairs (ca. 2.96 Å) on the 

surface. However, such a small difference between the bond distance values of squeezed Au-Au 

pairs and Au(central)-Au(surface) pairs is difficult to discriminate by FT-EXAFS, thus only three 

Au-Au boning pairs are observed in FT-EXAFS. In order to fit the EXAFS data, the coordination 

numbers for all three Au-Au bonding arrangements can be calculated theoretically, and can be 

fixed in order to fit bond distances, disorder parameters, and energy shifts of the Au clusters.134 

The amplitude reduction factor is usually obtained from Au foil, as it is common practice to 

determine the amplitude reduction factor for a model metal foil and use that information while 

fitting samples containing that metal.  

 1.3.3.2 EXAFS Characterization of Au38(SC8H9)24 Clusters 

MacDonald et al. reported the EXAFS characterization of Au38(SC8H9)24 clusters.136 Based 

on the single crystal structure reported by Jin and co-workers,61 the Au38(SC8H9)24 cluster is made 

up of two face-fused Au13 icosahedron cores through the Au3 triangular planes resulting in the 

formation of a Au23 prolate core. This Au23 core is capped with three monomeric (-S-Au-S-) and 

6 dimeric (-S-Au-S-Au-S-) staple motifs resulting in the formation of the Au38(SC8H9)24 cluster. 

Based on the crystal structure data, bond lengths between the central atom of either unit of Au23 

dimeric core and first-shell Au atoms range from 2.76 to 2.84 Å. Au-Au bond distances at the 

exterior of the Au23 core is 2.76-3.08 Å. Each exterior Au atom in the staple motifs has one shorter 

Au-Au bond distance (3.04-3.12 Å) to the biicosahedron and two longer ones (3.18-3.29 Å) to the 

other two Au atoms of Au3 plane it is capping. The Au-S bond distance in the staple motifs is ca. 

2.30 Å. EXAFS spectra of Au38(SC8H9)24 clusters in R space shows three major first shell peaks. 

The first peaks represents the Au-S contributions and two minor peaks represent the Au-Au 

contributions. The first Au-Au peak represents the Au-Au bonding between the central Au atom 
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and surface Au atoms, and the second Au-Au peak represents the surface Au-Au bonding pairs. 

Based on this, the coordination number values for each Au-Au and Au-S bonding environments 

was calculated and fixed while fitting the EXAFS data. Based on X-ray single crystal data, the 

Au38(SR)24 cluster also has higher shell Au-Au bonding pairs but the EXAFS spectrum in R-space 

did not show significant Au-Au contributions at higher R-ranges.   

Similarly, many other monometallic clusters such as Au36(SR)24, Au28(SR)20, and 

Au102(SR)44 have also been analyzed using EXAFS spectroscopy.133-135 It should be noted that the 

prior knowledge of crystal cluster structure is extremely important in order to carry out precise 

EXAFS fittings, and therefore EXAFS is mainly used in order to study the structure and stability 

of these clusters under various chemical environments. 

1.3.3.3 EXAFS Characterization of [Au25-x(SR)18Mx](M = Ag, Cu) Bimetallic Clusters 

Mass spectrometry suggests that atomic doping of Ag or Cu atoms takes place in Au25 

clusters, but it does not tell anything about the possible structure of the resulting bimetallic cluster. 

Theoretically, three possible sites within the Au25 cluster are available for doping by Ag or Cu 

atoms. The first site is the central Au atom of the Au13 icosahedron core which can be replaced by 

Ag or Cu atoms. The second site would be the surface of Au13 icosahedron core, and third site 

would the staple motifs of the Au25 cluster, where Au atoms from these staple motifs can be 

replaced by Ag or Cu atoms. Based on these three doping sites model structure can be generated, 

and structural parameters and theoretical coordination number values around doped Ag or Cu 

atoms for different doping sites can be calculated. For example; in the case of first doping site, 

there would be 12 Au atoms surrounding the central Ag or Cu atom, and there would be no Ag-S 

or Cu-S bonding. In the case of second doping site, there would be 6 Au atoms surrounding the 

Ag or Cu atoms and these atoms would further be bonded with 1 S atom. In the case of third doping 

site, there would be no Au atom directly bonded with Ag or Cu atoms; however, these atoms would 

be bonded with two S atoms. Yamazoe et al. found in the case of Au25-xAgxL18 bimetallic clusters 

that Ag K-edge EXAFS data after fitting shows Ag-S coordination number of 1, and a first shell 

Ag-Ag coordination number of 3.4(9).116 This means that the second doping site where Ag atoms 

were doped on the surface of Au13 icosahedron core is the most probable structure. In the case of 

Cu K-edge, EXAFS fitting by Yamazoe et al. gave a first shell Cu-S coordination number of 2.4(2) 
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and no Cu-Au contribution was observed. This suggests that Cu atoms were substituted into the 

staple motifs of Au25 clusters.108 

1.3.3.4 EXAFS Characterization of Au24Pd(SR)18 Bimetallic Clusters 

Based on the arguments made above on the structure of bimetallic clusters, the structure of 

Au24Pd(SR)18 clusters synthesized using co-reduction methodology was shown to have Pd atoms 

doped in the center of the Au13 icosahedron core. Pd K-edge EXAFS spectrum of these bimetallic 

clusters showed only one peak in R-space located at ~2.5 Å. This peak was attributed to the Pd-

Au bonding contribution. Pd-Au coordination number value after fitting was 10.7 (9), which again 

suggested the replacement of central Au atom with Pd atom resulting in the formation of 

Au24Pd(SR)18 bimetallic cluster.115,103  EXAFS analysis of Au24Pt(SR)18 clusters synthesized using 

co-reduction methodology has also been also reported. However, because of the Pt-thiolate 

impurity present in the sample, exact correlation between the EXAFS coordination numbers and 

structure was not possible and thus is not discussed here.  

1.3.3.5 EXAFS Study of the Activation of Atomically-Precise Au Clusters for Catalysis 

EXAFS has also been shown to be useful in studying the activation of atomically-precise 

Au clusters for various catalytic reactions. For example, Tsukuda and co-workers studied the 

thermal activation of Au25(SR)18
- clusters supported on porous carbon nanosheets for benzyl 

alcohol oxidation reactions.137 Correlation of catalyst structure after various calcination 

temperatures with catalytic activity and selectivity using EXAFS spectroscopy showed that 

removal of thiol stabilizers via calcination was directly correlated with the conversion. The highest 

conversions were observed at 500oC with the complete removal of thiol stabilizers. However, 

incomplete removal of thiol stabilizers at 450oC resulted in maximum selectivity for benzaldehyde. 

This was attributed to the presence of residual thiols as observed by EXAFS spectroscopy, thus 

the oxidizing ability of Au was minimized and thus overoxidation into benzoic acid or benzyl 

benzoate was prevented.  Jin and co-workers studied the activation of CeO2 supported Au25(SR)18
- 

clusters for CO oxidation catalysis using EXAFS and other spectroscopic techniques.77 They found 

that while intact clusters were inert for CO oxidation, partial removal of thiol stabilizers at 150oC 

from the interface between the CeO2 support and Au clusters led to the activation of CO on exposed 

Au atoms. Zhang et al. studied the activation of Au38(SR)24 clusters supported on Al2O3 and CeO2 

supports for cyclohexane oxidation reactions.138 Clusters supported on CeO2 supports were found 
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to be more active and selective for ketones and alcohols than clusters supported on Al2O3 supports. 

Clusters supported on CeO2 supports were found to be partially oxidized at 300oC calcination. This 

was also observed in the EXAFS fitting with the appearance of Au-O contribution at 300oC 

calcination temperatures. The highest catalytic activity and selectivity observed at 250oC was 

attributed to the removal of thiol stabilizers as shown by EXAFS spectroscopy. Kumar and co-

workers studied styrene-oxidation catalysis using biicosahedral [Au25(PPh3)10(SC12H25)5Cl2] and 

Au25(SC8H9)18 clusters as catalysts.139  Both these catalysts were found to show higher conversion 

after calcination at 200oC under vacuum. While higher conversion was attributed to the removal 

of thiolate stabilizers after calcination, higher selectivity towards benzaldehyde was attributed to 

the decrease in d-band hole population due to thiolate removal. Our group has also reported the 

study of the activation of mesoporous carbon supported Au25(SR)18
- clusters using TEM and 

EXAFS spectroscopy. The results of this study are discussed in Chapter 4.               

1.4 Research Objectives  

Atomically precise Au clusters have recently emerged as an important class of materials 

because of their well-defined structures and high monodispersity. While these clusters offer an 

opportunity to systematically study the size- and structure-related physicochemical properties of 

Au nanomaterials, the use of these clusters for several important applications such as catalysis, 

sensing, and drug carriers has been limited mainly due to the lack of the proper understanding of 

their stability under experimental conditions. The first research objective was to study the effect 

of steric bulk of thiol stabilizers on the catalytic activity of alkanethiolate and arylthiolate protected 

Au25(SR)18 clusters for 4-nitrophenol reduction catalysis. Here, Au25(SR)18 clusters were chosen 

mainly because of the availability of the synthesis protocol which leads to the high yield of these 

clusters. Para-nitrophenol reduction with sodium borohydride was used as a model catalytic 

reaction as it allows one to follow the kinetics of the reaction by simply following the UV-Vis 

spectral features during reduction reaction. The results of this study are documented in Chapter 2.  

In the literature, the synthesis of Au25(SR)18 clusters protected with alkane and aryl 

thiolates is well-documented. However, not many studies have been done on Au25(SR)18
- clusters 

protected with functional groups terminated thiolate stabilizers such as –COOH, -NH2 etc. It 

should be noted that the functional groups terminated thiolate stabilizers can allow for the further 

functionalization of these clusters with biological molecules such as amino acids for biological 
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applications. The second research objective was to synthesize 11-mercaptoundecanoic acid and 

16-mercaptohexadecanoic acid protected Au25(SR)18
- clusters. The synthesis was based on 

isolating the Au25(SR)18 clusters from a polydisperse reaction mixture using a NaBH4 purification 

strategy which was developed based on results from Chapter 2. The results of this study are 

reported in Chapter 3.   

Supported Au nanoparticles have been shown to have high catalytic activity for various 

catalytic reactions. However, because of the polydispersity of these nanoparticles, correlation of 

structure-property relationships becomes challenging. Atomically-precise Au clusters have 

recently emerged as model compounds in order to study the structure-related catalytic properties 

of Au nanocatalysts. The third part of research objectives was to synthesize supported 

Au25(SC8H9)18
- clusters, use these clusters for catalysis, and to study the structure dependent 

catalytic activity using TEM and EXAFS spectroscopy. Here, Au25(SC8H9)18 clusters were 

immobilized on mesoporous carbon supports and these supported clusters were characterized using 

X-ray absorption spectroscopy. Stability of these clusters was studied under various calcination 

temperatures using TEM and EXAFS spectroscopy and finally an attempt was made to correlate 

the structure of these clusters with the catalytic activity for the 4-nitrophenol reduction reaction. 

The results of this study are documented in Chapter 4. 

Thiolate protected Au25(SR)18 clusters immobilized on support materials have been mainly 

activated by removing thiolate stabilizers at elevated temperatures for various catalytic 

applications. The thermal activation step usually leads to the sintering of these clusters and thereby 

affects the catalytic activity (Chapter 4, deactivation of catalyst). The fourth part of research 

objectives involves the exploration of alternative mild chemical activation routes in order to 

activate supported Au25(SC8H9)18
- clusters with minimal growth in cluster size. In Chapter 5 of 

this thesis, the use of BH4
- reducing agents on the activation of Al2O3 supported Au25(SC8H9)18 

clusters (removal of thiol stabilizers from the surface of these clusters) has been described. Here, 

the resulting structural changes and growth in cluster size after thermal and BH4
- treatments were 

studied using TEM and EXAFS spectroscopy.     

Recently, there have been many reports suggesting the formation of highly monodisperse 

bimetallic clusters using Au25(SR)18 clusters as precursors. Bimetallic clusters with fixed metal 

composition have been deemed important as they offer an opportunity to systematically study the 
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effect of the addition of two metal components on the physicochemical properties of resulting 

bimetallic clusters. These bimetallic clusters have been mainly synthesized by simply reacting 

Au25(SR)18
- clusters with desired metal ions in stoichiometric proportions. The resulting bimetallic 

clusters have been mainly characterized by using mass spectrometry. While mass spectrometry 

gives us information about the composition, it gives very little information about the structure of 

resulting bimetallic clusters. The fifth part of research objectives involves the investigation of the 

reaction between Au25(SC8H9)18 clusters with Pd2+ and Ag+ ions using in situ X-ray absorption 

spectroscopy. Here the difference in reactivity between Au25(SC8H9)18
- clusters with Pd2+ and Ag+ 

ions was studied using TEM, UV-Vis, and XAS, and based on the data, an attempt was made to 

elucidate the possible structure of the resulting bimetallic clusters. The results of this study are 

documented in Chapter 6.   

AuPd bimetallic nanoparticles have been reported to have improved catalytic activity and 

selectivity for various industrially important reactions. Improved activity and selectivity have been 

mainly attributed to two effects namely, ensemble effects and ligand effects. While ligand effects 

are attributed to the modification in the electronic structure upon mixing two metal components, 

the ensemble effect arises because of the presence of a particular ensemble of active metal 

components on the surface of bimetallic nanoparticles. Practically, it becomes really challenging 

to isolate these effects because of the ill-defined structures of AuPd bimetallic nanoparticles and 

therefore realization of the full potential of these bimetallic nanoparticles becomes challenging. 

The sixth part of research objective deals with the synthesis of AuPd bimetallic nanoparticles using 

highly monodisperse Au25(SC8H9)18 clusters as starting precursors. The resulting bimetallic 

nanoparticles were characterized using TEM and EXAFS spectroscopy and based on these 

spectroscopic data, their structures were elucidated. Finally, these bimetallic nanoparticles were 

used for allyl alcohol hydrogenation catalysis and an attempt was made in order to study the 

relationship between their structures and catalytic activity.   

1.5 Organization and Scope  

This Ph.D. thesis describes the synthesis and activation of Au and bimetallic clusters for 

various catalytic reactions and the use of X-ray absorption spectroscopy in order to follow the 

synthesis and activation process. It is divided into eight chapters. Chapter 2, 3, and 4 are near-

verbatim copies of articles published in different journals with minor formatting changes. Chapter 
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5, 6, and 7 are near-verbatim copies of submitted manuscripts. At the beginning of each chapter, a 

brief summary has been provided of the chapter including (1) where the manuscript was published 

or to be submitted, (2) what my contributions were to the work contained in the 

chapter/manuscript, and (3) summarize the chapter and briefly indicated how it fits into the thesis 

as a whole. 

Chapter 2 describes the study of the effect of the bulkiness of thiolate stabilizers on the 

catalytic activity of Au25(SR)18
- clusters and the stability of these clusters under reaction 

conditions. Chapter 3 describes the synthesis of 11-mercaptoundecanoic acid and 16-

mercaptohexadecanoic acid protected Au25 clusters using NaBH4 purification strategy. Here, the 

knowledge obtained in Chapter 2 on the stability of Au25(SR)18
- clusters in solution was used to 

isolate Au25 clusters from a polydisperse reaction mixture. Chapter 4 describes the study of the 

thermal activation of mesoporous carbon supported Au25(SC8H9)18- clusters for 4-nitrophenol 

reduction reaction. Here, TEM and EXAFS spectroscopy were used in order to study the structure-

catalytic activity relationship. Chapter 5 describes the activation of Al2O3 supported Au25(SC8H9)18 

clusters using thermal and chemical treatments of supported clusters. Here, the resulting structural 

changes were followed by using TEM and EXAFS spectroscopy. Chapter 6 describes the synthesis 

of AuPd and AgAg bimetallic clusters using Au25(SC8H9)18
- clusters as precursors. X-ray 

absorption spectroscopy was used in order to follow the reaction between Au25(SC8H9)18
- clusters 

and Pd2+ and Ag+ ions and the structure of the resulting bimetallic clusters was elucidated by using 

TEM, in situ XANES and EXAFS spectroscopic studies. Chapter 7 describes the synthesis of 

AuPd bimetallic nanoparticles with isolated atomic-Pd sites on the surface using AuPd bimetallic 

clusters described in Chapter 6 as starting precursors. Here, TEM and EXAFS spectroscopy were 

used to follow the structure of AuPd bimetallic nanoparticles. Finally, in Chapter 8, a final 

summary, outlook, and future work is presented.  
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CHAPTER 2 

 

2. Stable and Recyclable Au25 Clusters for the Reduction of 4-Nitrophenol  

This work has been published in Chemical Communications. Au25(L)18
- clusters protected 

with various alkane and aryl thiols were synthesized and used as catalysts for the 4-nitrophenol 

reduction reaction. The catalytic activity was found to increase with decrease in the steric bulk of 

thiol stabilizers. Stability of these clusters under experimental conditions was studied using UV-

Vis spectroscopy and mass spectrometry. These clusters were shown to preserve their structural 

integrity during catalysis and found to be more stable than their larger counterparts (Au~180). A 

recyclability study in the case of Au25(SC6H13)18
- clusters show that these clusters can be isolated 

after one catalytic cycle and reused again.   
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2.1 Abstract 

Thiol-stabilized Au25L18 monolayer protected clusters (MPCs) were found to be active for 

the reduction of 4-nitrophenol. Results suggest that these MPCs are stable catalysts and do not lose 

their structural integrity during the catalytic process. High stability under the reaction conditions 

enables the recyclability of these MPCs. 

2.2 Introduction  

Advances in the synthesis of ultrasmall, monodisperse gold monolayer protected clusters 

(MPCs) in high yields have led scientists towards understanding their fundamental physical and 

chemical properties.1,2 Recent single crystal studies of Au102L44 and Au25L18 MPCs have shown 

the presence of highly symmetrical gold cores surrounded by Au-thiolate staple motifs containing 

alternating Au and S atoms, in which the core is directly connected to the terminal S atoms of the 

staples and Au is at the bridging position of staples.3,4 This unique arrangement of Au and S atoms 

was also found to exist in other thiol-stabilized Au MPCs.5,6 Several studies suggested that this 

somewhat unexpected structural behavior leads to a highly stable architecture that is because of 

electronic rather than geometrical reasons.7 Further proof of their remarkable stability has been 

shown by various oxidation and hydrogenation catalysis, where these MPCs were found to 

preserve their structural integrity after the catalytic processes.8,9  

Herein we demonstrate that Au25L18 MPCs stabilized by several alkanethiols and 

phenylethanethiol can be employed for the reduction of 4-nitrophenol using NaBH4 as a reducing 

agent. In our previous work we documented that NaBH4 is a strong enough reducing agent to 

reductively desorb alkanethiol stabilizers from larger Au MPC surfaces and the Au cores tend to 

grow during the nitrophenol reduction reaction.10 However in the present case, it was found that 
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Au25L18 clusters are stable during reduction catalysis and can be isolated with intact architectures 

and this enables high rates and recyclability of these MPCs. 

2.3 Experimental  

2.3.1 Materials 

Tetraoctylammonium bromide (TOAB, 98%, Aldrich), Sodium borohydride (NaBH4, 

98%, EMD), Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, 99.9% on metal basis, 

Aldrich), 1-Dodecanethiol (C12H25SH, ≥ 98%, Aldrich), Phenylethanethiol (C8H9SH, 99%, Acros 

Organics), 1-Hexanethiol (C6H13SH, 97%, Alfa Aesar), 4-Nitrophenol (C6H5NO3, 99%, Alfa 

Aesar). High purity THF and Acetonitrile were purchased from Fischer Scientific and 100% 

ethanol was purchased from Commercial Alcohols. 18 MΩ cm Milli-Q (Millipore, Bedford, MA) 

was used throughout. 

2.3.2 Synthesis of Au25 MPCs 

Alkanethiolate Au25 (hexanethiolate Au25 and dodecanethiolate Au25) and 

phenylethanethiolate Au25 MPCs were prepared by modifying the literature procedure.1 A typical 

synthesis is as follows: 50 mL solution of THF with 500 mg of HAuCl4·3H2O was mixed with 1.2 

equiv. of TOAB and resulting solution was stirred for 10 minutes to ensure the complete formation 

of the TOA+AuX4
- complex. After that, the stirring rate was decreased to 60 rpm and 5 eq of 

alkanethiol (hexanethiol, dodecanethiol) or phenylethanethiol was added dropwise and the 

solution was left under slow stirring until it became transparent. During the addition of thiol 

stabilizers, a slow stirring rate was maintained in order to avoid the formation of Au-thiolate 

polymers.1 After getting a transparent solution, the stirring rate was increased to 1100 rpm and a 

solution of 10 eq of NaBH4 in 10 mL ice cold water was added all at once and the final solution 

was left under high stirring for 4 days. After the reaction was over, the solvent was evaporated 

using a rotary evaporator and the reaction residue was sequentially washed with copious amounts 

of 75/25, 85/15 and 90/10 mixtures of ethanol/water. After washing, alkanethiolate Au25 MPCs 

were extracted with THF and phenylethanethiolate Au25 MPCs were extracted with acetonitrile. 
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2.3.3 Synthesis of Au~180(SC6H13)~100 MPCs  

A 25 ml solution of THF with 200 mg of HAuCl4·3H2O was mixed with 1.2 equiv. of 

TOAB and solution was stirred for 10 min. After stirring, 3 equiv. of hexanethiol was added and 

the solution was stirred until it became clear. To this clear solution, 10 equiv. of NaBH4 in 5 ml 

ice cold water was added and the resulting solution was stirred for 2 hours. After the completion 

of the reaction, the solvent was evaporated and the residue was sequentially washed with the 

copious amount of water, ethanol and acetonitrile. The number of Au atoms and the number of 

ligands in the formula were calculated using a combination of TEM and TGA.11
 

2.3.4 Reduction Catalysis  

The reduction of 4-nitophenol was studied using UV-Vis spectroscopy. The entire reaction 

was done under N2 atmosphere. In a typical catalytic reaction, 7.0 mg of nitrophenol was dissolved 

in 25/5 mL mixture of THF/water. To this solution, Au MPCs (4.87 × 10-4 mM in Au) were added 

(alkanethiolate MPCs or phenylethanethiolate MPCs) and the solution was stirred under N2 

atmosphere. After stirring, 30 equiv. of NaBH4 in ice cold water was added. Immediately after the 

addition of NaBH4, UV-Vis spectra were recorded. The rate constant of the reduction process was 

determined by measuring the change in the absorbance of the initially observed peak at 400 nm 

for 4-nitrophenolate as a function of time. Control experiments were carried out at the same 

conditions without MPCs and no nitrophenol reduction was observed. Very short induction times 

(< 2 min) were observed because of the remnant oxygen and kinetic data were plotted after 

removing the induction time. 

2.3.5 Treatment of Au MPCs with NaBH4  

Stability of Au25 MPCs and larger hexanethiolate Au MPCs towards NaBH4 was studied 

with UV-Vis spectroscopy. In a typical procedure; to a solution of Au25 MPCs or larger 

hexanethiolate Au MPCs, 37500 equiv. of NaBH4 was added and immediately after the addition 

of NaBH4, UV-Vis spectra were recorded over the period of 30 minutes. 

2.3.6 Characterization  

Absorption spectra were recorded on a Varian Cary 50 Bio UV-Vis spectrometer with an 

optical path length of 1 cm. A transmission electron micrograph before catalysis was obtained with 
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a Philips 410 microscope operating at 100 kV and a micrograph after catalysis was obtained with 

a Philips CM10 Microscope operating at 60 kV. Mass spectral analysis was done on an Applied 

Biosystems 4800 MALDI-TOF/TOF instrument (Frederic, MD, USA) operating in linear positive 

ion mode using DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile) 

as the matrix. A mixture of insulin and ubiquitin was used as an external standard.12 

2.4 Results and Discussion 

Au25L18 MPCs were synthesized with slight modifications of the literature procedure.1 In 

short; HAuCl4·3H2O was mixed with 1.2 molar equivalent of TOAB (tetraoctylammonium 

bromide) with respect to Au salt in THF. Next, 5 molar equivalent of thiol (phenylethanethiol, 

hexanethiol and dodecanethiol) with respect to Au salt was added to this solution and the solution 

was stirred until it became colorless. To this clear solution, 10 molar equivalent of NaBH4 with 

respect to Au salt in cold water was added all at once under high stirring and the progress of the 

reaction was monitored by UV-Vis spectroscopy. This solution was allowed to undergo oxidative 

etching under air for 4 days. It was found that such etching does not take place in the absence of 

air and thus low yields of Au25 MPCs are formed under inert conditions. After the completion of 

the reaction, Au25 MPCs were purified and analyzed by UV-Vis spectroscopy, TEM, and Matrix-

Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) mass spectrometry. As-

synthesized Au25 MPCs were characterized by using UV-Vis spectroscopy (Figure 2.1) and 

matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry 

(Figure 2.2 and Table 2.1). UV-Vis spectra show three major absorption features characteristic of 

Au25(SR)18
- clusters. The major peak is at ca. 680 nm and two minor peaks are at ca. 400 nm and 

ca. 450 nm. These absorption features have been assigned to various HOMO-LUMO transitions 

present within Au25(SR)18
- clusters.4 Mass spectrometric data show the molecular ion peaks and 

fragment ion peaks in all three cases. Observed peaks are in very good agreement with the 

theoretical peaks and are within instrumental error specifications.   
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Figure 2.1. UV-Vis spectra of a) phenylethanethiolate Au25, b) dodecanethiolate Au25 and c) 

hexanethiolate Au25 MPCs. 

 

 

Figure 2.2. MALDI/TOF spectra of a) hexanethiolate Au25, b) dodecanethiolate Au25 and c) 

phenylethanethiolate Au25 MPCs. 

8548.0 7033.6 

7395.9 
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Table 2.1. Experimental and theoretical masses of Au25 MPCs. 

Catalyst Theoretical mass 

(m/z) 

Experimental mass (m/z) Error (Da) 

Au25(SC6H13)18 7034.4 7033.6 -0.8 

Au25(SC8H9)18 7394.1 7395.9 1.8 

Au25(SC12H25)18 8549.2 8548.0 -1.2 

 

Table 2.2 shows the pseudo-first order rate constants for the reduction of 4-nitrophenol for 

various MPCs. Pseudo-first order reaction kinetics was used. Here, the NaBH4 concentration (30 

molar equivalent with respect to Au salt) was assumed to be constant during the course of the 

reaction. A0 is the absorbance of substrate (4-nitrophenol) at time zero, and At is the absorbance at 

time t. Rate constants were derived by monitoring the change in the absorbance of the 4-

nitrophenolate ion at 400 nm during the reaction. A new band is also seen at 312 nm because of 

the formation of 4-aminophenol product (Figure 2.3). Reduction in the substrate absorption peak 

rather than enhancement in product absorption peak was followed in order to deduce rate constant 

values. This was done because of the fact that absorption peak of product (4-aminophenol) was 

too weak to be used for kinetic analysis, possibly due to the absorption of product molecules on 

the surface of catalyst. For the Au25L18 MPCs, the rate constant was found to vary with chain 

length and composition of the chain, with the highest value observed in the case of Au25(SC8H9)18 

MPCs, followed by Au25(SC6H13)18 MPCs and then Au25(SC12H25)18 MPCs. Such a decrease in 

the rate constant with an increase in chain length suggests that it would be easier for the substrate 

molecules to access the surface in the case of short chain thiolate molecules. Pseudo-first order 

rate plots and fitting parameters are shown in Figure 2.4 and Table 2.3 respectively. 
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Table 2.2. Pseudo first order rate constant for MPC-catalyzed reduction of 4-nitrophenol. 

Entry Catalyst Rate constant (min-1) 

1 Au25(SC8H9)18 0.51 ± 0.10 

2 Au25(SC6H13)18 0.12 ± 0.01 

2a Au25(SC6H13)18 0.25 ± 0.03 

3 Au25(SC12H25)18 0.08 ± 0.03 

4 Au~180(SC6H13)~100 0.30 ± 0.03 

Conditions: NaBH4 : substrate 30 : 1; [Au] : substrate 1 : 105 

  

 

Figure 2.3. Representative UV-Vis spectra of the reduction of 4-nitrophenolate to 4- aminophenol 

over dodecanethiolate Au25 MPCs. Conditions: BH4
- : total Au: substrate: 37500:1:105. 
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Figure 2.4. Kinetic pseudo-first order rate plots of the nitrophenolate absorption peak at 400 nm 

vs. time during reduction reactions using various Au MPCs. 

Table 2.3. Fitting parameters deduced from pseudo-first order kinetic analysis of 4-nitrophenol 

reduction using various Au MPCs catalysts.   

catalyst R2 value Induction time (min) slope 

~ Au180(SC6H13)100 .959 0 .30±.03 

Au25(SC8H9)18 .964 2 .51±.10 

second cycle of 

Au25(SC8H9)18 

.996 2 .49±.05 

Au25(SC6H13)18 .994 2 .12±.01 

Second cycle of 

Au25(SC6H13)18 

.994 2 .25±.03 

Au25(SC12H25)18 .983 2 .08±.03 

 

After catalysis the MPCs were isolated and re-characterized by UV-Vis spectroscopy, 

TEM and MALDI-TOF. TEM data indicates the presence of clusters below 2 nm and absence of 

any large particles, but because of the limitation of the resolving power of TEM, exact distinction 
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of cluster size before and after catalysis was difficult (Figure 2.5). However UV-Vis and MALDI-

TOF (Figure 2.6) data clearly indicate that the integrity of the Au25L18 MPCs is preserved after the 

catalytic process. Extra fine features were observed in the mass-spectrum after catalysis (Figure 

2.6 D) after catalysis. However, these were likely caused by extensive fragmentation of clusters 

during mass-spec analysis.   

 

Figure 2.5. TEM images of hexanethiolate Au25 MPCs a) before catalysis and b) after catalysis. 

 

Figure 2.6. UV-Vis spectra of Au25(SC6H13)18 MPCs before and (B) after catalysis, (C) MALDI-

TOF spectrum of Au25(SC6H13)18 clusters before and (D) after catalysis. 
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The high stability of these MPCs under the reaction conditions enabled a study of the 

recyclability. After recycling the rate constant was found to be higher than the original catalyst in 

the case of hexanethiolate Au25 MPCs, and was similar in the case of phenylethanethiolate Au25 

MPCs (Figure 2.4), while no catalytic activity was observed in the case of dodecanethiolate Au25 

MPCs. The higher rate constant for the Au25(SC6H13)18 MPCs may be because of the fact that after 

first catalytic cycle and washing partial thiol removal took place from some Au25 MPCs, which 

would make more surface area available for catalysis. At this point in time we are uncertain as to 

why the more-sterically hindered Au25(SC12H25)18 MPCs are not readily recyclable. In the case of 

larger Au~180(SC6H13)~100 MPCs, the rate constant was found to be higher than hexanethiolate Au25 

MPCs, but these larger MPCs were not stable and could not be recycled. This result suggests that 

the transient state responsible for catalysis is not stable in the case of larger MPCs. To gain insight 

into the stability of the Au MPCs towards NaBH4, the effect of the addition of NaBH4 to these 

MPCs was investigated using UV-Vis spectroscopy (Figure 2.7). No changes in the absorption 

pattern of Au25L18 MPCs after the addition of sodium borohydride were observed. However in the 

case of larger Au~180(SC6H13)~100 MPCs, a rapid change was observed and the baseline was found 

to increase because of the formation of a precipitate. This result suggests that Au25 MPCs are more 

stable towards NaBH4 treatment.  

 

Figure 2.7. UV-Vis spectra showing the effect of the addition of 37500 equiv. of NaBH4 to a) 

hexanethiolate Au25 MPCs, b) phenylethanethiolate Au25 MPCs, c) dodecanethiolate Au25 and d) 

larger hexanethiolate Au MPCs. 
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These results beg the question as to why the Au25L18 MPCs are more stable than their larger 

counterparts? Desorption of thiol monolayers from 2D Au facets using BH4
- can be an 

energetically favourable process, where thiol desorption takes place at a potential of –1.0 V to -

1.3 V (vs. NHE)13,14 and the standard oxidation potential for BH4
- is 1.24 V vs. NHE in basic 

conditions.15 Indeed, we have shown that for larger Au MPCs, thiolate removal occurs in the 

presence of NaBH4 which leads to the growth of MPCs and eventually precipitation of the MPCs 

during catalytic reductions.10 However, preferential thiolate desorption at lower potentials from 

Au {111} is often seen compared to Au {100} and Au {110} facets in electrochemical studies.16 

Unlike larger Au MPCs, Au25L18 MPCs do not possess such {111} fcc facets and thus thiol 

desorption should not be as energetically favourable.17 In addition, the high curvature of the 

Au25L18 clusters should allow for substrate access to the surface and thus incomplete ligand 

passivation of the clusters; thus thiolate removal may not be a necessary step for activation of the 

clusters. Jin et al. proposed a similar rationale for the catalytic oxidation of α,β-unsaturated ketones 

and aldehydes.18 Also, we note that oxygen tends to quench the reduction reaction by scavenging 

electrons, which suggests facile O2 access to the surface; a result similar to that of Jin et al. who 

suggested that that electron transfer takes place from Au25L18 clusters to oxygen.18 

2.5 Conclusion 

In summary, we have shown that Au25 MPCs are more stable towards NaBH4 treatment 

than larger Au~180(SC6H13)~100 MPCs. Further proof of the stability is provided by isolating 

hexanethiolate Au25 MPCs after the catalysis from the reaction mixture and characterizing them 

with UV-Vis, TEM, and MALDI-TOF techniques. However in the case of larger Au MPCs, such 

isolation was not possible because of the instability of these MPCs and no recyclability was 

observed. In the future, we will work towards immobilizing Au25 MPCs on support materials and 

studying their catalytic activity for nitrophenol reduction catalysis. 
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Chapter 3 

3. Isolation of Carboxylic Acid-Protected Au25 Clusters Using a Borohydride Purification 

Strategy 

This work has been published in Langmuir. This work describes the synthesis of Au25 

clusters protected with carboxylic acid terminated thiol stabilizers using the knowledge obtained 

on the stability of Au25(SR)18
- clusters from the previous study (Chapter 2). Here, 11-

mercatodecanoic acid and 16-hexadecanoic protected Au25L18 clusters were isolated from a 

polydisperse Au cluster solution by adding the controlled amount of NaBH4. The entire process of 

the isolation of Au25L18
-
 clusters was followed by TEM and UV-Vis spectroscopy. Finally, as 

synthesized 11-mercaptodecanoic acid protected Au25 clusters were characterized by using mass 

spectrometry and 1H NMR spectroscopy.   
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3.1 Abstract 

We report the synthesis of 11-mercaptoundecanoic acid (11-MUA) and 16-

mercaptohexadecanoic acid (16-MHA) protected Au25 clusters with moderate yields (∼15%) using 

a NaBH4 purification strategy. UV−Vis spectroscopy, transmission electron microscopy (TEM), 

and matrix-assisted laser desorption/ ionization (MALDI) mass spectrometry were employed to 

study the entire process of the isolation of 11-MUA-protected Au25 clusters from a polydisperse 

Au cluster solution. UV−Vis and TEM data clearly show the formation of a polydisperse mixture, 

which upon the addition of NaBH4 leads to the growth and precipitation of non-Au25 clusters, 

leaving the Au25 clusters behind. MALDI MS shows the molecular ion peak for the 11-MUA-

protected Au25 cluster. 11-MUA-protected Au25 clusters in THF were purified by slowly increasing 

the pH of the solution, which leads to the complete deprotonation of carboxyl groups on the surface 

and eventually precipitation of Au25 clusters. Further protonation of these clusters by acetic acid 

leads to their solubilization in THF. These results show that, owing to the inherent stability of Au25 

clusters, a NaBH4 purification strategy can be used to isolate Au25 clusters with surface carboxylic 

acid functionalities from a polydisperse Au cluster solution. 
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3.2 Introduction  

Recently, Au monolayer protected clusters (MPCs) have been used for a variety of 

applications, mainly because of the synthetic methodologies developed by various groups that 

allow for the synthesis of Au MPCs of various sizes and chemical compositions.1−10 Many of these 

methodologies are the modifications of the original biphasic Brust and Schiffrin synthesis,11 

though many single-phase synthesis protocols now exist. Typically in these syntheses, stable and 

isolable Au MPCs are synthesized by reducing HAuCl4 using NaBH4 in the presence of thiol 

stabilizers. Au MPCs prepared by this approach are stable and can be isolated and redissolved in 

common organic solvents without any decomposition. Recently, many groups have shown that 

this approach can be used to synthesize highly monodisperse Au MPCs with distinct 

HOMO−LUMO electronic transitions, and the exact atomic composition of these clusters can be 

analyzed by mass spectrometry.12−15 In most of these cases, monodispersity was achieved by using 

a top-to-bottom size-focusing approach where the initially formed polydisperse Au MPC solution 

was allowed to undergo oxidative etching for several hours.16 This leads to the oxidation of 

unstable clusters and only stable clusters survive, which can be easily separated from the reaction 

mixture. The basic principle behind controlling the size of Au MPCs in all these approaches has 

been the fast reduction step, where the instantaneous addition of a large amount of reducing agent 

leads to the higher concentration of Au nuclei in solution.17 These nuclei then oxidatively ripen 

into smaller MPCs, and these small MPCs can be size focused to a particular size. There are 

particularly very few examples of monodisperse Au clusters with functionalizable terminal groups 

using direct synthetic routes,18,19 though other ligand exchange routes exist.20−22 Growth dynamics 

of Au nuclei become completely different when functional-group-terminated (e.g., −COOH, −OH, 

and −NH2) thiol stabilizers are used, perhaps because of the relatively strong interparticle 

interactions between these functional groups.18,19 In particular, Yuan et al. have shown that 

slowing down the kinetics of Au MPC nucleation by NaOH addition to NaBH4 can allow isolation 

of functionalizable Au clusters.18 

Both ourselves23,24 and others25,26 have reported that BH4
- reducing agents can reductively 

desorb thiol stabilizers from the surface of Au MPCs. Zhang and co-workers found that NaBH4 

can desorb many ligands from Au nanoparticle surfaces, including halides and thiolate stabilizers, 

and noted via computational work that hydrides derived from NaBH4 had strong binding affinities 
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to Au.25 Das et al. recently showed that thiolates could be reductively desorbed off Au clusters and 

thus activated on solid oxide supports for oxidation catalysis.26 We showed that BH4
- can be used 

to open up catalytically active sites of Au MPCs for p-nitrophenol reduction reactions.23 During 

the catalytic reaction, Au MPCs were found to grow in size because of BH4 
- induced thiol 

desorption. Recently, we employed Au25 MPCs as a catalyst to study the p-nitrophenol reduction 

reaction using NaBH4 reducing agent.24 We found that Au25 MPCs were considerably more stable 

to NaBH4 than their larger counterparts and could be used as recyclable catalysts for p-nitrophenol 

reduction. 

These interesting findings suggested to us that Au25 MPCs could be isolated from a 

polydisperse Au MPC reaction mixture using a novel BH4
- purification strategy, where larger 

MPCs are prone to growth and precipitation because of BH4
- induced thiolate removal. We used 

this approach in the present study and found that by carefully tuning the amount of BH4
-, 11- 

mercaptoundecanoic acid (11-MUA) and 16-mercaptohexadecanoic acid (16-MHA) protected 

Au25 MPCs can be size separated from a polydisperse Au MPC solution. In the case of 11-MUA-

protected Au25 MPCs, the separation process and resulting MPCs have been characterized by 

transmission electron microscopy (TEM), ultraviolet−visible (UV−vis) spectroscopy, and matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry. Finally, we show that purified 

11-MUA-protected Au25 MPCs can be dissolved in water and THF both by changing the pH of the 

solution because of the presence of carboxyl-terminated thiol stabilizers. The present study 

demonstrates the stability of Au25 MPCs toward NaBH4 and present a way to isolate Au25 MPCs 

protected with carboxyl-terminated thiol stabilizers from a polydisperse Au MPC mixture. 

3.3 Experimental  

3.3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9% on a metal basis, 

Aldrich), tetraoctylammonium bromide (TOAB, 98%, Aldrich), sodium borohydride (NaBH4, 

98%, Fisher Scientific), 11-mercaptoundecanoic acid (11-MUA, HS(CH2)10CO2H, 95%, 

Aldrich), and 16-mercaptohexadecanoic acid (16-MHA, 90%, Aldrich) were used as received. 

High-purity tetrahydrofuran (THF), methanol (≥99.8%), and acetic acid (≥99.7%) were purchased 

from Fisher Scientific. Milli-Q (Millipore, Bedford, MA) deionized water (18 MΩ cm) was used 



67 
 

throughout. Deuterium oxide (D2O, 99.9% atom D) was purchased from Aldrich, and dimethyl 

sulfoxide-d6 (DMSO-d6, 99.9% atom D) was purchased from the Cambridge Isotope Laboratory. 

3.3.2 Synthesis of 11-MUA-Protected Au25 MPCs 

11-Mercaptoundecanoic acid-protected Au25 monolayer protected clusters were produced 

using a typical synthesis as follows: 200 mg of HAuCl4·3H2O was dissolved in 20 mL of THF and 

mixed with 1.2 equiv of TOAB. The resulting solution was stirred at a moderate speed for 10 min, 

until it became reddish-orange in color. Then, the stirring rate was slowed and a mixture of 5 equiv 

of 11-mercaptoundecanoic acid in 5 mL of THF was added dropwise to the solution. The resulting 

solution was left to stir slowly until it became colorless. The stirring rate of the solution was again 

increased to a high speed and the solution was cooled in an ice bath. Another solution containing 

4 equiv. of NaBH4 in 2 mL of ice-cold water was added slowly dropwise at a rate of 2 drops per 

second (2 drops ∼ 0.01 mL) to the Au solution until small features for Au25 MPCs started to appear, 

as monitored by UV−vis spectroscopy. After that, the ice bath was removed, and the solution was 

allowed to stir for 30 min, followed by the addition of 2 drops of NaBH4. Successive spectra were 

collected at intervals of 30 min, and the amount of NaBH4 added in between each spectrum was 2 

drops. Completion of the reaction was determined by monitoring the UV−Vis spectra. In a 

completed reaction, the absorbance spectrum showed the typical peaks for Au25 MPCs and also 

showed that no further changes to the spectrum were occurring. When the MPCs were fully 

formed, the brown solution containing the Au25 MPCs was separated from the dark precipitate and 

collected using filtration 

3.3.3 Synthesis of 16-MHA-Protected Au25 MPCs 

16-Mercaptohexadecanoic acid-protected Au25 monolayer protected clusters were 

produced using a typical synthesis as follows: 53 mg of HAuCl4·3H2O was dissolved in 10 mL of 

THF and mixed with 1.2 equiv of TOAB. The resulting solution was stirred at a moderate speed 

for 10 min, until it became reddish-orange in color. Then, the stirring rate was slowed and a mixture 

of 5 equiv. of 11-mercaptoundecanoic acid in 5 mL of THF was added dropwise to the solution. 

The resulting solution was left to stir slowly until it became colorless. The stirring rate of the 

solution was again increased to a high speed and the solution was cooled in an ice bath. Another 

solution containing 10 equiv. of NaBH4 in 2 mL of ice-cold water was added slowly dropwise at 

a rate of 2 drops per second (2 drops ∼ 0.01 mL) to the Au solution until small features for Au25 
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MPCs started to appear, as monitored by UV−Vis spectroscopy. After that, the ice bath was 

removed and the solution was allowed to stir for 15 min, followed by the addition of 2 drops of 

NaBH4. Successive spectra were collected at intervals of 15 min, and the amount of NaBH4 added 

in between each spectrum was 2 drops. Completion of the reaction was determined by monitoring 

the UV−Vis spectra. In a completed reaction, the absorbance spectrum showed the typical peaks 

for Au25 MPCs and also showed that no further changes to the spectrum were occurring. 

3.3.4 Purification of 11-MUA-Protected Au25 MPCs  

The solution containing 11-MUA-protected Au25 MPCs was purified using a multiple-step 

procedure. The Au25 solution in THF was cooled in an ice bath and stirred vigorously while a fresh 

solution of 1.5 equiv. of NaBH4 in 2 mL of ice-cold water was added slowly dropwise. The NaBH4 

was added until a fine, brown precipitate was observed suspended in solution and the solution 

became colorless. The solid was collected using centrifugation and washed twice with fresh THF. 

After washing, the solid was dissolved in methanol to selectively extract the Au25 MPCs. The Au25 

solution was collected and placed within a flask, and then the methanol was evaporated using a 

rotary evaporator. The yield of Au25 MPCs obtained after purification was ca. 15%. After being 

dried, the Au25 solid was dissolved in a minimal amount of deionized water, forming a brown-

colored solution. A diluted acetic acid solution with an approximate pH of 3 was prepared and 

added to the solution dropwise in order to acidify it. After the addition of a few drops of acetic 

acid, the Au25 MPCs slowly precipitated out of the mixture to form a brown solid suspended within 

a colorless solution. The solid was collected using centrifugation, and the Au25 MPCs were 

dissolved in THF. To store the Au25 MPCs, the THF solvent and any remaining water was removed 

using a rotary evaporator. Then, the MPCs were redissolved in fresh THF and stored in a sealed 

flask under cooled conditions. 

3.3.5 Characterization  

UV−Vis absorption spectra were recorded using a Varian Cary Bio UV−vis spectrometer 

with an optical path length of 1 cm. Transmission electron micrographs (TEM) were taken with a 

HT7700 TEM operating at 100 kV. TEM grids were prepared by placing a drop of the Au MPC 

solution in THF onto a carbon-coated 400 mesh Cu TEM grid (Electron Microscopy Sciences). 

Mass spectrometry was performed on an Applied Biosystems 4800 MALDITOF/TOF instrument 

(Frederick, MD) operating in linear negative ion mode using a matrix of DIT (anthracene-1,8,9-
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triol). 1H nuclear magnetic resonance (NMR) was obtained with a Bruker 500 MHz Avance 

spectrometer, with D2O as the solvent. 

3.4 Results and Discussion 

Figure 3.1a is the UV−vis spectra showing the formation of 11-MUA-protected Au25 MPCs 

during the dropwise addition of NaBH4 at a rate of 2 drops per second.. After the addition of the 

first few drops of NaBH4, an almost featureless absorption spectrum with very small absorption 

peaks characteristic of Au25 MPCs was observed. The spectra indicates the presence of Au MPCs 

with less than 2 nm size27 along with the small population of Au25 clusters. Further addition of 

NaBH4 leads to the formation of a small amount of precipitate, along with a sharpening of features 

in the visible region. Dropwise addition of NaBH4 was continued until absorption features 

characteristic of Au25L18 MPCs were observed at ca. 400, 450, and 690 nm.28 Figure 3.1b shows 

the formation of 16-MHA-protected Au25 MPCs during the dropwise addition of NaBH4. Here, 

during the dropwise addition of NaBH4, absorption features characteristic of Au25 MPCs were 

observed. These features, upon further addition of NaBH4, were intensified, and the overall 

absorption was also increased, as shown by the black arrow. Addition of NaBH4 was continued 

until the black spectrum representative of 16-MHA-protected Au25 MPCs was observed as a result 

of the precipitation of all non-Au25 MPCs, as shown by the green arrow. Different UV−Vis trends 

observed in two different systems are attributed to the increase in chain length as well as the 

difference in solubility between larger Au MPCs and Au25 MPCs in the case of two different 

stabilizers. In the case of 11- MUA, larger Au MPCs were unstable in solution and immediately 

precipitated out of the solution, as shown by the black arrow, which represents the formation of 

precipitate during the addition of NaBH4 (Figure 3.1a).  
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Figure 3.1. Normalized UV−vis spectra showing the formation of (a) 11-MUA-protected Au25 

MPCs and (b) 16-MHA-protected Au25 MPCs during dropwise addition of NaBH4. Spectra have 

been normalized at 900 nm to remove scattering artifacts because of hydrogen bubbles and 

heterogeneous precipitates. 

In the case of 16-MHA, larger Au MPCs were relatively more stable and remained in 

solution. This leads to the increase in overall absorption during the addition of NaBH4, as shown 

by the black arrow (Figure 3.1b). Attempts were also made to use this methodology with a more 

conventional hydrophobic ligand (dodecanethiol) and 1-mercapto-1-undecanol, but it was not 

successful in either case (data not shown). In the case of dodecanethiol, very weak features similar 

to those of Au25 MPCs were observed during the initial period of the addition of NaBH4, but 

clusters could not readily be separated from larger Au MPCs. This may be attributed to very small 

solubility differences between larger dodecanethiol-stabilized Au MPC and Au25 MPCs. No 

cluster features were seen in the case of 1- mercapto-1-undecanol. Thus, this technique seems to 

be more specific toward carboxylic acid-terminated MPCs. Nevertheless, as synthesis of Au 

clusters from carboxylic acid-terminated ligands has been challenging by conventional oxidative 

Au cluster size-focusing strategies, this represents an appealing strategy for the synthesis of such 

clusters. While the UV−Vis is strongly suggestive of that Au25 MPCs are formed, TEM and 

MALDI MS evidence below gives more evidence for the composition of the MPCs.  

The 11-MUA system was chosen for further characterization. Figure 3.2 shows the 

formation of precipitate and 11-MUA-protected Au25 MPCs from the initially formed polydisperse 

solution on the left side. The first few drops of NaBH4 lead to the formation of polydisperse Au 
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MPCs. These MPCs do not readily grow into large nanoparticles, as no surface plasmon band was 

observed in the UV−vis spectra at any time. Attempts to form 11-MUA- or 16-MHA-protected 

Au25L18 MPCs via oxidative ripening failed (e.g., aging in air); typically, complete precipitation 

of the Au MPCs was seen over time. Further addition of NaBH4 leads to the growth and 

precipitation of larger Au MPCs. We believe that this occurs via thiol desorption and MPC growth 

in the presence of excess NaBH4,
23−26 and that the larger MPCs also become insoluble in THF 

because of the higher density of carboxylate groups on their surfaces (carboxylate groups likely 

form at high NaBH4 excesses, leading to anionic surfaces). We have found that fast addition of 

excess NaBH4 leads to nearly complete precipitation of all Au MPCs. 

 

Figure 3.2. Pictorial presentation of the 11-MUA-protected (a) polydisperse Au MPC solution and 

(b) formation of Au25 clusters after NaBH4 addition. 

Figure 3.3 shows the TEM images of 11-MUA-protected Au MPCs during the progress of 

the reaction. After the addition of the first few drops of NaBH4, a polydisperse solution was 

observed, which is clearly evident from Figure 3.3a.  
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Figure 3.3. TEM images of 11-MUA-protected (a) polydisperse Au MPCs, (b) Au25 MPCs, and 

(c) water-soluble precipitate. 

At this stage, the average size of MPCs was 1.4 ± 0.4 nm, which is in agreement with the 

featureless spectrum seen by UV−Vis spectroscopy.27 After the complete addition of NaBH4, both 

the precipitate and solution were sampled. Figure 3.3b shows a TEM image of 11-MUA-protected 

Au25 MPCs that remain in solution, which have an average size of 1.1 ± 0.2 nm. Figure 3.3c shows 

the TEM image of the water-soluble fraction of the precipitate; MPCs are clearly larger (with an 

average particle size of 1.8 ± 0.3 nm). The TEM image of the water-insoluble fraction of the 

precipitate showed much larger Au aggregates (not shown). Thus, the TEM investigation clearly 

shows that the Au25 MPCs were size-separated from larger MPCs via selective 

growth/precipitation of the larger MPCs. Because of the inherent stability of Au25 MPCs, addition 

of more NaBH4 only led to the growth and eventual precipitation of non-Au25 clusters. 

A mass spectroscopic investigation of the 11-MUA-protected Au25 MPCs (Figure 3.4) 

clearly shows the presence of the highest molecular ion peak at 8834.20 amu. This value is 1.23 

amu less than the MW for singly deprotonated Au25(SC11H21O2)18 MPCs (8835.43 amu).  
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Figure 3.4. MALDI mass spectroscopy spectra of Au25(SC11H21O2)18 MPCs. 

This difference in values likely can be attributed to small calibration errors. A major 

fragmentation peak was found at 7175.20 amu. This peak is attributed to the formation of 

Au21(SC11H21O2)14 species by the dissociation of a Au4(SC11H21O2)4 unit from Au25(SC11H21O2)18 

MPCs.24 This type of fragmentation has been seen previously in the case of thiol-protected Au25 

MPCs during laser exposure under mass spectrometric analysis. The m/z value of fragmented 

species is several amu less than the molecular weight (7178.17 amu). Many other smaller peaks 

are also present, but they have not been assigned. It should be noted that unlike in alkanethiolate 

and or phenylethanethiolate Au25L18 systems, the presence of the carboxylate groups will lead to 

the formation of thousands of putative species (multianions + adducts), which can make mass 

spectrometric analyses quite difficult. 

11-MUA-protected Au25 MPCs were purified from the reaction mixture by separating the 

THF phase containing MPCs followed by the dropwise addition of NaBH4 at low temperature. 

Addition of more aqueous NaBH4 further deprotonates carboxyl groups and causes the 

Au25(SC11H21O2)18 MPCs to become insoluble in THF. This precipitate can be dissolved in water; 

the reprotonation of carboxylate groups by acetic acid in water again leads to the precipitation of 

the Au25 MPCs. We have found that by increasing or decreasing the pH of the solution, 11-MUA-

protected Au25 MPCs can be dissolved in both water and THF. Figure 3.5 shows the UV−Vis 

spectra of the Au25 MPCs in each of these solvents. Absorption features are much broader in H2O 
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than in THF; this is a reversible effect that may be because of the changes in the dielectric constant 

or H-bonding ability of the solvent. 

 

Figure 3.5. UV−Vis spectra showing the features of 11-MUA-protected Au25 MPCs (a) in water 

and (b) in THF. 

It should be noted that during the purification step, leftover 11-MUA was not precipitated 

out of the solution after NaBH4 addition. Evidence of this is seen by 1H NMR of the Au25 MPCs 

in D2O. NMR spectra (Figure 3.6) clearly show that Au25(SC11H21)18 MPCs did not have the 

contamination of free thiol, as no sharp peak was detected at ∼2.5 ppm. The NMR also shows that 

the proton peak for the α-methylene proton off the thiol has disappeared, likely because of the 

broadening as a result of slow rotation in solution.29 We do note that a small amount of disulfide 

impurity [formed in the original Au(III) reaction with MUA] is still present after purification. The 

yield of Au25(SC11H21O2)18 MPCs was ca. 15% after drying the precipitate. The low yield of Au25 

MPCs is because of the sacrificial nature of the methodology, which relies on the precipitation of 

all non-Au25 MPCs as a means to separate Au25 MPCs from a polydisperse Au MPC mixture. 

Oxidative size focusing strategies for hydrophobic ligands typically give maximum yields of 

30−40%,16 but that strategy involves oxidizing larger clusters downward, which can increase the 

total population of Au clusters. Combining this NaBH4 purification approach with alternative 

reducing agents (such as NaBH4/ NaOH or CO),18,30 which can yield larger amounts of clusters at 

synthesis, could be effective in producing higher yields of Au clusters with carboxyl ligands in the 

future.  
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Figure 3.6. 1H NMR spectrum of (a) 11-MUA in CDCl3 and (b) 11-MUA-protected Au25 MPCs 

in D2O. 

3.5 Conclusion  

In summary, we have shown a new route for the isolation of 11-MUA- and 16-MHA-protected 

Au25 MPCs from a polydisperse Au MPC solution. Our study shows that the NaBH4 reducing 

agent can potentially be used to separate intrinsically stable carboxylic acid-terminated Au25 MPCs 
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from a polydisperse Au MPC reaction mixture. While this is a promising pathway toward the 

isolation of functionalizable Au25 MPCs, yields by this process are moderate at best (ca. 15%). We 

have shown the generality of this methodology in the case of thiol stabilizers terminated with 

carboxyl groups. 
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CHAPTER 4 

4. Following the Thermal Activation of Au25(SR)18 Clusters for Catalysis by X-ray 

Absorption Spectroscopy 

This work has been published in J. Phys. Chem. C. Our previous study showed that the 

catalytic activity of Au25(SR)18
- clusters in solution was directly related to the steric bulk of thiol 

stabilizers. Based on this, we envisioned that complete removal of thiol stabilizers from the surface 

of these clusters will further improve the catalytic activity of these clusters. This work describes 

the effect of the removal of thiol stabilizers from mesoporous carbon supported Au25(SR)18 clusters 

on 4-nitrophenol reduction catalysis. Here, activation of these clusters (removal of thiol stabilizers) 

was studied by using TEM and EXAFS spectroscopy. EXAFS data show that complete removal 

of thiol stabilizers takes place at ca. 200oC. Removal of thiol stabilizers was found to be associated 

with an enhancement in catalytic activity. Further increases in temperature beyond 200oC leads to 

the sintering of these clusters and this eventually leads to decrease in catalytic activity.  
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4.1 Abstract  

We show the thermal activation of phenylethanethiolate (L = SC8H9) and hexanethiolate 

(L = SC6H13) Au25L18 monolayer protected clusters (MPCs) on carbon black supports, followed 

by characterization with extended X-ray absorption fine structure (EXAFS) spectroscopy and 

transmission electron microscopy (TEM). EXAFS analysis shows that the thiolate stabilizers can 

be partially removed from the surface under mild heating conditions without significant changes 

in the cluster size. The resulting clusters are shown to be catalytically active for the reduction 

catalysis of 4-nitrophenol. EXAFS and TEM data show that thermal treatment under air at 200°C 

leads to nearly complete removal of all of the thiolate stabilizers with little to no growth in cluster 

size, while cluster sintering was seen at higher calcination temperatures. The maximum catalytic 

activity for Au25(SC8H9)18 MPCs was seen at 250°C activation conditions. These results are 

consistent with results reported earlier for Au25(SR)18 clusters on ceria by Jin et al., who suggested 

that cluster integrity was maintained during mild activation conditions. Here, EXAFS data 

unambiguously show that while the cluster size does not grow significantly, such mild heating 

conditions do lead to nearly complete removal of the thiolate stabilizers. 
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4.2 Introduction  

Achievements in the solution phase synthesis and structural characterization of stable and 

monodisperse Au monolayer protected clusters (Au25, Au38, Au55, Au102, and Au144 MPCs) have 

been vital for understanding the physical and chemical properties of Au in the nanometer size 

regime.1−5 These clusters have been isolated in good yields and have been shown to act as catalysts 

for a large number of oxidation, reduction, hydrogenation, and electron transfer catalytic 

reactions.6−12 Recent single crystal structure studies of thiolate protected Au25 and Au102 clusters 

have shown that these clusters have a core-shell type structure, with a highly symmetrical core 

made up of Au atoms and a shell composed of a small variety of Au-thiolate staple motifs 

containing alternating Au and S atoms.13-15 In subsequent studies other clusters were also found to 

have similar atomic arrangements.16,17 Theoretical studies attribute the stability of these clusters to 

superatom electronic theory, where the total number of electrons in these clusters is the number 

required to form a closed electronic shell, and this eventually results in stable architecture.18 

Several experimental studies suggest that thiolate protected Au25 clusters do not lose their 

structural integrity under exposure to mild oxidative and reductive conditions.6,11 Other studies 

have shown that Au25 and Au55 clusters can survive oxidative etching conditions and remain intact 

while other clusters decompose under similar conditions.19,20 There have been reports in the 

literature on the thermal activation of Au25(SR)18 MPCs for benzyl alcohol, carbon monoxide 

oxidation, and other catalytic reactions.9,21,22 These interesting findings clearly suggest that there 

is an exciting opportunity to further explore the use of Au25(SR)18 MPCs (and other MPCs) as 

precursors for the development of near-monodisperse supported-Au nanoparticle catalysts. 

However, as thiols are thought to passivate the surface of supported-Au catalysts because of the 

strong bonding between Au and S, more needs to be known about the exact mechanisms upon 

which thiolates can be removed from MPCs with little or no growth in the underlying core size. 

Herein, we present an EXAFS study on the thermal activation of Au25(SC8H9)18 and 

Au25(SC6H13)18 MPCs on mesoporous carbon and show that thiolate removal begins at 

temperatures as low as 125°C, and nearly complete thiolate removal can be achieved at 

temperatures beyond 200°C. Remarkably, EXAFS and TEM results show that cluster growth 

because of sintering is negligible under such mild calcination conditions. Immobilization of 

nanoparticle catalysts on support materials is important in order to prevent them from sintering, 

which often leads to a decrease in the catalytic activity. In addition, it is often easier to separate 
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supported catalysts from the reaction mixture after the reaction is over. For example, Jin and 

coworkers synthesized oxide supported Au25L18 MPC catalysts for the chemoselective 

hydrogenation of α,β unsaturated aldehydes and ketones to unsaturated alcohols.6 Complete 

selectivity (100%) was observed with both oxide supported and unsupported catalysts, but higher 

conversion was obtained in the case of the oxide supported catalyst.6 Recently it was shown that 

different oxide supported phenylethanethiolate Au25L18 MPCs can be used as a catalyst for carbon 

monoxide oxidation catalysis where the highest catalytic activity was found in the case of cerium 

oxide supported catalysts activated at 150°C in an oxygen atmosphere. Experimental data 

suggested that thiolate stabilizers remained on the surface of Au25 clusters and oxidation took place 

on intact clusters.21 Tsukuda and coworkers showed that hydroxyapatite supported Au25L18 

clusters activated at 300°C can be used for the selective oxidation of styrene to styrene epoxide 

with 100% conversion and 92% selectivity using tert-butyl hydroperoxide as an oxidant.8 In related 

work, Gaur et al. studied the effect of the thermal treatment on titania-supported dodecanethiolate 

Au38SR24 MPCs and found via EXAFS, TEM, X-ray photoelectron spectroscopy (XPS), and 

infrared spectroscopy (IR) techniques that thermal treatment at 400°C led to the complete removal 

of thiolate stabilizers, and subsequently, the catalyst became active for carbon monoxide oxidation 

catalysis.12 While complete thiolate removal was observed at 400°C, the effect of low temperature 

heating on the integrity and catalytic behavior of the Au38 clusters was not presented. There have 

been few studies where an attempt has been made to address the stability of the Au-thiolate bond. 

Jin and co-workers showed by NMR spectroscopy and mass spectrometry (MS) that two different 

sulfur-binding modes in glutathione protected Au25 MPCs have different oxidative and thermal 

stability.23 Especially above a certain temperature, binding mode-1 which is made up of 12-SR 

ligands that directly attach to 12 atoms gold core was more stable than binding mode-2 in which 

6-SR ligands are only attached to 12 atoms gold shell. MS revealed [Au25SR12]
- intermediates as 

a prominent species during thermal treatment. Data suggested that this [Au25SR12]
-  intermediate 

would form by the loss of 6 thiol molecules which were the part of binding mode-2. Cliffel et al. 

showed with the help of MS that in the case of tiopronin-protected MPCs, cyclic Au-thiolate 

tetramers (Au4(SR)4) were seen; this may likely be a decomposition product from similar Au MPC 

staples (although it was not identified as such in the paper).24 Other studies have also shown the 

loss of Au4(SR)4 units during mass spectrometric analysis.11,25 These studies suggest that it would 



84 
 

be possible to activate Au25L18 MPCs for catalysis by removing surface staple motifs and Au 

cluster growth can be controlled by immobilizing them on support materials before activation. 

Herein we show a detailed investigation on the thermal activation of several Au25(SR)18 

MPCs at various temperatures on mesoporous carbon supports. EXAFS results show that catalytic 

activation begins at 125°C under air by partially removing thiolate stabilizers from the surface. 

EXAFS and TEM results show that mild Au cluster sintering is seen at temperatures between 125 

and 200°C, while above 200°C rapid Au cluster sintering is seen. We studied nitrophenol reduction 

catalysis as a model reaction to show that Au25(SC8H9)18 MPCs supported on mesoporous carbon 

can be activated for catalysis under mild heating conditions. Catalytic results for the reduction of 

nitrophenol with sodium borohydride show that the catalytic rate constant increases after 125°C 

calcination and plateaus at ∼200°C, followed by a decrease in activity for sintered catalysts 

calcined at 350°C. 

4.3 Experimental  

4.3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9% on metal basis, Alfa 

Aesar), tetraoctylammonium bromide (TOAB, 98%, Aldrich), phenylethanethiol (C8H9SH, 99%, 

Acros Organics), 1-hexanethiol (C6H13SH, 97%, Alfa Aesar), sodium borohydride (NaBH4, 98%, 

EMD), and 4-nitrophenol (C6H5NO3, 99%, Alfa Aesar) were used as received. Vulcan XC-72R 

carbon was purchased from Fuel Cell Store. High purity THF (tetrahydrofuran) and acetonitrile 

were purchased from Fischer Scientific, and 100% ethanol was purchased from Commercial 

Alcohols. 18 MΩ cm Milli-Q (Millipore, Bedford, MA) deionized water was used throughout. 

4.3.2 Synthesis of Phenylethanethiolate and Hexanethiolate Au25(SR)18 MPCs  

Au25(SR)18 MPCs were synthesized according to the procedure reported previously.11 

Briefly, to the solution of 500 mg of HAuCl4·3H2O in 50 mL of THF, 1.2 equiv. of TOAB was 

added. The resulting solution was stirred for 10 min followed by the addition of 5 equiv. of 

phenylethanethiol or hexanethiol dropwise. This mixture was stirred until the solution became 

transparent, and then 10 equiv. of NaBH4 in 5 mL of ice cold water was added all at once. The 

resulting mixture was stirred in air for 4 days. After 4 days the reaction was stopped, and the 

solvent was evaporated completely. The resulting solid was then washed with a mixture of 
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ethanol/water several times to remove excess leftover thiol, and finally the residue was dried using 

a rotary evaporator. Au25(SC6H13)18 MPCs were extracted with THF, while Au25(C8H9)18 MPCs 

were extracted with acetonitrile. 

4.3.3 Synthesis of Carbon-Supported Au25(SR)18 MPCs  

For EXAFS, TGA, and TEM analysis, carbon supported Au25(SC8H9)18 and 

Au25(SC6H13)18 MPCs were prepared by supporting 3% by metal weight of Au25(SC8H9)18 and 

Au25(SC6H13)18 MPCs on Vulcan XC-72R carbon. For 4-nitrophenol reduction catalysis the metal 

loading was maintained at 0.3% by metal weight. A detailed procedure is as follows: first, 100 mg 

of Vulcan XC-72R carbon was suspended in 25 mL of THF, and the resulting suspension was 

sonicated for 10 min. To the above suspension, the required amount of Au25(SR)18 MPCs in THF 

was added dropwise, and the resulting mixture was left for stirring under air for 2 h. Au25(SR)18
- 

clusters from solution get absorbed onto the carbon support because of the presence of 

hydrophobic stabilizers on the surface of the clusters. After 2 h, the solvent was evaporated first 

by using a rotary evaporator and finally using a Schlenk line vacuum to ensure complete removal 

of THF. 

4.3.4 Thermal Treatment of Carbon-Supported Au25 Clusters  

Vulcan XC-72R carbon-supported Au25(SC8H9)18 and Au25(SC6H13)18 MPCs were 

thermally treated at 125, 150, 200, 250, and 350°C under air for 1.5 h using a Lindberg/Blue M 

furnace. Heating and cooling rates were maintained at 10°C/ min. 

4.3.5 4-Nitrophenol Reduction Catalysis  

All reactions were done under a N2 atmosphere. In a typical catalytic reaction, 7 mg of 4-

nitrophenol was dissolved in 25/5 mL mixture of THF/water. To this solution, 7 mg of carbon-

supported Au25(SR)18 MPCs was added, and the resulting mixture was purged with N2 for 15 min 

while stirring. After purging with N2, 30 equiv. of NaBH4 in 3 mL of ice cold water was added, 

and immediately after the addition of NaBH4, UV-Vis spectra were recorded. The rate constant of 

the reaction process was determined by measuring the change in the absorbance of the initially 

observed peak at 400 nm for 4-nitrophenolate as a function of time. Each reaction was done two 

times to ensure reproducibility. A control experiment was also carried out with just Vulcan XC-

72R carbon, and no catalytic activity was observed. 
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4.3.6 EXAFS Analysis  

EXAFS measurements were conducted at HXMA beamline 061D-1 (energy range 5−30 

keV; resolution, 1 × 10−4 ΔE/E) at the Canadian Light Source (CLS, 2.9 GeV storage ring, 250 

mA current). All samples were pressed into pellets and measured in transmission mode at room 

temperature. A double-crystal Si(111) monochromator was employed for energy selection Au L3-

edge (11919 eV). Higher harmonics were eliminated by detuning double-crystal Si(111) by using 

a Rh-coated 100 nm long KB mirror. The incident and transmission X-ray intensities were detected 

by ion chambers filled with helium−nitrogen mixtures that were installed in front of and behind of 

the sample cell. The WinXAS 3.2 software package was used to fit the data. Uncertainties in 

EXAFS fitting results were computed from off-diagonal elements of the correlation matrix, which 

were weighted by the square root of the reduced chi-squared value obtained for each simulated 

fit.47 The amount of experimental noise was also taken into consideration for each FT-EXAFS 

spectrum.47 For the data analysis the amplitude reduction factor (S0
2) was determined from Au foil 

and fixed at 0.89 for all remaining fits. For data fitting the k-range was chosen from 3.0 to 12.5 

Å−1. A Au25(SC8H9)18 MPCs model was used for the analysis of as synthesized carbon black 

supported Au25(SC8H9)18 and Au25(SC6H13)18 MPCs,14 and for thermally activated samples Au-S 

and Au-Au models were used based on Au2S and fcc Au unit cell dimensions.28 Theoretical phase 

and scattering amplitudes used in EXAFS fitting were obtained for the aforementioned models 

using the FEFF8.2 program code.48 

4.3.7 TEM/MALDI/UV−Vis/TGA Analyses 

Transmission electron micrographs of original Au25(SC8H9)18 MPCs and after calcination 

at 125, 150, 200, and 250°C were obtained on Philips 410 microscope operating at 100 kV, and 

TEM images of of Au25(SC8H9)18 MPCs calcined at 350°C were obtained on Philips CM-10 

microscope operating at 80 kV. Typically ∼100 nanoparticles were measured to determine average 

particles sizes. Mass spectrometry analysis was done on an Applied Biosystems 4800 MALDI-

TOF/TOF instrument (Frederic, MD) operating in linear positive ion mode using DCTB (trans-2-

[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) as a matrix. A mixture of 

ubiquitin and insulin was used as an external standard. Absorption spectra were recorded on a 

Varian Cary 50 Bio UV-Vis spectrometer with an optical path length of 1 cm. Thermal gravimetric 
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analyses (TGA) were performed using a TA Instruments TGA Q5000IR under air flow. Samples 

were run from 25 to 500°C with a heating rate of 5°C/min. 

4.4 Results and Discussion  

Au25(SR)18 MPCs were characterized by UV-Vis spectroscopy and MS techniques (Figure 

4.1). UV-Vis spectra show three major peaks which have been assigned to negatively charged Au25 

clusters.26 Mass spectra show molecular ion peaks along with the fragmented peaks and confirm 

the fact that these clusters are monodisperse MPCs. The second largest fragment peak has been 

assigned as Au21(SR)14, which forms with the loss of Au4SR4 unit. According to the literature 

Au4SR4 units exist as a cyclic tetramer but the mechanism behind its formation is unclear.23 

 

Figure 4.1. UV−Vis and mass spectra of (a, c) phenylethanethiolate and (b, d) hexanethiolate 

Au25(SR)18 MPCs. 
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4.4.1 EXAFS Analysis of Mesoporous Carbon-Supported Phenylethanethiolate and 

Hexanethiolate Au25(SR)18 MPCs.  

A detailed procedure for the synthesis of carbon-supported Au25(SC8H9)18 and 

Au25(C6H13)18 MPCs is described in the Experimental Section. An inspection of the Au25(SC8H9)18 

crystal structure reveals that Au25 cluster is composed of an Au13 icosahedron core where the 

central Au atom is surrounded by 12 gold atoms.14 This icosahedron core is surrounded by six –S-

A-S-Au-S- staple motifs, where sulfur atoms of the staple motifs are directly attached to the 12 

gold atoms of the icosahedron core.14 EXAFS analysis of these supported clusters was done on the 

Hard X-ray Microanalysis (HXMA) beamline of Canadian Light Source (CLS) via measurements 

at the Au L3-edge. We used a multishell fitting approach to fit Au−S and different Au−Au 

contributions using phenylethanethiolate Au25L18 MPCs as a model compound following 

previously published protocols.27 In this multishell fitting approach all Au−Au coordination 

numbers were fixed (using values from calculated coordination numbers)27 along with the 

amplitude reduction factor (determined from a Au foil standard), which was fixed at 0.89. Figure 

4.2 shows the experimental Fourier transformed EXAFS (FT-EXAFS) and simulated EXAFS fit 

for as-synthesized Au25(SC8H9)18 and Au25(SC6H13)18 MPCs.  

 

Figure 4.2. Au L3-edge EXAFS fitting in R-space of as-synthesized (noncalcined) (a) 

phenylethanethiolate and (b) hexanethiolate Au25(SR)18 MPCs on carbon. 

The peaks at ca. 1.9 Å show the Au−S contribution, and the following three peaks at 

approximately 2.4, 2.8, and 3.2 Å show Au-Au contributions in different bonding environments 
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(not phase corrected).27 EXAFS fitting parameters for Au25(SC8H9)18 and Au25(SC6H13)18 MPCs 

are shown in Tables 4.1 and 4.2, respectively. The Au−S bond lengths obtained after a two-shell 

fit were 2.32 and 2.315 Å for Au25(SC8H9)18 and Au25(SC6H13)18 MPCs, respectively. These match 

very well with literature values of 2.28-2.39 Å.14 After fitting the Au-S shell separately using two-

shell fit, the Au-S parameters were fixed during multishell Au-Au fitting.27  

Table 4.1. EXAFS Fitting Parameters of As-Synthesized Phenylethanethiolate Au25(SR)18 MPCs 

on Carbon. 

 CN R/Å σ2/Å2 E0 shift/eV 

Au-S 2.0 2.32 0.0053 -0.2 

Au-Au (core) 1.44 2.76(2) 0.0079(5) 3(3) 

Au-Au (surf) 1.98 3.01(3) 0.0154(2) 3(3) 

Au-Au (staple) 2.88 3.3(1) 0.025(5) 3(3) 

 

Table 4.2. EXAFS Fitting Parameters of As-Synthesized Hexanethiolate Au25(SR)18 MPCs on 

Carbon.  

 CN R/Å σ2/Å2 E0 shift/eV 

Au-S 1.8 2.315 0.0044 -0.47 

Au-Au (core) 1.44 2.805(4) 0.0072(2) 5.3(7) 

Au-Au (surf) 1.98 3.02(1) 0.0129(5) 5.3(7) 

Au-Au (staple) 2.88 3.32(2) 0.023(1) 5.3(7) 

 

Au-Au bond lengths of 2.76 Å [Au25(SC8H9)18 MPCs] and 2.80 Å [Au25(SC6H13) MPCs] 

arise from the bonding between the central Au atom of the icosahedron core and surrounding 12 

surface gold atoms and also the bond lengths between six short Au-Au pairs which exist in the 12 

surface gold atoms of icosahedron. Au-Au bond lengths of 3.01 Å (phenylethanethiolate Au25L18 
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MPCs) and 3.02 Å (hexanethiolate Au25L18 MPCs) represent the second set of Au-Au pairs present 

between the 12 surface gold atoms of the icosahedron core with slightly higher bond lengths than 

the first pair. The third Au-Au bond lengths of 3.3 Å (phenylethanethiolate Au25L18 MPCs) and 

3.32 Å (hexanethiolate Au25L18 MPCs) represent the distance between the surface gold atoms and 

the staple gold atoms. These values are in very good agreement with the literature values reported 

for Au25(SC8H9)18 MPCs.27 Our multishell EXAFS analysis suggests that Au25(SC8H9)18 and 

Au25(SC6H13)18 MPCs were successfully transferred from solution to solid carbon supports, and 

they retained their structural integrity before calcination. 

4.4.2 Thermal Treatment of Carbon-Supported Phenylethanethiolate and Hexanethiolate 

Protected Au25(SR)18 MPCs.  

Au25(SC8H9)18 and Au25(SC6H13) MPCs supported on carbon black were thermally treated 

at different temperatures to study their thermal stability and activation for catalysis. Figure 4.3 

shows the Au L3-edge FT-EXAFS data at calcination temperatures ranging from 125 to 250°C. 

Beyond 125°C thermal treatments, isolation of different Au-Au bonding environments was not 

possible via the multishell fitting approach described in the previous section. This is likely because 

of the fact that Au-thiolate staples start to be removed from the surface and the structural integrity 

of the Au25(SR)18 MPCs was no longer preserved. Thus, only two-shell fits were conducted using 

1 Au-Au and 1 Au-S shell using fcc Au and Au2S as structural models.28 Simulated EXAFS fits 

for Au25(SC8H9)18 MPCs are shown at each temperature in Figure 4.4 with corresponding fit 

parameters for Au25(SC8H9)18 and Au(SC6H13)18 in Tables 4.3 and 4.4, respectively. For carbon-

supported Au25(SC8H9)18 MPCs, the Au-Au contribution was still very low after heating at 125°C, 

with a CN of 6.3(5), while the Au-S contribution dropped to 1.11(9) from a value of 2.0 for the 

pristine Au25L18 cluster No significant changes in the EXAFS were seen at calcination 

temperatures below 125°C; thus, this seems to be the transition temperature where thiolate removal 

from the gold starts to take place. 
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Figure 4.3. Au L3-edge EXAFS data in R-space of the carbon-supported phenylethanethiolate and 

hexanethiolate Au25 clusters thermally treated at different temperatures: (a) Au25(SC8H9)18 and (b) 

Au25(SC6H13)18 MPCs. 

 

Figure 4.4. EXAFS fitting of carbon-supported Au25(SC8H9)18 MPCs calcined at (a) 125oC, (b) 

150oC, (c) 200oC, and (d) 250°C. 
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Table 4.3. EXAFS Fitting Parameters of Carbon-Supported Phenylethanethiolate Au25(SR)18 

MPCs Thermally Treated at Different Temperatures. 

T/°C CN 

(Au−S) 

R/Å 

(Au−S) 

σ2/Å2 

(Au−S) 

E0 

shift/eV 

(Au−S) 

CN 

(Au−Au) 

R/Å 

(Au−Au) 

σ2/Å2 

Au−Au) 

E0 

shift/eV 

(Au−Au) 

125 1.11(9) 2.325(4) 0.0034(4) 2(1) 6.3(5) 2.848(4) 0.0089(5) −1.8(7) 

150 0.75(9) 2.331(5) 0.0029(7) 0(1) 7.3(8) 2.852(3) 0.0089(5) −1.8(7) 

200 0.63(8) 2.342(8) 0.0043(7) 1(1) 9.3(3) 2.855(2) 0.0088(2) −0.4(3) 

250 0.5(1) 2.33(2) 0.005(2) 3(3) 10.1(5) 2.855(2) 0.0086(3) −0.5(4) 

 

Table 4.4. EXAFS Fitting Parameters of Carbon Black Supported Hexanethiolate Au25L18 MPCs 

Thermally Treated at Different Temperatures. 

T/°C CN 

(Au−S) 

R/Å 

(Au−S) 

σ2/Å2 

(Au−S) 

E0 

shift/eV 

(Au−S) 

CN 

(Au−Au) 

R/Å 

(Au−Au) 

σ2/Å2 

Au−Au) 

E0 

shift/eV 

(Au−Au) 

125 1.58(6) 2.315(2) 0.0042(3) 0.2(4) 3.6(3) 2.855(3) 0.0091(5) 0.2(4) 

150 1.0(1) 2.329(6) 0.0046(8) 2(1) 6.7(4) 2.857(5) 0.0084(3) 0(1) 

200 0.8(2) 2.32(2) 0.007(2) 1(4) 9.0(7) 2.851(5) 0.0085(5) −1(1) 

 

At a similar calcination temperature, the hexanethiolate MPCs had a significantly lower 

Au-Au CN of 3.6(3) and a Au-S CN of 1.58(6), which seems to suggest a slightly more thermally 

stable Au−S bond for this ligand. This data suggests that the Au-S bonds are very vulnerable to 

decomposition even at low temperature heating, and calcination temperatures of 300°C or beyond 

are not necessary for catalytic activation of these clusters.12 A further increase in temperature to 

150°C brought further changes in Au-Au and Au-S contributions, and it was found that the Au-S 

contribution dropped significantly in both cases to 0.75(9) and 1.0(1) for Au25(SC8H9)18 and 
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Au25(SC6H13)18 MPCs, respectively, while the Au-Au contribution further increased to 7.3(8) and 

6.7(4), respectively. The increase in Au-Au contribution suggests that the partial removal of 

thiolate stabilizer from the Au core took place followed by partial sintering. Further increases in 

temperature resulted in further increases in the Au-Au contributions and decreases in the Au-S 

contributions, as the removal of thiolate leads to particle sintering. In addition, a small increase in 

the Au-S bond lengths upon increasing calcination temperature is seen in both cases, although this 

increase is not large and may not be significant. In addition, the Debye-Waller parameter (σ2) 

increases with higher calcination temperatures for the Au-S bond in both systems, indicating a 

larger degree of disorder for the samples calcined at higher temperatures. There is little to no 

increase in the Au-Au bond distance. These results suggest that the structure of Au25(SR)18 cluster 

is very vulnerable to mild heating and thiolate stabilizers can be partially removed with minimal 

sintering at low temperature. 

A TGA analysis of the Au25(SC8H9)18 MPCs on carbon in air is shown in Figure 4.5. The 

TGA results show that no significant mass loss is seen from the sample until temperatures of 

∼150°C, with a major mass loss because of the phenylethanethiol ligands from 150 to 350°C, 

followed by a second mass loss at temperatures beyond 350°C. The first mass loss is in general 

agreement with the work of Nie et al.,21 who showed that although Au25(SC8H9)18 MPCs on ceria 

were activated for CO oxidation at temperatures below 150°C, no significant mass loss was seen 

at these temperatures. However, EXAFS results above definitively show that although the 

phenylethanethiol is not being removed from the sample at such temperatures, ligands are being 

removed from the Au clusters; they do not remain completely intact. At this time we believe the 

second mass loss beyond 350°C is because of the Au-nanoparticle catalyzed oxidation of the 

carbon support; pure carbon support samples show no significant mass loss in air until 

temperatures beyond 500°C. 
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Figure 4.5. TGA analysis of carbon-supported Au25(SC8H9)18 MPCs in air. 

TEM analyses of the samples were performed to monitor cluster size growth and correlate 

size with EXAFS CN values, as shown in Figure 4.6. It should be noted that it is very difficult to 

image the clusters at low calcination temperatures and that the limit of resolution (TEM resolution 

ca. 1 nm) may lead to overestimations of particle sizes. Figure 4.6a shows the TEM image of 

Au25(SC8H9)18 MPCs supported on carbon black with the cluster size of 1.3 ± 0.1 nm. After 

calcining these MPCs at 125°C (Figure 4.6b) the size increased to 1.5 ± 0.2 nm, and was 1.9 ± 1.1 

nm at 250°C and eventually 2.1 ± 0.9 nm at 350 °C calcination temperatures. For each sample 20-

25 particles were counted. TEM results suggest that fairly constant growth in cluster size occurs 

when the temperature is increased, which is accompanied by the removal of thiols, as previously 

revealed from our EXAFS analysis. TEM cluster size analysis suggests that the standard deviations 

of particle sizes are small at intermediate calcination temperatures, thus suggesting a partial 

removal of thiols followed by growth as opposed to a more heterogeneous system in which some 

clusters decompose/sinter while others remain intact. However, we do note that given the 

resolution limits of TEM, no definitive statements can be made about the absence of un-sintered 

clusters in any of the samples. 
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Figure 4.6. TEM images of carbon-supported Au25(SC8H9)18 MPCs: (a) as synthesized and (b) 

thermally treated at 125, (c) 200, (d) 250, and (e) 350°C. 

Figure 4.7 shows the correlation between the number of atoms in the clusters and the 

average first shell coordination number for different geometries determined using studies reported 

earlier.29−31 Analysis of the number of atoms in the clusters using these equations is limited to 

clusters with closed shells. For clusters with incomplete shells, exact determination of the number 

of atoms as a function of the coordination number may not be possible, but a general idea about 

the number of atoms can be obtained by interpolation. It can be seen from Figure 4.7 that there is 

a constant growth in number of atoms as a function of first shell coordination number. By 
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comparing these values with the CNs obtained from EXAFS fitting results (Tables 4.3 and 4.4), 

we can say that there is a constant growth in number of atoms and would result in constant growth 

in the size as revealed by TEM analysis. After 125°C calcination of Au25(SC8H9)18 and 

Au25(SC6H13)18 MPCs, coordination values obtained from EXAFS analysis were 6.3(5) and 3.6(3), 

respectively. After correlating these CN values with the number of atoms in the clusters (Figure 

4.7), this suggests that the Au25(SC8H9)18 clusters consist of 15−30 Au atoms after calcination at 

125°C.  

 

Figure 4.7. Number of atoms in a given cluster as a function of first shell coordination number for 

different geometries. Data were obtained from refs 29−31. 

These low values (particularly that for Au25(SC6H13)18) suggest that there may be some Au 

sample heterogeneity at such intermediate calcination temperatures; further studies are needed to 

explain if there is any formation of low coordinated Au sites (i.e., from staples which have been 

removed from the clusters) which leads to low CN values. After heating at 150°C, increases in the 

Au-Au CN for Au25(SC8H9)18 MPCs and a significant jump in the Au-Au CN value for 

Au25(SC6H13)18 MPCs were observed. These values suggest further growth in the cluster size as 
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revealed by TEM analysis. Based on the Au−Au CN values obtained at this temperature, the 

number of atoms in a particle with these CN values could vary from 40 to 80 (Figure 4.7) 

depending on the shape it adopts. After heating to 200 and 250°C, clusters further grew and 

eventually started to reflect bulk Au nanoparticles with 500 or more atoms in the particles. These 

results agree well with TEM results in Figure 4.6 and suggest that the sintering of these MPCs 

starts to take place beyond ∼200°C because of the fact that surface stabilizers were nearly 

completely removed from the surface. The combination of EXAFS and TEM data suggests that it 

is possible to partially remove thiolate stabilizers from the surface of Au25 with minimal sintering. 

4.4.3 4-Nitrophenol Reduction Catalysis  

In 1989, Haruta et al. showed that Au in the nanometer size regime (less than 5 nm) can be 

used for room temperature carbon monoxide oxidation catalysis.32 Since then there have been 

many studies focusing on controlling the size of Au nanoparticles in order to study their size 

dependent catalytic activity for different oxidation and reduction catalytic reactions.33−35 Different 

stabilizers have been used to control the size of gold in nanometer size regime.36−39 Of all the 

stabilizers used, alkanethiols have been commonly used because of very strong bonding between 

gold and sulfur.38,1−5 However, this strong bonding is also believed to passivate the surface of Au 

and hence leaves little surface area available for the catalysis to take place.40,41 This problem can 

be addressed to some extent by either decreasing the size of the Au MPCs or by using less bulky 

thiol stabilizers.6,11 In our previous study we showed that the catalytic activity of thiolate protected 

Au MPCs for the reduction catalysis of 4-nitrophenol was dependent on the chain length of the 

thiolate and found that Au25(SC8H9)18 MPCs had the highest catalytic activity while 

Au25(SC12H25)18 MPCs showed the lowest activity.11  

These results suggested that the access of nitrophenolate to the Au surface was a crucial 

step, and this was somewhat hindered in the case of larger stabilizers. To further increase the 

accessibility of nitrophenolate to the surface of Au, we examined the carbon-supported calcined 

samples described above. We used phenylethanethiolate as a protecting ligand because it gave us 

the highest catalytic activity in the previous study.11 The catalyst was prepared by supporting 0.3% 

by metal weight Au25(SC8H9)18
 MPCs on the carbon support (higher loadings of 3% were used for 

EXAFS analysis in order to obtain good EXAFS data). A detailed procedure for the preparation 

of the supported catalyst and the catalytic reaction is described in the Experimental Section. Figure 
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4.8a shows the UV−vis spectra showing the progress of the catalytic reaction. The peak at 400 nm 

corresponds to the nitrophenolate peak. This peak decreases with time because of the reduction of 

nitrophenolate, and a new peak appears at ∼320 nm because of the formation of aminophenol. 

This data were fit using the pseudo-first-order rate constant equation where time of the reaction 

was plotted against ln A0/A, as shown in Figure 4.8b. Here A0 was the absorbance at time zero and 

A was the absorbance at time t. Pseudo-first-order rate equation was used because the amount of 

NaBH4 used in the reaction was in excess, and assumed to be constant during the course of the 

reaction. The reaction rate was derived by plotting the change in concentration of para-nitrophenol 

(which is proportional to the absorbance) against time.        

 

Figure 4.8. (a) Representative UV-Vis spectra showing the progress of the reduction on 4-

nitrophenol by a carbon-supported Au25(SC8H9)18 catalyst and (b) pseudo-first-order rate fitting of 

the reduction of 4-nitrophenol by carbon-supported Au25(SC8H9)18 MPC catalysts thermally 

treated at different temperatures. 
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Figure 4.9 shows the value of pseudo-first-order rate constant as a function of calcination 

temperature of the catalyst. The as synthesized (uncalcined) particles on carbon do show some 

activity (rate constant ca. 0.1 min−1), which is in agreement with previous work.11 We note that the 

catalytic amounts in this work are ca. 10 times lower than that used for quasi-homogeneous 

reactions in early work; thus, the rate constant is somewhat lower.  

 

Figure 4.9. Rate constant for the reduction of 4-nitrophenol using carbon-supported Au25(SC8H9)18 

MPC catalysts thermally treated at different temperatures. 

Data show that after 125°C calcination the rate constant showed little to no change. A 

further increase in calcination temperature led to increases in catalytic rate constant, with 

maximum rate constants of ca. 0.5 min−1 seen for calcination at 250°C. Such rates are consistent 

with literature for unstabilized solid Au nanoparticles in which rates ranging from 0.1 to 1.0 min−1 

have been reported.42−46 Much lower rates were seen at the higher calcination temperature of 

350°C, likely because of particle sintering occurring at this temperature. These results suggest that 

complete thiolate removal is not necessary for catalytic activity in this system. Data suggest that 

there are two factors that affect the catalytic activity: the first is the removal of the thiol, and the 

other is the growth of the clusters via sintering. Our previous study showed that as we increased 

the steric bulk around the Au25 clusters by increasing the chain length of the stabilizers, the 

catalytic rate constant decreased. It suggests that steric factors are an important factor to be taken 

into consideration when attempting to modify the catalytic activity. On the basis of this evidence, 
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we can speculate that the enhancement in the catalytic activity would be mainly because of the 

removal of the thiolate stabilizers. This was further supported by a decrease in rate constant 

because of sintering when the catalyst was calcined at 350°C. 

4.5 Conclusion  

In summary, we have shown that Au25(SC8H9)18 and Au25(SC6H13)18 MPCs can be 

supported on carbon supports and activated for catalysis without significantly affecting the 

structural integrity of the MPCs. These MPCs were thermally activated for 4-nitrophenol reduction 

catalysis by removing thiolate stabilizers from the surface. EXAFS analysis shows that the thiolate 

removal from the surface starts to take place at 125°C which was evident by the decrease in Au-S 

contribution, increase in Au-Au contribution, and nearly complete thiol removal at 250°C where 

the highest catalytic activity was observed. Further heating at 350°C led to a decrease in the rate 

constant because of Au cluster sintering. Data also indicated that thiolate removal was 

accompanied by minimal growth in the cluster size as supported by TEM and EXAFS studies. It 

also suggests that the access of the nitrophenolate species to the surface of the Au cluster is 

extremely important for the catalysis to take place, and that this can be achieved by partially 

removing thiolates at intermediate calcination temperatures. In the future, we will focus on 

studying the activation of these MPCs on oxide supports for oxidation and reduction catalysis, and 

correlating the activation conditions to the catalytic activity. 
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CHAPTER 5 

5. Following the Thermal and Chemical Removal of Thiolate Stabilizers from Supported Au 

Clusters using X-ray Absorption Spectroscopy 

 

In the previous study, I studied the thermal activation of Au25(SR)18 clusters for 4-

nitrophenol reduction catalysis. While Au25(SR)18 clusters were found to show maximum catalytic 

activity at 200oC temperatures, further increases in calcination temperature led to cluster sintering 

and a decrease in catalytic activity. In the present study, we have studied the activation of Al2O3- 

supported Au25(SC8H9)18 clusters using alternative chemical routes with little to no growth in 

cluster size. Here, BH4
- reducing agents were used in order to remove thiol stabilizers from the 

surface of Al2O3-supported Au25(SR)18 clusters. The resulting changes in cluster size and structure 

after BH4
- treatments were studied by using TEM and EXAFS spectroscopy.  

 

 

 

 

This chapter is a manuscript in preparation which will soon be submitted. All the experimental 

work in this paper has been done by myself along with the manuscript writing and editing. 
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5.1 Abstract 

Al2O3-supported Au25(SC8H9)18 clusters with various Au loadings were thermally and 

chemically treated in order to determine the most efficient method towards the removal of thiolate 

stabilizers while avoiding unwanted increases in cluster size because of agglomeration and 

sintering. X-ray absorption spectroscopy (XAS) and transmission electron microscopy (TEM) 

were used to investigate samples before and after thermal and chemical treatments. Results show 

that while 250oC thermal treatment leads to nearly complete removal of thiolate stabilizers, it 

comes with a concomitant increase in cluster size as sintering becomes problematic. In contrast, 

chemical reduction treatments using borohydride reducing agents does not lead to significant 

growth in cluster size, but only allows for partial thiolate removal. These results are important as 

many researchers look to determine optimal activation conditions for ultra-monodisperse Au and 

bimetallic clusters for use as model catalysts without altering their original structures. 
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5.2 Introduction 

Au clusters, owing to their stability and well-defined structures, have recently emerged as 

an important class of materials in order to study the size and structure related properties of Au 

nanocatalysts.1-3 Among all existing Au clusters, Au25(SR)18 clusters have gained special attention 

because of their high yield syntheses and exceptional stability.4-6 Recently, several research groups 

have shown that Au25(SR)18 clusters in solution and on various support materials can act as 

catalysts for a variety of catalytic reactions such as CO oxidation, hydrogenation of nitrobenzene 

and its derivatives, styrene oxidation, semi-hydrogenation of terminal alkynes, and alcohol 

oxidation.7-13 In many of these studies, the catalytic activity of Au clusters has been found to be 

affected by the steric bulk of the thiolate stabilizers, and a positive effect on the catalytic activity 

was found upon removal of the stabilizers. Removal of thiolate stabilizers has been mostly carried 

out by calcining these clusters at moderate temperatures, which leads to the partial or complete 

removal of thiolate stabilizers. For example; Tsukuda and coworkers found that thermal activation 

of porous carbon supported Au25(SR)18 clusters at 450oC led to an enhancement in the catalytic 

activity and selectivity for benzyl alcohol oxidation.7 Jin and coworkers found that CeO2-supported 

Au25 clusters can be activated for CO oxidation catalysis by partially removing thiolate stabilizers 

at 150oC.11 Our group reported that mesoporous carbon-supported Au25 clusters can be thermally 

activated for p-nitrophenol reduction catalysis by removing thiolate stabilizers at temperatures as 

low as 125oC.10 

While the effect of temperature on the removal of thiolate stabilizers from supported Au25 

clusters for catalysis has been studied by a number of groups, the effect of chemical reducing 

agents on the removal of thiolate stabilizers from supported Au clusters has not been studied much. 

This is despite the presence of literature reports suggesting that borohydride species can 

reductively desorb thiolate stabilizers from the surface of thiolate-protected Au nanoparticles in 

solution.14-15 Recently Asefa and coworkers showed that BH4
- treatment of supported thiolate-

protected Au25 and Au144 clusters led to an enhancement in the catalytic activity for styrene 

oxidation and this enhancement was attributed to the partial removal of thiolate stabilizers after 

BH4
- treatment.12  

Herein, we document a detailed investigation of the removal of thiolate stabilizers from 

supported Au25(SC8H9)18 clusters with various Au loadings using thermal and chemical strategies 
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using X-ray Absorption Spectroscopy (XAS) and TEM particle size analyses. Thermal treatment 

of supported Au25(SC8H9)18 clusters at 250oC leads to nearly complete removal of thiolate 

stabilizers, albeit with a concomitant growth in cluster size. Treatment using various hydride 

reducing agents; however, did not lead to significant growth in cluster size, but only leads to partial 

thiolate removal. Our data show that very distinct features in the X-ray absorption near edge 

(XANES) and extended X-ray absorption fine structure (EXAFS) spectra can be used to follow 

the thiolate removal process from supported Au25(SC8H9)18
- clusters and associated changes in 

cluster size during thermal and chemical treatments. To the best of our knowledge, this is the first 

study showing EXAFS evidence of the removal of thiolate stabilizers from supported 

Au25(SC8H9)18 clusters using borohydride reducing agents.  

5.3 Experimental  

5.3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9% on metal basis, Alfa 

Aesar), tetraoctylammonium bromide (TOAB, 98%, Aldrich), phenylethanethiol (C8H9SH, 99%, 

Acros Organics), sodium borohydride (NaBH4, 98%, EMD), and aluminum oxide (Al2O3, 58 Å, 

~150 mesh) were used as received. High purity acetonitrile was purchased from Fischer Scientific. 

High purity tetrahydrofuran was purchased from EMD and 100% ethanol was purchased from 

Commercial Alcohols. 18 MΩ cm Milli-Q (Millipore, Bedford, MA) deionized water was used 

throughout. 

5.3.2 Synthesis of Au25(SC8H9)18
- clusters  

Synthesis of Au25(SC8H9)18 clusters is reported elsewhere.4 Briefly, 500 mg of 

HAuCl4·3H2O in 50 mL of THF was mixed with 1.2 equiv. of TOAB. To this solution, 5 equiv. 

of phenylethanethiol was added dropwise and the mixture was left for stirring till it became clear. 

Subsequently, 10 equiv. of NaBH4 in 10 mL of ice cold water was added all at once. Resulting 

solution was stirred for four days. After four days, the reaction was stopped and the solvent was 

evaporated completely. The resulting solid was then washed with a mixture of ethanol/water 

several times to remove excess leftover thiol and disulfide species, and finally the residue was 

dried using a rotary evaporator. The resulting Au25(SC8H9)18 clusters were extracted with 

acetonitrile. 



110 
 

5.3.3 TEM analysis  

Transmission electron micrographs (TEM) were taken with a HT7700 TEM operating at 

100 kV. TEM grids were prepared by placing a drop of sample suspended in hexane on graphene-

enhanced lacey carbon TEM grids (Electron Microscopy Sciences).  

5.3.4 Sample preparation for EXAFS measurements  

All samples used for EXAFS analysis were prepared by supporting phenylethanethiol- 

protected Au25 clusters with different loadings, 2.5%, 1.5%, 0.75%, and 0.2% by metal weight on 

Al2O3 support (58 Å, ~150 mesh) using a wetness impregnation approach. 

5.3.5 Thermal and hydride treatment  

200 mg of supported Au25(SC8H9)18
- clusters with different metal loadings were treated at 

250oC under air atmosphere for 90 minutes. Treatment with LiAlH4 and LiBH4 was carried out by 

suspending 100 mg of supported samples in 5mL of hexane, followed by the addition of 70 equiv. 

of LiAlH4 and LiBH4 with respect to Au25(SC8H9)18
- clusters. These solutions were stirred for 10 

minutes and subsequently washed with hexane and water. Treatment with NaBH4 was carried out 

by first intimately mixing 100 mg of supported samples and 3500 equiv. of NaBH4 with respect to 

Au25(SC8H9)18
- clusters. To this mixture was then added 5 mL of deionized water and resulting 

mixture was allowed to stir for 20 minutes. After that, the resulting solid was washed with excess 

of water and dried under vacuum.  

5.3.6 EXAFS measurements and analysis  

EXAFS measurements were conducted at the Hard X-ray MicroAnalysis (HXMA) 

beamline 061D-1 (energy range 5−30 keV; resolution, 1 × 10−4 ΔE/E) of the Canadian Light 

Source (CLS, 2.9 GeV storage ring, 250 mA current). Samples was pressed into pellets and 

measured in transmission (2.5% and 1.5% loadings by metal weight) and fluorescence (0.75 and 

0.2% loadings by metal weight) modes by measuring the Au L3-edge. A double-crystal Si (111) 

was employed for energy selection. Higher harmonics were eliminated by detuning double-crystal 

using a Rh coated KB mirrors for Au L3-edge. The incident and transmission X-ray intensities 

were detected by ion chambers filled with helium−nitrogen mixtures for transmission 

measurements, and a 32 element detector was used for fluorescence measurements. The IFEFFIT 
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software package was used for data processing.16 For the data analysis, the amplitude reduction 

factor, S0
2, was found from fitting Au foil and subsequently fixed at 0.90. For EXAFS data fitting, 

a standard Au25L18 crystal structure was using in order to fit the as-synthesized, LiAlH4 and LiBH4 

treated samples,10 Au face centered cubic (fcc) and AuS models were used to fit thermally-treated 

and NaBH4-treated samples. 

5.4 Result and Discussion 

Figure 5.1 is the EXAFS fitting in R-space of Al2O3-supported Au25(SC8H9)18 clusters with 

2.5% loading by Au weight in R space. The data shows one major peak at ca. 2 Å because of the 

scattering of photoelectrons from neighboring sulphur atoms along with three much smaller Au-

Au peaks (~ 2.2-3.2 Å), which have been shown by Zhang and coworkers because of different Au-

Au bonding pairs present within Au25 clusters.10,17  

 

Figure 5.1. EXAFS fitting in R space of Al2O3-supported Au25(SC8H9)18 clusters with 2.5% 

loading by metal weight. 

The first Au-Au (core) peak is because of the bonding between the central Au atom of the 

icosahedron core of the Au25 clusters and 12 neighboring Au atoms along with six short Au-Au 

pairs present on Au13 surface with an average Au-Au bond distance of 2.73 Å (designated Au-Au 

core contribution). The second Au-Au peak is because of the presence of larger Au-Au pairs on 

the surface of Au13 core with the Au-Au bond distance of 2.94 Å and is given the designation Au-

Au surface contribution. The last Au-Au (staple) peak at is because of the bonding between Au 

atoms from staple motifs and Au atoms form the surface of the Au13 core with the Au-Au distance 
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of 3.3 Å.17 Because of the phase shift of the exited photoelectron, Au-Au bonding pairs in R-space 

data (Figure 5.1) are at lower R values compared to the bond distance values obtained from single 

crystal data.18  In order to fit the EXAFS data, different Au-Au coordination numbers were fixed 

to that obtained from the literature crystal structures and rest of the parameters were allowed to 

vary (Table 5.1). Here, interestingly, we found that Au-S coordination number value of 1.4 (1) was 

lower than the value reported for intact Au25(SR)18 clusters by both ourselves and others (Au-S 

CN = 2.0).10,17 This is a very interesting finding and we attribute it to the partial removal of thiolate 

groups after the immobilization of Au25(SC8H9)18 clusters on the oxide support.  

Table 5.1. EXAFS fitting parameters of Al2O3-supported Au25(SC8H9)18 clusters with 2.5% 

loading by metal weight. 

 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 1.4 (1) 2.313 (5) .001 (4) 2.2 (7) 0.0008 

Au-Au (core) 1.44 2.732 (4) .007 (1) 6.2 (1.2) 0.0008 

Au-Au (surface) 1.92 2.94 (5) .016 (5) 6.2 (1.2) 0.0008 

Au-Au (staple) 2.88 3.30 (8) .04 (2) 6.2 (1.2) 0.0008 

 

Recently, various groups have reported that oxide supported Au25(SR)18 clusters show 

catalytic activity at moderate temperature without any high temperature thermal activation.19-21 

This finding provides a possible explanation to this by attributing the catalytic activity of these 

supported clusters to a decrease in Au-S coordination number, which opens up the active sites for 

catalysis. Figure 5.2 shows the EXAFS data in R space of Al2O3 supported Au25(SC8H9)18 clusters 

with 1.5% loading by Au weight after thermal (250oC) and chemical treatments. BH4
- and thermal 

treatments led to a decrease in the Au-S contribution and increase in the Au-Au contribution. The 

decrease in the Au-S contribution shows removal of thiolate stabilizers from the surface of Au 

clusters, and the increase in the Au-Au contribution shows growth in cluster size. EXAFS fittings 

in R space after thermal and chemical treatment in shown in Figure 5.3. Full fitting parameters for 

each of the samples are found in Table 5.2.  
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Figure 5.2. EXAFS data in R space of thermally and chemically treated Al2O3-supported 

Au25(SC8H9)18 clusters with 1.5% loading by metal weight. 

 

Figure 5.3. EXAFS fitting in R space of thermally and chemically treated Al2O3-supported 

Au25(SC8H9)18 clusters with 1.5% loading by metal weight. 
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Table 5.2. EXAFS fitting parameters of thermally and chemically treated Al2O3-supported 

Au25(SC8H9)18 clusters with 1.5% loading by metal weight.  

LiAlH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 1.2 (1) 2.30 (2) .0007 (8) -1.1 (1.1) 0.005 

Au-Au (core) 1.44 2.73 (2) .007 (3) 2.25 0.005 

Au-Au (surface) 1.92 2.89 (3) .012 (5) 2.25 0.005 

Au-Au (staple) 2.88 3.2 (1) .05 (4) 2.25 0.005 

LiBH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 0.8 (1) 2.319 (8) .0004 (9) 0.96 (1.5) 0.006 

Au-Au (core) 1.44 2.7 (3) .007 (2) 0.8 0.006 

Au-Au (surface) 1.92 2.85 (4) .019 (8) 0.8 0.006 

NaBH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 0.6 (1) 2.301 (7) .001 4.2 (7)  0.013 

Au-Au 6.1 (7) 2.83 (1) .003 (1) 4.2 (7) 0.013 

Thermal CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-Au 9.7 (5) 2.846 (4) .0095 (5) 4.9 (3) 0.004 

 

Data show that the Au-S contribution below 2 Å decreases in intensity after treatment with 

different reducing agents and completely disappears after thermal treatment at 250oC. This agrees 

Chapter 4 results which showed that such moderate thermal treatments leads to nearly complete 

thiolate removal.10 After LiAlH4 treatment, the Au-Au contributions experienced very little 

change; however, significant changes were observed after treatment with LiBH4 and NaBH4. After 

LiBH4 treatment, the Au-Au staple contribution could not be fit, which is likely because of the fact 

that borohydride reducing agent reacted with the thiolate stabilizers present in these staple motifs. 

This is evident by the decrease in Au-S coordination number from 1.4(1) in the case of Al2O3-
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supported Au25(SC8H9)18 clusters to 0.8(1) after LiBH4 treatment. Treatment of Al2O3-supported 

Au25(SC8H9)18 clusters with NaBH4 led to significant changes in both the Au-S and Au-Au 

coordination number values, such that only one Au-Au first shell fcc contribution could be fit. The 

Au-S coordination number decreased to 0.6(1) and the Au-Au coordination number was found to 

be 6.1(7). The low Au-Au coordination number value after NaBH4 treatment (6.1 ± 0.7) compared 

to thermal treatment (9.7 ± 0.5) shows very little growth in cluster size after NaBH4 treatment. The 

correlation between coordination numbers obtained from EXAFS analysis and particle size 

(calculated theoretically using imperial formulae) suggests that cluster size changes from 25 Au 

atoms to ~ 30-40 Au atoms after NaBH4 treatment; however, after thermal treatment cluster size 

changes to ~ 400 Au atoms.10 It is important to note that the NaBH4 studies were done at much 

higher concentrations than LiBH4/LiAlH4 studies in order to try to attempt to fully remove thiol 

stabilizers, and thus differences between LiBH4 and NaBH4 are likely mostly because of higher 

concentrations of NaBH4 used. 

We have also analyzed EXAFS data in R space for Al2O3-supported Au25(SC8H9)18
- 

clusters with 2.5% loading by metal weight (Figure 5.4, Table 5.3), and data shows similar trends 

to the 1.5% by weight sample data.  

 

Figure 5.4. EXAFS fitting in R space of thermally and chemically treated Al2O3-supported 

Au25(SC8H9)18 clusters with 2.5% loading by metal weight. 
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Table 5.3. EXAFS fitting parameters of chemically and thermally treated Al2O3 supported 

Au25(SC8H9)18
- clusters with 2.5% loading by metal weight.  

LiAlH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 1.1 (1) 2.296 (8) .0007 (9) -3.3 (1.3) 0.008 

Au-Au (core) 1.44 2.71 (3) .007 (3) 0.1 0.008 

Au-Au (surface) 1.92 2.87 (3) .016 (7) 0.1 0.008 

Au-Au (staple) 2.88 3.3 (1) .02 (2) 0.1 0.008 

LiBH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 0.9 (2) 2.32 (1) .0005 (9) 1.0 (2.0) 0.008 

Au-Au (core) 1.44 2.74 (4) .005 (4) 1.3 0.008 

Au-Au (surface) 1.92 2.86 (5) .007 (5) 1.3 0.008 

NaBH4 CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-S 0.5 (1) 2.304 (7) .011 (9) 5.2  0.008 

Au-Au 6.4 (5) 2.840 (7) .001 (1) 5.2 0.008 

Thermal CN R/Å σ2/Å2 E0 shift/eV R-factor 

Au-Au 9.4 (5) 2.847 (4) .0091 (6) 5.2 (3) 0.004 

 

TEM analysis (Figure 5.5) of the Al2O3-supported Au25(SC8H9)18 clusters was also carried 

out. The initial clusters are hard to discriminate from the Al2O3 support, but those measured have 

an average size of 1.0 ± 0.2 nm, which is consistent with their expected size. After thermal 

treatment at 250oC, the clusters grew to 1.8 ± 0.4 nm, while BH4
- treatment led to a final size of 

1.3 ± 0.3 nm. TEM data shows that while thermal treatment leads to significant growth in cluster 

size, borohydride treatments leads to almost negligible growth in size, which further corroborates 

our previous EXAFS findings. 
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Figure 5.5. TEM images of a) as synthesized Au25(SC8H9)18 clusters with 1.5%  loading by metal 

weight, b) thermally treated Au25(SC8H9)18 clusters with 1.5% loading by metal weight, and c) 

NaBH4 treated Au25(SC8H9)18 clusters with 1.5% loading by metal weight. 

Correlation of first-shell coordination number values obtained by EXAFS after thermal and 

NaBH4 treatments with number of Au atoms obtained theoretically suggest that after NaBH4 

treatment, the cluster size grew from 25 Au atoms to ~30-40 Au atoms, and after thermal treatment, 

the number of Au atoms in the clusters grows significantly to ~450 Au atoms.10 

Figure 5.6 shows the Au-L3 XANES edges of Al2O3-supported Au25(SC8H9)18 clusters with 

1.5% loading by Au weight before and after thermal and chemical treatments. Figure 5.6 shows 

the XANES edges for each of the samples. While there are only minimal differences at the white 

line (at ca. 11930 eV) suggesting no change in oxidation state, a clear trend can be seen beyond 

the white-line region (marked peaks), with a new peak growing at ca. 11950 eV as the clusters 

show greater thiolate removal. Comparing this data with the Fourier transformed EXAFS data in 

R space (Figure 5.3) suggests that these new features are related to the decrease in Au-S 

contribution and increase in Au-Au contribution, and thus increase in cluster size. We believe this 

11950 eV peak is a multi-scattering peak, such that its’ intensity is related to the number of shells 

around absorbing atoms; small Au clusters which do not have many upper-shell Au neighbours 

thus show a much lowered intensity. 
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Figure 5.6. XANES data of thermally and chemically treated Al2O3-supported Au25(SC8H9)18 

clusters with 1.5 % loading by metal weight. 

The generality of these features was established by analyzing XANES data at various Au 

loadings (Figure 5.7); similar trends in the XANES were observed for various Au loadings. This 

is an important as it shows that XANES, as well, can be used to study small changes in the cluster 

size and structure during thiolate removal, which is sometimes very difficult to study with EXAFS 

data alone because of the poor quality of data at low Au loadings.11  
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Figure 5.7. a) XANES data of thermally and chemically treated Al2O3-supported Au25(SC8H9)18 clusters 

with a) 2.5% loading by metal weight, b) 0.75% loading by metal weight, and c) 0.2% loading by metal 

weight.  

It has been reported in the literature that desorption of two-dimensional thiolate self-

assembled monolayer from Au surface takes place at a potential of ca. -1.0 V to -1.3 V (vs. NHE). 

NaBH4 has a standard oxidation potential of 1.24 V vs. NHE in basic conditions, and therefore can 

desorb thiolate monolayers from Au surface.22 For a planar Au surface covered with two-

dimensional self-assembled thiolate monolayers, dissociation mechanism is rather simple and 

involves the reductive desorption of organic thiolates via one electron transfer.23 However, in the 

case of Au25(SR)18 clusters, because of the presence of two spatially different thiolates in staple 

motifs, the exact determination of the point of cleavage is not clear. Asefa and coworkers have 

reported that thiolate desorption from Au25(SR)18 clusters occurs at a negative potential of ca. -1.5 

V; however, no comment was made on the selectivity of thiolate removal.12 Jin and coworkers 

showed using NMR spectroscopy that in the case of glutathione protected Au25 clusters; thiolates 

bonded with only staple Au atoms are more vulnerable to attack by Ce(SO4)2 than thiolates bonded 

with Au13 core directly.24 In our study, in the case of LiBH4 treatment suggests that Au13 core was 
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completely preserved, as we were able to fit EXAFS data after fixing Au-Au (core) and Au-Au 

(surface) coordination numbers representative of Au13 core. However, inability to use Au-Au 

(staple) coordination number suggests that BH4
- was perhaps reducing weaker thiolates bonded 

with only staple Au atoms. After NaBH4 treatment, both types of thiolates were found to be mostly 

desorbed as the increase in Au-Au coordination number value because of the growth in cluster size 

was observed. In our previous study, we showed that Au25(SR)18 clusters were relatively more 

stable towards NaBH4 in solution than their larger counterparts.4 The present study however 

suggests that oxide supported Au25(SR)18 clusters are less stable towards NaBH4 than the same 

clusters in solution, as some thiols are removed upon adsorption onto the oxide support. Our data 

also suggests that by varying the amount and the strength of the reducing agents, one can partially 

remove the thiolate stabilizers under relatively mild conditions (chemical treatments). This result 

shows promise towards developing strategies that allow for selectively accessing active sites for 

catalysis. 

5.5 Conclusion 

In summary, we have shown that thiolate stabilizers can be removed partially from oxide-

supported Au25 clusters under milder conditions (using borohydride reducing agents) with particle 

sizes much smaller than that seen under harsher temperature treatments (250oC thermal treatment). 

TEM data suggest that thermal treatment leads to significant growth in cluster size; however, 

borohydride treatment leads to almost negligible growth in size during thiolate removal. EXAFS 

data suggests that partial desorption of thiolate stabilizers was observed after the immobilization 

of these clusters on oxide supports. This is an important finding, as it can help explain the catalytic 

activity of oxide supported Au25(SR)18 clusters before any thermal activation step. Finally we have 

shown that very distinct features in the XANES region can be used to follow this thiolate removal 

process and the concomitant growth in cluster size. This is particularly important in the case of 

low Au loadings, where it becomes very difficult to obtain high-quality EXAFS data.  
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CHAPTER 6 

6. Following the Reactivity of Au25(SC8H9)18
- Clusters with Pd2+ and Ag+ ions Using in situ 

X-ray Absorption Spectroscopy: A Tale of Two Metals 

This work describes the synthesis and structural study of AuPd and AuAg bimetallic 

clusters. These clusters were synthesized by using previously synthesized Au25(SC8H9)18
- clusters 

(Chapter 2) as starting precursors. The reactions between atomically precise Au25(SC8H9)18
- 

clusters with Pd2+ and Ag+ ions, and the resulting structures of the resulting bimetallic clusters 

were studied by using UV-Vis spectroscopy, TEM, and in situ XANES and EXAFS spectroscopy.     
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6.1 Abstract 

This work examines the reaction between Au25(SC8H9)18
- clusters with palladium acetate 

(Pd2+) and silver nitrate (Ag+) using UV-Vis, transmission electron microscopy (TEM), EXAFS, 

and in situ liquid cell X-ray absorption spectroscopy (XAS). UV-Vis results show that upon the 

addition of Pd2+ and Ag+ salts to Au25(SC8H9)18
- clusters, significant changes are seen in the optical 

properties of the clusters. In the case of Pd, there is little to no change in the size of the clusters 

evidenced by TEM, while for Ag systems, significant particle growth is seen. in situ XAS results 

show that Pd2+ reacts with the staple motifs of Au25(SC8H9)18
- clusters and forms Pd(II) thiolate 

species, as shown by the Pd L3- and Au L3-edge data, as well as Pd K edge EXAFS results. 

However, Ag L3-edge data suggest that Ag+ reduces to Ag on the cluster core and does not form 

Ag(I) thiolate species. This work highlights the power of using in situ XANES to follow Au cluster 

transformations in liquid environments. 
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6.2 Introduction  

Au clusters (typically defined as Au colloids <2 nm in size) have emerged in recent years 

as a new class of nanomaterials with well-defined structures and molecule-like electronic 

behavior.1 Au clusters have been used as model compounds in order to study the size dependent 

chemical and physical properties of Au nanomaterials.2 Recently, researchers have suggested that 

Au clusters with well-defined structures can be doped with various heteroatoms, such as Ag, Cu, 

Pd, and Pt either on the surface or inside the core, and this results in the formation of bimetallic 

clusters.3-7 Literature reports suggest that doping by various heteroatoms can potentially be a way 

to systematically modify the chemical and physical properties of these clusters.8-15 Doping by 

various heteroatoms has been either carried out by co-reduction methods or by the post-synthetic 

treatment of Au clusters with desired metal ions.16 Co-reduction methods are more common, in 

which two metal salts are mixed in the presence of thiolate stabilizers, and the resulting mixture is 

reduced by the addition of reducing agent, followed by separation of bimetallic and/or metallic 

clusters. Using this method, various thiolate-protected bimetallic clusters, such as Au25-xAgx, Au25-

xCux, Au25-xPtx, and Au25-xPdx have been synthesized.9,12,17-19 It should be noted that, despite the 

exciting possibility of the incorporation of different number of heteroatoms into the various Au 

clusters, the co-reduction method typically suffers from low yields of specific bimetallic clusters 

because of difficult post-synthetic extractions of specific bimetallic clusters from the crude 

mixture, which limits their applications to mainly fundamental studies.      

Post-synthetic treatment methods involve the treatment of pre-synthesized Au nanoclusters 

with various metal ions.16 Treatment of anionic Au25L18
- clusters with various metal ions, such as 

Ag+, Pb2+, and Cu2+ have been reported in the literature.3,4,16,20 According to this method, upon the 

addition of metal ions, Au25L18
- clusters get oxidized to Au25L18 while the added metal ions get 

reduced, and are incorporated into the Au25L18 cluster. For example, Wu et al. reported the 

synthesis of thiolate-protected AuxAgy bimetallic clusters synthesized from [Au25(SC2H4Ph)18]
- 

and Ag nitrate and found using mass spectrometry (MS) and X-ray photoelectron spectroscopy 

that Ag was present in reduced form in the bimetallic cluster.4 Murray et al. studied similar 

reactions with various metal ions, such as Ag+, Pb2+, and Cu2+ and found using UV-Vis 

spectroscopy, MS, electrochemistry, and fluorescence spectroscopy that anionic 

[Au25(SC2H4Ph)18]
- clusters were oxidized while metal ions got reduced, resulting in the formation 
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of bimetallic clusters.3 Recently, Wu et al. reported the high yield synthesis of 

Au25Ag2(SC2H4Ph)18 bimetallic clusters by using a post-synthetic treatment method, and predicted 

using experimental and density functional theory studies that two reduced Ag atoms formed bonds 

with the central Au13 core in the Au25(SC8H9)18 cluster.20 Post-synthetic treatment methods are 

relatively simple in nature in terms of the small number of synthetic steps involved, and also offer 

the possibility of high yields of the resulting bimetallic clusters. However, the future development 

of this method for the synthesis of various bimetallic clusters requires mechanistic understanding 

of the reactions between metal ions and Au nanoclusters, and the final structures of the bimetallic 

clusters. 

Our present study looks to address this issue by using in situ X-ray absorption spectroscopy 

(XAS). Herein, we show the reaction between highly monodisperse Au25(SC8H9)18
- clusters with 

Pd2+ and Ag+ ions using UV-Vis, TEM, EXAFS, and in situ liquid cell XAS. Our data indicates 

that Pd2+ species were incorporated into the staple motifs of Au25(SC8H9)18
- clusters, and these 

staple motifs were still attached to the Au cluster surface, as no surface plasmon band or growth 

in cluster size (via TEM) was observed even after that addition of 6 equiv. of Pd2+. EXAFS results 

confirm this in situ XANES assignments, and show only Pd-S bonding contributions. However, in 

the case of Ag+ salts, data supports previous literature such that Ag+ gets reduced to form 

zerovalent Ag species on the surface of the clusters. These results show the strength of using in 

situ X-ray absorption spectroscopy as a characterization technique for metal speciation for 

bimetallic cluster syntheses. 

6.3 Experimental  

6.3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9% on metal basis, Alfa 

Aesar), silver nitrate (AgNO3, ≥99.0%, Aldrich), tetraoctylammonium bromide (TOAB, 98%, 

Aldrich), phenylethanethiol (C8H9SH, 99%, Acros Organics), sodium borohydride (NaBH4, 98%, 

EMD), palladium(II) acetate, trimer (99.98% on metal basis, Alfa Aesar), polyvinylpyrrolidone 

(M.W., 8000, Aldrich), ethylene glycol (Aldrich), and aluminum oxide (Al2O3, 58Å, ~150 mesh) 

were used as received. High purity acetonitrile and methanol were purchased from Fischer 

Scientific. High purity tetrahydrofuran was purchased from EMD and 100% ethanol was 
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purchased from Commercial Alcohols. 18 MΩ cm Milli-Q (Millipore, Bedford, MA) deionized 

water was used throughout. 

6.3.2 Synthesis of Au25(SC8H9)18
- clusters  

Synthesis of Au25(SC8H9)18
- clusters is reported elsewhere.21 Briefly, 500 mg of 

HAuCl4·3H2O in 50 mL of THF was mixed with 1.2 equiv. of TOAB. To this solution, 5 equiv. 

of phenylethanethiol was added dropwise and the mixture was left for stirring until it became clear. 

Subsequently, 10 equiv. of NaBH4 in 10 mL of ice cold water was added all at once. The resulting 

solution was stirred for 4 days. After 4 days, the reaction was stopped and the solvent was 

evaporated completely. The resulting solid was then washed with a mixture of ethanol/water 

several times to remove all excess leftover thiol and disulfide species, and finally the residue was 

dried using a rotary evaporator. The resulting Au25(SC8H9)18
- clusters were extracted with 

acetonitrile and characterized using UV-Vis spectroscopy. 

6.3.3 Synthesis of Ag Nanoparticles 

Polyvinylpyrrolidinone (PVP, M.W., 8000) (4.0 g, 36 mmol) was mixed with ethylene 

glycol (EG) and heated in an oil bath at 130°C for 30 minutes. Then, AgNO3 (0.60 g, 3.6 mmol) 

dissolved in EG/H2O (0.4 mL/0.3 mL) was rapidly injected into the PVP solution and stirred for 

30 minutes at 130°C. The resulting mixture was cooled down to room temperature, and 

subsequently washed with acetone several times followed by centrifugation. The obtained Ag 

nanoparticles were redispersed in ethanol. 

6.3.4 Synthesis of Pd (II) dodecanethiolate  

Pd (II) thiolate was prepared by reacting 1.0 mg of Pd acetate dissolved in THF with 10 

equiv. of dodecanethiol to give a final 10 mM solution.  

6.3.5 Reaction between Au25(SC8H9)18
- clusters and palladium acetate  

1 mg (136 nmol) of Au25(SC8H9)18
- clusters in THF were reacted with 0.5 equiv. of Pd 

acetate dissolved in THF. The entire reaction was monitored by UV-Vis spectroscopy over 1 

minute intervals. In the case of the higher amount of Pd acetate (6 equiv.), UV-Vis spectra were 

recorded before and after the addition of 6 equiv. of Pd acetate.  

 



129 
 

6.3.6 Reaction between Au25(SC8H9)18
- clusters and silver nitrate   

1.31 mg (178 nmol) Au25(SC8H9)18
- clusters were reacted with different sub-stoichiometric 

amounts of Ag+ and after each addition a UV-Vis spectrum was recorded. 

6.3.7 Sample preparation for EXAFS measurements  

All samples used for EXAFS analysis were prepared by supporting Au and AuPd bimetallic 

clusters on an Al2O3 support using a wetness impregnation approach. For Au25(SC8H9)18
- clusters, 

the final metal loading was 3% by weight. In the case of AuPd bimetallic clusters, a 5% wt Au 

loading was maintained for the sample prepared by the addition of 0.5 equiv. of Pd2+ to the 

Au25(SC8H9)18
- clusters and a 8% wt Au loading was maintained for the sample prepared by the 

addition of 6 equiv. of Pd2+ to the Au25(SC8H9)18
- clusters.     

6.3.8 UV-Vis and TEM measurements  

Absorption spectra were recorded on a Varian Cary 50 Bio UV−Vis spectrometer with an 

optical path length of 1 cm. Transmission electron micrographs of Au25(SC8H9)18
- clusters and 

after the addition of 6 equiv. of Pd2+ were obtained on a HT7700 TEM operating at 100 kV.  

Transmission electron micrographs of Au25(SC8H9)18
- clusters after the addition of 1 equiv. of Ag+ 

was obtained on Philips CM10 microscope operating at 100 kV.  TEM grids for each samples were 

prepared by drop-casting one drop of each sample dissolved in THF on a carbon coated copper 

TEM grid followed by drying under air for several hours. For particle size measurements ~20-30 

particles for each sample were counted. 

6.3.9 EXAFS measurements and analysis  

EXAFS measurements were conducted at the Hard X-ray MicroAnalysis (HXMA) 

beamline 061D-1 (energy range 5−30 keV; resolution, 1 × 10−4 ΔE/E) of the Canadian Light 

Source (CLS, 2.9 GeV storage ring, 250 mA current). Samples were pressed into pellets and 

measured in transmission (Au L3-edge) and fluorescence (Pd K-edge) modes at room temperature. 

A double-crystal monochromator housing two crystal pairs [Si (111) and Si (220)] was employed 

for energy selection. Higher harmonics were eliminated by detuning double-crystal using a Pt-

coated KB mirror for Pd K-edge and Rh coated KB mirrors for Au L3-edge. The incident and 

transmission X-ray intensities were detected by ion chambers filled with helium−nitrogen mixtures 
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for Pd K-edge and pure helium for Au L3-edge. The IFEFFIT software package was used for data 

processing.22 For the data analysis, the amplitude reduction factor, S0
2, was determined from foil 

data and was found to be a value of 0.90 for both Au L3-edge and Pd K-edge data. For data fitting, 

the k-range was chosen from 2.0 to 11 Å−1 for the Pd K-edge and 2-12.5 Å−1 for Au L3-edge. A 

Au25 model was used for fitting Au L3-edge data and a PdS model was generated using FEFF 6 

program and used to fit Pd K-edge data.23   

6.3.10 in situ XANES measurements  

in situ Pd L3-edge and Ag L3-edge data  were collected at the SXRMB beamline of 

Canadian Light Source in fluorescence mode. The liquid cells used for XANES analysis were 

SPEX CertiPrep Disposable XRF X-Cell sample cups with 4 μm ultralene window film. All Pd 

and Ag L3-edge and S K-edge data were collected in fluorescence mode under helium atmosphere 

to reduce beam loss and scattering. In the case of Pd acetate, in situ measurements were performed 

with a mixture of Au25(SC8H9)18
- clusters and 0.5 equiv. of Pd acetate in THF in the liquid cell, 

while for Ag measurements, 0.5 equiv. of Ag nitrate dissolved in acetonitrile and Au25 clusters 

dissolved in THF were added to the liquid cell, followed by further addition of Ag nitrate between 

measurements.  

6.4 Results and Discussion 

Au25(SC8H9)18
-
 clusters were synthesized with phenylethanethiol ligands as stabilizers 

using previously reported methodology.21 The negative charge on these clusters was confirmed by 

UV-Vis spectra showing the characteristic features of negatively charged clusters.24 Figure 6.1a 

shows the UV-Vis spectra of the reaction between Au25(SC8H9)18
- clusters and 0.5 equiv. of Pd 

(II) acetate. Spectra were collected immediately after the addition of 0.5 equiv. of Pd2+ to the 

Au25(SC8H9)18
- clusters, and every minute thereafter. The absorption features of Au25(SC8H9)18

- 

clusters at ~670 nm and ~450 nm started to dampen over time, as shown by the direction of the 

arrows in Figure 6.1a, which suggests that Au25(SC8H9)18
- clusters were losing their structural 

integrity.  
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Figure 6.1. UV-Vis spectra of (a) progress of the reaction between Au25(SC8H9)18
- clusters and 

0.5 equiv. of Pd acetate, (b) spectra of Au25(SC8H9)18
- clusters before and after the addition of 6 

equiv. of Pd acetate.  

The effect of the addition of 6 equiv. of Pd2+ to the Au25(SC8H9)18
- clusters was also studied 

to see if these clusters would further react with more Pd2+. As shown in Figure 6.1b, after the 

addition of 6 equiv. of Pd2+, the absorption features of the Au25(SC8H9)18
- clusters at ~670 nm and 

450 nm completely disappear and thus the structural integrity of Au25(SC8H9)18
- clusters was 

completely destroyed.  

TEM was used to follow the possible changes in cluster size during the reaction. Figure 

6.2a shows a TEM image of the original Au25(SC8H9)18
- clusters; the Au clusters were difficult to 

image as they were beam sensitive at high electron fluxes, but faint clusters can be seen that have 

an average size of 1 nm which corresponds well to the expected Au25L18 cluster size. TEM data of 

clusters after the addition of 6 equiv. of Pd2+ (Figure 6.2b) showed no significant growth in size 

(cluster size 1.3 ± 0.2 nm), and no surface plasmon band because of the formation of larger Au 

nanoparticles (> ~ 2nm) was seen in either sample. 
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Figure 6.2. TEM images of (a) Au25(SC8H9)18
- clusters and (b) Au25(SC8H9)18

- clusters after the 

addition of 6 equiv. of Pd2+. 

In the case of Ag+, we chose to study the incremental addition of Ag+ to the Au25(SC8H9)18
- 

clusters, since, unlike Pd2+, reaction between Au25(SC8H9)18
- clusters and Ag+ was almost 

instantaneous and no spectral evolution was observed as found in the case of Pd2+. UV-Vis data 

(Figure 6.3a) shows that as Ag+ is added to the Au clusters, the peak at 670 nm shifts to lower 

wavelengths. Murray et al. reported similar shift in their study and attributed it to the oxidation of 

Au25(SC8H9)18
- clusters to Au25(SC8H9)18 clusters.3 A TEM image of the AuAg sample (Figure 

6.3b) after the addition of 1 equiv. of Ag+ to the Au25(SC8H9)18
- clusters show the formation of 

much larger nanoparticles with an average size of 2.2 ± 0.5 nm. Thus TEM and UV-Vis data 

suggests that Ag+ and Pd2+ react quite differently with the Au25(SC8H9)18
- clusters.  

 

Figure 6.3. (a) UV-Vis spectra showing the progress of the reaction between 178 nmol of 

Au25(SC8H9)18
- clusters and different amount of Ag+ and (b) TEM image of Au25(SC8H9)18

- clusters 

after the addition of 1 equiv. of Ag+.  
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To gain further insight into the differing reactions between the Au25(SC8H9)18
- clusters and 

Pd2+ and Ag+ ions, we studied the chemical speciation of Ag and Pd during reactions with 

Au25(SC8H9)18
- clusters by studying the Pd L3-edge and Ag L3-edge at the Soft X-ray 

Microcharacterization Beamline (SXRMB) at the Canadian Light Source (CLS). In situ X-ray 

absorption near edge structure (XANES) data was collected in fluorescence mode using a liquid 

cell setup used previously.25-27 This cell was first filled with a solution of Au25(SC8H9)18
- clusters 

and 0.5 equiv. of Pd2+ and was placed on a magnetic stirrer to ensure the constant mixing of the 

reaction mixture. Figure 6.4 shows the Pd L3 edge data before and after the addition of 0.5 

equivalent of Pd2+ to the Au25(SC8H9)18
- clusters.  As seen in the spectra, the white line for the Pd 

L3 edge is initially very strong for Pd(II) acetate, and after reaction with Au25 clusters, the white 

line intensity drops significantly in intensity and shifts to the higher energy. To figure out the exact 

speciation of Pd after the addition of Au25(SC8H9)18
- clusters, we compared the spectra with Pd(II) 

thiolate and Pd foil standards. As can be seen from the inspection of the data, the final spectra is 

closer in appearance to the Pd(II) thiolate spectra. This suggests that Pd2+ does not get reduced by 

Au25(SC8H9)18
- clusters and remained in oxidized form at the end of the reaction. Rather, data 

suggests that Pd acetate was converted to Pd (II) thiolate species by reacting with the staple motifs 

of the Au25(SC8H9)18
- clusters, as the six staple motifs (-S-Au-S-Au-S-) of Au25 clusters are made 

up of 12 Au atoms and connected with Au13 core through S atoms.28 At this point, based on UV-

Vis, TEM, and XANES results we believe that Pd2+ reacts with the staple motifs of Au25 clusters 

and displaces Au staple atoms.  

 

Figure 6.4. Pd L3-edge XANES spectra after the addition of 0.5 equiv. of Pd2+ to the 

Au25(SC8H9)18
- clusters. 
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More information about the possible outcome of the reactions between Au25(SC8H9)18
- 

clusters and Pd2+ was obtained by analyzing Pd K-edge and Au L3-edge EXAFS data collected at 

the Hard X-ray MicroAnalysis (HXMA) beamline at the CLS; note these measurements were not 

done in situ but rather as solid-support samples in order to obtain acceptable EXAFS spectra with 

sufficient signal-to-noise. Detailed procedures for the preparation of sample and data analysis is 

given in the Experimental section. Figure 6.5a shows the Pd K-edge EXAFS data and the EXAFS 

fit in R-space of the sample prepared by the addition of 0.5 equiv. of Pd2+ to the Au25(SC8H9)18
- 

clusters. The EXAFS data shows only one peak in the range of 1.6-2.0 Å. This peak was attributed 

to the scattering of photoelectron from Pd absorbing atom by neighboring sulphur atoms, and was 

fitted using PdS model generated using the IFEFFIT program. EXAFS parameters obtained after 

fitting are shown in Table 6.1. 

 

Figure 6.5. a) Pd K-edge EXAFS fitting in R-space and b) Au L3-edge EXAFS spectra in R-space 

of Au25 clusters and after the addition of different amount of Pd2+. 

Table 6.1. Pd K-edge EXAFS fitting parameters of the sample prepared by the addition of 0.5 

equivalents of Pd2+ to the Au25(SC8H9)18
- clusters.  

Au25(SC8H9)18
- + 0.5 equiv. Pd2+ CN R/Å σ

2
/Å

2
 E

0
 shift/eV 

PdS 3.64 (3) 2.337 (6) 0.0024 (9) -0.9 (7) 

 

The Pd-S coordination number value obtained from the fitting was 3.64 ± 0.03. This value 

is close to 4 and may represent cross-linking between Au clusters through Pd staple motifs; 

alternatively, it may suggest that some of the thiolates are being removed from Au clusters upon 
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Pd2+ reaction. We do not believe significant thiolate removal is occurring in this system as there is 

no significant change in the Au particle size via TEM after reaction (removal of thiolates often 

leads to Au particle growth and/or precipitation).29 Figure 6.5b shows the Au L3-edge EXAFS data 

in R-space of Au25(SC8H9)18
- clusters before and after the addition of 0.5 and 6 equiv. of Pd2+. Data 

shows that Au-S contribution at ~ 2Å has decreased in amplitude with an increase in the 

concentration of Pd2+, which again supports Pd2+ replacing Au atoms in the staple motifs of the 

Au25(SC8H9)18
- clusters. Small peaks above 2 Å in all samples (~ 2.2-3.2 Å) are attributed to the 

three different Au-Au bonding arrangements present within Au25(SC8H9)18
- clusters.31,32 Au L3-

edge EXAFS fittings in R space are quite good (Figure 6.6), and extracted fitting parameters are 

shows in Table 6.2. It should be noted that the AuS coordination number obtained from the fitting 

was 1.34 ± 0.10 (Table 6.2), which is slightly lower than the actual value of 2.0 seen 

previously.31The reason for this low coordination number is not clear, but it could be because of 

the partial desorption of thiol stabilizers form the surface after deposition on the Al2O3 support. 

After treatment with 0.5 equivalent of Pd2+, EXAFS fitting parameters show that the AuS 

contribution has decreased from 1.34 ± .10 to 1.11 ± .07, which is in agreement with Pd2+ replacing 

Au sites in the staple motifs of Au25(SC8H9)18
- clusters. After the addition of 6 equivalent of Pd2+, 

the AuS coordination number further decreased to 0.73 ± .09. In addition, we could no longer fit a 

contribution from AuAu staple motifs because of the fact that Pd2+ reacted with Au25(SC8H9)18
- 

clusters through the staple motifs. AuAu (surface) coordination numbers for the sample prepared 

by adding 6 equiv. of Pd2+ to the Au25(SC8H9)18
- clusters were found to be significantly higher than 

the values observed for original clusters, with significantly shorter Au-Au bond lengths. We 

believe these changes are because of the fact that Pd2+ displaces Au atoms from the staple motifs, 

and these displaced Au atoms then are relocated onto the surface of the Au13 core.  
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Figure 6.6. EXAFS fitting in R-space of (a) Au25(SC8H9)18
-/Al2O3, and Au25(SC8H9)18

- clusters 

after the addition of b) 0.5 equiv. of Pd2+ following by deposition on Al2O3 and c) 6 equiv. of Pd2+ 

followed by deposition on Al2O3. 
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Table 6.2. Au L3-edge EXAFS fitting parameters of Au25(SC8H9)18
- clusters supported on Al2O3 

support. 

Au25(SC8H9)18
- CN R/Å σ

2
/Å

2
 E

0
 shift/eV 

Au-S 1.34 (.10) 2.313 (5) .0010 (3) 1.5 (7) 

Au-Au (core) 1.44* 2.75 (2) .012 (2) 6.4 (1.2) 

Au-Au (surface) 1.92* 3.0 (4) .012 (2) 6.4 (1.2) 

Au-Au (staple) 2.88* 3.30 (6) .03 (1) 6.4 (1.2) 

Au25(SC8H9)18
- + 0.5 equiv. Pd2+ CN R/Å σ

2
/Å

2
 E

0
 shift/eV 

Au-S 1.11 (7) 2.313 (3) .001 (1) 0.83 (1.14) 

Au-Au (core) 1.44* 2.76 (1) .012 (2) 4.4 (1.9) 

Au-Au (surface) 1.92* 2.98 (3) .014 (4) 4.4 (1.9) 

Au-Au (staple) 2.88* 3.28 (5) .03 (1) 4.4 (1.9) 

Au25(SC8H9)18
- + 6 equiv. Pd2+ CN R/Å σ

2
/Å

2
 E

0
 shift/eV 

Au-S 0.73 (9) 2.311 (8) .001  7.3 (1.5) 

Au-Au (core) 1.2 (9) 2.72 (2) .005 (4) 1.2 (1.5) 

Au-Au (surface) 2.8 (9) 2.86 (2) .012 (6) 1.2 (1.5) 

*Au-Au coordination numbers were fixed, as discussed in ref [31, 32] 

in situ liquid cell XANES data for Ag+ addition to Au25(SC8H9)18
- clusters was collected 

in the same manner as for Pd2+
. Figure 6.7 shows the Ag L3-edge spectra after the addition of one 

equiv. of Ag+ to the Au25(SC8H9)18
- clusters. For comparison Ag(I) nitrate and Ag (I) thiolate 

standards were also collected. Data shows that unlike Pd2+, Ag+ was reduced to Ag after reacting 

with the Au25(SC8H9)18
- clusters. Comparison with Ag(I) thiolate standard suggests that, Ag(I)  

nitrate does not convert into Ag(I) thiolate as seen in the Pd system above. There are differences 

in the spectra of Ag NPs vs. this AuAg cluster system, which is likely because of Ag-Au 
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environment in the final clusters. The final spectrum for the AuAg system is shifted significantly 

to lower energy and no longer has a sharp white line feature (2p3/2 to 4d transition) which is 

indicative of Ag(I) salts (while putatively a 4d10 species, s-p-d hybridization typically leads to a 

small white line at the Ag L3-edge for Ag(I) salts).32 Further increases in the concentration of 

AgNO3 shows an increase in the white line intensity and suggests unreacted Ag+ (not shown). 

Reduction of Ag+ has been reported by various groups recently; however, absence of any Ag-S 

bonding contradicts suggestions that reduced Ag atoms has a Ag-S bond.20 Unfortunately, because 

of the low Ag loadings, high quality EXAFS data could not be collected on these samples at the 

Ag K edge to further document Ag reduction and Ag-Au coordination numbers.  

 

Figure 6.7. Ag L3-edge XANES spectra after the addition of different amounts of Ag+ to the 

Au25(SC8H9)18
- clusters.  

Finally, the question arises is why these two metal ions react differently with 

Au25(SC8H9)18
- clusters? Based on standard redox potentials, Pd2+ (Pd2+/Pd, E0 = 0.951 V) requires 

a slightly higher potential to reduce than Ag+ (Ag+/Ag, E0 = 0.799 V).33 Another possible 

explanation could be the Ag-S vs Pd-S bond strengths; the Pd-S bond dissociation energy (398 

D0
298/kJ/mol-1) is almost double of Ag-S bond dissociation energy (217.1 D0

298/kJ/mol-1).33 Based 

on this, it seems that Pd2+ forms strong Pd-S bonds after reacting with Au25(SC8H9)18
- clusters, and 

because of lower Ag-S bond energy, Ag+ is more prone to reduction to Ag. Finally, as the 

Au25(SC8H9)18
- clusters have a quantized -1 charge, it is possible that multiple clusters would be 

needed for full reduction of Pd2+ species. 
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6.5 Conclusion  

A number of different characterization techniques, including in situ XAS, were used to 

investigate the reaction between Au25(SC8H9)18
- clusters with Pd2+ and Ag+ ions. Our study 

suggests that Pd2+ reacts with Au25(SC8H9)18
- clusters through staple motifs and forms Pd(II) 

thiolate species which are anchored on the surface of Au clusters, as no significant growth or 

precipitation of Au clusters were observed during the reaction. In the case of Ag+, it was observed 

that Ag+ gets reduced to Ag metal as shown by XANES study. This agrees with results seen 

previously by other groups for reactions of Au25L18
- clusters and Ag+, Cd2+, and Pb2+ ions.3 TEM 

data also shows formation of larger AuAg nanoparticles after treatment with Ag+, which could be 

because of the lower stability of the resulting AuAg clusters, which grow into larger nanoparticles. 

Finally, our study suggests that in situ XAS is an important tool in order to study reactions between 

Au25(SC8H9)18
- clusters and various metal ions. 
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CHAPTER 7 

7. Au25 Clusters as Precursors for the Synthesis of AuPd Bimetallic Nanoparticles with 

Isolated Atomic Pd Surface Sites 

This chapter describes the synthesis of oxide-supported AuPd bimetallic nanoparticles 

using previously synthesized AuPd bimetallic clusters as starting precursors (Chapter 6). The 

structure of as-synthesized, oxide-supported AuPd bimetallic nanoparticles was studied by using 

TEM and EXAFS spectroscopy. This structural study shows the formation of AuPd bimetallic 

nanoparticles with isolated atomic Pd sites on the surface. Finally, these bimetallic nanoparticles 

were used for allyl alcohol hydrogenation catalysis and the structure-property relationship was 

studied.  
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7.1. Abstract  

This study documents synthesis of Al2O3-supported AuPd bimetallic nanoparticles using 

Au25(SC8H9)18
- clusters as starting precursors. Au25(SC8H9)18

- clusters were used as starting 

precursors followed by Pd(II) salt addition to form AuPd bimetallic clusters. Extended X-ray 

absorption fine structure (EXAFS) analysis shows that thermal and LiBH4 treatments of thiolate 

protected AuPd bimetallic clusters results in the formation of AuPd bimetallic nanoparticles with 

isolated atomic Pd-sites on the surface. EXAFS data also show that Pd atoms present on the surface 

were still bonded with thiolate stabilizers, which keeps these bimetallic nanoparticles from 

growing during thermal and LiBH4 treatments. Finally, these AuPd catalysts were tested for the 

selective hydrogenation of allyl alcohol and were shown to have excellent activities and 

selectivities for the hydrogenation reaction. 
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7.2 Introduction 

Bulk Au had long been considered inactive for catalysis until the seminal discovery by 

Haruta et al. in 1980 showing that oxide supported, well-dispersed Au nanoparticles (less than 5 

nm) can act as a catalyst for low temperature CO oxidation reactions.1 Since then, a plethora of 

research articles have been published showing the catalytic activity of supported Au nanoparticles 

for a wide range of reactions, such as oxidation of alcohols and alkenes, hydrogenation of alkenes 

and nitroaromatics, and the chemoselective hydrogenation of unsaturated aldehydes and ketones.2-

9 Various groups have shown that alloying Au with Pd leads to a significant enhancement in the 

catalytic activity and selectivity for various industrially important reactions, such as the oxidation 

of primary C-H bonds, direct H2O2 synthesis from hydrogen and oxygen, vinyl acetate synthesis, 

and the selective oxidation of alcohols.10-14 The catalytic activity and selectivity of these AuPd 

bimetallic nanoparticles can be attributed to the two main factors: 1) modulation in electronic 

structure upon mixing two metal components,15-18 and 2) a dilution effect; leading to the formation 

of catalytically active, isolated atomic Pd sites on the surface of AuPd bimetallic nanoparticles.19-

22 While the effect of modulation in the electronic structure has been very well explored, very little 

research has been reported on the effect of isolated atomic Pd sites on the surface of AuPd 

bimetallic nanoparticles towards catalytic activity and selectivity. This is apparently because of 

the lack of facile synthetic methodologies available for the design of AuPd bimetallic nanoparticles 

with isolated atomic Pd sites on the surface.  

The importance of having catalytically active isolated atomic Pd sites has been discussed 

by a number of groups.19-26 For example, Goodman et al. have shown that the pair of isolated Pd 

sites were essential for the acetoxylation of ethylene resulting in the formation of vinyl acetate.19 

Here, the role of two suitably spaced Pd-sites was to facilitate the coupling between surface acetate 

and ethylene species and to suppress the formation of undesirable reaction byproducts. Sykes and 

coworkers have shown that isolated atomic Pd sites on Cu (111) surfaces enhances the selectivity 

of styrene and acetylene hydrogenation reactions towards ethyl benzene and ethane, respectively, 

by prohibiting the decomposition of these substrates.20 Meyer and coworkers have shown that the 

isolation of active surface Pd atoms on inactive Zn cores was responsible for the exclusive 

dehydrogenation of propane to propylene, and indicated that the competing hydrogenolysis of 

propane did not take place because the latter reaction requires a contiguous Pd surface.21 Zhang 
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and coworkers demonstrated the synthesis of Au alloyed Pd single-atom catalyst with an ion-

exchange-NaBH4 reduction method and showed that the resulting catalyst exhibit exceptional 

activity and durability for Ullman reactions of aryl halides.22  

Atomically-precise, thiolate-protected Au clusters have recently emerged as an important 

class of materials because of their monodispersity and well-defined structures.27 These clusters 

have been used by a number of groups in order to synthesize supported Au catalysts. Both 

ourselves and others have shown that supported Au clusters can be activated for a number of 

catalytic reactions by removing thiol stabilizers from the surface either thermally or chemically 

using BH4
- reducing agents.28 For example; we previously reported that mesoporous carbon-

supported Au25(SC8H9)18
- clusters can be activated for p-nitrophenol reduction catalysis by 

removing thiol stabilizers at ca. 200oC (Chapter 4).28 Thermal treatment beyond 200oC led to 

catalyst deactivation because of sintering. Jin and co-workers reported that CeO2-supported 

Au25(SC8H9)18
- clusters can be activated for CO oxidation catalysis by thermally removing thiol 

stabilizers from the interface between CeO2 and Au clusters at ca. 250oC.29 Asefa and co-workers 

reported the activation of SBA-15 supported Au25(SC8H9)18
- clusters using BH4

- reducing agent 

for styrene oxidation reactions.30 BH4
- can reductively eliminate thiol stabilizers from the surface 

of monolayer protected Au clusters and therefore open-up the catalytically active sites.31-32 We 

have recently contrasted the removal of thiol stabilizers from the surface of Al2O3-supported 

Au25(SC8H9)18
- clusters by calcining these clusters at 250oC and by treating these clusters using 

BH4
- reducing agents (Chapter 5). EXAFS and TEM study showed that BH4

- treatments led to 

negligible growth in cluster size while-thermal treatments led to the significant growth in size.33       

A number of groups have suggested that atomically precise Au25 clusters can be used as 

starting precursors for the synthesis of bimetallic clusters.34-35 In our previous study, we found that 

Pd(II) salts react with Au25(SC8H9)18
- clusters through surface staple motifs to form Pd(II) thiolate 

species (Chapter 6).36 These Pd(II) thiolate species were thought to be anchored on the surface of 

these clusters leading to the formation of thiolate protected AuPd bimetallic clusters.36 This present 

study is an extension of our previous work. Here, using extended X-ray absorption fine structure 

(EXAFS) spectroscopy, we have shown that thermal and LiBH4 treatments of thiolate-protected 

AuPd bimetallic clusters on oxide supports lead to the formation of AuPd bimetallic nanoparticles 

with isolated atomic Pd-sites on the surface. Our data suggests that surface Pd atoms were still 
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bonded with thiolate stabilizers, which may partially constrain growth of these bimetallic alloy 

nanoparticles during thermal and LiBH4 treatments. The salient features of the present study are 

as follows: 1) since we are starting with highly monodisperse Au25(SC8H9)18
- clusters as starting 

precursors, better control over the final PdAu nanoparticle compositions can be obtained, and  2) 

the ability to tune the number of catalytically active atomic Pd-sites on the surface of Au particles 

can be achieved by simply varying the Au25 to Pd2+ ratio during bimetallic cluster syntheses, 

followed by thermal or chemical activation. 

7.3 Experimental 

7.3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9% on metal basis, Alfa 

Aesar), tetraoctylammonium bromide (TOAB, 98%, Aldrich), phenylethanethiol (C8H9SH, 99%, 

Acros Organics), sodium borohydride (NaBH4, 98%, EMD), palladium(II) acetate, trimer (99.98% 

on metal basis, Alfa Aesar), aluminum oxide (Al2O3, 58 Å, ~150 mesh), LiBH4 (1M in THF, Sigma 

Aldrich), and deuterated chloroform (CDCl3, D-99.8%, Cambridge Isotope Laboratories) were 

used as received. High purity acetonitrile (HPLC grade, submicron filtered) and methanol (HPLC, 

0.2 micron filtered) were purchased from Fischer Scientific. High purity tetrahydrofuran was 

purchased from EMD (HPLC grade) and 100% ethanol was purchased from Commercial Alcohols. 

18 MΩ cm Milli-Q (Millipore, Bedford, MA) deionized water was used throughout.  

7.3.2 Synthesis of Au25(SC8H9)18
- clusters  

Synthesis of Au25(SC8H9)18
- clusters is reported elsewhere.37 Briefly, 500 mg of 

HAuCl4·3H2O in 50 mL of THF was mixed with 1.2 equiv. of TOAB. To this solution, 5 equiv. 

of phenylethanethiol was added dropwise and the mixture was left for stirring until it became clear. 

Subsequently, 10 equiv. of NaBH4 in 10 mL of ice cold water was added all at once. The resulting 

solution was stirred for 4 days. After 4 days, the reaction was stopped and the solvent was 

evaporated completely. The resulting solid was then washed with a mixture of ethanol/water 

several times to remove excess leftover thiol, and finally the residue was dried using a rotary 

evaporator. The resulting Au25(SC8H9)18
- clusters were extracted with acetonitrile and analyzed 

using UV-Vis spectroscopy. 
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7.3.3 Sample preparation for EXAFS measurements  

Sample B was prepared by mixing 8 mg of Au25(SC8H9)18
- clusters with 0.5 equiv. of Pd 

acetate in THF and stirring the resulting solution overnight. The clusters were then immobilized 

on 100 mg of an Al2O3 support using a wetness impregnation approach and the obtained solid was 

dried by purging the sample using N2 gas. Thermal treatment of sample B was done by calcining 

the obtained powder at 250oC for 90 minutes first under air followed by 90 minutes thermal 

treatment under H2 atmosphere. LiBH4 treatment of sample B was done by adding 0.1 mL of LiBH4 

(1M in THF) dropwise to the 100 mg of sample A suspended in hexane. The resulting solution 

was stirred for 10 minutes and subsequently washed with hexane and dried by purging the resulting 

solid using N2 gas. Sample A was similarly prepared by mixing 13 mg of Au25(SC8H9)18
- clusters 

with 6 equiv. of Pd acetate in THF and stirring the resulting solution overnight. Thermal and LiBH4 

treatments of sample A were done exactly in the same manner as done for sample B. 

7.3.4 EXAFS measurements and analysis  

EXAFS measurements were conducted at the Hard X-ray MicroAnalysis (HXMA) 

beamline 061D-1 (energy range 5−30 keV; resolution, 1 × 10−4 ΔE/E) of the Canadian Light 

Source (CLS, 2.9 GeV storage ring, 250 mA current). Samples was pressed into pellets and 

measured in transmission mode (sample A, Au L3-edge, Pd K-edge and sample B, Au L3-edge) 

and fluorescence mode (sample B, Pd K-edge) modes at room temperature. A double-crystal Si 

(111) monochromator was employed for energy selection at both Au L3-edge and Pd K-edge. 

Higher harmonics were eliminated by detuning double-crystal monochromator housing two crystal 

pairs [Si (111) and Si (220)] using a Pt-coated KB mirror for Pd K-edge and Rh coated KB mirrors 

for Au L3-edge. The incident and transmission X-ray intensities were detected by ion chambers 

filled with helium−nitrogen mixtures for Pd K-edge and pure helium for L3-edge Au L3-edge. 

IFEFFIT software package was used for data processing.38-39 For the data analysis, the amplitude 

reduction factor, S0
2, was found to be 0.90 for both the Au L3-edge and Pd K-edge; these values 

was determined via fitting of Au and Pd foil data. Simultaneous fits was carried out by using a 

AuPd alloy model generated using Au fcc and Pd fcc models. For Au L3-edge data, the AuPd alloy 

model was created by replacing few Au atoms in the first coordination shell by Pd atoms 

(depending on the initial Au25 to Pd ratio). For Pd K-edge data, a PdAu alloy model was created 
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by replacing few Pd atoms in the first coordination shell by Au atoms (depending on the initial 

Au25 to Pd ratio). 

7.3.5 TEM analysis and sample preparation  

Transmission electron micrographs of all samples were obtained on Philips CM10 

microscope operating at 100 kV.  TEM grids for each samples were prepared by drop-casting one 

drop of each sample suspended in hexane on carbon coated copper grid followed by drying under 

air for several hours. For particle size measurements ~20-30 particles for each samples were 

counted. 

7.3.6 Allyl alcohol hydrogenation catalysis 

A typical procedure for the hydrogenation reaction is as follows: 13 mg of supported 

catalyst with 1% loading by Au metal weight was suspended in 6 mL of deionized water. The 

resulting suspension was purged with H2 gas for ~20 minutes. After that flask was sealed and a 

balloon filled with H2 gas was attached to the flask through the septum. Subsequently 0.030 mL 

of allyl alcohol was introduced into the reaction mixture through a syringe and the resulting 

solution was stirred for 20 minutes. Finally, the solid catalyst was separated from reaction mixture 

via centrifugation and the leftover reactants and formed products were extracted in deuterated 

chloroform for 1H NMR analysis.   

7.4 Result and Discussion 

Synthesis of thiolate-protected AuPd bimetallic clusters starting from Au25(SC8H9)18
- 

clusters as precursors and their characterization using UV-Vis, transmission electron microscopy 

(TEM), and  X-ray absorption spectroscopy (XAS) have been reported in a previous study (Chapter 

6).36 We showed that Pd2+ reacts with Au25(SC8H9)18
- clusters through surface staple motifs and 

forms Pd (II) thiolate species. These Pd(II) thiolate species were found to be anchored on the 

surface of Au clusters by replacing Au species in the staple motifs, leading to the formation of 

thiolate-protected AuPd bimetallic clusters as evidenced by UV-Vis, TEM, and XAS data. In the 

present study, we further support these bimetallic clusters onto an Al2O3 support and subject them 

to thermal treatment at 250oC under air and H2 atmosphere or chemical treatments using LiBH4 

reducing agents. Thermal treatment at 250oC was done in order to activate these clusters by 

removing thiol stabilizers as reported in our previous study (Chapter 4).28  



150 
 

Two samples were analyzed; the first sample was prepared by mixing 6 equiv. of Pd2+ to 

Au25(SC8H9)18
- clusters in THF followed by deposition on Al2O3 support (sample A) and the 

second sample was prepared by mixing 0.5 equiv. of Pd2+ to Au25(SC8H9)18
- clusters in THF 

followed by deposition on Al2O3 support (sample B). Figure 7.1 shows the Pd K-edge EXAFS 

data in k space for samples A and B after thermal treatment. EXAFS waves for both samples show 

similar amplitudes, which is much lower than that of bulk Pd metal. The data for sample B is much 

noisier because of the much lower Pd content of this sample. Bulk Pd metal has a face centered 

cubic (fcc) structure with the first shell coordination number value of ~12. Compared to bulk Pd 

metal, both samples show much lower amplitude and hence have fewer first shell neighboring 

atoms.  

 

Figure 7.1. Pd K-edge EXAFS spectra in k-space for pure Pd metal, sample A, and sample B after 

thermal treatment. 

Data in k-space also shows a significant shift in the periodicity of the EXAFS wave for 

both samples. This shift is because of a significant change in the average Pd-X bond lengths in 

these samples from Pd-Pd bond lengths seen for pure Pd metal. Figures 7.2a and 7.2b are the Pd 

K-edge EXAFS fittings in R space with the EXAFS fitting parameters shown in Table 7.1. 
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Figure 7.2. Pd K-edge EXAFS fitting in R-space for sample A and sample B after thermal 

treatment. 

Table 7.1. Pd K-edge and Au L3-edge EXAFS fitting parameters of samples A and B after thermal 

treatment at 250oC. 

Sample A  CN R/Å σ2/Å2 E0 shift/eV R-factor 

Pd-S 1.2 (6) 2.30 (2) 0.01 (1) -3.7(1.2) 0.006 

Pd-Au 7.7 (1.2) 2.81 (1) 0.012 (3) -3.7 (1.2)  0.006 

Sample B  CN R/Å σ2/Å2 E0 shift/eV R-factor 

Pd-S 2.2 (5) 2.30 (3) 0.004 (6) -1.2 (3.3) 0.009 

Pd-Au 3.6 (1.7) 2.83 (4) .007 (8) -1.2 (3.3) 0.009 

Sample A CN R/Å σ2/Å E0 shift/eV R-factor 

Au-Au 7.6 (4) 2.831 (3) 0.0089 (5) 4.7 (0.2) 0.006 

Au-Pd 1.3 (3) 2.81 (1) 0.010 (2) 4.7 (0.2) 0.006 

Sample B CN R/Å σ2/Å E0 shift/eV R-factor 

Au-Au 9.5 (3) 2.845 (2) 0.0091 (4) 5.7 (2) 0.009 

 

Table 7.1 shows Pd-S and Pd-Au coordination number values for both samples after 

thermal treatment at 250oC. The Pd-Au coordination number was higher for sample A than for 
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sample B, however both samples had lower first shell coordination number values compared to 

fcc Pd (CN = 12), and therefore suggest a significant number of surface Pd atoms after thermal 

treatment.40-41 Data also suggest that after thermal treatment, Pd comes in direct contact with Au 

as suggested by the Pd-Au contributions in both samples. Evidence for the surface enrichment of 

Pd is further supported by the presence of Pd-S contributions for both samples, which is possible 

only if Pd is present on the surface. The absence of any Pd-Pd contribution for both samples also 

suggests atomically dispersed Pd-sites on the surface.22 The Pd-Au bond distance values for both 

samples were found to be in-between pure Au-Au and pure Pd-Pd bond length values for fcc Au 

and Pd metals, and best fits were found for only Pd-Au bonding, with no Pd-Pd bonding present. 

Intermediate bond length values can also suggest the formation of AuPd alloy nanoparticles.18,40-

41  

Figure 7.3 shows the Au L3-edge EXAFS data in k-space for both samples after thermal 

treatment. Smaller shifts in the periodicity of the EXAFS wave was observed for both samples, 

which is consistent with the shift observed in Pd K-edge data (Figure 1a); i.e. it is consistent with 

the formation of Au-Pd bonds. Interestingly, sample A experienced a great shift in the periodicity 

of the EXAFS wave than sample B; this is because of the fact that in sample A, more Pd was 

present compared to sample B. Another interesting feature in the Au L3-edge EXAFS data is the 

lower amplitude of the EXAFS wave for sample A compared to sample B, which indicates that 

the incorporation of more Pd atoms in the final particles seems to constrain the growth of the 

nanoparticles during thermal treatment. 

 

Figure 7.3. Au L3-edge EXAFS data in k-space for pure Au metal, sample A, and sample B after 

thermal treatment. 
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Figures 7.4a and 7.4b are the Au L3-edge EXAFS fittings in R space with the EXAFS 

fitting parameters shown in Table 7.1.  

 

Figure 7.4. Au L3-edge EXAFS fitting in R-space for sample A and sample B after thermal 

treatment. 

The sizes of the bimetallic nanoparticles after thermal treatment are also reflected in the 

Au-Au and Au-Pd coordination numbers (Table 7.1). Au-M first shell coordination numbers (Au-

Au + Au-Pd) were found to be lower for sample A than for sample B, which suggest lower 

nanoparticle size for sample A than for sample B.42 EXAFS fitting parameters for sample A (Table 

7.1) also show a low Au-Pd coordination number value of 1.3 ± 0.3. This low value supports the 

presence of isolated atomic Pd-sites.  

It was not possible to extract any Au-Pd contribution from Au L3-edge data of sample B, 

possibly because of the very small amount of Pd present in sample B compared to sample A. It is 

important to note that no remaining Au-S interactions were seen for either sample. Both Au L3-

edge and Pd K-edge data suggest the formation of AuPd bimetallic bonds in the nanoparticles with 

isolated atomic Pd-sites on the surface. TEM analysis (Figure 7.5) further supports these results 

and show smaller particle size for sample A (3.6 ± 0.9 nm), compared to sample B (5.4 ± 1.0 nm).  
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Figure 7.5. TEM images of a) sample B after thermal treatment, b) sample A after thermal 

treatment.  

It should be noted here that particle sizes calculated from TEM are significantly higher 

than what is expected based on EXAFS coordination number values. This is likely because of the 

fact that larger particles are easier to locate using TEM than smaller ones; TEM sizes are likely 

overestimating the average particle size. 

It has been reported in the literature that borohydride anions (BH4
-) can reductively desorb 

thiolate stabilizers form monolayer protected Au nanoparticles.32,43 In our previous study, we 

showed that borohydride reducing agents can be used in order to remove thiolate stabilizers from 

Al2O3 supported Au25(SC8H9)18
- clusters.33 We found that, while the thermal treatment of Al2O3-

supported Au25(SC8H9)18
- clusters at 250oC under air led to the significant growth in cluster size, 

very little growth was observed after borohydride treatment, albeit this treatment only gave partial 

thiolate removal. In the present study, we further explored the use of borohydride reducing agent 

to reduce thiolate protected AuPd bimetallic clusters. 

Figure 7.6 shows the Pd K-edge EXAFS data in k-space for both samples after LiBH4 

treatment.  
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Figure 7.6. Pd K-edge EXAFS spectra in k-space for pure Pd metal, sample A, and sample B after 

LiBH4 treatment.  

Similar features were observed as in the case of thermally treated samples (lower amplitude 

than pure Pd metal and shift in the periodicity of waves), which indicates that Pd-Au bonds have 

been formed in this system as well. Pd K-edge EXAFS fittings for both samples are shown in 

Figure 7.7, and EXAFS fitting parameters for both samples are shown in Table 7.2.  

 

Figure 7.7. Pd K-edge EXAFS fitting in R-space for sample A, and sample B after LiBH4 

treatment. 
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Table 7.2. Pd K-edge and Au L3-edge EXAFS fitting parameters of samples A and B after LiBH4 

treatment. 

Sample A CN R/Å σ2/Å E0 shift/eV R-factor  

Pd-S 0.9 (0.3) 2.29 (3) 0.004 (.017) -2.7 (1.6) 0.006 

Pd-Pd 0.3 (0.3) 2.72 (6) 0.002 (.02) -2.7 (1.6) 0.006 

Pd-Au 7.0 (1.4) 2.77 (1) 0.01 (1) -2.7 (1.6) 0.006 

Sample B CN R/Å σ2/Å E0 shift/eV R-factor 

Pd-S 1.5 (3) 2.32 (2) 0.003 (6) -2.5 (2.6) 0.015 

Pd-Au 8.7 (1.8) 2.77 (2) 0.014 (5) -2.5 (2.6) 0.015 

Sample A CN R/Å σ2/Å E0 shift/eV R-factor 

Au-S 0.21 (6) 2.31 (1) 0.001 (2) 3.8 (6) 0.006 

Au-Au 6.3 (2) 2.809 (3) 0.011 (1) 3.8 (3) 0.006 

Au-Pd 1.1 (2) 2.77 (1) .013 (6) 3.8 (3) 0.006 

Sample B CN R/Å σ2/Å E0 shift/eV R-factor 

Au-S 0.68 (5) 2.298 (5) 0.001 (1) 3.9 (8) 0.015 

Au-Au 5.3 (3) 2.798 (6) 0.014 (2) 3.9 (8) 0.015 

 

Low Pd-Au coordination numbers and the presence of Pd-S contributions in both samples 

suggest the enrichment of the surface with Pd. Sample A has Pd-S, weak Pd-Pd, and Pd-Au 

contributions; however, sample B shows only Pd-S and Pd-Au contributions, which supports 

atomic dispersion of Pd on the surface of the Au nanoparticles. Figure 7.8 shows the Au L3-edge 

EXAFS data in k-space for both samples after LiBH4 treatment. EXAFS k-space data show a 

reduction in amplitude and shift in the periodicity of the wave, which is consistent with Pd-Au 

bond formation as shown in the case of thermally treated samples.  
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Figure 7.8. Au L3-edge EXAFS data in k-space for pure Au metal, sample A, and sample B after 

LiBH4 treatment.   

EXAFS fittings of these samples are shown in Figure 7.9 and EXAFS fitting parameters 

are shown in Table 7.2. Here, significant Au-S contributions are seen in for both samples, which 

contrasts with thermally treated samples in which no Au-S contributions were observed. These 

values were slightly lower than the value observed previously for Al2O3-supported Au25(SC8H9)18
- 

clusters after LiBH4 treatment (CN = 0.8 ± 0.1), particularly for sample A.33 The Au-S coordination 

number for sample A (CN = 0.21 ± 0.06) was lower than the value observed for sample B (CN = 

0.68 ± 0.05), which suggests higher loadings of Pd lead to improved removal of thiolates from the 

Au surface. This is an interesting observation, and it may indicate that some of the original 

Au25(SC8H9)18
- clusters in sample B did not incorporate Pd, and thus LiBH4 treatment led to only 

partial removal of thiolate stabilizers from sample B because of the inherent stability of leftover 

Au25(SC8H9)18
- clusters present in the sample.37 The Au-Pd coordination number of 1.1 ± 0.2 for 

sample A seems to suggest that after LiBH4 treatment, isolated atomic Pd sites were formed on the 

surface of the particle. Enrichment of the surface with Pd is supported by the presence of Pd-S 

contributions for both samples. 
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Figure 7.9. Au L3-edge EXAFS fitting in R-space for sample A and sample B after LiBH4 

treatment. 

Figure 7.10 shows the Au-L3 EXAFS data in k-space for the borohydride-treated and 

thermally treated samples. A significantly lower amplitude was seen for sample A after LiBH4 

treatment compared to the amplitude of the wave for the same sample after thermal treatment. 

Also, the shift in the periodicity of EXAFS wave was more pronounced after LiBH4 treatment than 

after thermal treatment. 

 

Figure 7.10. a) Au L3-edge EXAFS data in k-space for pure Au metal and sample A after thermal 

and LiBH4 treatments and b) TEM image of sample A after LiBH4 treatment. 

This is an interesting finding as it suggests significant growth in the size of bimetallic 

nanoparticles after thermal treatments compared to LiBH4 treatment. Lower Au-Au bond distance 

values observed for LiBH4 treated samples compared to thermally treated samples further suggest 

the formation of smaller bimetallic nanoparticles after LiBH4 treatment. This suggests the 
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beneficial role of LiBH4 in controlling the size of AuPd bimetallic nanoparticles. Formation of 

smaller bimetallic nanoparticles after LiBH4 treatment was also supported by the TEM analysis 

which shows much smaller nanoparticle sizes (2.0 ± 0.3 nm) compared to thermally treated 

samples.  

Finally, allyl alcohol hydrogenation was used as model reaction in order to test the activity 

of these supported bimetallic nanoparticles.44-46 Table 7.3 describes the Turnover Frequency (TOF) 

of various supported catalysts and product selectivity. TOFs were calculated by considering the 

number of moles of Pd as active sites for catalysis. In the case of pure Pd nanoparticles, TOFs of 

3960 h-1 with higher selectivity for propanol was obtained. In the case of the Au25Pd (1:6)_standard 

(without thermal or LiBH4 treatments) catalyst, TOF and selectivity were slightly reduced 

compared to pure Pd nanoparticles. It should be noted that in this case, Pd atoms were the part of 

staple motifs and were bonded with thiolate stabilizers. This may be the possible explanation for 

reduced activity compared to pure Pd nanoparticles. After thermal treatment of the same catalyst 

[Au25Pd (1:6)_thermal], the TOF was significantly enhanced compared to pure Pd nanoparticles 

and standard AuPd nanoparticles [Au25Pd (1:6)_standard]. This enhanced activity after thermal 

treatment supports the presence of active Pd sites on the surface of AuPd alloy nanoparticles and 

also supports previous EXAFS results. The higher activity than the as-synthesized pre-calcination 

standard indicates that after thermal treatment most of the thiol stabilizers were removed and thus 

active sites for catalysis were readily available.           

Table 7.3. Allyl alcohol hydrogenation catalysis using various supported catalysts.  

Catalysts TOF (h-1) Propanol (%) Propionaldehyde (%) 

Pd 3960 68 31 

Au25Pd (1:6)_standard 2901 60 39 

Au25Pd (1:6)_thermal 7845 61 38 

Au25Pd (1:6)_LiBH4 4794 63 36 

 

No significant enhancement in the selectivity was observed after thermal treatment. This 

indicates that AuPd alloy formation after thermal treatment did not affect the selectivity of the 
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reaction. A LiBH4 treated sample [Au25Pd (1:6)_LiBH4] was also tested. Here, a much lower TOF 

was observed compared to thermally treated sample, however; both samples show similar 

selectivity for propanol. We are not certain as to why lower activities are seen for the LiBH4 

samples; this may be partially because of additional thiolates attached to Au sites near the Pd sites, 

which leads to greater mass transfer issues for catalysis at the Pd sites.       

7.5 Conclusion 

In summary, we have shown the synthesis of AuPd bimetallic nanoparticles using 

Au25(SC8H9)18
- clusters as starting precursors. Our data suggest the formation of isolated atomic 

Pd-sites on the surface of bimetallic alloy nanoparticles. EXAFS data indicate that Pd atoms 

present on the surface were bonded with thiolate stabilizers, which keep these bimetallic 

nanoparticles from significantly sintering during thermal and LiBH4 treatments. Bimetallic 

nanoparticles prepared with 6 equiv. of Pd2+ were found to be lower in size than the sample 

prepared with 0.5 equiv. of Pd2+. This is attributed to the enrichment of the surface with Pd and 

therefore the presence of more thiolate stabilizers on the surface. These catalysts also showed 

significantly higher activities for hydrogenation catalysis compared to LiBH4-treated samples. 
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CHAPTER 8 

8.1 Summary and Conclusions:  

The first objective of this thesis was to study the catalytic activity and stability of 

Au25(SR)18
- clusters in solution. Au25(SR)18

- clusters in the presence of NaBH4 reducing agent were 

found to be active catalysts for the reduction of 4-nitrophenol (Chapter 2). Here, the catalytic 

activity was found to be dependent on the chain length of thiol stabilizers. The highest catalytic 

activity was observed in the case of the lowest chain length stabilizer (2-phenylethanethiol) and 

the smallest catalytic activity was observed in the case of the longest chain length stabilizer 

(dodecanethiol). The stability of these clusters under experimental conditions was studied by using 

UV-Vis spectroscopy and mass spectrometry. After one catalytic cycle, 1-hexanethiol-protected 

Au25 clusters were isolated from the reaction mixture and characterized by UV-Vis spectroscopy 

and mass spectrometry. Data showed that these clusters were completely preserved and catalysis 

took place on intact clusters. The relative stability of these clusters compared to larger thiol-

protected Au~180 clusters against NaBH4 was also studied by UV-Vis spectroscopy. Data showed 

that Au25(SR)18
- clusters remained intact, as no significant changes in the UV-Vis absorption 

features were observed during the addition of NaBH4, while Au~180 clusters precipitated out of the 

solution. 

The second objective of this thesis was to synthesize Au25 clusters protected with –

carboxylate group-terminated thiol stabilizers (Chapter 3). We knew from our previous study 

(Chapter 2) that Au25(SC8H9)18
- clusters were more stable against NaBH4 than their larger 

counterparts. We used this knowledge in the present case and size separated 11-

mercaptoundecanoic acid and 16-mercaptohexadecanoic acid protected Au25 clusters from a 

polydisperse thiol-protected Au cluster mixture by carefully adding NaBH4. Addition of NaBH4 

led to the growth and eventually precipitation of non-Au25 clusters leaving Au25 clusters behind in 

solution. The separation process was followed by TEM and UV-Vis spectroscopy. The 

polydisperse Au cluster solution showed a featureless absorption spectrum, which is typical of 

polydisperse Au clusters in the ~ 2nm size range. After the addition of NaBH4, absorption features 

characteristic of Au25 clusters started to appear, which upon further addition of NaBH4, became 

intensified and the color of the solution changed from dark brown to reddish-orange indicating the 

removal of non-Au25 clusters from the solution. As-synthesized 11-mercaptoundecanoic acid 
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protected Au25 clusters were characterized by using mass spectrometry and were assigned as 

Au25(SR)18
- clusters (SR = 11-mercaptoundecanoic acid). These clusters could be solubilized in 

both THF and water by simply changing the pH of the solution. In the basic pH range, carboxylic 

groups on the surface were deprotonated and resulting clusters were found to be soluble in water. 

In the acidic pH range, carboxylate groups were protonated and the resulting clusters were found 

to be soluble in THF. A drawback of this work is the low yield (ca. 15%) of Au25(SR)18
- clusters.   

In the subsequent study (Chapter 4), we immobilized Au25(SC8H9)18
- clusters on 

mesoporous carbon supports, and studied their thermal activation for 4-nitrophenol reduction 

catalysis using TEM and EXAFS spectroscopy. The structural integrity of Au25(SC8H9)18
- clusters 

after their immobilization on mesoporous carbon support was maintained as shown by EXAFS 

spectroscopy. These supported clusters were calcined under air at different temperatures and after 

each calcination step, these clusters were used as catalysts for the 4-nirtrophenol reduction 

reaction. The highest catalytic activity was observed after 200oC thermal treatment and further 

increases in calcination temperature led to a decrease in catalytic activity. EXAFS and TEM 

studies indicated that enhancement in the catalytic activity was directly related to the removal of 

thiol stabilizers from the surface of these clusters during thermal treatment. At ~200oC, most of 

the thiol stabilizers were removed as shown by the EXAFS study and therefore the highest catalytic 

activity was observed.  Further increases in calcination temperature led to a decrease in catalytic 

activity because of sintering. 

Our studies show that Au25(SR)18
- clusters are active catalysts both in solution as well as 

on support materials for the reduction reaction. Both these studies show that the activity of catalyst 

was dependent on the possibility of interaction between the Au catalyst surface and 4-nitrophenol. 

Increase in the bulkiness of the stabilizers weakens the interaction between 4-nitrophenol and the 

catalyst surface and thus less catalytic activity was observed. Catalysts on mesoporous carbon 

support was found be more active than in solution. However, here too, an increase in catalytic 

activity was observed upon removal of thiol stabilizers via calcination. This again signifies the 

importance of the interaction between 4-nitrophenol and catalyst surface. The major drawback of 

supported Au clusters was their sintering at high calcination temperature leading to the decrease 

in catalytic activity.  
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The next objective of this thesis was to activate supported Au25(SC8H9)18
- clusters under 

mild conditions with minimal sintering. I found from our previous study (Chapter 4) that in order 

to activate supported Au25(SR)18
- clusters for catalysis, removal of thiol stabilizers was necessary 

by calcining these clusters at ca. 200oC under air. Calcination of supported clusters resulted in 

sintering and further calcination at higher temperature resulted in the loss of catalytic activity 

(Chapter 4).  

In Chapter 5, I supported Au25(SC8H9)18
- clusters on Al2O3 supports and studied their 

activation by subjecting them to thermal treatments in air and chemical treatments using BH4
- 

reducing agents (Chapter 5). BH4
- has been shown to have the ability to reductively remove thiol 

stabilizers from the surface of Au MPCs in solution.1,2 In the present study, we used BH4
- in order 

to study the removal of thiol stabilizers from supported Au25(SC8H9)18
- clusters. Supported clusters 

after thermal and chemical treatments were characterized by using TEM and EXAFS spectroscopy. 

Both EXAFS and TEM data showed that treatment with BH4
- led to the partial removal of thiolate 

stabilizers from the surface of supported Au25(SC8H9)18
- clusters with little to no growth in cluster 

size. Thermal treatments on the other hand led to the complete removal of thiolate stabilizers with 

significant sintering of Au clusters. Yoskamtorn et al. have recently shown that partial removal of 

thiol stabilizers from the surface of supported Au25(SC8H9)18
- via calcination was necessary in 

order to activate these clusters for selective oxidation of benzyl alcohol.3 Our study provides an 

alternative route towards the activation of supported Au25(SC8H9)18
- clusters for selective catalysis 

via relatively milder BH4
- treatment approach.             

The fourth objective of this thesis was to study the synthesis of AuPd and AuAg bimetallic 

clusters using Au25(SR)18
- clusters as starting precursors (Chapter 6). Our study was motivated by 

the earlier work from Murray and Xie groups.4-5 They showed that Au25(SC8H9)18
- clusters react 

with metal ions through galvanic exchange. Here, metal ions get reduced and Au25(SC8H9)18
- 

clusters get oxidized to Au25(SC8H9)18 clusters. Reduced metal atoms were found to be 

incorporated within Au clusters as shown by mass spectrometry. In the present study, we studied 

the reaction between Au25(SC8H9)18
- clusters with Pd2+ and Ag+ ions using EXAFS spectroscopy 

and in situ XANES spectroscopy, and elucidated the structures of the resulting bimetallic clusters. 

Spectroscopic data showed that Pd2+ reacts with the surface staple motifs of Au25(SC8H9)18
- 

clusters and form Pd(II) thiolate species. These Pd thiolate species were found to be anchored on 
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the surface of Au clusters as no growth and precipitation of Au clusters was observed by TEM 

even after the addition of 6 equiv. of Pd2+. EXAFS data indicated that palladium was replacing Au 

atoms from the surface staple motifs and the replaced Au atoms were becoming the part of Au 

core. Pd K-edge EXAFS data indicated towards the possible crosslinking between clusters through 

Pd atoms, as the Pd-S coordination number was close to 4. This is possible only when sulphur 

atoms from more than one cluster are involved in bonding with Pd atom. In situ XANES data in 

the case of Ag showed that unlike Pd2+, Ag+ got reduced to Ag and did not form Ag(I) thiolate 

species. These findings were very similar to the study from Xie group where they showed that Ag+ 

reacts with Au25(SC8H9)18
- clusters through galvanic exchange and form Au25Ag2 adduct. The 

difference in the reactivity between Pd2+ and Ag+ ions with Au25(SC8H9)18
- clusters was explained 

on the basis of the Pd-S vs Ag-S bond strengths. The Pd-S bond strength is much higher compared 

to Ag-S bond strength. This may be the reason that Pd2+ would prefer to form bond with sulphur, 

while Ag+ because of lower Ag-S bond strength would be prone to reduction. 

Finally, aforementioned AuPd bimetallic clusters (Chapter 6) were used as starting 

precursors for the synthesis of AuPd bimetallic nanoparticles (Chapter 7). Various groups have 

shown that AuPd bimetallic nanoparticles are much more efficient catalysts for a variety of 

industrially important reactions than their monometallic counterparts.6-8 However, the 

determination of the exact structure of these bimetallic nanoparticles has been challenging because 

of their polydispersity and therefore the study of the structure-property relationships has been 

difficult. In the present study, we used previously synthesized highly monodisperse, well-

characterized AuPd bimetallic clusters (Chapter 6) as starting precursors in order to synthesize 

AuPd bimetallic nanoparticles. AuPd bimetallic clusters were immobilized on Al2O3 supports and 

subjected to thermal treatment at 250oC first under air and then under H2 atmospheres or chemical 

treatment using BH4
- reducing agents. Thermal treatment at 250oC and chemical treatments were 

done in order to remove thiol stabilizers as shown in our previous studies (Chapter 3 and 4). The 

resulting bimetallic nanoparticles were characterized by using TEM and EXAFS spectroscopy. 

Data showed that both thermal and chemical treatments led to the synthesis of AuPd bimetallic 

nanoparticles via removal of thiol stabilizers. After thermal and BH4
- treatments, Pd atoms from 

the surface staple motifs came in direct contact with Au cores, resulting in the formation of AuPd 

bimetallic nanoparticles. Data also indicated that while thermal treatments led to the complete 

removal of thiol stabilizers, BH4
- treatments led to only partial thiolate removal. After BH4

- 
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treatment, the Au-S contribution was completely disappeared but Pd atoms on the surface were 

still bonded with thiol stabilizers as shown by EXAFS spectroscopy. TEM particle size analysis 

showed that significant sintering took place in thermally treated samples as compared to BH4
- 

treated samples. This agrees with results of our previous study (Chapter 5) where we showed that 

BH4
- treatment can be used in order to remove thiol stabilizers form the surface of Au25(SC8H9)18

- 

clusters with little to no growth in cluster size. These well-characterized nanoparticles were used 

for allyl alcohol hydrogenation catalysis. AuPd bimetallic nanoparticles were shown to have higher 

catalytic activity than pure Pd nanoparticles. The high catalytic activity was attributed to the 

presence of isolated atomic Pd sites on the surface. 

Finally, the major findings which we have learnt from this work are as follows. 1) 

Au25(SR)18
- clusters are more stable against NaBH4 than their larger counterparts and this fact can 

be used in the synthesis of Au25 clusters protected with functional group-terminated thiol 

stabilizers; 2) Au25(SR)18
- clusters are active for reduction catalysis and their activity can be 

improved by thermally calcining these cluster at ca. 200oC; 3) Au25(SR)18
- clusters can be used as 

template for the synthesis of AuPd and AuAg bimetallic clusters, and AuPd bimetallic 

nanoparticles; and 4) because of the highly monodisperse nature of these clusters, X-ray absorption 

spectroscopy (particularly EXAFS) can be used in order to gain an atomic level understanding of 

their structures while transforming these clusters into supported Au catalysts, AuPd and AuAg 

bimetallic clusters, and AuPd bimetallic nanoparticles. Also based on these studies, two major 

disadvantages of Au25(SR)18
- clusters are as follows. 1) While Au25(SR)18

- clusters can be activated 

under mild conditions for room temperature reduction reactions, use of these clusters for high 

temperature catalytic reactions such as methane combustion will be problematic because of 

sintering; and 2) Au25(SR)18
- clusters can be used as a template for the synthesis of AuPd bimetallic 

nanoparticles with isolated atomic Pd sites on the surface. However, because of the ultrasmall size 

(~1 nm) of these clusters, these atomic Pd atoms on the surface can be prone to agglomeration 

during high temperature catalytic reactions. Minimizing these sites on the surface can be an 

alternative route to avoid agglomeration, however; it will at the same time affect the catalytic 

activity for reactions where Pd is an active metal.  

 

 



171 
 

8.2 Outlook and Future Work: 

8.2.1 Sinter-Resistant Au25@SiO2 Nanoparticles for CH4 Oxidation:   

The long held belief of the inability of Au metal to act as catalyst was challenged in 1989 

by Haruta et al., who showed that oxide supported Au nanoparticles (less than 5 nm in diameter) 

can catalyze the low temperature oxidation of CO.9 Since then, supported Au nanoparticles have 

been used as catalysts for various reactions such as propylene oxidation, the water gas shift 

reaction, alcohols oxidations, and hydrogenation of unsaturated aldehydes and ketones.9,10-13 

According to the literature, the active Au particles in these catalytic reactions should be less than 

5 nm in diameter. Despite the high catalytic activity of Au nanoparticles in this size regime, the 

major drawback of using Au nanoparticles as catalysts has been their sintering because of the low 

melting point of Au nanoparticles, and thus the high mobility of Au atoms at intermediate 

temperatures.14 This usually prevents the use of Au nanocatalysts for high temperature catalytic 

reactions.15-17  

Various strategies have been described in the literature such as the use of high surface area 

porous oxide supports, including the encapsulation of nanoparticles within oxide shells, and the 

synthesis of yolk-shell nanoparticles in order to stabilize Au nanoparticles against sintering during 

catalysis at high temperature.18-23 While these strategies can prevent the sintering of Au 

nanoparticles during catalysis, the exact study of the size and structure dependent catalytic activity 

remains challenging mainly because of the polydispersity of Au nanoparticle starting materials. In 

most of these studies, electron microscopy has been used in order to study the changes in Au 

nanoparticles sizes during catalysis. However, small changes in Au nanoparticle sizes are difficult 

to monitor by using electron microscopy alone especially in the case of polydisperse Au clusters.  

In the Chapter 3 of this thesis, I developed a methodology for the synthesis of highly 

monodisperse and structurally well-characterized 11-mercaptoundecanoic acid protected Au25 

clusters. The surface of these clusters is terminated with carboxylic groups, therefore a SiO2 shell 

can be built around these clusters as reported in the literature for larger particles.24-25 This will 

result in the formation of Au25@SiO2 core-shell nanoparticles. Because of the presence of SiO2 

shells sintering of these clusters can be prevented. The thermal stability of these core-shell 

nanoparticles will be studied at various temperatures and finally these clusters can be used for high 

temperature CH4 oxidation reaction. Before carrying out the CH4 oxidation reaction, room 
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temperature 4-nitrophenol reduction reaction can also be studied. In Chapter 2 and 4, the catalytic 

activity of Au25(SR)18
- clusters in solution and on mesoporous carbon supports was discussed. 

Clusters were found to be active at room temperature without any thermal activation. We have 

begun to do the same room-temperature 4-nitrophenol reduction reaction using Au25@SiO2 

nanoparticles as catalysts. This will help us to gain insight into the diffusion of reactant molecules 

through SiO2 shell at room temperature. After this, these core-shell nanoparticles will be used as 

catalysts for high temperature CH4 oxidation reaction. Because of the monodispersity of these 

clusters, their size and structure dependent catalytic activity will be studied by using TEM and 

EXAFS spectroscopy as discussed in Chapter 4.  

8.2.1.1 Synthesis and Characterization of Au25@SiO2 Nanoparticles:  Synthesis of Au25@SiO2 

core-shell nanoparticles can be carried out by using a literature reported procedure used for larger 

Au nanoparticles.25 Briefly, first, 11-mercaptodecanoic acid protected Au25 clusters is dissolved in 

water. Then, to this mixture, tetraethoxysilane pre-dissolved in ethanol is added followed by the 

addition of ammonia. The resulting solution is left stirring at room temperature for several hours, 

and the progress of the reaction is monitored by TEM. Below is a TEM image of Au25@SiO2 

nanoparticles, synthesized by my colleague Sudheesh Veeranmaril who is following up this area 

up and provided the image (Figure 8.1).  

 

Figure 8.1. TEM image showing Au25@SiO2 nanoparticles. 
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As-synthesized Au25@SiO2 core-shell can be characterized by using TEM and EXAFS 

spectroscopy. While TEM can help study the size of Au clusters and number of Au clusters inside 

the SiO2 shell, EXAFS spectroscopy can give us insight into the structural integrity of Au25 clusters 

encapsulated within SiO2 shells. These nanoparticles will be calcined at different temperatures in 

order to study the removal of thiol stabilizers and associated sintering. The concomitant changes 

in size and structure will be studied by using TEM and EXAFS spectroscopy. Finally, these core-

shell nanoparticles will be used for 4-nitrophenol reduction and methane oxidation reactions. 

These reactions will be done by using catalysts calcined at different temperatures, and structure-

catalytic-activity relationships will be aided by using TEM and EXAFS spectroscopy 

characterization of the clusters. 

8.2.2 AuPd Bimetallic Nanoparticles for Selective Catalysis: Various groups have suggested 

that alloying Au with Pd significantly improves the activity and selectivity of the resulting AuPd 

bimetallic nanoparticles catalysts for various reactions such as CO oxidation, vinyl acetate 

synthesis, H2O2 synthesis, acetylene trimerization, and hydrodesulfurization reactions.26 

Enhancement in activity and selectivity has been mainly attributed to two effects, namely ligand 

effects and ensemble effects. While ligand effects are based on the modification in electronic 

structure upon mixing two metal components, ensemble effect are because of the presence of a 

particular arrangement of active metal ensembles on the surface of bimetallic nanoparticles. In 

some of these studies, structure-property assignments have been made using single crystal surfaces 

of either Au or Pd metal, followed by sequentially deposition of the second metal and annealing 

at different temperatures. By controlling the annealing temperature, the surface structure of 

resulting bimetallic species can be controlled for a particular catalytic reaction. For example; 

Lambert et al. showed that the Au6Pd ensemble was responsible for the production of benzene 

from 3 acetylene molecules.27 Here, the surface composition was controlled by annealing 

Pd(111)/Au surfaces at different temperatures. Goodman et al. studied the formation of vinyl 

acetate on AuPd bimetallic surfaces.28 Here, Pd was deposited on Au(111) and Au(100) surfaces 

and the resulting samples were annealed at different temperatures. After annealing, Pd atoms were 

found to be isolated on the surface of Au and higher catalytic activity was observed for Pd 

deposited on Au (111) surfaces. Based on a series of spectroscopic measurements, this was 

assigned to the lower distance between atomic Pd sites on Au(111) surfaces after annealing than 

on Au(100) surfaces. Gao et al. tested AuPd(100) surfaces for CO oxidation reaction and found 
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that at low CO pressure, the reaction rate was very low.29 However, at higher CO pressure (~ 

atmospheric pressure), the rate of CO oxidation was enhanced multifold. This rate enhancement 

was attributed to the formation of surface Pd ensembles at higher CO pressure compared to isolated 

Pd sites at lower CO pressure. CO has a very high binding affinity with Pd, which resulted in the 

surface segregation of Pd at higher CO pressure.  

The study of structure-property relationships using AuPd catalysts synthesized using 

solution routes is rare. This is apparently because of the lack of solution-based synthesis 

methodologies available in order to design monodisperse, well-characterized AuPd catalysts. In 

most of the cases, AuPd catalysts prepared through solution based routes are polydisperse in nature 

and this results in a wide gap between the predicted catalytic activity based on singe crystal 

surfaces and catalytic activity observed using AuPd catalysts synthesized through solution based 

routes for practical applications.           

In Chapter 6 of this thesis, the synthesis of AuPd bimetallic nanoparticles using highly 

monodisperse and well-characterized Au25(SC8H9)18
- clusters has been discussed. These well-

characterized nanoparticles were shown to have Au cluster core and atomic dispersion of Pd atoms 

on the surface. Because of their well-characterized structures, these nanoparticles will be used as 

model catalysts for vinyl acetate synthesis. 

Vinyl Acetate Synthesis: Acetoxylation of ethylene on bimetallic Au-Pd surface is a well-

established route for the synthesis of vinyl acetate (Scheme 8.1). Side reactions are the combustion 

of reactants and products.29 

 

Scheme 8.1. Synthesis of vinyl acetate using acetic acid and ethylene. 

Compared to pure Pd nanoparticle catalysts, AuPd bimetallic nanoparticle catalysts have 

been shown to have higher activity and improved selectivity for vinyl acetate formation. Studies 

have shown that in AuPd bimetallic catalysts, because of weaker binding of reactant molecules, 

side reactions can be prevented to a large extent.29 Furthermore, catalytic studies on single crystal 

Pd/Au(111) and Pd/Au(100) surfaces demonstrated that atomic dispersion of  Pd on Au(111) 

surface leads to the higher activity and selectivity for vinyl acetate synthesis. This was attributed 
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to the shorter distance between atomic Pd sites on Au(111) surface, which was suitable for the 

coupling between reactant molecules.30 

In future, we plan to use AuPd bimetallic nanoparticles discussed in Chapter 7 for vinyl 

acetate synthesis reactions. These well-characterized AuPd bimetallic nanoparticles were shown 

to have Au cores and atomic Pd sites on the surface. The methodology reported for the synthesis 

of AuPd nanoparticles has potential to tune the dispersion and therefore distance between Pd atoms 

by tuning the size of Au core and/or the Pd:Au ratio used to make the bimetallic clusters. 

Correlation between the dispersion of Pd atoms on the surface of the Au core will be made with 

the activity and selectivity for vinyl acetate formation.             
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