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as seen in bulk Au/Pt alloy samples.225 A similar negative shift has also been observed by 

Negishi et al. in Ag-doped Au nanoclusters.217 

 

Table 6-4. Site-specific comparison of the Au 4f7/2 XPS peak positions and full-width 
half-maxima for Au25 and Au24Pt 

 
 Center Surface Staple 
 Position 

(eV) 
FWHM 

(eV) 
Position 

(eV) 
FWHM 

(eV) 
Position 

(eV) 
FWHM 

(eV) 
Au25 84.00 0.043 84.30 0.85 84.71 1.51 

Au24Pt --- --- 84.06 0.56 84.48 1.41 
Au25-Au24Pt --- --- 0.24 0.29 0.23 0.10 
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Figure 6-7. A) High-resolution Au 4f7/2 XPS spectra of the Au25 (red dash), Au24Pt (blue 
dot), and Au foil (black line) denoting binding energy shift of 0.19 eV (Au25) and 0.08 eV 

(Au24Pt). All spectra normalized for peak height, so as to better denote binding energy 
shift. High-resolution Au 4f spectra of B) Au25 and C) Au24Pt are shown, where 

experimental data is denoted as black dots, envelope and component fitting are denoted in 
red, and Shirley background is denoted as a black line. All spectra acquired with an 

incident photon energy of 700 eV. 
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Differences in the full-width half-maxima (FWHM) for the Au 4f7/2 component 

spectra are denoted in Table 6-4, while Au 4f7/2 peak areas and Au 4f5/2 energy positions, 

FWHM, and peak areas can be found in the Table 6-4. For both the surface and staple 

components, the Au 4f peaks of Au25 have a larger FWHM than those of Au24Pt (Table 6-

4 and Figures 6-7B,C). We propose the Au 4f lineshape narrowing to be due to the bond 

contraction effect. When the nanoclusters contract, as in the Au24Pt system, neighboring 

atoms are positioned closer together, leading to a more ordered structure, and therefore 

less broadening of the Au 4f lineshape. 

To further elucidate the role of bimetallic bonding and bond contraction effects in 

causing the difference of electronic properties between Au24Pt and Au25, ab-initio 

calculations were carried out on a series of model systems, including Au25, Au24Pt 

(central Au replaced with Pt) and Au24 (without central Au atom), using the crystal 

structure of Au25 in contracted (1%) and non-contracted conformations (Figure 6-8).52,64 

Comparisons of contracted and non-contracted systems (with the same composition), and 

doped and non-doped systems (with the same bond length), make it possible to identify 

the role of the bond contraction effect and bimetallic bonding effect in determining the 

change of the electronic properties of the nanoclusters. 
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Figure 6-8. Calculated electron counts for 6s+p and 5d-electrons of surface gold atoms in 
three series of model systems based on the crystal structure of Au25. The three systems 

are Au25, Au24Pt (central Au replaced with Pt) and Au24 (in absence of central Au atom). 
Models with 1% contracted bond distances (e.g. Au25-c, Au24Pt-c and Au24-c) bond 

distance are also used in calculations in order to illustrate the lattice contraction effect. 
For clarity, model systems are depicted without staple motif Au and S atoms. 
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The bond contraction effect is discussed first. As is seen in Figure 6-8, the bond 

contraction in the three systems (contracted systems denoted with “-c”) causes an 

apparent and similar change to surface Au atoms, that is, a decrease of the 5d-electron 

count associated with an increase of the 6s/p electron counts. The observed change of 

electron counts caused by the bond contraction effect can be understood by using the 

donation/back-donation model for the electronic interaction between gold and 

sulfur.198,226 According to this model, gold will donate 5d-electron to sulfur empty 3d 

state whereas sulfur will back-donate 3p-electron density to the electron deficient Au 6s/p 

states. Therefore, a Au-S contraction effect will enhance the donation/back-donation 

effect, causing a decrease of 5d electron counts and an increase of 6s/p electron counts.  

Next, the Pt-Au bimetallic bonding effect is investigated by first inspecting the 5d 

electron counts of the three systems (including contacted and non-contracted models). 

When comparing the two Au25 models with the corresponding Au24Pt models, it is 

evident that the Au 5d electron counts essentially remain unchanged after replacing the 

center Au with Pt. In comparison, the two 25-atom metal cluster systems (Au25 and 

Au24Pt) both show a sizable decrease in 5d electron counts comparing with the Au24 

system. The unchanged 5d electronic behavior of Au between Au25 and Au24Pt systems 

can be understandable when considering the intense 5d-5d bimetallic bonding 

interactions between Au and Pt.227 Therefore, replacement of the center Au with Pt 

causes almost no change to the 5d electron behavior of Au atoms. In contrast, the absence 

of the center metal atom in the icosahedron core will reduce the average coordination 

number of each surface Au atom from 6 to 5. It has been reported that the d-electron 

counts of Au will increase upon the decrease of its average CN due to the reduced s-p-d 
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rehybridization effect in lower-coordinated Au system.228 The decreased d-electron 

counts for the Au24 system observed in Figure 6-8 are consistent with this mechanism.  

When inspecting the Au 6s/p behavior, it can be seen that the 6s/p electron counts 

of Au24 are decreased relative to that of Au25. This observation again can be interpreted as 

the reduced s-p-d rehybridization effect (i.e. less 5d electron flow to the 6s/p state) for the 

lower-coordinated Au24 system. Interestingly, the 6s/p electron counts for the Au24Pt 

system are quite different from that of Au25 counterparts; instead, they are essentially the 

same as that of the Au24 system. These results suggest that the Au 6s/p electron counts in 

Au24Pt are largely determined by metal-metal bonding between like-atoms. Therefore, 

replacement of the center Au atom with Pt makes the Au 6s/p electronic behavior of 

Au24Pt essentially the same as that of the empty icosahedron Au24 system.  

 

6.4 Summary 

In conclusion, we have shown a series of findings on Au24Pt using EXAFS, XPS, 

and ab inito calculations, including (i) determination of the Pt dopant atom location, (ii) 

metal-S and metal-metal bond contractions caused by Pt-doping, and (iii) significant role 

of bimetallic bonding and bond contraction effects on the electronic properties of Au24Pt. 

Finally, the complementary X-ray spectroscopy approach presented in this work 

(survey/core-level XPS, and EXAFS from Au and dopant perspectives) should be 

applicable to the studies of many other heteroatom-doped Au-thiolate nanocluster 

systems recently synthesized.229 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
 

7.1 Conclusions 

The goal of these studies was to further the understanding of structure and 

bonding in Au NP systems, with respect to type of ligand, metal:ligand ratio, NP size, 

and NP composition. As such, it was pertinent to explore change through comparison of 

similar systems. 

Taking advantage of a one-step synthesis capable of reproducibly depositing 

biomolecule-functionalized Au NPs onto a Ti substrate, it was possible to modify the size 

and surface of the supported Au NPs. This deposition and modification shows promise in 

future biomedical applications, as well as advancing control of substrate-supported metal 

NPs in general. Making use of BSA, a large model biomolecule, the effect of steric bulk 

on deposition mechanics was studied and determined to play a significant role in the 

limiting of Au NP size. By limiting access to Au nucleation centres, BSA can limit Au 

NP size with minimal concentration dependence. On the other hand, in experiments 

involving smaller model biomolecules (MPG and GSH), concentration of biomolecule 

varied the mean particle size of deposited Au NPs. This concentration-dependence 

enabled the fine-tuning of Au NP size (from larger NPs to nanocluster to Au-thiolate 

polymer). While this had been observed in many solution-phase syntheses, fine-control of 

substrate-supported NP sizes is much desired for surface-functionalization. Furthermore, 

modification to a glancing-angle EXAFS experimental setup with sample spinning allows 

for the acquisition of data from very low substrate loadings, enabling structure and size 

characterization for systems where this information was previously unattainable. 
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To approach the study of structure and bonding in Au NP systems from the metal 

perspective, Au NC samples with exact X-ray crystallographic coordinates were studied 

(Au25 and Au102). By comparing the similar surface structures of both the Au25 and Au102, 

we were able to computationally determine bond length, electronic character, and local 

environment for the double-staple bonding structure present in both samples. Comparing 

ab initio calculated Au L3-edge EXAFS spectra, it was determined that the double-staple 

motifs retain their coordination, though the staple-surface aurophilic interaction distances 

in the Au25
- sample were significantly longer range than for Au102.These findings were 

supported by charge transfer and electron-density calculations. 

Finally, the effect of Pt heteroatom doping, the replacement of a single Au atom 

with Pt, on the Au25 structure was studied using a combination of ab initio calculations, 

EXAFS spectroscopy, and XPS analysis. Using EXAFS and XPS spectroscopy, the exact 

location of Pt in the Au25 structure (Au24Pt) was definitively determined to be the central 

position. Using this knowledge, it was determined that the introduction of Pt into the Au25 

structure leads to a contraction, supported by Au L3-edge EXAFS, XPS, and ab initio 

calculations. 

By studying both supported Au NP and compositionally-precise Au NC samples, 

much has been learned regarding the effects of ligand and metal composition on the 

structure and bonding of nanoscale Au-thiolate systems. This work contributes to future 

supported nanoparticle studies, with potential biological applications, as well as a greater 

understanding of the properties that govern Au NC systems. 
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7.2 Future Work 

Ti-supported Studies with Varied Nanoparticle Composition 

 Depositing Au NPs onto Ti provides a platform for further functionalization. 

Much of this work may be extended to biological systems, and metals such as Ag, Pt, and 

Pd, or even alloys of these metals, would fine-tune the reactivity of supported NPs. 

Preliminary studies were carried out in Chapter 3 showing the deposition of Ag and Pd 

NPs onto a Ti-substrate, demonstrates the viability of the same particle size control 

mechanisms at play in the Ti-supported biomolecule-functionalized Au NPs. 

 

Bio-activity Studies 

 An eventual goal for Ti-supported biomolecule-coated metal NPs is use in 

biological systems (e.g. orthopaedic implantation, local delivery of specific biomolecules, 

etc.). As such, it is important to understand whether the bio-activity of the biomolecule is 

altered after binding to the NPs. An appropriate first step would be the performance of a 

BSA enzyme-linked immunosorbent assay (ELISA) on the Ti plates, where the BSA-

coated Au NPs are the antigen being analysed. These tests are sensitive to pg/mL in 

solution, but should be capable of detecting BSA on the Au NP surface. 

Though the ELISA would provide information on the Au:BSA samples, no 

similar tests are available for the Au:MPG and Au:GSH samples. By modification of the 

Au:BSA, Au:MPG, or Au:GSH samples with a previously characterized prototype 

protein (e.g. lysozyme),106,230 it may be possible to gain insight into the ability of these 
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samples to adhere beneficial biomolecules. These studies could potentially lead to the use 

of bone morphogenetic protein (BMP), followed by actual bone-adhesion studies using 

those samples. Initially, a micro bicinchoninic acid (BCA) would be carried out to 

determine the concentration of lysozyme available on the Au NP surface.106 Very small 

quantities of solution would be allowed to react on the Ti surface, followed by 

colorimetric analysis. This would then be used to normalize the results of a lysozyme 

activity assay. 

 

Correlate X-ray results of nanocluster studies with catalytic activity experiments 

 With increasing interest in Au NPs as catalysts,115 it would be interesting to 

follow  catalytic reactions of these AuNPs prepared in this work using X-ray 

spectroscopy. These in-situ experiments would monitor bond length, coordination, and 

oxidation in Au NCs over the course of a number of general catalytic reactions,42,49 

providing insight into the electronic and structural changes that govern the catalytic 

reaction mechanism. These studies may also provide insight into the poisoning of 

catalytic reactions and perhaps suggest alternative catalytic requirements.
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APPENDIX A 
 

A-1. Study of Silver Nanoparticles 

 
Ag:BSA Systems 
 
 Ag:BSA samples were produced for metallic comparison with Au:BSA samples. Ag 

forms Ti-supported NPs similar in size to Au NPs but are more reactive.231 Although the 

conditions are similar, Ag-S bonds are not as strong as Au-S bonds. SEM micrographs of the 

20:1, 5:1, and 2:1 Ag:BSA systems were taken to determine the effect of concentration on 

surface coverage, as well as the resulting nanoparticle sizes (Figure A-1). 

 

Figure A-1. SEM Micrographs of Ag:BSA on titanium system. A) 20:1 Ag:BSA, B) 5:1 
Ag:BSA and C) 2:1 Ag:BSA. 

A B 

C 
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 Interestingly, changes in concentration of the ligand affect the Ag:BSA systems 

differently than those of Au:BSA. In contrast with the Au:BSA systems, there is a noticeable 

trend towards increasing coverage and decreasing particle size with increasing concentration 

of BSA. This is of interest as the proposed mechanism for Au:BSA nanoparticle formation is 

the inward-facing cysteine groups of the BSA protein. It is therefore hypothesized that 

inward-facing thiol groups have the same effect on Ag. 

 

 

Figure A-2. Sulfur K-edge XANES spectra of 20:1, 5:1, and 2:1 Ag:BSA on titanium, in 
comparison with a BSA standard. 

 
 Figure A-2 is the S K-edge XANES spectrum of the 20:1, 5:1, and 2:1 Ag:BSA 

systems in comparison with the BSA standard pure component spectrum. The peak positions 

are similar to the Au:BSA system, as well as the disulfide feature and its disappearance with 

Ag-S bonding. There is no discernible shift towards higher binding energy with decreasing 
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particle size, which is curious as one would expect more surface interaction with smaller 

particle size. 

 XPS experiments on the Ag:BSA system show a narrowing of the Ag 3d XPS peaks 

with increasing concentration of BSA ligand. This may be indicative of the smaller particle 

size seen with a decreasing Ag:BSA ratio. The S K-edge XANES spectrum for these 

particles shows a clear difference in the width of the Ag-bound BSA peak, most likely due to 

the binding. There is a slight shift towards lower binding energy with increasing ligand 

concentration, which may be due to the smaller particle size and therefore more Ag-thiolate 

surface interaction expected in smaller particles. 

 

 
Figure A-3. XPS spectrum of Au:BSA on titanium. A) Ag 3d spectra, B) S 2p spectra with 

BSA standard for comparison. 

 
 
Ag:MPG Systems 
 
 The Ag:MPG system, much like the Au:MPG system has less coverage due to MPG 

in the 2:1 Ag:MPG system, reducing the aggregation of Ag before nanoparticle formation on 
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the titanium surface. The 20:1 and 5:1 Ag:MPG systems demonstrate similar coverage, and 

nanoparticle sizes (~5 nm), although particle distribution and size analysis is yet to be done. 

 

 

 

Figure A-4. SEM Micrographs of Ag:MPG on titanium system. A) 20:1 Ag:MPG, B) 5:1 
Ag:MPG and C) 2:1 Ag:MPG. 

 

 In the S K-edge XANES spectrum, the deviation from the MPG standard pure 

component spectrum indicates that the spectra of the Ag:MPG systems is due to Ag-S 

bonding. The difference in peak intensity is most likely due to surface coverage. 2:1 

Ag:MPG, with the least surface coverage, shows greatly reduced Ag-S signal. 

A B 

C 
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Figure A-5. Sulfur K-edge XANES spectra of 20:1, 5:1, and 2:1 Ag:MPG on titanium, in 
comparison with a MPG standard. 

 

The Ag 3d XPS spectra of the Ag:MPG system is somewhat confusing, as the trend 

seen in the Ag 3d5/2 peak is different from that seen in the Ag 3d3/2 peak. This may be due to 

the low signal of the 2Ag:MPG system, as the 20:1 vs. 5:1 Ag:MPG trend is similar to that 

seen in their respective Au:MPG systems. The S 2p XPS spectra show similarity between the 

20:1 and 5:1 Ag:MPG systems, as they have more Ag-S bonding. 
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Figure A-6. XPS spectrum of Au:MPG on titanium. A) Ag 3d spectra, B) S 2p spectra with 
MPG standard for comparison. 

  



141 

 

APPENDIX B 
 

B-1. Copyright Agreement Letter – Chapter 3 
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