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Abstract 

Research on thiolate-protected gold nanoclusters (AuSR NCs) has recently 

attracted a great deal of interests due to their intriguing atomic structure and promising 

applications in catalysis, nanoelectronics, bio-detection, and so on. Among the AuSR 

NCs reported so far, the NCs with face centered cubic (FCC)-like core structure are 

particularly interesting because of its similar geometry to bulk gold. In addition, 

hexagonal-close-packed (HCP)-like and body-centered cubic (BCC)-like AuSR NCs 

have also been discovered recently, and thus it will be important to understand how 

such new core geometry will influence their bonding properties. 

In this thesis, the focus is placed on the experimental and theoretical X-ray 

absorption spectroscopy (XAS) studies of the local structure and bonding properties 

of FCC-like, HCP-like and BCC-like AuSR NCs: Au44(SR)28, Au30(SR)18 and 

Au38S2(SR)20. First, experimental XAS at Au L3-edge was employed to investigate 

the bonding properties of Au44(SR)28. A multi-shell XAS fitting procedure was 

developed to probe its local structure from the gold perspective. In addition, 

temperature-dependent XAS was used to study the dynamic bonding behavior of the 

NCs. By comparing with the XAS fitting results of two other NCs, Au28(SR)20 and 

Au36(SR)24, a unique size-dependent trend was discovered for this series of FCC-like 

AuSR NCs. The size-dependent bonding behavior of these NCs was accounted for by 

closely examining the core structure of the three NCs. Second, Au L3-edge XAS was 

used to study the bonding properties of HCP-like Au30(SR)18. By comparing with 

icosahedral-like Au25(SR)18 and FCC-like Au36(SR)24, X-ray absorption near edge 

structure (XANES) analysis in association with site-specific simulations was 

performed to study the bonding properties of surface gold sites. Temperature-

dependent XAS measurements were employed to help to examine the thermal 

bonding behavior in the first Au-Au shells. Finally, the bonding properties of BCC-

like Au38S2(SR)20 was presented by comparing its XAS results with the bi-

icosahedral like Au38(SR)24 due to their similar composition. XANES, together with 

site-specific simulations, was employed to study their bonding properties from the 

surface site perspective. The special surface Au-Au bonding properties of the BCC-

like NCs were found to be connected with its unusual sulfide gold unit. The ligand 

effect on solvation-induced structure change was further investigated on these NCs 

by multi-shell EXAFS fitting, suggesting the ligand structure can be used to control 

the solution-phase bonding behavior of the NCs. Overall, this work highlights the 

important role of the core geometry in controlling the NC core, surface and ligand 

bonding behavior. The XAS methodology demonstrated in this thesis employing the 

first derivative XANES and simulations, in association with the multi-shell EXAFS 

analysis, can also be extended to the studies of other metal NC systems. 
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Chapter 1 – Introduction 

1.1 Overview of Noble Metal Nanoparticles 

A general description of nanotechnology is the technological applications of 

engineered materials or devices with at least one dimension falling within the 

nanoscale (~1-100 nm).1 Among the various materials being used in nanotechnology,  

noble metal nanoparticles (NPs) play a particularly important role.2 Noble metal NPs 

can be prepared using a variety of approaches, such as the wet-chemical method.3 

This preparation method is useful in the control of NP size, shape and composition4 

which are fundamental for directing the NP properties. 

The catalytic activity of noble metals is strongly dependent on their sizes and 

shapes.5 In comparison with bulk metals, noble metal NPs have a higher surface-to-

volume ratio. The larger surface area of NPs often leads to better catalytic 

performance.6 As a result, size-controlled noble metal NPs are widely used in various 

catalysis processes.7–9 For example, they can be used as electrocatalysts to catalyze 

fuel cell reactions.10–12 Additionally, size can also have a dramatic effect on the 

electronic properties of noble metal NPs. For instance, when the size of metal 

particles is decreased to 1-2 nm, well-separated molecular orbitals will form, in 

contrast to the typical band structure for the bulk. As such, their catalytic properties 

will be significantly changed.13   
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The optical properties of NPs play an important role in their applications in 

biotechnology.14 In 1908, Gustav Mie found the interaction between light and metal 

NPs can result in the resonant oscillations of conduction electrons on the NP surface. 

This phenomenon is known as surface plasmon resonance (SPR),15 and the important 

formulation for handling particle-light interaction is generally referred to as Mie 

theory.16 Based on the Mie theory, the SPR frequency depends on the composition, 

size and shape of NPs. For example, when the size of noble metals is reduced from 

bulk to nanoscale, their color in solution can often be changed.2 That is because the 

NP size affects the oscillations of the surface electrons which will finally change the 

optical properties. Moreover, NPs can be prepared in various shapes, such as 

spheres,17 wires,18 tubes,19 rods20 and cubes.21 The controlled shape can be used to 

tune the SPR features of the NPs, which is very useful in many SPR-related 

applications.22,23 For example, silver nanorods have two SPR absorption peaks, while 

spherical silver NPs have only one SPR absorption peak. The extra SPR band will 

provide new opportunities for sensing applications.24 In addition, SPR frequency is 

also related to the dielectric properties of the surrounding medium, and the inter-

nanoparticle coupling interactions.14 The sensitivity of the NP SPR frequency to the 

local medium dielectric constant can be used to generate a biosensor for the detection 

of an analyte.25–27 
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1.2 Gold Nanoparticles 

Among all the metals, gold is the most stable and is one of the most frequently 

used elements in nanotechnology.28 Gold nanoparticles (Au NPs), sometimes also 

called gold colloids or soluble gold, are known as the most stable metal NPs. The 

term “gold colloid” was named by Graham in 1861.29 In fact, Au NPs have a much 

longer history than any other noble metal NPs. Around 4th or 5th century, “soluble” 

gold was found to be used in Egypt and China for medical purposes.28 At the same 

time, people started to employ gold colloids to make ruby glass and to color 

ceramics.30 However, the lack of stability of gold colloids limited further 

application.28 As such, studies on how to make them more stable continued for a long 

time.30 For example, in 1718, Hans Heinrich Helcher found the stability of soluble 

gold can be enhanced using boiled starch in the preparation process.30 

It wasn’t until the twentieth century that significant progress on Au NP synthesis 

was achieved. In 1951, Turkevitch reported the citrate reduction method to prepare 

Au NPs,30 which has been widely used for several decades. In this method, citrate 

was used to both reduce Au3+ and protect surface of Au NPs. However, the NPs 

prepared by this method are only stable in solution, thus limiting the application of 

the NPs. The most important finding on the preparation of stable Au NPs is perhaps 

the synthesis of thiolate-protected Au NPs in a two-phase liquid-liquid system 

published by Brust et al. in 1994.31 The discovery of thiolate-protected Au NPs 
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successfully overcame the problem of low stability and allows the NPs to be dried 

and stored for a long time.  

In the study of Au NPs, the optical and electronic properties are found to be 

largely dependent on the size, shape and surface chemistry.4,28,32–34 In other words, 

the optical and electronic properties of Au NPs are tunable by controlling their 

structure. Au NPs can then be used in many applications based on these tunable 

properties. Au NPs with controllable optical properties are widely used for 

applications in nanotechnology such as bioimaging,35,36 biosensors,26,27 and optical 

coatings.37 For example, Au NPs can be conjugated to specific antibodies and the 

modified surface can help them to enter malignant cells. By collecting SPR scattering 

images and SPR absorption spectra from these Au NPs, the anatomic labeling 

information can be achieved.38 Secondly, Au NPs with tunable electronic properties 

show promising catalytic performances in a number of catalytic reactions such as CO 

oxidation39 and acetylene hydrochlorination.40 For instance, Au NPs supported on 

metal oxides such as Co3O4, Fe2O3, and TiO2 can form an active interface along the 

perimeter of Au NPs, making them highly reactive in CO oxidation catalytic 

processes.30 
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1.3 Gold Nanoclusters  

1.3.1 General background 

Au NCs normally consist of 10s to 100s Au atoms and usually have a particle 

diameter less than 2 nm.13,41 Unlike larger Au NPs, the ultra-small size of Au NCs 

induces distinctive quantum confinement effects, which result in discrete electronic 

structure and molecule-like properties, such as HOMO–LUMO electronic transition, 

enhanced photoluminescence, and intrinsic magnetism.42–44 These unique properties 

make Au NCs promising for widespread applications such as catalysis45,46 and 

bioimaging.41,47  

To stabilize the Au NCs, various ligands are employed, such as the thiolate,48 

phosphine,49 selenolate50 and proteins.41,51,52 One of the first Au NCs with precisely 

controlled structure was phosphine-protected Au55 cluster reported by the Schmid’s 

group in 1981.53 Further analysis using EXAFS, reported by Cluskey et al., suggested 

the existence of both phosphine and chloride ligands on the surface of the NCs.49  

Within the variety of useable protecting ligands, thiolate ligands show excellent 

stability and versatility in Au NC surface functionalization.13,44 Unlike other ligands, 

thiolate on the surface of Au NCs can form very strong covalent bonds, helping to 

create a more stable NC structure.13 Furthermore, the thiolate ligands are more 

widely available in various formats partially due to their natural existence in 

biomolecules such as amino acid and peptide.13 Because of the high sensitivity of 
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properties to the number of atoms, the thiolate-protected Au NCs are usually 

described using the chemical formula [Aun(SR)m]q.54–76 In this formula, n is the 

number of Au atoms, m is the number of thiolate ligands (SR), and q is the total 

valence charge on the cluster. 

1.3.2 Synthesis of thiolate-protected gold nanoclusters 

The synthesis of Au NCs has been widely studied over the last few decades. 

Initially, gas phase metal clusters were reported.77 However, the gas state metal clusters 

were short-lived and hard to functionalize. Solution-phase synthesis helped Au NCs to 

achieve better stability.77 Since the well-established synthesis protocol of thiolate-

protected Au NPs by Brust et al.,78,79 the synthesis of Au NCs has generally included 

two routes: “atoms to clusters” and “clusters to clusters”.80 In the route of “atoms to 

clusters”, Au ions are reduced into zerovalent atoms. After that, Au NCs form through 

nucleation of Au atoms. However, Au NCs easily aggregate to form larger Au NPs. To 

solve this problem, different types of ligands are employed to stabilize and protect Au 

NCs. In the other route (“clusters to clusters”), Au NCs are formed by etching surface 

atoms of other Au NCs with appropriate ligands.80 To generate thiolate-protected Au 

NCs using this method, the surface-stablized Au NCs and excessive etchant molecules 

are mixed. The surface of Au NCs is etched via ligand-exchange. The etchant-Au 

complexation is then treated under specific conditions including desired temperature 

and reaction time to reorganize the core and surface structure of the NCs. Finally, Au 
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NCs with specific composition are purified and collected.  

Regarding the synthesis of FCC-like Au NCs, the “clusters to clusters” route was 

employed to synthesize the Au20(SR)16, Au28(SR)20 and Au36(SR)24 NCs.73,75,76 In the 

synthetic process, precursors reacted with excess thiol ligands at specific temperature 

to form Au NCs with specific composition. For example, Au28(SR)20 NCs were 

prepared from the reaction between excess thiol ligands and Au25(SR)18
- precursor at 

80 °C for 2 hours.73 Au20(SR)16 NCs were also generated from Au25(SR)18
- precursor. 

In this synthetic process, the precursor reacted with excess thiol ligands at 40 °C for 8 

hours.75 Using a similar method, Au36(SR)24 NCs were prepared from the reaction 

between excess thiol ligands and Au38(SR)24 precursor at 80 °C for more than 12 

hours.76 Unlike the above FCC-like Au NCs, the Au44(SR)28 NCs were synthesized 

using both routes via a two-step “size focusing” process.66 In the first step, size-mixed 

Aux(SR)y NCs were formed from HAuCl4 precursor (i.e. atoms to clusters). In the 

second step, size-mixed NCs were dissolved in toluene and etchant thiol ligands. After 

reacting at 60 °C for 24 hours, Au44(SR)28 NCs were produced in high yield. In the end, 

Au44(SR)28 NCs could be separated from the reaction mixture and collected.  

1.3.3 Atomic structures of thiolate-protected gold nanoclusters 

In 2007, the high purity synthesis and total structure determination of 

Au102(SR)44 was published.71 It was the first report of the total structure of thiolate-

protected Au NCs.71 Figure 1-1 shows the structural model of Au102(SR)44 (all the 
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models in this thesis were generated after publication). The Au102(SR)44 NCs consist 

of a 79-atom core (Au79) core protected by 19 single and two double Au-thiolate 

staple-like motif. 

 

Figure 1 - 1. (a) Model of the Au102(SR)44 NC. 71 Au102(SR)44 consists of (b) Au core, 

(c) double and (d) single staple binding motifs. Yellow represents gold, red 

represents sulfur atoms. The carbon and hydrogen atoms have been removed for 

clarity. 

In thiolate-protected Au NCs, types of Au bonding environments can be 

typically divided into three sites: the core site, the surface site and the staple site. In 

the core site, these Au atoms only bind to other Au atoms. So, the core has the 

highest degree of Au-Au coordination. Au atoms in surface sites usually coordinate to 

both neighboring Au atoms and S atoms from protecting ligands. In the staple site, 

each Au binds to two S atoms to form the protecting layers for the NCs. 

The size of thiolate-protected Au NCs can be precisely controlled. (Figure 1-2) 
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Size-controlled thiolate-protected Au NCs are found to have different core structures 

such as the icosahedral Au core, the FCC-like Au core and the smaller Au core (less 

than the smallest icosahedron of 13 Au atoms) structures. Some of the reported Au 

NCs are shown in Figure 1-2. Au NCs with an icosahedral Au core structure include 

Au102(SR)44, Au38(SR)24 and Au25(SR)18 NCs.71,72,74 (Figure 1-2a, b and c) Smaller 

than 13-atom Au core structures appear in Au24(SR)20 and [Au23(SR)16]
- (Figure 1-2d 

and e).52,53  

 

Figure 1 - 2. Icosahedral type Au NCs: a) Au102(SR)44;71 b) Au38(SR)24;72 c) 

Au25(SR)18.74 Small or miscellaneous Au core: d) Au24(SR)20;70 e) [Au23(SR)16]-.67 

Carbon and hydrogen are removed for clarity. 

On the surface of Au core, the stabilizing surface structures (i.e. the staple-like 
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motif) have a significant effect on the NC electronic properties due to the strong 

interaction between gold and sulfur atoms. Various surface staple binding motifs have 

been identified for Au NCs including single staple, double staple and ring-like staple 

binding motifs.13,66,71,75,81,82 Ring-like staple binding motifs refer to the Au-thiolate 

oligomers with three or more Au atoms. Usually, this type of staple bind motifs only 

appears in Au NCs with smaller core structures.75 In contrast, the single and double 

staple binding motifs are more common in bigger Au NCs.81,83 

1.3.4 FCC-, HCP- and BCC-like thiolate-protected gold nanoclusters 

In the past few years, a series of thiolate-protected Au NCs with FCC-like core 

geometry were reported.66,73,75,76 This “magic series” can be described using a unified 

formula of Au8n+4(SR)4n+8 (n=2-6) ,66 such as Au28(SR)20, Au36(SR)24 and 

Au44(SR)28.
66,73,75,76 Au28(SR)20 (Figure 1-3a) consists of a 20-atom (Au20) core, four 

double staple binding motifs and eight bridging S atoms. The bridging S refers to a 

sulfur atom which connects to two surface Au atoms (Figure 1-3d). Au36(SR)24 

(Figure 1-3b) consists of a 28-atom (Au28) core stabilized by four double staple 

binding motifs and 12 bridging S atoms. In Figure 1-3c, Au44(SR)28 consists of a 34-

atom (Au34) core, two single staple motifs, four double staple motifs, and twelve 

bridging S atoms. In all these FCC-like cores, the smallest structural unit with 

metallic bonds (R<2.88 angstrom) is a four-atom Au (Au4 unit) tetrahedron (Figure 

1-3e). These small Au4 units are connected by sharing the vertex Au or longer 
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distance non-metallic Au-Au bonds (Figure 1-3f).  

 

Figure 1 - 3. FCC type Au NCs: a) Au28(SR)20,73 b) Au36(SR)24,76 c) Au44(SR)28.66 

d) A bridging S which connects to two surface Au atoms. e) Smallest structural 

Au4 unit. f) A Au7 unit core (Au atoms with red bonds) within one-complete-shell 

FCC cluster.  

In this work, XAS studies of Au44(SR)28 will be carried out by comparing them 

with other previously studied FCC-like NCs such as Au28(SR)20 and Au36(SR)24. This 

will help to understand the similarity and difference of local structure and electronic 
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properties in the FCC-like Au NCs with various sizes. The detailed study of 

Au44(SR)28 is presented in Chapter 3.  

Recently, hexagonal-close-packed (HCP)-like Au30(SR)18 and body centered 

cubic (BCC)-like Au38S2(SR)20 were synthesized.84,85 The HCP- and BCC-like core 

geometry has never been found in thiolate-protected Au NCs before. The 

corresponding total structure are displayed in Figure 1-4. Au30(SR)18 consists of 

HCP-like Au18 core protected by six dimeric Au2(SR)3 staple motifs. Au38S2(SR)20 

shows a Au30 body centered cubic (BCC)-like core stabilized by 4 Au2(SR)3 staple 

like motifs. It is interesting to note that the two sulfide atoms in Au38S2(SR)20 has 

been found for the first time in thiolate-protected Au NCs. The detailed studies of 

Au30(SR)18 and Au38S2(SR)20 are presented in Chapter 4 and 5, respectively.  

 

Figure 1 - 4. Total structure of a) HCP-like Au30(SR)18 and b) BCC-like 

Au38S2(SR)20. 

1.4 Motivation and Outline of Thesis 

Previous relevant studies of FCC-like Au NCs focused on the comparison of 

Au28(SR)20 and Au36(SR)24 NCs with their icosahedral-like counterparts like 
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Au25(SR)18 and Au38(SR)24.
81,82 These studies help to understand how their special 

local structure and electronic properties are influenced by the FCC-like core geometry. 

These studies implied that how these FCC-like Au NCs are related to their icosahedral-

like counterparts regarding the structure and bonding properties. More recently, a few 

new FCC-like Au NCs have been reported such as Au20(SR)16
75 and Au44(SR)28.

66 In 

this thesis, the study of FCC-like Au NCs will focus on Au44(SR)28 NCs. They were 

compared to the other FCC-like NCs with a goal to understand the overall trend in their 

structural and bonding properties. Furthermore, HCP-like and BCC-like Au NCs 

cannot be studied using the same method as FCC-like Au NCs because only one cluster 

has been found so far for each category. Therefore, HCP-like Au30(SR)18 is compared 

with icosahedral and FCC-like Au NCs to study the bonding properties related to the 

core geometry. Different from HCP-like Au NCs, the research of BCC-like 

Au38S2(SR)20 is carried out together with Au NCs which has similar component and 

NC size. 

Following the introduction, Chapter 2 presents the experimental details. First, 

synchrotron radiation and facilities used to collect EXAFS data are discussed. Next, 

principles of X-ray absorption spectroscopy are presented. The general theoretical 

background of extended X-ray absorption fine structure (EXAFS) and X-ray 

absorption near-edge structure (XANES) is discussed. Furthermore, the ab initio 

calculations of X-ray spectroscopy using the FEFF computer code is introduced.86  

Au NC with FCC-like core structure, Au44(SR)28 is studied in Chapter 3. All the 
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results and discussion are based on the measurements from the experimental XAS data. 

Firstly, the local structure of Au44(SR)28 is studied using Au L3-edge temperature-

dependent EXAFS by comparing it with Au28(SR)20 and Au36(SR)24. Bond distance 

distribution of Au44(SR)28 was calculated based on the total structure. The coordination 

numbers (CN) calculated from bond distance distribution are then used in the 

temperature-dependent EXAFS fit. Based on the fitting results, the negative thermal 

expansion (NTE) is found in the Au-S, the shorter Au-Au and the longer Au-Au 

scattering shells in Au44(SR)28. Finally, by comparing the temperature-dependent 

EXAFS fitting results from Au28(SR)20 and Au36(SR)24, size-dependent NTE is 

discussed for these NCs. 

Next, the study of HCP-like Au30(SR)18 is shown in Chapter 4. The bonding 

properties of Au30(SR)18 were probed using XAS measurements and were further 

compared with icosahedral-like Au25(SR)18 and FCC-like Au36(SR)24. The analysis of 

XANES, together with theoretical calculations, is firstly performed to understand the 

relationship between early region of XANES and Au-Au bond distances in varied gold 

sites. The Au L3-edge temperature-dependent EXAFS is then carried out to explain the 

more pronounced NTE in HCP-like gold core. 

In Chapter 5, the bonding properties of BCC-like Au38S2(SR)20 are also carried 

out using XAS measurements. The similar-sized bi-icosahedral Au38(SR)24 NC is used 

as a comparison. Firstly, experimental XANES in association with simulated XANES 

helps to understand how Au-Au bond distance effect the early region of XANES. The 
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Au L3-edge EXAFS of Au38S2(SR)20 and Au38(SR)24 from solid and solvent phase is 

then compared to discuss the negative expansion in Au38S2(SR)20 upon solvation. 

Finally, the conclusion and future work is discussed in Chapter 6. Conclusion on 

the Au44(SR)28 study is presented from the perspective of local structure and the size-

dependent NTE trend. The finding of the near-edge XANES and NTE of Au30(SR)18 is 

summarized. Furthermore, the study of Au38S2(SR)20 is concluded with XANES and 

Au-Au bond expansion upon solvation. In the end, future work for this thesis is 

proposed, which includes adding the new Au52(SR)32 into the comparative study of 

FCC-like Au NCs, studying new HCP-like Au NCs and understanding how Au-Au 

bond distance expansion upon solvation happens in Au38S2(SR)20.  
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Chapter 2 – Experimental Techniques 

2.1 Introduction to Synchrotron Radiation 

Synchrotron radiation is the electromagnetic radiation emitted by charged 

particles travelling on a curved trajectory.87 It is a very powerful tool which can provide 

intense photon flux with tunable wavelengths ranging from infrared light to hard X-

rays.87 In a modern synchrotron facility (Figure 2-1), the electrons are first accelerated 

in a linear accelerator. Accelerated electrons are injected into a booster ring to achieve 

near-relativistic speeds (i.e. near light speed). These electrons are then injected into the 

storage ring. In the storage ring, the electrons can be controlled by the magnetic fields 

to travel on a desired trajectory. When the electrons pass through the bending magnets 

and/or insertion devices (undulators, wigglers), synchrotron radiation is produced. 

Finally, the generated electromagnetic radiation is delivered to the different beamline 

stations.  

In a third-generation synchrotron facility, three types of magnets are commonly 

employed including bending magnets, undulators and wigglers. Bending magnets can 

help to produce a curved trajectory of the charged particles. Wigglers provide stronger 

magnetic fields and cause a broader electron beam with higher beam intensity than 

bending magnets. Different from wigglers, undulators with relatively weaker magnetic 

fields usually help to give a narrower photon beam with a smaller range of energy and 
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a much higher beam intensity.87 

 

Figure 2 - 1. A general schematic for a synchrotron facility. 

Based on the energy range needed for specific experiments, different synchrotrons 

and/or beamline stations are selected for radiation-based measurements. The Advanced 

Photon Source (APS) was used in this work. The APS is located at Argonne National 

Laboratory and is one of the U.S. synchrotron facilities which is available since 1995. 

The APS has a storage ring with very high energy and thus is particularly suitable for 

hard X-ray experiments. The APS consists of 34 sectors with 70 beamlines in total. 

Each sector contains one or more beamlines. Although the energy range of the 

beamlines is quite broad at the APS, X-ray beams with more intense photon flux can 
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often be achieved in the hard X-ray region than a smaller synchrotron. Therefore, it is 

more desirable to measure heavy elements with higher binding energies.  

The hard X-ray measurements presented in this thesis were conducted at Sector 

20 of the APS. The bending magnet beamline at sector 20 (20-BM-B) has an energy 

range of 2.7-32 keV and can be employed for the measurements of XAFS and 

Microfluorescence (hard X-ray). In this study, Au L3-edge XANES/EXAFS 

experiments were carried out at this beamline.  

 

2.2 X-ray Absorption Spectroscopy (XAS) Technique 

2.2.1 Introduction to X-ray absorption and detection 

X-ray absorption spectroscopy (XAS), also called X-ray absorption fine structure 

(XAFS), is a widely used technique to determine the bonding structure and electronic 

properties for various materials.13 XAS is one of the few structural tools which can be 

used to study noncrystalline and highly disordered materials, including those in 

solution phase. Because of its element specific feature, XAS is particularly useful for 

the measurement of multi-element samples. In addition, due to the use of synchrotron 

facility, XAS shows a high sensitivity in the measurements. This makes XAS widely 

used for nanomaterials of small quantity.  

In a typical transmission XAS measurement, an X-ray beam passes through a 

sample and the change of X-ray beam intensity will be monitored. In the measurement, 
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X-ray absorption will occur only if the incident photon has sufficient energy to promote 

the core-electrons to higher unoccupied states (Figure 2-2). Such an absorption induces 

a sudden increase in the absorbance, which is referred to as an absorption edge (e.g. K, 

L1, L2, L3, M1 edge etc.). The commonly used absorption edges and corresponding 

electronic transitions are listed in Table 2-1. Therefore, the X-ray excitation energies 

of the absorption edges are equal to the binding energies (unique in each element) of 

the core-electrons being excited. This also explains the element-specific nature of the 

XAS measurements.  

 

Figure 2 - 2. Three major transitions: K edge, L edge and M edge transitions are 

identified. 
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Table 2 - 1. Absorption edges and the different transitions between initial states 

and final states. 

Absorption edge Initial state Final state 

K state 1s p 

L1 state 2s p 

L2 state 2p1/2 s, d 

L3 state 2p3/2 s, d 

M1 state 3s p 

M2 state 3p1/2 s, d 

M3 state 3p3/2 s, d 

 

The electronic transitions listed in table 2-1 observe the following dipole selection 

rule: 

 Δ𝑙 =  ± 𝑙 (1) 

where Δl represents the difference of angular momentum quantum number between 

initial and final electronic states. For instance, the most studied K- and L3-edges for 

NPs represents the transitions from 1s to valence p-state and from 2p to valence d-

states, respectively.  

Due to the absorption, the intensity of transmitted X-rays will be decreased. The 

decrement can be quantified by using the intensity of the X-ray beam before (I0) and 

after transmission (I) through the sample. In X-ray transmission, μ(E) can be derived 
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using equation:  

 𝜇(𝐸)  =  log(𝐼0/𝐼)  (2) 

The X-ray absorption coefficient (μ(E)) is dependent on atomic number and the 

incident X-ray energy. Regardless of local environment, μ(E) is intrinsic to each 

element. 

 

 

 

Figure 2 - 3. Incoming X-ray with intensity of I0 passed through the sample of 

thickness t. the transmitted X-ray beam has intensity of I. 

The absorption coefficient (μ(E)) can also be derived from the X-ray fluorescence. 

In X-ray fluorescence, the electron in the higher energy level fills the core hole and 

ejects an X-ray photon with well-defined energy (Figure 2-4a). The ejected photon will 

finally be detected by an X-ray fluorescence detector (Figure 2-4b). Therefore, the 

relationship between energy and absorption coefficient is described using the equation: 

 𝜇(𝐸)  ∝  𝐼f /𝐼0 (3) 

where If is the intensity of and I0 is the intensity of incident X-rays. 
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Figure 2 - 4. (a) X-ray fluorescence, (b) Schematic view of X-ray fluorescence from 

a material. Fluorescence is collected by fluorescence detector on the bottom which 

is at an appropriate angle with the sample. 

In experiments, samples in different phases usually have different thickness and 

concentrations. When the sample with high concentration is uniform and free of 

pinholes, the X-ray transmission mode is usually employed. On the contrary, X-ray 

fluorescence mode is the preferred technique for the low concentration samples. If 

high concentration samples are measured using fluorescence mode, the ejected 

fluorescence photons will be self-absorbed by the samples. This self-absorption will 

influence the accuracy of the XAS measurement.88 
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The absorption coefficient μ(E) measured near and above the absorption edge of 

element is plotted against X-ray energy to form the XAS spectrum. The complete XAS 

spectrum can be broken into two main portions: X-ray absorption near-edge 

spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS).89 The 

XAS spectrum of Au foil is used as an example (Figure 2-5). In the total spectrum, the 

early region of the spectrum is normally called XANES. The EXAFS part is the 

oscillation in the later region. XANES is widely used to study electronic properties. 

EXAFS is employed to study structural information including bond distance (R) and 

CN. The principles of XANES and EXAFS will be discussed separately below.  

 

Figure 2 - 5. XAFS for Au foil. The measured spectrum is shown with the XANES 

and EXAFS regions identified. 
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2.2.2 X-ray absorption near-edge spectroscopy (XANES) 

The XANES region of an XAS spectrum typically ranges from ± 30 eV from the 

absorption edge. It can be divided into the pre-edge, absorption edge and post-edge 

sections (Figure 2-6). The section with weak intensity and lower energy than the 

absorption edge is referred to as the pre-edge XANES (Figure 2-6①). It is the only 

section in XANES which sometimes has no direct physical meaning for certain 

elements like heavy metals. For example, pre-edge features do not occur in Ag K-edge 

and Au L3-edge XANES of NPs.82,90 However, the physical meaning of pre-edge is 

significant for elements with low atomic number. For instance, small pre-edge features 

were found in S K-edge XANES spectra of thiolate-protected metal NPs, which are 

useful to probe ligand-metal bonding.90 Furthermore, the pre-edge section plays an 

important role in data processing (i.e. normalization) of XAS spectra. 

The most significant change of absorbance in the XANES spectrum takes place 

at the absorption edge (Figure 2-6②), which arises from transitions of electrons 

between occupied core states to unoccupied valence states. Because of the transitions 

of electrons, absorption edge is sensitive to the effective nuclear charge. That is why 

absorption edge can help to study the electronic properties such as oxidation state. 

For example, if K-edge transitions are compared for metal and metal oxides of the 

same element, the energy required for metal oxides is higher because of the high 

effective nuclear charge. Then the difference in the absorption edge position can help 
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to distinguish the oxidation states. 

 

Figure 2 - 6. Au L3-edge XANES spectrum of Au foil showing the ① pre-edge ② 

absorption edge and ③ post-edge sections. 

The post-edge section (Figure 2-6③) is attributed to two effects. The first one is 

the electronic transition between energy states. However, these transitions sometime 

do not follow the dipole selection rule. For instance, the post-edge feature caused by 

the electronic transitions between s states and d states is found in S K-edge XANES of 

Au NCs.81 The second effect is the scattering of photoelectrons between multiple 

neighboring atoms. In this case, emitted photoelectrons travel in all directions, with 

some scattered photoelectrons returning to the absorbing atom. Because the 

photoelectrons can be scattered by multiple atoms, various scattering paths such as the 

triangular and linear multiple scattering paths (Figure 2-7① and ②) contribute to the 
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spectral oscillations immediately following the absorption edge. Different oscillation 

features can provide qualitative information about the structure around the absorbing 

atom, such as lattice type.   

 

 

Figure 2 - 7. Multiple scattering paths: ① triangular and ② linear multiple 

scattering paths contribute to post-edge in XANES spectrum. 

2.2.3 Extended X-ray absorption fine structure (EXAFS) 

Oscillations related to the EXAFS region begin approximately 30 eV after the 

absorption edge. The origin of these post-edge oscillations can be explained in several 

key steps. In the first step, the X-ray beam with high enough energy excites core 

electrons from absorbing atom. The excitation of core electrons from lower energy 

level to the vacuum level produces the photoelectron wave. The photoelectron wave 

then reaches the neighboring atoms (Figure 2-8a). In the second step, the outgoing 

photoelectron wave interacts with the neighboring atoms to produce a backscattered 
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photoelectron wave that travels back towards the original absorbing atom (Figure 2-

8b). The phase and amplitude of the backscattered photoelectron depend on parameters 

such as the energy of the emitted photoelectron wave and atomic number of the 

backscattering atoms. The interaction of the original and backscattered photoelectron 

waves will alter the absorption coefficient. If the backscattered photoelectron wave is 

in phase with the original photoelectron wave, the absorption coefficient will increase. 

If the backscattered photoelectron wave is out of phase, the absorption coefficient will 

decrease. The increase and decrease in the absorbance over the course of the XAS 

measurement will result in the observed EXAFS oscillations.  

 

Figure 2 - 8. Schematic view of photoelectron scattering. The steps involved 

include (a) absorption of X-ray photon, emission of photoelectron wave and (b) 

backscattered photoelectron wave from neighboring atoms. 

The measured EXAFS signal, χ(E), is described by: 

 𝜒(𝐸) =
𝜇(𝐸) − 𝜇0(𝐸)

Δ𝜇0(𝐸)
 (4) 
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where 𝜇(𝐸)  is the measured absorption coefficient, and 𝜇0(𝐸)  is a smooth 

background function representing the absorption of an isolated atom. Δ𝜇0(𝐸) is the 

measured change in the absorption 𝜇(𝐸) after the absorption edge. Isolated 𝜒(𝐸) is 

generated by the normalized XAS spectrum (Figure 2-9a). Furthermore, the EXAFS 

oscillations in 𝜒(𝐸) are often described in terms of the photoelectron wavenumber, k:  

 
𝑘 = √

2𝑚(𝐸 − 𝐸0)

ħ2
 

(5) 

where m is the mass of an electron, E the incident X-ray photon energy, E0 the 

absorption edge energy, and ħ the reduced Planck’s constant. When 𝜒(𝑘) is plotted to 

k, the resulted spectrum is referred to as k-space EXAFS. The y-axis of k-space EXAFS 

is always weighted by multiplying 𝜒(𝑘) by kx (where x equals 1, 2 or 3 typically) to 

account for the decay of oscillations with increasing energy or k.91 For example, the 

oscillations in the late region of k-space spectrum from Au foil L3-edge are very weak 

if 𝜒(𝑘) is multiplied by k0 (Figure 2-9b). When the 𝜒(𝑘) is multiplied by k3 (Figure 

2-9c), these oscillations are more clearly displayed.  

The various frequencies in the oscillations in 𝜒(𝑘) correlate to the near-neighbor 

coordination shells around the absorbing atom which can be isolated via Fourier 

transformation. The Fourier-transformed EXAFS spectrum is sometimes called R-

space (Figure 2-9d). R-space EXAFS is useful to study the local bonding environment, 

wherein the position and intensity of the peak are determined by the bond distance and 

CN. However, the bond distance herein is not the actual bond length because of phase 
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shifting. 

 

 

Figure 2 - 9. EXAFS data refinement (generated from Au foil). (a) XAS spectrum 

of Au foil is normalized. The EXAFS is transformed into k-space with (b) χ(k)*k0 

and (c) χ(k)*k3 weight at the Au L3-edge. In the end, k-space is Fourier-

transformed to (d) R-space. 

The bonding environment of the absorbing atom can be described and modeled 

by using the EXAFS equation:92,93  

 
𝜒(𝑘) = ∑

𝑆0
2𝑁𝑗𝑒−2𝑘2σ𝑗

2

𝑒−2𝑅𝑗/𝑒𝜆(𝑘)
𝑓𝑗(𝑘)

𝑘𝑅𝑗
2

𝑗

sin [2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)] 
(6) 

where 𝑓(𝑘) and 𝛿(𝑘) are the scattering amplitude and the scattering phase shift of 

the neighboring atoms, respectively. 𝑁 is the coordination number, R is the distance 

of the absorbing atom to the neighboring atoms, and σ2  is the disorder in the 
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neighboring atom distance. Furthermore, j represents a particular coordination shell, 

also known as scattering path, describing identical neighboring atoms at approximately 

the same distance from the absorbing atom. In addition, 𝑆0
2 is the amplitude reduction 

factor which accounts for intrinsic losses in the X-ray absorption process. 

The EXAFS equation is used to determine the structural parameters 𝑁, R and 

σ2 if 𝑓(𝑘) and 𝛿(𝑘) are known during the EXAFS refining process. To refine the 

R-space spectrum with the EXAFS equation, the WinXAS computer program is 

employed in this thesis to analyze these structural parameters.94 In addition, the energy-

shift parameter (ΔE0) is also included in the refinement to account for the phase 

differences between experimental and theoretical backscattering paths. The values of 

𝑓(𝑘) and 𝛿(𝑘) can be derived from either experimental EXAFS spectra of reference 

materials or from ab initio simulations of appropriate structural models using the FEFF 

code.86,95,96  

 

2.3 Ab Initio Calculations/Simulations of XAS 

FEFF is an ab initio self-consistent multiple scattering code. Based on Green’s 

function, it can calculate the backscattering phase amplitudes and phase shifts required 

for EXAFS analysis.86,95,96 In order to carry out this calculation, the atomic coordinates 

of the structure models are provided from a known crystal structure. Furthermore, 

density functional theory (DFT) structural modeling is another important tool to 
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provide the atomic coordinates for FEFF calculations. The calculated files for 

refinement of experimental EXAFS spectra are then produced to study the local 

structure. Because the absorbing atom can be specifically selected by modifying the 

input file, the simulation studies of clusters are then very easy to carry out from 

different atomic sites for the same element. In addition, extra calculations can be added 

to the simulations by modifying the input file. For instance, the DEBYE function can 

be included in the input file to calculate Debye-Waller factors for each path.  

The electronic structure around the absorbing atom can also be calculated using 

the FEFF program, although it is not as reliable as DFT calculations for complicated 

systems. To reduce the computational cost, a number of approximations are made. For 

example, the electron wave function is replaced by Green’s function. In addition, 

spherically symmetric muffin-tin potentials are used rather than full potentials. This 

means the atomic potentials stay around an atom with a specific radius and the potential 

between interstitial atoms remains constant.88 In electronic studies, the electronic 

transitions and the multiple scattering excitations can be calculated by FEFF. For 

instance, the projected local densities of states (l-DOS) simulations can be conducted 

by adding the l-DOS card in the input file, and such information will help explain 

occupancy of an energy state which further help to generate XANES.89,97 
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Chapter 3 – Face-Centered Cubic (FCC)-like Au44(SR)28  

Sections 3.2-3.4 are reproduced in part with permission from: Yang, R.; Chevrier, D. M.; 

Zeng, C.; Jin, R.; Zhang, P. Bonding properties of FCC-like Au44(SR)28 clusters from X-

ray absorption spectroscopy. Can J. Chem. 2017, 95, 1220-1224. Copyright 2017, NRC 

Research Press.  

Contributions 

 C.Z. synthesized the Au28(SR)20, Au36(SR)24 Au44(SR)28 NCs. D.M.C. carried out 

the Au L3-edge XAS measurements at the Sector20-BM beamline of the Advanced 

Photon Source (Argonne National Laboratory, IL, U.S.A.). R.Y. performed the data 

analysis, conducted ab initio calculations, and wrote the manuscript. P.Z. supervised 

R.Y. and helped with manuscript revision.  

 

3.1 Introduction 

FCC-like Au NCs attract significant amount of interest because these ultrasmall 

particles exhibit unexpected core structure of FCC geometry, similar to the bulk gold. 

The reported Au44(SR)28 (Au44 for short) is one of the thiolate-protected Au NCs with 

a FCC-like core structure in the FCC-like series including the well-studied Au28(SR)20 

(Au28 for short) and Au36(SR)24 (Au36 for short).66,73,76 In the research of Au NCs, XAS 

has been found useful to probe the bonding properties of these Au NCs.48 For instance, 

the unique structural and electronic properties were found in Au28 and Au36 NCs by 

comparing with icosahedral Au NCs, where the small tetrahedral Au4 unit within the 
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gold cores play a very important role in controlling their bonding and electronic 

properties.81,82 Furthermore, based on the results from temperature-dependent X-ray 

absorption spectroscopy (XAS) experiments, it is interesting to note that a negative 

thermal expansion was found in the first Au-Au shell in Au36, but not in Au28 NCs.81,82 

However, such studies only focus on individual Au NCs by comparing the FCC with 

icosahedral counterpart. The overall trend of size-dependent bonding in FCC-like 

“magic series” from XAS perspective was still unavailable with only two Au NCs 

(Au28 and Au36).  

In this work, we have compared the recently discovered Au44 with the other two 

Au NCs (Au28 and Au36). Based on a multi-shell EXAFS fitting analysis and 

temperature-dependent XAS measurements, the size-dependent bonding behavior of 

these NCs is discussed herein. This work, together with our previous studies, highlights 

the bonding trend in the FCC-like magic series. 

 

3.2 Experimental Methods 

3.2.1 Synthesis of Au28, Au36 and Au44 

The synthesis of Au28, Au36 and Au44 NCs were conducted at Carnegie Melon 

University. In detail, Au28 NCs were prepared from the reaction between excess thiol 

ligands and Au25-precursor at 80 °C for 2 hours.66 Using a similar method, the Au36 
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NCs were prepared from the reaction between excess thiol ligands and Au38 precursor 

at 80 °C for more than 12 hours. Unlike the above FCC-like Au NCs, the Au44 NCs 

were synthesized using both routes via a two-step “size focusing” process. In the first 

step, size-mixed Aux(SR)y NCs were formed from HAuCl4 precursor (i.e. atoms to 

clusters). In the second step, the size-mixed NCs were dissolved in toluene and etchant 

thiol ligands. After reacting at 60 °C for 24 hours, Au44 NCs were produced in high 

field. All the syntheses produced Au NCs in high purity which is supported by mass 

spectrometer data. 

3.2.2 X-ray absorption spectroscopy (XAS) 

 The Au L3-edge XAS measurements of Au44 were carried out in transmission 

mode at the Sector20-BM beamline of the Advanced Photon Source (Argonne National 

Laboratory, IL, U.S.A.). In the measurement, Au44 powder samples were packed into 

Kapton film pouches, sealed and folded to ensure high quality EXAFS signals are 

collected. The samples were measured in transmission mode which is represented 

using log (I0/ I1). A Au foil reference was placed in between the I1 detector and another 

detector I2 to simultaneously collect the XAFS data for calibration of the energy of Au 

L3 absorption edge. The XAS data were collected at both low temperature (LT: 90K) 

using a helium-cooled cryostat chamber and room temperature (RT: 300K) under 

ambient conditions.  
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3.2.3 Data analysis 

The XAS data processing and EXAFS fitting were performed using the WinXAS 

3.1 software package94 and FEFF8.2 computer code.86,95,96 In the refinement process, 

the amplitude reduction factor (S0
2) of 0.9 was obtained by fitting the Au foil EXAFS 

and fixed for the EXAFS fitting of Au NCs. For multishell EXAFS fitting, CN of Au-

S and Au-Au shells are fixed based on the published Au44 total structure.66 A k-range 

of 3-14 Å−1 was used for the Fourier transformation and fitting of the EXAFS. All the 

E0 shift values were correlated to reduce the number of free running parameters, 

allowing for the incorporation of up to three scattering shells.  

 

3.3 Results and Discussion 

3.3.1 Qualitative XAS comparison  

The Au L3-edge XANES of Au28, Au36 and Au44 is first compared in Figure 3-1. 

Interestingly, when the XANES is closely compared in the overlapped plot in Figure 

3-1, identical features are observed for the three NCs in the whole XANES region, 

including the white line (the first feature following the absorption edge) intensity. 

These observations imply that their electronic properties are identical and 

independent of the cluster size. A more detailed discussion on this finding will be 

presented together with the EXAFS fitting results in the later section. 
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Figure 3 - 1. Overlapped XANES of Au28, Au36 and Au44. 

The FT-EXAFS spectra of Au28, Au36 and Au44, collected at LT and RT, are 

plotted in Figure 3-2. The most intense peak around 1.9 Å in each spectrum is caused 

by the Au-S scattering. The intensity of these peaks decreases when their size 

increases in both RT and LT series. To understand this trend, we calculated the CN of 

the Au-S coordination when the NC size increases. The Au-S CN gives a value of 

1.43 for Au28, 1.33 for Au36 and 1.27 for Au44. From these calculated CN values, we 

can understand that the observed trend for these EXAFS peaks is caused by the 

decrease of Au-S CNs. The small peaks between 2.5 Å and 3.5 Å correspond to the 

Au-Au scatterings. Similar patterns of the FT-EXAFS of the three Au NCs at LT and 

RT indicate a similar local structure for these FCC-like Au NCs. In addition, spectra 



37 
 

with lower peak intensity in the Au-Au scattering region are found at RT comparing 

with the LT data. This is because the thermal vibrations at higher temperature lead to 

a higher degree of thermal disorder, which reduces the EXAFS scattering intensity. 

Quantitative information of these scattering shells will be obtained by the refinement 

of FT-EXAFS in the next section. 

 

Figure 3 - 2. FT-EXAFS of Au28, Au36 and Au44 at RT and LT (In the comparison 

k-range of 3-11.25 Å−1 was used for all the Au NCs). 

 

3.3.2 EXAFS analysis 

In order to perform a reliable EXAFS analysis, the bond distance distribution of 

Au44 was first studied based on the reported total structure.66 Three scattering shells 

were found, which are displayed in Figure 3-3. The first shell with the shortest distance 

corresponds to the Au-S bonds in the NCs. The other two longer distance shells are 

caused by the Au-Au interactions. The shorter Au-Au shell (Au-Au1) in the region of 
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2.707-2.849 Å accounts for the Au-Au bonding within the Au4 unit of the NC core. The 

longer Au-Au shell (Au-Au2) in the region of 2.877-3.104 Å corresponds to the long 

distance Au-Au interactions between surface, bridging and center Au atoms. 

 

 

Figure 3 - 3. Bond distance distribution for Au44 and representative EXAFS 

scattering shells. The bonds in each shell are represented by red sticks. 

  The bond distances from Au-S and Au-Au scattering shells in Au44 were calculated 

by averaging all the bond distances within the same shell. The theoretical CN was 

calculated from the bond distance distribution (Figure 3-3). For the Au-S scattering 

shell, the average CN is found to be 1.27 ((56 Au-S bonds)/44 Au atoms). The average 

CN for Au-Au1 and Au-Au2 scattering shells are 1.82 ((40 Au-Au bonds) *2 / 44 Au 
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atoms) and 2.68 ((59 Au-Au bonds) *2 / 44 Au atoms), respectively. The calculated 

CN of the Au-S and two Au-Au scattering shells can then be used in the EXAFS fit, 

and were fixed in the EXAFS refinement process. 

 

Figure 3 - 4. Best fit for Au44 spectra in (a) RT and (b) LT. (k-range: 3-14 Å-1) 

To verify the reliability of the assignment of these three shells, a three-shell Au 

L3-edge EXAFS (Au-S, Au-Au1, Au-Au2) fitting was performed for Au44 at LT since 

the total structure was also obtained at LT.66 Figure 3-4a. shows the best fit of Au44 at 

90 K and the fitting results are recorded in Table 3-1. From Table 3-1, it can be seen 

that the bond distances of Au-S (2.33 Å), Au-Au1 (2.74 Å) and Au-Au2 (2.93 Å) shell 

determined from the EXAFS refinement are very consistent with the calculated bond 

lengths from the total structure (i.e. Au-S: 2.33 Å, Au-Au1: 2.77 Å, Au-Au2: 2.97 Å). 

This verifies the reliability of the three-shell fitting method used in this work.  

 Next, we performed fits on the RT EXAFS to study the temperature-dependent 

properties of Au44. The Au-S bond distance is essentially unchanged when the 

temperature is varied. However, the bond distances of both the Au-Au1 and Au-Au2 
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shells are found to be sensitive to the change in temperature. When the temperature 

increases from 90 K to 300 k, the bond distances of the Au-Au1 shell display a negative 

thermal expansion (NTE) behavior, that is, a decrease from 2.744 Å to 2.724 Å 

(decrement = 0.020 Å). The Au-Au2 shell also shows a NTE from 2.930 Å to 2.907 Å 

(decrement = 0.023 Å). It has been known that the tetrahedral Au4 units within the gold 

core of other FCC-like clusters such as Au28 and Au36 play an important role in 

controlling their electronic properties. Therefore, we now focus on a close comparison 

of the temperature-dependent behavior of the Au-Au1 shells for these three FCC-like 

clusters. 

 

Table 3 - 1. EXAFS fitting results from the multi-shell fitting procedure of Au44 at 

both LT and RT. CN values are fixed to values from cluster models. 

T (K) Shells CNa R (Å) σ2 (Å2) ΔE0 (eV) 

90 (LT) Au-S 1.27 2.327 (9) 0.0048 (6) 1.60 (2) 

 Au-Au1 1.82 2.744 (9) 0.0038 (4) 1.60 (2) 

 Au-Au2 2.68 2.930 (12) 0.008 (1) 1.60 (2) 

300 (RT) Au-S 1.27 2.321 (10) 0.0061 (6) -0.10 (17) 

 Au-Au1 1.82 2.724 (17) 0.0080 (9) -0.10 (17) 

 Au-Au2 2.68 2.907 (24) 0.012 (3) -0.10 (17) 

aCN were fixed according to the expected value determined from the total 

structure of Au44 NCs 
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In the previous studies, the Au-Au shell in Au28 appears to be invariant to the 

temperature change, remaining at around 2.73(2) Å at both LT and RT.82 Unlike Au28, 

the Au-Au1 shell in Au36 displays a NTE, that is, the Au-Au distance decreases from 

2.746(3) Å to 2.732(4) Å (decrement = 0.014 Å) as the temperature increases.81 

Comparing with Au36, Au44 shows an even more pronounced NTE in the Au-Au1 shell. 

These results are summarized in Figure 3-5. Therefore, the change of bond distances 

in the Au-Au1 shells shows an interesting size-dependent trend for the three Au NCs, 

that is, the NTE becomes stronger when the size of the Au NCs increases. 

 

 

Figure 3 - 5. Size-dependent NTE in Au28, Au36 and Au44 NCs. (Bond distances of 

first Au-Au scattering shell in the three FCC-like Au NCs). 
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To understand this phenomenon, their core structures, produced from X-ray 

crystallography data, are plotted in Figure 3-6 for a close comparison. As is shown in 

the figure, Au28 has two sets of Au4 units in the core, each set consisting of two Au4 

units connected by sharing one corner Au atom (Figure 3-6a). In the core of Au36, two 

sets of Au4 units were also observed. Each set consists of three Au4 units connected by 

sharing two corner Au atoms (Figure 3-6b). The core of Au44 also has two sets of Au4 

units, each set consisting of four Au4 units which are connected by sharing three corner 

Au atoms. To more clearly see these Au4 units within Au44, the two sets of Au4 units 

are plotted separately in Figure 3-6c). 

  

 

Figure 3 - 6. The kernels (first Au-Au shell) of (a) Au28, (b) Au36 and (c) Au44. (Red 

dash lines: missing Au-Au bonds. Green dash lines: extra Au-Au bonds.) 

Note that for all these models, the Au-Au bonds are identified based on a specific 



43 
 

bond distance (2.880 Å from bulk Au) which is the commonly used metallic Au-Au 

bond distance. When the Au-Au distances within the tetrahedral unit are longer than 

2.880 Å, these Au-Au bonds are considered as non-metallic bonds (i.e. metallic bonds 

missing), and are shown with red dashed lines (Figure 3-6). In Au28, all the metallic 

bonds are well maintained in the Au4 units. As the size of the Au clusters increases, the 

Au4 tetrahedrons begin to lose Au-Au metallic bonds. Specifically, two metallic bonds 

are missing in Au36 and ten are missing in Au44. (Figure 3-6a, b and c)  

 

Table 3 - 2. Number of Au-Au bonds in first Au-Au scattering shells (a), number 

of Au-Au bonds in the ideal first Au-Au scattering shells (b), and the ratio of a to 

b. 

Au NCs # of Au-Au1 bonds (a) Ideal # of Au-Au1 bonds (b) a/b (%) 

Au28 24 24 100 

Au36 34 36 94 

Au44 38 48 83 

 

The missing metallic bonds shown in the Figure 3-6, indicate larger clusters have 

more defective Au4 units within their core structures (“defective” or “defects”, 

borrowed from surface chemistry, is used to describe missing Au-Au bonds). Table 3-

2 summarizes our quantitative analysis of the Au-Au metallic bonds for the Au4 units 

in each cluster, including the ratio of observed metallic bonds to ideal metallic bonds 



44 
 

(for a perfect Au4 tetrahedron) within the Au4 units. As the size of the clusters increases, 

the ratio decreases from 100% for Au28 to 94% for Au36 and then to 83% for Au44 

(Table 3-2). In other words, when the cluster size increases, the Au core exhibits more 

pronounced defective Au4 units.  

Based on the information in Figure 3-6 and Table 3-2, we proceed to discuss the 

origin of the observed size-dependent NTE. For the smallest clusters, Au28, the core 

structure has a perfect Au4 based structure (i.e. no defect) and thus is the most rigid. 

Such a rigid core structure will exhibit the least amount of change in bond distance 

when temperature is varied. In contrast, the cores of larger clusters with a less perfect 

Au4 bonding motif, will be less rigid, and thus, more sensitive to temperature change. 

As a result, larger clusters will exhibit more pronounced temperature-dependent NTE. 

In this comparative study, Au44 was found to have the least rigid core structure, and 

thus, it exhibits the most pronounced NTE. 

The size-dependent NTE trend we observed in FCC-like Au cores is an important 

finding which may help develop a better understanding of the growth mechanism of 

Au clusters. In these FCC-like Au clusters, the Au cores grow by the addition of Au4 

units to the two base sets which follow a “double helix” structure.66 During the growth 

process, the bonding motif of Au4 units within the core is not perfectly maintained and 

becomes more defective when the cluster size increases. This makes the Au core less 

rigid, and thus, more susceptible to change upon varied conditions (i.e. temperature). 
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3.4 Conclusions  

In conclusion, the bonding properties of Au44 was studied and compared with two 

other FCC-like Au clusters, Au28(SR)20 and Au36(SR)24. A multi-shell EXAFS fitting 

analysis was first established to reliably probe the site-specific bonding properties of 

the Au44. Temperature-dependent EXAFS measurements indicate the existence of a 

negative thermal expansion behavior for the Au-Au interactions of the Au44(SR)28. 

Comparison of the bonding behavior of Au44(SR)28 with that of Au28(SR)20 and 

Au36(SR)24 shows an interesting size-dependent trend for the negative thermal 

expansion behavior of the first-shell Au-Au bonds. Specifically, the Au NCs with larger 

size exhibit more pronounced negative thermal expansion than the smaller ones. This 

observation can be understood as an effect related to the significant role of the bonding 

motif of Au4 units within the Au cores. The bonding motif of the Au4 units within the 

“double helix” structures of these clusters are observed to be less perfectly maintained 

when the size of FCC-like Au clusters increases. Our findings demonstrate the unique 

bonding properties of the FCC-like Au clusters, and may be further the understanding 

of the growth mechanism of these Au clusters. 
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Chapter 4 – Hexagonal-Close-Packed (HCP)-like Au30(SR)18 

Manuscript in preparation (contributing authors: Yang, R; Higaki, T; Ward, M; Jin, R.; 

Zhang, P.) 

Contributions 

T.H. et al. synthesized Au30(SR)18 NCs. M.W. carried out the Au L3-edge XAS 

measurements at the Sector20-BM beamline of the Advanced Photon Source (Argonne 

National Laboratory, IL, U.S.A.). R.Y. performed the data analysis, conducted ab initio 

calculations, and wrote the manuscript. P.Z. supervised R.Y. and helped with 

manuscript revision. 

4.1 Introduction  

The recently reported HCP-like Au30(SR)18 (Au30 for short) has been attracting 

interest because of the special core geometry which has been found for the first time 

in NCs.69,85,98,99 In this work, Au30(SR)18 is compared with icosahedral-like Au25(SR)18 

(Au25 for short) and face-centered cubic (FCC)-like Au36(SR)24 (Au36 for short). 

The total structures of Au25, Au30 and Au36 are shown in Figure 4-1a, b and c, 

respectively.74,76,85 To more clearly see the local structures, the staple site and Au cores 

are also displayed in Figure 4-1. Because of their similar surface environment, the 

comparison is carried out among these three NCs (Figure 4-1d, e and f: only S-Au-S-

Au-S is found in surface areas). The eight dimeric Au2(SR)3 motifs in Au36 are also 

considered as a mixture of bridging and staple motifs because of the different bonding 
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environment. 

 

Figure 4 - 1. Total structure of a) Au25, b) Au30, c) Au36; staple-like and bridging 

motifs in d) Au25, e) Au30, f) Au36 and core structures from g) Au25, h) Au30, i) Au36 

(yellow: central Au; purple: surface Au; blue: staple Au; green: bridging Au). 

Based on experimental data and theoretical simulations, the difference in 

electronic and bonding properties among Au30, Au25 and Au36 NCs is systematically 

studied from their core, surface and staple sites. Temperature-dependent XAS 

measurements in association with multi-shell EXAFS fitting analysis is employed to 

study the thermal expansion behaviors.  
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4.2 Experimental Methods  

4.2.1 Synthesis of Au30 

Details on the synthesis of Au30 and total structure determination have been 

published by Tatsuya et al.85 In the synthesis, 0.3 mmol of HAuCl4·3H2O was mixed 

with 0.348 mmol of TOAB and dissolved in 15 mL of methanol in a 50 mL round-

bottom flask. After 15 min, the color of the stirred solution changed from yellow to 

reddish orange. 1.6 mmol of 1-adamantanetiol was then added at RT. The color was 

turned to yellowish-white. After 15 min, 3 mmol of NaBH4 was added under vigorous 

stirring. The Au NCs were formed, and the solution appears black in color. After 

stirring for 1 week, the black sticky precipitate was collected from solution. The 

clusters were then washed with dichloromethane and extracted from the residue with 

benzene. Approximately 20% of yield was finally achieved.  

4.2.2 X-ray absorption spectroscopy (XAS) 

Au L3-edge XAS measurements were carried out in transmission mode at the 

Sector20-BM beamline of the Advanced Photon Source (Argonne National Laboratory, 

IL, U.S.A.). Au30 powder samples were packed into Kapton film pouches, sealed and 

folded to ensure adequate X-ray absorption. A Au foil reference was measured 

simultaneously for calibration of the energy of Au L3 absorption edge. XAS data was 

collected at both LT using a helium-cooled cryostat chamber and RT under ambient 
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conditions. Furthermore, the details of XAS measurements of Au25 and Au36 have been 

published elsewhere.81,95 

4.2.3 Data analysis 

The simulated first derivative of XANES spectra in the three NCs were generated 

by using FEFF8.2 computer code.86 In the comparison between experimental first 

derivative XANES and site-specific simulations, the simulated first derivative XANES 

of Au25, Au30 and Au36 was generated from the Au atoms in different surface, staple 

and core sites based on the published total structures.74,76,85 One Au site contains the 

selected Au atom and its connected Au or S atoms. The types of Au sites are dependent 

on their bonding environment. In the analysis, only one Au atom in each type of Au 

site was selected and used in the simulation. Moreover, two surface and staple sites 

were found in Au30, two types of staple sites and two types of bridging sites are found 

in Au36. The other Au sites in the three NCs show a single type of bonding environment. 

Furthermore, the y-axis of simulated first derivative XANES was normalized by 

multiplying weight percentage (i.e., number of Au atoms in each site / total number of 

Au atoms).  

The XAS data processing and fitting were performed using the WinXAS 3.1 

software package94 and FEFF8.2 computer code.86 In the refinement process, the 

amplitude reduction factor (S0
2) of 0.9 was obtained by fitting the Au foil EXAFS and 

fixed for the EXAFS fitting of Au clusters. For multi-shell EXAFS fitting, CN of Au-
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S and Au-Au shells were fixed based on the published Au30 total structure. A k-range 

of 3-10.7 Å−1 was used for fitting the EXAFS of Au30 and a longer k-range (3.2-12 Å−1) 

was used for qualitatively comparing the EXAFS of Au30, Au25 and Au36 in order to 

make their k-range consistent for the comparison. E0 shift values from first (Au-Au1) 

and second Au-Au shells (Au-Au2) were correlated to reduce the number of free 

running parameters, allowing for the incorporation of these two scattering shells.  

4.3 Results and Discussion 

4.3.1 Experimental and theoretical XANES 

The Au L3-edge XANES of Au25, Au30 and Au36 is first compared in Figure 4-2a. 

The obvious difference in near edge feature is observed among the three NCs. For 

clarity, the XANES ranged from 0 eV to 14 eV is shown in the inset of Figure 4-2a. 

(right bottom in Figure 4-2a). To more clearly see these features, the technique of first 

derivative XANES of the three NC samples is exhibited in Figure 4-2b. As shown in 

the figure, all the three NCs have similar feature in lower energy region and are labeled 

as feature A. The only feature around 13 eV from Au30 is labeled as feature B. In order 

to understand the origin of these XANES features for each Au NCs, experimental first 

derivative XANES is further studied by comparing with their site-specific simulations. 
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Figure 4 - 2. Experimental Au L3-edge a) XANES and, b) their first derivative of 

Au25, Au30 and Au36. 

To perform a reliable comparison between experimental and simulated first 

derivative XANES, the well-studied Au25 from our previous work is first studied. In 

Figure 4-3, the experimental data of Au25 is displayed together with the site-specific 

simulations from surface, staple and core sites. Feature A from experimental data 

exhibits a match with those from simulated surface and staple sites. Therefore, these 

results prove that the simulation method is reliable. When the simulated first derivative 

XANES is calculated by the weight percentage, the simulation from core site has 

almost no contribution due to the negligible amount of Au atoms. 
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Figure 4 - 3. Experimental first derivative XANES of Au25 is shown on the top. 

The simulated first derivative XANES is generated from surface, staple and core 

sites and exhibited respectively. 

Next, the experimental first derivative XANES from all the three NCs in 

association with their site-specific simulations are shown in Figure 4-4. It is found that 

feature A from experimental first derivative XANES in all the three NC samples is 

contributed by both surface and staple sites. Feature B from Au30, which is very unique 

from the other two, is significantly influenced by its surface site. Specifically, the 

simulated XANES from surface site in Au30 shows a blue-shifted feature in lower 

energy region by comparing with those from Au25 and Au36 (“blue-shifted” and “red-

shifted” is used to describe the feature which is shifted at higher and lower energy, 

respectively). This blue-shifted feature in the simulation is consistent with feature B in 

experimental data from Au30. Therefore, features A and B in experimental data from 
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Au30 should correspond to the overlap of simulated XANES from its surface and staple 

sites. The difference in staple site simulations of the three NCs is much less significant. 

The results from Figure 4-4 indicate that the difference in experimental XANES is 

mainly influenced by the surface sites. Note that there is ~1eV mismatch between 

feature A of Au30 experimental data and the simulation of its staple site. However, this 

mismatch should not influence the double-peak shape of the overall simulated XANES. 

 

Figure 4 - 4. Comparison of experimental first derivative XANES with simulated 

first derivative of XANES from surface, staple and core sites between Au25, Au30 

and Au36. Core structural models with specific staple sites of Au25, Au30 and Au36 

are shown on the right hand (yellow: central Au; purple: surface Au). Note that 

the higher energy feature in the simulations are not completely shown as the 

EXAFS signal starts to appear in the higher energy region. 
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To understand how the difference in surface sites influence the XANES, the bond 

distance distributions of representative surface sites are plotted in Figure 4-5a, b and c. 

The corresponding structural models of surface sites are also presented. It is clear to 

see that surface site from Au25 has the longest averaged Au-Au bond distance and the 

surface site from Au30 has the shortest averaged Au-Au bond distance. In order to 

understand the relationship between the difference in Au-Au bond distance and 

XANES, a test of lattice expansion effect is performed. In this test, the simulated 

XANES from surface sites is compared with simulations using expanded Au-Au bond 

distance, that is, all the bond distances are increased by 10%. In Figure 4-5d, e and f, 

the simulations for all the three NCs exhibit a red-shift when the Au-Au bond distance 

increases. Based on the results from this test, the difference among simulated XANES 

from surface sites can be explained. The blue-shifted surface-site simulations from 

Au30 is caused by the shorter Au-Au bond distance. 
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Figure 4 - 5. Bond distance distribution of surface sites in a) Au25, b) Au30 and c) 

Au36 are shown. The corresponding surface sites are exhibited on the right (the 

selected surface Au atoms for simulations are enlarged; yellow: central Au; 

purple: surface Au; blue: staple Au; red: S). The simulated bond distance tests of 

d) Au25, e) Au30 and f) Au36 are also exhibited. Based on the surface site bonding 

environment, there are two types of surface sites in Au30 (six Au atoms in top and 

bottom areas and six Au atoms in middle area), but only one type of surface Au 

site in Au25 and Au36. 

4.3.2 Temperature-dependent EXAFS 

The FT-EXAFS of Au25, Au30 and Au36, collected at RT, are plotted in Figure 4-6. 

The most intense peaks overlapped around 2 Å represents Au-S scattering. The peaks 

caused by Au-Au scatterings within first (Au-Au1) and second Au-Au shells (Au-Au2) 

appears around 2.7 Å and 2.9 Å, respectively. These features from Au-S and Au-Au 
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scattering allow us to confirm that the three-shell Au L3-edge EXAFS among the three 

NCs are comparable. More detailed structural information of these scattering shells in 

Au30 was obtained by the refinement of FT-EXAFS. 

 

Figure 4 - 6. Experimental FT-EXAFS of Au25, Au30 and Au36.  

To perform a reliable EXAFS analysis, the bond distance distribution of Au30 was 

studied based on the reported total structure.85 The first three scattering shells are 

displayed in Figure 4-7. The first shell with shortest bond distances is caused by Au-S 

scattering (red bars). As shown in Figure 4-7, in Au30, the first shell Au-Au interaction, 

Au-Au1 (2.656 Å to 2.764 Å), accounts for the Au-Au bonding within the core 

(Ausurface-Aucore). The second shell Au-Au interaction, Au-Au2 (2.884 Å to 2.942 Å), 

corresponds to the interaction in a longer distance between surface, staple and core Au 

atoms (Aucore-Aucore, Ausurface-Austaple). 
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Figure 4 - 7. Bond distribution for Au30 and representative EXAFS scattering 

shells. Au-S, Au-Au1, Au-Au2 interactions are represented by red, blue and black 

sticks respectively.  

The theoretical CN was calculated based on the bond distance distribution. The 

averaged CN for Au-S, Au-Au1, Au-Au2 scattering shells are 1.20 ((36 Au-S bonds) / 

30 Au atoms), 2.07 ((21 Au-Au bonds) * 2 / 30 Au atoms) and 1.40 ((31 Au-Au bonds) 

* 2 / 30 Au atoms), respectively. The theoretical CNs of the three shells are then used 

as the fixed CN values in the EXAFS refinement process.  
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Figure 4 - 8. Experimental FT-EXAFS (k-range: 3.2-10.7 Å) and best fit for Au30 

at (a) LT and (b) RT. 

To study the temperature-dependent properties of Au30, a three-shell Au L3-edge 

EXAFS (Au-S, Au-Au1, Au-Au2) was performed at 90 K (LT) and 298 K (RT). Figure 

4-8a and b shows the best fits and their fitting results are recorded in Table 4-1. The 

Au-S bond distance show negligible change (decrement = 0.006 Å) when the 

temperature is varied. However, the bond distance of Au-Au1 and Au-Au2 are sensitive 

to the change of temperature. When the temperature increases from 90 K to 298 K, the 

bond distance of Au-Au1 decreases from 2.77 Å to 2.69 Å (decrement = 0.08 Å). The 

Au-Au2 also shows a decrement from 3.00 Å to 2.85 Å (decrement = 0.15 Å). This 

phenomenon in Au-Au1 and Au-Au2 shells is called negative thermal expansion (NTE) 

which has been found in FCC-like Au NCs such as Au36 and Au44.
81,83  
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Table 4 - 1. EXAFS multi-shell fitting results of Au30 at both LT and RT. 

T (K) Shells CN R (Å) σ2 (Å2) ΔE0 (eV) 

90 (LT) Au-S 1.20 2.32 (1) 0.0006 (4) -1 (2) 

 Au-Au1 2.07 2.77 (3) 0.006 (2) 6 (5) 

 Au-Au2 1.40 3.00 (6) 0.012 (9) 6 (5) 

298 (RT) Au-S 1.2 2.311 (4) 0.0029 (2) -2 (1) 

 Au-Au1 2.07 2.69 (2) 0.008 (2) 1 (2) 

 Au-Au2 1.40 2.85 (3) 0.009 (3) 1 (2) 

a CN values are fixed to the values calculated from total structure (No errors 

for fixed CN values). 

 

The core geometry effect on the thermal bonding behaviors among the three NCs 

was then examined. Here, the comparison of the temperature-dependent bonding 

behavior for Au-Au1 was inspected for Au25, Au30 and Au36, and is plotted in Figure 4-

9. The data of Au25 and Au36 are used from previous publication.81,95 As shown in 

Figure 4-9, the Au25 shows a positive thermal expansion, with an increase from 2.80 Å 

to 2.82 Å, when temperature increases.95 In contrast, both Au30 and Au36 shows NTE 

behavior. In Au36, the bond distance decreases from 2.746(3) Å to 2.732(4) Å  as the 

temperature increases.81 By comparing with Au36, the bond distance of Au-Au1 in Au30 

displays a much more significant NTE (decrement = 0.078 Å) (Figure 4-9).  
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Figure 4 - 9. Bond distances of Au-Au1 in Au25, Au30 and Au36 NCs at LT (blue) 

and RT (red).  

To gain a better understanding of this core expansion/contraction phenomenon, 

the core structures of Au25, Au30 and Au36 NCs are displayed in Figure 4-10. The 

smallest structural unit in the core of Au25 is the icosahedral Au13 and the smallest Au 

units in Au30 and Au36 are tetrahedral Au4. As a result, the core of Au25 should be more 

metal-like then those of the other two NCs. In other words, Au25 has higher metallicity. 

the more metal-like Au13-unit in Au25 is much more metal-like which leads shows a 

positive thermal expansion which is commonly observed in bulk metals. In contrast, 

Au4 units in Au30 and Au36 are more molecular-like and exhibit NTE.  
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Figure 4 - 10. Molecule-like core structure with defects in a) Au30 and b) Au36 are 

exhibit using Au-Au bonds with different colors (blue: surface bonds; white: miss 

metallic Au-Au bonds). The metal-like core structure from c) Au25 are shown on 

the right. (Figure 4-10c: defects are not shown; all Au-Au bonds are colored in 

blue)  

To understand the different NTE behaviors between Au30 and Au36, we closely 

compare the core Au-Au bonding within these two NCs in Figure 4-10. The Au cores 

in Au30 and Au36 which consist of Au4-units, exhibits more molecule-like structure (or 

lower metallicity). The defective Au core in FCC-like NCs was found to play an 

important role in the temperature-dependent bonding properties which leads to the 

NTE. Here, the defects mean the missing of metallic Au-Au bonds (2.880 Å) in the 

gold cores. In Figure 4-10a and b, Au36 and Au30 have very different number of defects, 

that is two and 18 missing (white sticks in Figure 4-10) Au-Au metallic bonds in each 

NC core. The more defective core in Au30 results in a less rigid core which is more 

easily changed in varied environmental conditions. As a result, the less perfectly 

maintained core of Au30 shows a more pronounced NTE when temperature changes. 
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These results are also consistent with the trend of NTE bonding behaviors in the series 

of FCC-like Au NCs where the level of core defect is systematically changed.83 Based 

on these results, the defects and metallicity of gold cores are very important in 

determining their temperature-dependent bonding behavior. 

 

4.4 Conclusion  

In summary, XAS measurements in association with theoretical calculations 

probed the unique bonding properties of Au30(SR)18 with comparisons to icosahedral-

like and FCC-like Au NCs with similar surface bonding environments. It was found 

that the early XANES region of thiolate-stabilized Au NCs is significantly influenced 

by the gold-gold bonding environment in surface sites. This finding is useful toward 

better understanding the temperature-dependent structural properties among HCP-like 

Au NCs. In particular, our results based on temperature-dependent EXAFS indicate 

the NTE in molecule-like Au30(SR)18 and Au36 is strongly determined by the defects in 

the core, and positive thermal expansion in metal-like Au25 is caused by the special 

metallicity with more rigid character. The more pronounced NTE in Au30(SR)18 is 

strongly dependent on its unique bonding properties due to a more defective core. This 

work suggests that HCP-like Au30(SR)18 with unique bonding properties should be 

treated differently from the other thiolate stabilized gold nanoclusters, and may be 

further provides the methods for studying other HCP-like gold nanoclusters in the 
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future.   
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Chapter 5 – Body-Centered Cubic (BCC)-like Au38S2(SR)20  

Manuscript in preparation (contributing authors: Yang, R; Liu, C.; Ward, M.; Jin, R.; 

Zhang, P.) 

Contributions 

C.L. et al. synthesized the Au38S2(SR)20 nanoclusters. M.W. carried out the Au L3-edge 

XAS measurements at the Sector20-BM beamline of the Advanced Photon Source 

(Argonne National Laboratory, IL, U.S.A.). R.Y. performed the data analysis, 

conducted ab initio calculations, and wrote the manuscript. P.Z. supervised R.Y. and 

helped with manuscript revision. 

 

5.1 Introduction 

Recently, the first BCC-like Au NC, composed of 38 Au atoms protected by 20 

thiolate ligands and two sulfide atoms (Au38S2(SR)20, R = C10H15), was reported.84 This 

BCC-like Au38 (BCC-Au38 for short) is interesting because of the special core 

geometry that has never been found previously.84 Bi-icosahedral like Au38(SR)24 

(biico-Au38 for short) is used as a comparison due to the similar component and cluster 

size.96 

As shown in Figure 5-1, BCC-Au38 consists of Au30 core and 4 Au2(SR)3 staple 

like motifs (Figure 5-1a and b). The BCC-like Au core is further found to have 6 central 

Au atoms protected by 6 Au4 units (Figure 5-1c) and 6 sulfide Au atoms (Figure 5-1d: 
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Au atoms that connects to sulfide S) on the top.84 In comparison, biico-Au38 consists 

of Au23 core, 3 AuS2 and 6 Au2(SR)3 staple like motifs (Figure 5-1e and f). In this bi-

icosahedral like Au core, 5 central Au atoms are protected by 18 surface Au atoms 

(Figure 5-1g).96 Importantly, no sulfide Au atoms are found in this NC. 

 

Figure 5 - 1. a) Total structure, b) staple-like motifs, c) Au core and d) sulfide Au 

atoms of BCC-Au38; e) total structure, f) staple-like motifs, g) Au core of biico-

Au38. (yellow: central Au; purple: surface Au; blue: staple Au; red: sulfur atoms 

(-SR); enlarged red balls in model: sulfide atoms (-S)). 

To study the bonding properties in BCC-Au38, X-ray absorption spectroscopy 

(XAS) experiments were performed. Utilizing XANES, together with theoretical 

calculations, the electronic and bonding properties of BCC-Au38 were studied from 

surface, staple and core sites. Furthermore, EXAFS analysis helped to understand the 

expansion behavior of Au-Au bonding upon solvation.  
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5.2 Experimental Methods 

5.2.1 Synthesis of BCC-Au38 and biico-Au38  

The BCC-Au38 NCs were synthesized using a size-focusing method.84 First, 0.2 

mmol of HAuCl4·3H2O was mixed with 0.2 mmol of tetraoctylammonium bromide 

(TOAB) in 15 ml THF at RT, and stirred for 30 mins. 0.8 mmol adamantanethiol was 

then added into the solution. After stirring, the solution became colorless. After that, 

NaBH4 solution was added at once. The solution became dark immediately. After 10 

mins, the black product was dried and washed with methanol for four times. Then, 

CH2Cl2 was added to extract the solid. The insoluble species were discarded. After 

extracting twice, the solution was evaporated to dryness, and 50 mg solid (NCs) was 

obtained. In size focusing step, the produced NCs containing a mixture of difference 

sizes were mixed with excess adamantanethiol and dissolved in 2 ml toluene. The 

solution was heated to 90 °C for 24 h. The final product was washed with methanol 

for 4 times and extracted using CH2Cl2. Finally, the crystallization was carried out 

with vapor diffusion methods.  

For biico-Au38 synthesized by Huifeng et al., a similar synthesis method was 

employed.96 Briefly, 0.5 mmol of HAuCl4·3H2O was mixed with 2.0 mmol of 

glutathione (GSH) in 20 mL of acetone at RT under vigorous stirring. After 20 mins, 

the yellowish product was cooled to ~ 0 °C. When the 5 mmol of NaBH4 solution 

was added and stirred for ~ 20 mins, black Au NCs were obtained. The mixture was 
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then mixed with 0.3 mL of ethanol, 2 mL of toluene and 2 mL of PhCH2CH2SH. The 

solution was heated to 80 °C for 40 h. After washing with ethanol and crystallization, 

the biico-Au38 NCs was produced. Both the syntheses produced Au NCs in high 

purity which is supported by mass spectrometer data.  

5.2.2 X-ray absorption spectroscopy (XAS) 

The Au L3-edge XAS measurements were carried out in transmission mode at 

the Sector20-BM beamline of the Advanced Photon Source (Argonne National 

Laboratory, IL, U.S.A.). Au38S2(SR)20 powder samples were packed into Kapton film 

pouches, sealed and folded to ensure high quality EXAFS signals were collected. 

Both solid and liquid Au38S2(SR)20 samples were measured at RT. Furthermore, the 

details of XAS measurements of biico-Au38 have been published elsewhere.96 

5.2.3 Data analysis 

The XAS data processing and fitting were performed using the WinXAS 3.1 

software package94 and FEFF8.2 computer code.86 In the refinement process, the 

amplitude reduction factor (S0
2) of 0.9 was obtained by fitting the Au foil EXAFS and 

fixed for the EXAFS fitting of Au clusters. For multishell EXAFS fitting, CN of Au-S 

and Au-Au shells were fixed based on the published BCC-Au38 total structure. A k-

range of 3.0 - 12.3 Å−1 was used for fitting the EXAFS of BCC-Au38 and a shorter k-

range (3.4 - 12.1 Å−1) was used for qualitatively comparing the EXAFS of the two 
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clusters in order to make their k-range consistent for the comparison. All the E0 shift 

values were correlated to reduce the number of free running parameters, allowing for 

the incorporation of three scattering shells. 

In theoretical calculations, only one Au atom in each type of Au site is selected 

and used in the simulation. Furthermore, Y-axis of simulated first derivative XANES 

is normalized by multiplying weight percentage (ie. number of Au atoms in each site 

/ total number of Au atoms). 

 

5.3 Results and Discussion 

5.3.1 Experimental and theoretical XANES  

 

Figure 5 - 2. Au L3-edge a) XANES and, b) their first derivative of BCC-Au38 and 

biico-Au38. 

Au L3-edge XANES of BCC-Au38 and biico-Au38 is first compared in Figure 5-

2a. The near-edge of XANES attracts our interest due to the importance in determining 
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NC electronic properties. The near-edge region XANES with distinctive features 

between the two NCs is selected in Figure 5-2a. To more clearly see the difference, the 

features in the selected region are transferred to first derivative and shown in Figure 5-

2b. Inspecting the first derivative XANES, BCC-Au38 has two broad bands at 8 eV and 

12 eV, respectively. In contrast, biico-Au38 exhibits only one broad band around 9 eV. 

To study the difference between these two NCs, the experimental data is compared 

with their site-specific simulations (in a selected energy region: 4 eV ~ 14 eV) which 

is calculated by FEFF8.2 computer code.86  

 

Figure 5 - 3. Comparison of experimental first derivative XANES with simulated 

first derivative of XANES from surface, staple and core sites for both a) BCC-

Au38 and b) biico-Au38. The corresponding surface, staple and core sites are 

exhibited on the right (the selected Au atoms in each site are enlarged). 

In Figure 5-3a, experimental data of BCC-Au38 and the simulations from surface, 

staple and core sites are compared. For clarity, the two features in experimental 
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XANES from BCC-Au38 are labeled as feature 1 and feature 2. It was found that the 

sulfide Au and staple sites help to form the experimental feature 1 and 2. Feature 2 in 

experimental data is only caused by the blue-shifted feature from surface Au site . The 

experimental XANES from biico-Au38 is shown in Figure 5-3b. The corresponding 

site-specific simulations from surface, staple and core sites are also shown below. As 

shown in the figure, all the simulations have a single feature which corresponds to the 

experimental data. Therefore, the experimental XANES, contributed by surface, staple 

and core sites, shows only one intense peak.  

Based on these results, surface Au site in BCC-Au38 plays an important role in 

determining the difference in the XANES of the two NCs. Surface site refers to the 

surface Au atom within the Au4 units. To have a better understanding of the difference 

in surface sites from BCC-Au38, the bond distance distribution of surface and sulfide 

sites are plotted in Figure 5-4 a and b, respectively. In comparison, Au-Au bond 

distances from surface Au site are significantly shorter than those from sulfide Au site. 

This implies the bond distance might affect the first derivative XANES. Therefore, a 

bond distance test is performed on the simulated XANES from the surface and sulfide 

sites. In the test, the first derivative XANES of the surface and sulfide sites is simulated 

using 10% expanded Au-Au bond distances. As shown in Figure 5-4 c and d, the first 

derivative XANES from the test shifts to lower energy when the Au-Au bond distance 

increases. The bond distance effect is then used to understand the blue-shifted feature 

in surface Au site. Based on the results from bond distance test, the shorter Au-Au bond 
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distances from surface Au leads to the blue-shifted feature observed in the 

experimental first derivative. The Au-Au bond distance in Au4 units, which form the 

surface site, is then highlighted due to the importance in influencing near-edge XANES. 

This finding further shifts our attention to study their corresponding local structures. 

More detailed discussion will next be presented. 

 

Figure 5 - 4. Bond distance distribution of surface sites in a) surface Au and b) 

sulfide Au; The corresponding surface and sulfide sites are exhibited on the right 

(the selected surface Au atoms are enlarged; yellow: central Au; purple: surface 

Au; red: surface; enlarged red: sulfide atoms). The simulated bond distance tests 

of c) surface A and d) surface B are exhibited. 

 

5.3.2 EXAFS analysis  

The FT-EXAFS of BCC-Au38 and biico-Au38, collected at RT, are plotted in Figure 
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5-5. The most intense peaks that overlap around 2 Å represent Au-S scattering. The 

peaks caused by Au-Au scatterings are presented around 2.5 Å and 2.7 Å. The less 

intense peaks in BCC-Au38 is consistent to its more molecular-like structure. These 

features from Au-S and Au-Au scatterings do not show the accurate bonding properties. 

More detailed structural information of these scattering shells in Au30 will be obtained 

by the refinement of FT-EXAFS. 

 

Figure 5 - 5. Experimental FT-EXAFS of BCC-Au38 and biico-Au38 (k-range: 3.4 

- 12.1 Å). 

Before performing the refinement of FT-EXAFS, the theoretical CN was 

calculated based on the bond distance distribution. The averaged CN for Au-S, Au-Au1, 

Au-Au2 scattering shells are 1.2 ((46 Au-S bonds) / 38 Au atoms), 2.5 ((48 Au-Au 

bonds) * 2 / 38 Au atoms) and 1.1 ((21 Au-Au bonds) * 2 / 38 Au atoms) respectively. 
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The calculated theoretical CNs of the three shells are then used as the fixed CN values 

in the EXAFS refinement process. Moreover, it helps us to confirm the three-shell Au 

L3-edge EXAFS between the two NCs is comparable. 

 

 

Figure 5 - 6. Bond distribution for Au38 and representative EXAFS scattering 

shells. 

A three-shell Au L3-edge EXAFS (Au-S, Au-Au1, Au-Au2) fitting was performed 

on both solid and liquid BCC-Au38 at 298 K (RT). Figure 5-7 shows the best fits and 

their fitting results are recorded in Table 5-1. 
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Figure 5 - 7. Experimental FT-EXAFS (k-range: 3.0-12.3 Å) and best fit for (a) 

solid and (b) liquid BCC-Au38 at RT. 

As shown in the Table 5-1, shorter Au-Au bonds (Au-Au1: ~ 2.7 Å) corresponds 

to the interactions between central Au and surface Au, whereas the longer Au-Au bonds 

come from the surface-surface and surface-staple Au interactions. Compared to solid 

phase, shorter Au-Au1 (decrement = 0.02 Å) and Au-Au2 (decrement = 0.03 Å) bonds 

are found upon cluster solvation. The more pronounced decrease in Au-Au2 bonding 

indicates that the out-shell Au-Au bonds are more sensitive to the change of the surface 

environment.  

To gain a better understanding of the findings in BCC-Au38, the quantitative 

structural information of solid and liquid biico-Au38, obtained by MacDonald et al, is 

used as a comparison.96 In Figure 5-8, it is found that both Au-Au1 and Au-Au2 in 

BCC-Au38 show longer Au-Au bond distances than those in biico-Au38. 
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Table 5 - 1. EXAFS multi-shell fitting results of BCC-Au38 in solid and solution- 

phase. 

Phases Shells CN R (Å) σ2 (Å2) ΔE0 (eV) 

Solid (RT) Au-S 1.2 2.312 (4) 0.0034 (1) 4 (1) 

 Au-Au1 2.5 2.72 (1) 0.0064 (6) 4 (1) 

 Au-Au2 1.1 2.89 (2) 0.009 (3) 4 (1) 

Solution (RT) Au-S 1.2 2.330 (9) 0.0043 (5) 5 (2) 

 Au-Au1 2.5 2.70 (2) 0.006 (1) 5 (2) 

 Au-Au2 1.1 2.86 (4) 0.006 (3) 5 (2) 

a CN values are fixed to the values calculated from total structure (No errors 

for fixed CN values). 

 

Figure 5 - 8. Bond distance comparison of Au-Au1, Au-Au2 in BCC-Au38 and biico-

Au38 in both solid and liquid phases. 
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Next, the quantitative structural information of solid and liquid biico-Au38 is 

shown on the right in Figure 5-8. In comparison with solid NCs, both Au-Au1 and Au-

Au2 in biico-Au38 present Au-Au bond expansion in solution-phase. Specifically, 

increments of 0.03 Å and 0.06 Å are found in Au-Au1 and Au-Au2, respectively. Based 

on the explanation from previous work by MacDonald et al, the bond expansion in 

biico-Au38 is caused by the interaction between -CH2CH2Ph moiety in thiolate ligand 

and solvent (toluene). To achieve a more stable system between ligand and solvent, 

Au-Au bonds and Au-S bonds exhibit expansion.96 In our case, the thiolate ligands (-

C10H15) in BCC-Au38 have weaker π – π interactions with solvent (toluene). Therefore, 

the Au-Au shells will not change too much due to the less influence from ligand-

solvent interactions. However, a conclusive mechanism has to be provided by further 

studies. 

 

5.4 Conclusions  

In summary, the electronic and bonding properties of BCC-like Au38S2(SR)20 

nanoclusters were studied by comparing with bi-icosahedral like Au38S2(SR)20 by 

using XAS. Based on the results from first derivative XANES in association with 

theoretical calculations, Au-Au bond distance from surface site, which consists of Au4 

units, play an important role in influencing the early region of near edge. Furthermore, 

EXAFS analysis shows significant shorter Au-Au1 and Au-Au2 bond distances in 
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BCC-like Au38S2(SR)20 compared with those in bi-icosahedral like Au38(SR)24. The 

contraction of Au-Au bonding upon solvation suggests the importance of thiolate 

ligand type in influencing the bonding properties.  
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Chapter 6 – Conclusion 

6.1 Conclusion 

This thesis presents the results on local structure and bonding properties of 

Au44(SR)28, Au30(SR)18 and Au38S2(SR)20 studied by XANES and EXAFS.  

In the study of FCC-like Au44(SR)28, its experimental XAS was compared with 

two other FCC-like NCs of smaller size: Au28(SR)20 and Au36(SR)24 NCs. Based on a 

qualitative comparison of the FT-EXAFS at Au L3-edge, these NCs were found to 

have similar local structure. The temperature-dependent EXAFS fitting performed on 

Au44(SR)28 indicated the existence of negative thermal expansion (NTE) in the Au-

Au1 shell. Furthermore, a size-dependent trend of NTE was found in the three FCC-

like Au NCs. The NCs with larger size show a more pronounced NTE in the Au-Au1 

shell. This phenomenon was explained by the less perfectly maintained Au4-units 

within the NCs, which makes the core structure less rigid and thus exhibit more 

pronounced structural change when the temperature was varied.  

The research on HCP-like Au30(SR)18 was carried out using XAS by comparing 

with FCC-like Au36(SR)24 and icosahedral-like Au25(SR)18. Based on XANES 

analysis, the early region of XANES was found to be significantly influenced by Au-

Au bond distance in surface sites. The temperature-dependent EXAFS indicated that 

the NTE in Au-Au1 shell of molecular-like Au30(SR)18 and Au36(SR)24 is strongly 
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determined by the defects in gold cores. The positive thermal expansion in more 

metal-like Au25(SR)18 is mainly caused by the special metallicity with more rigid and 

staple character. 

In the study of BCC-like Au38S2(SR)20, bi-icosahedral like Au38(SR)24 was used 

as a comparison. By using XAS measurement, the early region of XANES was 

mainly affected by Au-Au bond distance in surface sites. Based on EXAFS analysis, 

the significant shorter bond distance in Au-Au1 and Au-Au2 of BCC-like 

Au38S2(SR)20 indicated an obvious different structure. The contraction of Au-Au 

bond distance upon solvation is probably caused by the thiolate ligand type which 

may produce different responses from the AuNC structure.  

 

6.2 Future Work 

The study of Au44(SR)28 shows the size-dependent trend of NTE within the three 

FCC-like Au NCs including Au28(SR)20, Au36(SR)24 and Au44(SR)28. In the future, the 

temperature-dependent EXAFS of Au52(SR)32, another FCC-like Au NC, can be 

collected to study the size-dependent trend of NTE. Furthermore, the structure of 

Au52(SR)32 (Figure 6-1) and fitting results may help to understand the mechanism of 

NC growth when its size increases. 
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Figure 6 - 1. (a) Structure model of Au52(SR)32. (b) Core structure of Au52(SR)32 

with first Au-Au scattering shell. 

In the study of HCP-like Au30(SR)18, the bonding properties was probed by 

comparing with FCC-like and icosahedral-like Au NCs. In future work, Au30(SR)18 can 

be compared with other HCP-like thiolate-protected Au NCs to have a better 

understanding of the trend in HCP-like Au NCs. 

The research on BCC-like Au38S2(SR)20 indicates negative expansion of Au-Au 

bond distance upon solvation. To have a more reliable origin on the results, Au NCs 

with different thiolate ligand types will be tested, and more evidence will be provided 

in the future.  
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