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ABSTRACT 

FUNDAMENTAL RESEARCH INTO GOLD NANOCLUSTER PROPERTIES 

 Gold materials are popular for research into many applications with their interesting 

properties, such as magnetism, bio-inactivity, and other size-dependent properties. As the size of 

the gold material decreases from a bulk material to the the nanoscale, new properties are 

introduced moving through different size regimes. As the particle size reaches the 2-3 nm range 

and move into the quantum-confined particle range, the most interesting particle changes occur 

and gold nanomaterials have extremely interesting research potential. These materials exist 

between the bulk and molecular systems and have similar properties to both; however, they are 

different enough from both of these to have their own unique application possibilities.  

 Some properties of gold nanoclusters can be attributed more to the core or more to the 

ligand layer of the nanocluster. Certain properties, like electronics and magnetism, are due to the 

superatomic electron count and electronic structure from the core and depend on the number of 

gold atoms in the nanocluster. Extensive research has been done on investigating and altering 

these properties in small nanoclusters, however, larger nanoclusters have hardly been studied as 

they can be more difficult to work with. Within this work is investigated the magnetism and thus 

electronic structure of Au102(SPh)44 and Au133(tBBT)52 in different oxidation states. 

Paramagnetism up to two unpaired electrons is observed with both these nanoclusters through 

solution phase magnetic studies. Through this, electronic structure information has been obtained 

to elucidate the behavior of unique superatomic 1G and 1H orbitals.  
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 Looking at the outside of a nanocluster structure, interactions of nanoclusters with other 

nanoclusters, molecules, surfaces, and solvents are all due to the ligand layer of the nanocluster. 

Investigations of the ligand layer have been performed extensively through many techniques. 

However, further studies are always helpful since controlling the ligand layer is essential for 

functionalization for potential applications. Within this work is investigated the interactions of 

Au25(SR)18 with other Au25 nanoclusters in both solution and solid phase, as well as ligand 

exchange reactions of Au133(tBBT)52. Studies on Au25(SR)18 within solution include 

investigations of a supramolecular assembly, or supercluster, formed solely of the nanocluster 

itself with control over its growth and size. Studies on Au25(SR)18 within the solid-phase include 

controlled crystallization techniques that result in different solid-phase structures with previously 

unseen properties. Ligand exchange studies have also been expanded from small nanocluster 

materials only in previously published studies to the large nanocluster, Au133(tBBT)52. 

 Within this dissertation, some of the first empirical studies into the oxidation state-

dependent properties of large gold nanoclusters, Au102(SPh)44 and Au133(tBBT)52, were 

performed. This betters the field’s understanding of how many unpaired electron spins these 

large gold nanocluster can sustain at room temperature and further elucidates the behavior of 

superatomic electronic structure and behavior based on electron count. Furthermore, this 

dissertation presents the first investigations into the formation of supramolecular assemblies of 

gold nanocluster as recyclable materials, and more interactions of gold nanoclusters based on 

ligand layer interactions through polymorphism studies and ligand exchange studies. These 

investigations all help understand how to control the ligand layer for future applications of gold 

nanoclusters and nanoparticles, from molecular to bulk materials. 
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Chapter 1. Introduction to Gold Nanoclusters 

Nano-gold materials are historically and recently interesting material to research for a variety 

of applications and other fundamental research. The long history of non-bulk gold materials 

starts with Michael Faraday with his synthesis and discovery of nano-scale gold and its different 

properties from bulk gold.1–3 These nano-sized materials are easily produced with gold salts and 

a variety of reducing or protecting agents. Gold nanoparticles in the micron to five nanometer 

size have been industrially produced since then with numerous mundane to fascinating 

applications.4–7 However, as synthetic control increased, even smaller gold nano-materials could 

be produced with their own differences in properties which made them desirable for modern 

research. The controlled synthesis and modern-day research of these ultra-small materials was 

jump-started into the popular scientific eye when Mathias Brust working with David Schiffrin 

created a synthesis that produced ultra-small, near-monodisperse, thiol-protected, gold 

nanoparticles which presented significantly different properties than the larger nanoparticles.8,9 

These ultra-small gold nanoclusters, as they are called, differ significantly from larger 

nanoparticles and offer greater research opportunities for their unique properties.  

 As the size of the nanoparticles decreases and the diameter of the particle nears the 

wavelength of an electron, quantum confinement begins to take place which significantly 

changes the way the particles behave. The fully metallic core of the nanoclusters allow electrons 

to freely move across the diameter. This creates a spherical potential well of freely moving 

electrons which in turn interact to create a completely new class of electronic orbitals that come 

from high rotational momentum.10,11 These new orbitals seen in cluster materials have been 
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investigated thoroughly in the gas phase and in other metal materials where it was seen that 

nanoclusters that were many times the size of a single atom could nevertheless behave just like a 

single atom based on their electronic structure.12–15 These were coined superatoms. A useful 

model for approximating the electronic structure of these superatoms was created named the 

superatom/jellium model.12,15,16 Superatomic orbitals are created from the interaction of the 

electrons in the core of a nanocluster and this model predicts the progression of those orbitals. 

These superatomic orbitals progress quickly from orbitals analogous to molecular orbitals like 1s 

and 1p orbitals to high angular quantum number orbitals such as 1g and 1h unseen in most other 

molecular systems.  

 Similar to octet closings, there is a noticeable stability that comes from the closing of 

superatomic orbitals with certain numbers of electrons. With gold nanoclusters protected by 

thiols, the number of electrons donated to the superatomic orbitals can be easily calculated with a 

simple equation seen in Equation 1.11  

Equation 1.1   n* = MVa – N – z  

 With numbers of electrons that provide superatomic orbital shell closings, high stability is 

observed. These numbers of electrons correspond to specific numbers of gold atoms and ligands 

which are called “magic-sized clusters”. Unlike nanoparticles which are described by a range of 

sizes based on the monodispersity, nanoclusters are described by the exact number of gold atoms 

and ligands. The exact nanocluster being worked with can be known to atomic precision because 

of the stability that comes from electronic shell closings.  
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 Since nanoclusters can be atomically precise and purified to near-perfect monodispersity, 

they can also be crystallized. Early work on nanoclusters was done with low accuracy mass 

spectrometry and other accompanying techniques, where most numbers of gold atoms and 

ligands were approximations and the structures were based on assumptions. The first nanocluster 

was then crystallized in 2007 by applying bio-macromolecule techniques to inorganic materials.

17 With the ability to compare crystallographically determined structures to the properties of a 

nanocluster, there is significant insight into the structure-function relationship which is missing 

from larger gold nanoparticles.    

 Figure 1.1 shows the structure building from the core to the ligand layer of the 

Au102(SR)44 gold nanocluster, according to the framework described by Pradeep.18 The core 
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Figure 1.1. Images showing the structure of the Au102(pMBA)44 gold nanocluster as it 

build from the core Au0 atoms in a-c, then the staple units of S-Au1-S added in d, then the 

rest of the ligands in e. Au represented in yellow, S represented in orange, C represented in 

light gray, O represented in red. 



begins with geometric shells made of Au0 atoms. These shells build geometrically and significant 

stability occurs from those shells. This is akin to the stability that occurs in some atomic nuclei 

from certain numbers of protons or neutrons.10 Beyond these core Au0 atoms are arranged the 

staple units of the nanocluster, that consist of S ligands and AuI atoms. These can vary based on 

the different magic-sized cluster from single staples with S-Au-S, to longer staples with S-Au-S-

Au-S. Different properties can come from either the core of the nanocluster or from the exterior 

golds and ligand layer.  

 Gold nanoclusters have been studied heavily for the past few decades for their unique 

properties. These studies have been varied from purely theoretical studies to experimental only 

studies and everything in between. Significant work has been put into understanding the 

properties that come from the core of the nanocluster like magnetism and optics, and the 

properties that come from the ligand layer and interaction with other materials.  

 Lots of research has been done on a variety of nanoclusters to examine the magnetism, 

optics and electronic behavior.19–26 Changing the nuclearity, ligand, shape of nanoclusters, and 

oxidation state all can have an affect on these behaviors. Different nanocluster nuclearities result 

in different properties because of their different electron counts, frontier superatomic orbitals, 

and surface coverings. The ligands affect the stability, electronics, and interactions with other 

molecules, discussed below. The shape of the nanocluster changes the symmetry, stability, and 

ligand coverage and through this the properties of the nanocluster.27–29 And the oxidation state, or 

electron count of the superatom can affect all these. Most interestingly to the first two chapters of 

this dissertation are the results of magnetic studies from this lab and others in the field showing 
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the oxidation state-dependent magnetism of gold nanoclusters and their possible applications30–35 

and how the ligands on a nanocluster can affect it's intramolecular interactions.  

 While significant work has been done to understand the properties of smaller 

nanoclusters like Au25(SR)18 and Au38(SR)20, less research has been completed on larger 

nanoclusters. These smaller nanoclusters, including those that aren’t easily described by the 

superatom/jellium model, have much more simple electronic structures and are generally easier 

to purify and crystallize than larger nanoclusters. Larger nanocluster could be better systems for 

certain applications for the ability to support higher magnetic spin counts and different 

electronics. They also may work better as model systems to understand how gold nanoparticles 

function as they are closer to these larger, non-quantum confined materials.  

 As gold nanoclusters increase in size the superatomic orbital progression goes from what 

might be called “normal” chemistry into completely new and different systems. With a quick 

increase in orbital angular momentum, nanoclusters can be researched that have frontier orbitals 

such as 1g and 1h. These electronic structures are far beyond what is usually worked with and 

their behavior cannot easily be predicted or explained once empirical data is collected. Any new 

data that is collected with these unique systems helps to better understand how they might be 

used for better applications or to understand other non-“normal” systems.  

 Along with more research on larger nanoclusters electronics and the origins of their 

unique properties, examinations of the way all nanoclusters interact with other materials or other 

nanoclusters is still important for any application that may be proposed. The ligand layer of the 

nanocluster controls how they interact with the world around them in solution or solid phase. 

Ligand exchange and interactions between clusters need to be further investigated for 
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functionalization on surfaces and stability within solution as is discussed in the latter chapters of 

this dissertation. 

 Research has been performed from the Ackerson research group and plenty of others on 

ligand exchange and ligand interactions of small nanoclusters and a few larger nanoclusters. This 

research has varied from X-Ray crystallography based examinations to solution phase studies 

with NMR and mass spectrometry. It has been observed that ligand exchange occurs certain 

ways with small nanoclusters and with small numbers of ligands exchanged, however, do these 

trends happen the same way with larger nanoclusters or do ligand interactions stay the same with 

different ligands and in different solvents? These are questions that need to be investigated for 

any expansion of applications of gold nanoclusters.  

 In this dissertation, numerous studies have been performed to add to this gap in 

knowledge that remains in the gold nanocluster field. Starting with core based properties of gold 

nanoclusters, the magnetic properties of Au102(SR)44 and Au133(SR)52. were investigated to further 

understand the electronic structure of these two larger gold nanoclusters. Evan’s Method nuclear 

magnetic resonance spectroscopy (NMR) was used, a solution phase magnetic investigation 

technique, to study the magnetic susceptibility of these nanoclusters. This technique relies on the 

interaction of a sample of interest in solution with an internal standard to view the magnetic 

behavior. These studies were performed in order to better understand the gold nanocluster’s 

electronic structure and behavior as their oxidation state was altered. Observing the differences 

between these and previously investigated nanoclusters can give insight into superatomic orbitals 

in general and how these materials change as they get closer to gold nanoparticles in character.  
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 Since the studies of Au133(SR)52 involve purification through crystallization, ligand 

exchange studies could be performed on the nanocluster to examine ligand interactions of the 

material compared to previously reported studies with smaller materials. Using X-ray 

crystallography,  ligand structure is examined before and after ligands are changed on the surface 

of the nanocluster. The larger Au133(SR)52 gold nanocluster should be able to support larger ratios 

of exchanged ligands while still being able to crystallize compared to the well studied 

Au25(SR)18. Studies on the larger gold nanocluster with ligand exchanges can also give further 

insight to ligand exchange mechanisms on differently packed surfaces than smaller nanoclusters.  

 Further studies included are on the “captain of the great nanocluster ship”, Au25(SR)18.36 

The  controlled crystallization and the intercluster interactions of these nanoclusters in certain 

solvents is studied within this work. Careful control over the conditions in which the 

nanoclusters are crystallized results in different morphological changes both in the macro- and 

microscopic structures. The procedures and results from these different Au25(SR)18 crystals is 

discussed in detail. Looking at intercluster interactions through dynamic light scattering (DLS) to 

determine how they aggregate and behave with temperature, solvent, and concentration changes 

is also studied. Previous work has shown permanent fusion or covalent attachment between 

nanoclusters when aggregation is induced. However, reversible aggregation of supramolecular 

assemblies is seen herein where the size of the nanoclusters as well as the growth models that 

produce those assemblies can be examined. 
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Chapter 2. Superatom Paramagnetism of Au102(SPh)44(-1/0/+1/+2) Oxidation States  *

2.1 Synopsis 

Gold nanoclusters show distinctive magnetic properties and electronic structure from many 

molecular systems.  Nanoclusters of sufficiently small size restructure geometrically to stabilize 

electronically (e.g. a Jahn-Teller effect) whereas geometric distortion may not be possible in 

larger nanoclusters. In this work, the charge state dependent magnetism of the 

Au102(SPh)44-1/0/+1/+2 nanocluster is investigated through Evans Method NMR measurements. The 

+2 charge state is shown as paramagnetic.  This suggests that the nanocluster does not distort 

geometrically to pair electrons.  Because the nanocluster lies within the transition range of 

molecule-like to bulk-like properties, this suggests that the geometric stabilization that becomes 

important in larger ‘magic number clusters’ may be resistant to electronically driven distortions 

observed in smaller nanoclusters. 

2.2 Introduction 

Magnetism in nanoclusters and particles of gold is historically an area of conflicting results.1,2 

Production of gold nanoclusters with tighter control of oxidation state and better monodispersity 

has helped resolve many early problems and conflicts. There is still, however, the unclear role of 

structural distortion in certain gold clusters that might change how magnetizable a cluster could 

be.  

 The work presented herein is published in Inorganic Chemistry with Phillip S. Window and Christopher J. *

Ackerson as coauthors. Phillip S. Window’s contributions include experimental design, data analysis, and synthetic 
development and characterization of gold nanoclusters and assemblies. Window, P. S.; Ackerson, C. J. Inorg Chem 
2020, 59 (6), 3509–3512.
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 When considering particles of gold in progressively smaller sizes, the melting 

temperature of the particle decreases, such that 2.5 nm diameter particles are calculated as quasi-

molten at room temperatures.3,4 This decrease in melting point (e.g., rigidity) is concurrent with 

the disappearance of magnetic properties of bulk gold (diamagnetism) and emergence of the 

possibility of para- ferro- and anti-ferromagnetic properties.5,6 

 On the smaller side of atomically precise gold clusters, the magnetic properties of 

Au25(SR)18 are especially well studied. Au25(SR)18 exhibits molecular like electronic charge state 

transitions and has Jahn-Teller like distortions in the electronic and geometrics structure of the 

superatom.7 In Maran's work, paramagnetism, superparamagnetism, and ferromagnetism were all 

observed with solid state samples of Au25(SR)180 in EPR experiments through different magnetic 

ordering.8 However, the Au25(SR)18 cluster does not support greater than S=1/2, as seen in 

Tofanelli's work.  This is because Au25(SR)18 is sufficiently structurally fluid to accommodate 

Jahn-Teller distortion, which resolves electronic degeneracy with structural distortions.  

 An open question that builds upon the interplay of structure and magnetism in gold 

clusters is if larger clusters resist electronic degeneracy driven distortions (e.g., are not subject to 

Jahn-Teller effects) while at the same time retaining other molecular-like electronic and magnetic 

properties. To address this question, we measured the magnetic properties of Au102(SPh)44 in a 

set of 4 different oxidation states. 

2.3 Results and Discussion 

In this work, the charge state dependent paramagnetism of Au102(SPh)44 is investigated. 

Paramagnetism has already been observed in Au102(SR)44 through charge state changes6 and low 

temperature modifications9; however, these observations have not shown how magnetizable the 
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clusters could be and how many unpaired electrons could be sustained. Applying techniques 

developed for examining magnetism of large biomolecules by Piguet through Evan’s Method 

NMR experiments10 the diamagnetic correction could be measured directly instead of calculated 

and the paramagnetism can be measured in different charge states.11 (See Equation 1) Bulk 

electrolysis was used with the nanocluster to study the -1, 0, +1, and +2 charge. The 0 charge 

state of the nanocluster is predicted to have a superatomic electron configuration of 1S2 | 1P6 | 

1D10 | 2S2 1F14 | 2P6 1G18 based on the idealized superatom/jellium model theory for spherical 

particles. This corresponds to 58 superatomic electrons. The positive charge states of the 

Au102(SPh)44 nanocluster would then have unpaired electrons in the 1G orbital and the negative 

charge state would have unpaired electrons added to the 2D superatomic orbital. DFT studies 
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Figure 2.1 Graph showing χT values at different charge states with electron 

configurations of charge states shown directly below charge state axis. (1G orbital 

simplified to top two states for clarity)
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have show these frontier orbitals are a manifold of 1H, 2D, 3S orbitals.12 However, a 2D frontier 

orbital is used herein for simplification. 

 The Au102(SPh)44 nanocluster exhibited paramagnetism in the -1, +1, and +2 charge 

states, as seen in Figure 2.1. This shows the different behavior that this large cluster has from the 

Au25(SR)18 nanocluster in that when the second electron was removed from the superatomic 

orbitals, the orbital does not restructure to pair the electrons as was seen with Au25(SR)18. This 

suggests that the core of the Au102(SPh)44 nanocluster is more structurally rigid than previously 

thought. This implies that the geometric stabilization of the larger clusters could be more 

prevalent than the electronic stabilization seen in smaller clusters. It was also observed that the 

“0” charge state well of the nanocluster was not in the assumed position in a Square Wave 

Voltammogram (SWV). This was found through the magnitude of the diamagnetic response of 

the different charge states examined.  
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Figure 2.2 a. Square wave voltammogram of Au102(SPh)44 with red and blue traces 

showing positive and negative potential sweeps, respectively. b. MALDI-MS spectrum of 

Au102(SPh)44 showing purity with parent peak centered at 25000 m/z and doubly charged 

sample peak at 12500 m/z. (* represents fragment)

a. b.

Potential (V vs Ag/AgCl)



 Au102(SPh)44 was synthesized using a modified protocol from Rambukwella.13 Full 

details, purification and characterization are given in the supplemental information (SI.) Figure 

2.2 shows mass spectrometry and electrochemical analysis of the purified nanocluster, which 

matches previously published results. Any changes in observed electrochemical data from other 

Au102(SR)44 results are attributed to the different ligand shell.  There were no observable changes 

in these data above after oxidation state modifications and purity was assured regularly 

throughout experimentation. UV-Vis spectrometry was performed on the cluster (Figure S2) and 

no significant change was seen after oxidation state modifications.  Bulk electrolysis was used to 

set the oxidation state (and therefore the electron count) of the superatom to produce 

Au102(SPh)44-1/0/+1/+2 samples which is regularly used for charge state modifications on superatom 

nanoclusters such as Au25(SR)18. Since these electrochemical redox processes are reversible, they 

are assumed to not be ligand redox events. The magnetic response of each Au102(SPh)44 oxidation 

state was determined through Evan's Method. Explanation and full details are given in the 

appendix I. 

 In Equation 2.1, developed by Piguet, δν is the difference between the tetramethylsilane 

(TMS) peaks in the Evan's Method NMR experiments from the capillary TMS and the TMS with 

the sample. M is the molar mass of the sample and m is the mass of sample used in the 

experiment. This accounts for the diamagnetic correction in the equation without a theoretical 

calculation since both charge states use the same salt concentration and solvent.  
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Equation 2.1



 This equation calculated the paramagnetic molar susceptibility of a sample based on 

subtracting the molar pseudocontact shift of the diamagnetic analogue of the nanocluster (the “0” 

charge state) from the molar pseudocontact shift of the +1, +2, or -1 charge state nanoclusters to 

obtain the molar paramagnetic response of the pseudocontact shift peak. The difference between 

these TMS shifts are then divided by ν0, the operating frequency of the NMR (400MHz), and Sf, 

the shape factor of the magnet (4π/3). This equation was developed for solving the diamagnetic 

correction for large paramagnetic molecules such as proteins where the diamagnetic contribution 

is as large or larger than the paramagnetic contribution from the molecule.   

 Table 2.1 shows the calculated molar shifts of the TMS peaks and the subsequent χT’s of 

each charge state. Here we see that the +1 and +2 charge state have χT’s of 0.390 cm3K/mol ± 

0.107 and 0.781 cm3K/mol ± 0.132. This data shows immediately the difference between the 

smaller Au25(SR)18 nanocluster and Au102(SPh)44. Au25(SR)18 undergoes a Jahn-Teller-like 

distortion when losing two electrons to become diamagnetic. Whereas, the Au102(SPh)44 sample 

increases its χT from 0.390 cm3K/mol to 0.781 cm3K/mol when losing another electron to more 

than double its paramagnetic response. This demonstrates that electron pairing energy does not 

dominate in the higher rotational energy orbitals of the HOMO. Table 2.1 and Figure 2.1 also 

show the χT of the -1 charge state to be 1.14 cm3K/mol ± 0.321. This is a significantly higher 

16

Charge State Avg. Molar Shift (Hz*cm3/mol) χT (cm3K/mol) Std. Dev. 

-1 -5.36E+06 1.14 0.321

0 -1.17E+07 0 0

1 -9.55E+06 0.390 0.107

2 -7.37E+06 0.781 0.132

Table 2.1. List of magnetic study data comparing χT's of different charge states of 

Au102(SPh)44.



value than would expected for a s=0.5 sample. The larger χT could be due to several factors 

including intercluster interactions like ferromagnetic coupling. Since a possible location of these 

electrons is in the 2D superatomic orbital, the behavior makes sense as the unpaired electron is 

free to interact more easily in the higher quantum number orbital with adjacent orbitals. 

 Previous work in the field of cluster magnetism found that Au25(SR)18 materials had g 

factors greater than 2 with Marcus Tofanelli’s work in SQuID magnetometry and Flavio Maran’s 

work in EPR. Tofanelli’s work found a g factor of 2.18 for Au25(SR)18 clusters. Using Tofanelli’s 

value as an approximation, a χT can be roughly predicted through Curie's Law. A χT of 0.4455 

cm3K/mol is found for an s = 1/2 cluster similar to Au25(SR)18 and a χT of 1.1881 cm3K/mol is 

predicted for an s=1 cluster. The significantly smaller experimental χT of the “+2” or s = 1 

cluster could be due to partial electron pairing and spin-orbit coupling. Since the superatomic 

orbitals are an extremely complex system, the approximation of the χT's through Curie's Law 

should be calculated through the total angular momentum in each charge state. However, with 

such complexity, the calculations needed for this are improbable to model and computationally 

expensive, such as work done with F orbital models. EPR spectroscopy was also performed on 

the cluster (data not shown) and no signal was observed at 140K. Based on this signal, we 

concluded that the paramagnetism measured with Evan's Method came from the nanocluster and 

not any contaminant. Lower EPR measurement temperatures are required to observe the 

superatom paramagnetism observed by Evan’s method in this paper.8  

2.4 Conclusion 

The Evan’s Method magnetic data collected for Au102(SPh)44 allows for the first empirical 

analysis of the electronic structure and electron pairing of this large nanocluster. By observing 
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this increase in the paramagnetism of the cluster from one to two electrons removed, there is not 

significant pairing of the electrons or Jahn-Teller-like distortions to the electronic structure as 

seen with the Au25(SR)18 nanocluster. Jahn-Teller effects are improbable to observe through 

structural data due to the lack of crystallization of the cluster so far. It also appears that the 

charge state assignments are different than one might expect when viewing a HOMO-LUMO gap 

from electrochemical data. Figure S1 in the SI show these charge state assignments and explain 

the assignments. This could have a serious impact when viewing electrochemical data on larger 

clusters that are less molecular than smaller clusters.  

 Further work needs to be done beyond these magnetic measurements on the different 

charge states to get a full picture of the electronic structure and its impact on the stability of the 

cluster. Variable-Temperature Evan's Method NMR experiments could confirm and give more 

information on the electronic structure and environment of the unpaired electrons in the 

superatomic orbitals. Differential scanning calorimetry can be used on this cluster in different 

charge states as well to see how the thermal stability of this cluster changes as the HOMO-

LUMO occupancy changes. However, as found with Au144(SR)60, larger clusters can have 

unpredictable stability from charge state differences.14 Future investigation into other spherical 

nanoclusters between Au25(SR)18 and Au102(SR)44 could be helpful to see the cluster-size 

dependent trend of electronic versus geometric stabilization, such as the nearly spherical 

Au67(SR)35.  
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Chapter 3. Preliminary Investigations into Oxidation State Dependent Magnetism of  

Au133(tBBT)52  †

3.1 Synopsis 

Gold nanocluster properties follow a strong size-dependent trend, molecular behavior on the 

small side and bulk on the large side. Investigating these size-dependent trends is the best way to 

understand how to select certain size nanoclusters for certain future applications. Herein, the 

very large, but still molecular, Au133(tBBT)52 nanocluster’s magnetism is studies and compared to 

smaller nanoclusters. Evan’s Method 1H NMR is performed on the nanocluster after oxidation 

state changes showing paramagnetism in the 0/+1/+2 oxidation states and diamagnetism in the -1 

oxidation state, contrary to previously published data. Through these studies, the behavior of the 

unprecedented 1H superatomic orbital can be elucidated from the magnetic susceptibilities.  

3.2 Introduction 

Gold nanoclusters are interesting materials for research into fairly unknown systems such as 

superatomic orbitals. Ligated nanoclusters are stable materials to perform research with and 

allow for facile investigations into the behavior of the rare superatomic materials. Since their 

behavior and properties are those between molecular and bulk materials, depending on the size, 

those properties are a balance of geometric and electronic factors, nuclearity and oxidation state, 

core properties and ligand properties.  One of those interesting properties is magnetism, which in 

nanomaterial gold is a phenomenon that only comes when the particles become sufficiently small 

to behave like superatoms or at sufficiently low temperature.1–7 Magnetism is also a property that 

 The work presented herein includes contributions from Phillip S. Window that include experimental design, data †

analysis, synthesis, and characterization. 
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can be investigated in order to more fully understand the unique electronic structure of gold 

nanoclusters.8–10 

 Previously within this dissertation the magnetism of Au102(SR)44 was investigated and the 

electronic structure was elucidated of this nanocluster.11 Au102(SR)44 magnetism arises from 

superatom electrons within the 1G and 1H superatomic orbital. The nanocluster was shown to 

support up to 2 unpaired electrons within the 1G orbital after oxidation. The ability to 

empirically examine electronic structure within these unique orbitals makes these nanoclusters 

very interesting for further research. The Au102(SR)44 system, however, is from an ultra-stable 

closed orbital system and still presents molecular behavior. Au102(SR)44 is also considered the 

largest gold nanocluster to still have an observable optical gap. As the size of the nanoclusters 

increases this molecular behavior decreases further and with the Au133(SR)52 nanocluster the 

electronic stability comes from a half filled rather than a closed shell system.  

 Au133(SR)52  has been researched recently for its oxidation state-dependent magnetism 

through an EPR study in two different oxidation states.12 This study found that in the “0” 

oxidation state, the nanocluster has a s = 1/2 spin with the electron having 1H orbital character. 

When oxidized through exposure to H2O2, the nanocluster becomes diamagnetic which can be 

reversed through later chemical reduction. This study provided a basis for research into the 

magnetic properties of the nanocluster. However, the use of chemical reduction and oxidation 

does not allow for fine control of the oxidation state of the nanocluster nor the further study of 

more accessible oxidation states.  

 An important question to answer in this field is what influences nanocluster property 

changes as the size of the nanoclusters and their atom count changes. There have been many 
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attempts to classify the cutoff of where a molecular nanocluster size ends and a bulk material 

starts. However, when looking at all the properties and  

 Within this study, the solution magnetic susceptibility of Au133(SR)52 is studied in 

different oxidation states with Evan’s Method 1H NMR and electrochemical electrolysis 

oxidation state changes.13 The results of this study show interesting changes to the magnetism of 

the nanocluster as electrons are added and removed to the half-filled superatomic orbital. There 

are noticeable differences to the behavior of the superatomic electrons in this system from the 

previously studied Au102(SR)44 nanocluster. Electrochemical analysis is also discussed with small 

changes to the voltammogram as the oxidation state of the nanocluster is changed through bulk 

electrolysis.  

3.3 Methods 

In this work, the charge state dependent paramagnetism of Au133(tBBT)52 is investigated 

through Evan’s Method NMR magnetic measurements after electrochemical changes to the 

oxidation state of the nanocluster. The Au133(tBBT)52 samples were synthesized using a modified 

literature preparation and purified through crystallization.14 Full synthetic details are in the 

appendix for this chapter. In short, Au144(PET)60 was first synthesized using a one-phase Brust-

Schiffrin synthesis.15 The published time scale for the reaction was extended for better yield of 

Au144(PET)60 over Au25(PET)18. The crude was then purified through size exclusion 

chromatography (SEC). The Au144(PET)60 crude sample was then converted into Au133(tBBT)52 

through ligand exchange thermo-etching or LEIST (ligand exchange induced size 

transformation). The Au133(tBBT)52 nanocluster was then crystallized from this crude sample 

through a dichloromethane/acetonitrile layering. Moving forward with only crystallized sample 
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was the best way to ensure the best purity of the sample possible since MALDI-TOF MS with 

large clusters has a very large envelope around the molar mass of the material that only indicates 

the rough size of the material.  

 To measure the magnetic susceptibility of the Au133(tBBT)52 in different oxidation states, 

electrochemical bulk electrolysis was used first on the sample to examine the voltammogram 

then electrolyze the sample to the desired oxidation state well. Figure 3.1 shows the square wave 

voltammogram (SWV) with the oxidation state assignments based on the HOMO-LUMO gap as 

the largest potential gap being the electron count of the superatom that should be most stable.  

 After cleaning the sample of the electrochemical salts through different anti-solvent 

washes, Evan’s Method NMR was used to find the magnetic susceptibility of the material 

through its interactions with the tetramethylsilane (TMS) standard added to the solution. As 
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Figure 3.1. Square wave voltammogram of Au133(tBBT)52 with overlay of different 

oxidation state wells with: top text showing oxidation state of the nanocluster, middle text 

showing the frontier orbital electron count, and bottom text showing the total superatomic 

electron count of the nanocluster.

Potential (V vs Ag/AgCl)



previously described in Chapter 2, Equation 2.1 was used to directly calculate the paramagnetic 

susceptibility of the different oxidation states subtracting out the diamagnetic moment of the 

nanocluster.16  

3.4 Results and Discussion 

Table 3.1 shows the average molar shift of the TMS peak found in the 1H NMR for each 

oxidation state. The oxidation state with the most negative TMS peak was determined to be the 

diamagnetic state of the nanocluster. 

 Figure 3.2 shows a graph comparing the susceptibility of the Au133(tBBT)52 nanocluster in 

its different oxidation states. The -1 oxidation state with the most negative TMS influence has no 

calculable magnetic susceptibility here with a molar TMS shift of -9.51*10^6 Hz*cm/mol. 

Assuming that the most stable oxidation state of the material is with a half filled H orbital in its 0 

oxidation state, this is said to be within the HOMO LUMO gap as seen in Figure 3.1. In this 0 

oxidation state, the molar TMS shift is less negative than that found in the -1 oxidation state. We 

can consider this a paramagnetic material here then. The 0 oxidation state has a χT susceptibility 

of 0.430 cm3K/mol. This corresponds to an s = 1/2 system with a χT slightly lower than a free 

electron system with a g=2 at 0.447 cm3/mol. As one electron is removed from the nanocluster 

system with the oxidation state assumed to be 0 and the nanocluster moves into the +1 oxidation 
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Charge State Avg. Molar Shift (Hz*cm3/mol)x10^6 χT (cm3K/mol)

-1 -9.52 N/A

0 -7.12 0.430

1 -5.1 0.792

2 -1.25 1.48

Table 3.1. List of magnetic study data comparing χT's of different charge states of 

Au133(tBBT)52.



state, the χT susceptibility increases to 0.792 cm3K/mol. This corresponds to around two 

unpaired electrons which differs significantly to previously published results by Zeng et al.12 As 

another electron is removed from this system and it moves into the +2 oxidation state., the χT 

increases to 1.48 cm3K/mol which is slightly lower susceptibility than a g = 2 free electron 

system with 3 unpaired electrons. 

 In Figure 3.1, one can see the numbers of electrons within the H orbital for each given 

oxidation state well. In the 0 oxidation state, with a half-filled H orbital there are 11 total 

electrons based on the superatom theory and so there must be one unpaired electron. The 

susceptibility shows this clearly with a χT of 0.447 cm3K/mol. Both the +1 and +2 oxidation 

states correspond to one electron increases to this susceptibility. However, when comparing this 

to previously published results from Zeng, we see large differences. As previously discussed, 

they saw diamagnetism in the +1 oxidation state instead of paramagnetic susceptibility. This 
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Figure 3.2. Graph showing the magnetic susceptibility in χT of Au133(tBBT)52 in different 

oxidation states. T = 300K (error bars are not available for this data due to the lack of 

adequate trials)



could be due to the sample being run at 2-25 K versus room temperature measurements. Similar 

to spin-crossover complexes, a transition from high to low spin could occur as the material is 

cooled. At those temperatures, the Au133(tBBT)52 sample run by Zeng was in a frozen glass 

solution of toluene and dichloromethane. These differences could possibly be explained with 

further studies into temperature dependent magnetism through variable temperature NMR, 

electron paramagnetic resonance, or SQuID magnetometry investigations. Interestingly, instead 

of being a two unpaired electron system when in the -1 oxidation state, we see pairing of the H 

orbital electrons and a diamagnetic sample. With 12 total electrons, this is possible to have 

Comparison to Au102(SPh)44. Comparing the magnetic susceptibility in χT of Au133(tBBT)52 to 

that of Au102(SPh)44, similar trends are seen in the observed. As electrons are removed from the 

system, the remaining electrons remain unpaired in the +1 oxidation state for Au133(tBBT)52 

compared to the +2 oxidation state for Au102(SPh)44 instead of shifting the core structurally to 

pair the remaining electons. We attributed this to high geometric rigidity for Au102(SPh)44 and it 

is reasonable that the same factors are at play with the even larger Au133(tBBT)52. Since core 

rigidity increases with particle size, Au133(tBBT)52 would be even more rigid and could support 

even more unpaired electrons out to the +3 oxidation state.17,18 Data has not yet been gathered of 

this oxidation state since bulk electrolysis to this larger potential well has proved difficult so far.  

 When comparing the -1 oxidation state of the Au133(tBBT)52 and Au102(SPh)44 

nanoclusters, we see differences in their behavior. As an electron is added to the Au102(SPh)44 

system, the χT increases significantly. We attributed this to the electron being added to the 2D or 

1H frontier orbital. In that case, these orbitals can interact more with surrounding nanoclusters, 

increasing the susceptibility through ferromagnetic coupling interactions. Another possibility is 
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that as one electron is added to the higher orbital it prompts other electrons to be promoted and 

unpaired within that orbital as well. However, neither of these claims have yet been 

substantiated. As an electron is added to the 1H orbital of Au133(tBBT)52, it is added to a half-

filled orbital and therefore no increase in χT is observed and instead the material is diamagnetic. 

Further studies with the -2 oxidation state should be performed but these must be performed 

strictly air-free for the chance of atmospheric oxidation is too great to easily handle. This is very 

difficult to perform as the electrochemical salts need to be removed before Evan's method 1H 

NMR experiments. These salts are removed best with selective solubility and centrifugation. 

Acetonitrile is the easiest to use for this but this solvent easily picks up oxygen and 

centrifugation is a technique that does not lead itself to air-free chemistry easily as the machines 

are large and the pellets fragile.  

3.5 Conclusion 

Presented within this chapter are the preliminary results of magnetic susceptibility 

measurements on Au133(tBBT)52 in four different oxidation states. The nanocluster was 

synthesized, purified, crystallized, electrolyzed, and measured for its magnetic properties. The 

Evan’s Method 1H NMR experiments represent the first empirical study into the magnetism of a 

half-filled “magic sized” cluster. The magnetic measurements give us important information for 

how electrons pair within a 1H orbital system. The -1 oxidation state with 12 total electrons in 

the 1H orbital seems to be a diamagnetic system with all paired electrons whereas the 0, +1, and 

+2 oxidation states demonstrate paramagnetism increasing with each additional electron 

removed. This shows a significant difference from previously published material where the +1 

oxidation state was seen as diamagnetic by EPR spectroscopy.12 
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 Further research needs to go into this system in more oxidation states as well as more 

trials in each existing oxidation state tested. Currently, two trials have been completed in the 0 

and +1 oxidation states and only one trial in the -1 and +2 oxidation states. This is not nearly 

enough for an accurate analysis without significant error. Investigating the -2 and the +3 

oxidation states should also be done. The -2 oxidation state with 13 total electrons within the 

superatomic 1H orbital could have one ore more unpaired electrons. The +3 oxidation state with 

8 total electrons within the superatomic 1H orbital could be diamagnetic or paramagnetic and 

this would give a strong data set for understanding when the system pairs all electrons like in the 

-1 oxidation state versus the +1 oxidation state with 2 unpaired electrons.  

 Once a solid data set is collected on these oxidation states, collaborative work is planned 

with primarily computational nanocluster chemists. Modeling the 1H orbital system would be a 

great stride towards understanding this unique system that is not seen within any other materials. 

Once this system is understood more, possible targeted applications can be thought of for large 

nanoclusters that are on the cusp of bulk materials.  
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Chapter 4. Analysis of Supercluster Formation from Au25(SC6H13)18  ‡

4.1 Synopsis 

Supramolecular assemblies are of great interest for advanced materials formed both from 

molecular materials and nanomaterials. Nanoclusters, being a gateway between molecular and 

bulk materials, present an interesting alternative to study assembly growth and properties. 

Herein, we present the first analysis of supercluster formation from Au25(S(CH2)5CH3)180 in a 

two-phase system through dynamic light scattering and electron microscopy studies. Control 

over the kinetic and thermodynamic growth models of superclusters is displayed through 

temperature and time scale control in sizes ~25 - 600 nm. 

4.2 Introduction 

Assemblies of nanoparticles and nanoclusters have attracted research interest for unexpected 

and interesting properties1,2,3, which depend heavily on the building blocks used. As assemblies 

are created, the properties of these building blocks can change significantly and lead to new 

materials beyond the traditional nanomaterials.  

 Supramolecular assembly growth can be provoked through several different methods 

including crystallization, ligand-reactions like protein or polymer linking4, solvation5, electro-

assembly6, and other methods7. These methods can result in quasi-stable assemblies or 

covalently linked assemblies that are stable against perturbation. Previously, Sorensen showed 

that assemblies could be made with nanoparticles or colloids to create so-called clusters-of-

 The work presented herein is soon to be submitted work to the Journal of Chemical Physics and has contributions ‡

from Phillip S. Window that include experimental design, data analysis, synthesis, and characterization. Electron 
Microscopy seen in the main body text was performed by Kanda Borgognoni.
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clusters or superclusters8. In this study similar assemblies are formed but from different 

monomer units in solution, Au25(SR)18 nanoclusters.   

 The ligand-ligand and ligand-nanoparticle interactions that govern supramolecular 

assemblies can usually be described by Lennard-Jones type interactions; however, with smaller 

nanoclusters, surface curvature increases relative to ligand length, modeling of these interactions 

becomes difficult.9,10 The most effective interpretations of these seems to be based on Van-der-

Waals interactions and solvent mediated interactions,11 but superatoms and gold-gold interactions 

change these significantly as the size of the particle continues to decrease. In the more traditional 

sense, supercluster growth can be described by supracrystal growth through classic nucleation 

theory12 and through two-phase thermodynamic growth models.  

 When very short time scales are used, a kinetic growth system dominates supracrystal 

growth. In this case, the deeper the temperature quench that is used on the sample, the smaller 

the superclusters that are formed in solution. Nucleation sites develop in solution when the 

temperature changes enough to form a two phase system. More nucleation sites develop the 

deeper the temperature quench since the solubility of the monomer unit is lower. A critical 

nucleus size must be reached in supracrystals before a second growth phase can occur. Since a 

very short time scale is used, a growth phase has not yet started in earnest at these nucleation 

sites and they remain small superclusters for a time. The shallower the quench, the fewer 

nucleation sites develop and so take a shorter time to reach their critical nucleus size before 

growth, therefore larger superclusters are seen.  

 When a longer time scale is used, a thermodynamic growth system dominates 

supracrystal growth. After the critical nucleation size is reached, a two phase system exists in 
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solution in which homogenous growth continues based on the solubility of the monomer unit; the 

nanocluster. Supercluster size is related to the temperature at which the solution is held. The 

lower the temperature used, the larger the supercluster observed in the solution since lower 

temperatures result in reduced solubility.  

 Using different time scales, temperature, solvents, and concentrations result in different 

results for the superclusters grown in solution from the Au25(SR)18 nanoclusters. Supercluster 

assemblies from nanocluster building blocks have been investigated within through temperature, 

solvent, concentration, and oxidation-state control. Herein, we study the synthesis of supercluster 

assemblies of the well-studied Au25(SR)18 cluster into controlled superclusters. The 1-

hexanethiol ligand (HSC6H13) was used to create a relatively unstable ligand shell and this was 

placed in anti-solvent-rich solvent systems. Through dynamic light scattering (DLS) analysis 

after controlled temperature changes, both kinetic and thermodynamic regimes could be accessed 

with superclusters ranging from ~ 30 nm to 600 nm in solvodynamic radius.  

4.3 Methods 

Synthesis of Au25(S(CH2)5CH3)180. A one-phase Brust-Schiffrin synthesis was used to 

synthesize Au25(S(CH2)5CH3)18-1.13 In a usual synthesis chloroauric acid (HAuCl4·3H2O) was 

dissolved in tetrahydrofuran (THF) solvent with excess tetra(N-octyl) ammonium bromide 

(TOABr). To this, hexanethiol was added to form a colorless solution. This was then reduced 

with sodium borohydride, NaBH4, and stirred for >48 hours to form Au25(S(CH2)5CH3)18-1.These 

clusters were then purified through size exclusion chromatography. For supercluster sample 

testing, the -1 charge state of Au25(S(CH2)5CH3)18 was reduced by running through a silica gel 

column in dichloromethane (DCM) to obtain the 0 charge-state oxidized form of 
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Au25(S(CH2)5CH3)180. The purity of the nanocluster was checked through matrix assisted laser 

desorption ionization time of flight mass spectrometry (MALDI-MS) as seen in Figure 4.1 with a 

m/z peak around 7 kDa.  

 All sample solutions for supercluster formation were solvent mixtures of ACS-grade 

Toluene and Ethanol that were spun at 14k RPM to remove dust particles. The samples were then 

dissolved in this mixture and centrifuged again. For kinetic and thermodynamic supercluster 

formation testing, 80% Ethanol/20% Toluene solvent mixture was used. Other testing was 

performed with solvent mixtures as noted.  

DLS Measurements. All DLS measurements were performed on a Malvern Zetasizer Nano ZS 

with a quartz fluorimeter cell. Purity of the samples was checked by MALDI-TOF MS before 

and after all measurements. 

For accessing kinetic supercluster formation regimes, an external water bath was used, held 

usually at 40-50 °C. The sample solution was heated thoroughly, quickly removed and wiped 

clean, then placed in the cooled DLS chamber for quenching. The sample was equilibrated for 
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Figure 4.1. MALDI-TOF MS showing purity of Au25(S(CH2)5CH3)180 with parent peak at 

7035 Da and all other peaks assignable as fragments.



short amounts of time, 2-30 s, then measurements were taken with the high-resolution setting on 

the instrument. Data was analysed through size by volume interpretation. The sample was then 

recycled back in the water bath and tested at high temperature in the DLS for monomer-only 

size.  

For accessing thermodynamic supercluster formation  regimes, the temperature control of the 

DLS instrument alone was used. The sample solution was heated throroughly to 40-50 °C then 

checked for monomer only size signal. The samples were then cooled to the quench temperature 

and equilibrated for 5 minutes before DLS measurement were taken with the high-resolution 

setting on the instrument. Data was analysed through size by volume interpretation. The sample 

was then recycled to high temperature in the DLS for monomer-only size check.  

4.4 Results and Discussion 

Kinetic supercluster formation. Superclusters were formed from purified Au25(S(CH2)5CH3)180 

using multiple methods depending on the growth regime desired, wherein time scale and  the 

depth of the temperature quench were controlled carefully. A kinetic trend following classic 

nucleation theory could be accessed through small time-scale temperature quenching. The 

sample solution was heated to 40 °C then quenched to low temperature rapidly. After data 

collection, the sample would be heated back up and checked for monomeric unit formation 

before quenching again at a different temperature. Purity of the samples was checked by 

MALDI-TOF MS before and after all measurements.  

 Figure 4.2a shows the results of formation of superclusters with a kinetic growth regime. 

With a time-scale between quenching and data acquisition of about 1.5 minutes, this short-time-

scale data reflects the initial nucleation and quick growth of superclusters within the solution. 
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The lower the quench temperature that was used, the smaller the superclusters formed. A cluster 

around 200 nm in solvodynamic radius equates to around 2.7x106 number of nanoclusters per 

supercluster. This is calculated with max efficiency packing of spheres, based on 

Au25(S(CH2)5CH3)180 monomer size found by DLS measurements.   

 Concentration, as measured by absorbance, was important for accessing this kinetic trend 

if the sample was too concentrated only a thermodynamic trend could be accessed and if too 

dilute then supercluster formation is unpredictable. Reproducible and reliable supercluster 

formation through kinetic growth trends were best seen with an absorbance from 0.2-0.4 at 450 

nm which is a known feature of the optical spectrum of Au25(S(CH2)5CH3)180. 

Thermodynamic supercluster formation. A thermodynamic trend for supercluster formation 

could be accessed through temperature control over a more extended time scale. Through longer 

equilibration times, the thermodynamically favorable size of the superclusters was observed 

through DLS measurements. These supercluster sizes seen can be attributed to the solubility of 
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Figure 4.2.  Graphs showing supercluster sizes as found by DLS. a. Kinetic growth regime 

graph of supercluster size from DLS. b. Thermodynamic growth regime of supercluster 

size from DLS experiments showing larger superclusters formed at lower temperatures, 

different from the kinetic growth regime.

a. b.



the monomer, Au25(S(CH2)5CH3)180. Figure 4.2b shows the thermodynamic trends seen in the 

DLS data. At lower temperatures, larger superclusters are seen which is a result of lowered 

solubility of the monomeric Au25(S(CH2)5CH3)180 units. Over time the superclusters reach an 

ideal size which is stable at a certain temperature for a certain concentration of nanoclusters in 

solution.  

 The thermodynamic data shows that over time the superclusters reach an ideal size for the 

conditions used. This indicates there is an exchange between the superclusters of the monomeric 

nanocluster unit. This changes over time from an initial nucleation size to a thermodynamically 

favorable supercluster size can be seen in Figure 4.3. In this experiment, an initial short time-

scale measurement was made after a fast temperature quench then a longer time-scale 

measurement was made after equilibration of 5 minutes. At lower temperatures, a smaller 

supercluster initially formed indicating kinetic nucleation. Then over time at the quench 

temperature, superclusters grew to their thermodynamically favorable size. This behavior shows 
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Figure 4.3. Graph showing DLS size trend of experiment containing both kinetic and 

thermodynamic growth of superclusters.



that in this two-phase system, the monomeric nanocluster unit acts like a molecular or atomic 

monomeric unit.  

Concentration and solvent control of supercluster formation. The effects of concentration of 

the Au25(S(CH2)5CH3)180 nanocluster in the solvent mixture was tested by DLS measurements to 

see what trend would arise from differing monomer amounts.  For these experiments, optical 

density (OD) measurements were used at 450 nm from a UV-Vis measurement since measuring 

concentration from mass would be difficult from the extremely low concentrations used. A 10 °C 

temperature was picked and the samples equilibrated in the thermodynamic time-scale range 

before measurements were taken. Figure 4.4 shows the data collected at 2 °C from an optical 

density range of 0.16 - 1.05 AU. A clear trend can be seen with concentration and supercluster 

size. As the concentration of the monomeric nanocluster units increases, the size of the quasi-

stable supercluster at that temperature increases as well. However, results at the highest OD are 

also erratic since the high concentration resulted in numerous supercluster sizes ranging from 6 - 
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Figure 4.4. DLS data graph showing trend of supercluster size with change in 

concentration measured by absorbance at 450 nm.



645 nm.  It seems there is an optimal range of concentrations where reliable sizes of 

superclusters can be formed and recycled from monomeric units to assemblies. 

 Predictable supercluster sizes were seen when changing solvent mixture percentages as 

well, which can be seen in Figure 4.5. As the ethanol percentage increases the size of a stable 

supercluster at a consistent temperature increases. This reflects the lowering solubility as the 

antisolvent is increased. Outside the range of 75-85% ethanol though, results were less clear. 

Below 75% ethanol, there is not enough anti-solvent in the solution to reliably form 

superclusters. At above 85% ethanol, the superclusters are irreversibly formed and do not 

significantly change size over varying temperature ranges. At this solvent ratio, the antisolvent 

percentage is too high to allow the monomeric units to exchange. 

Electron microscopy analysis of supercluster assemblies. To support DLS measurements and 

verify the creation of superclusters in solution electron microscopy studies were performed on a 

supercluster sample. Ethanol percentage was increased to 85% for this experiment to ensure 

supercluster formation. A solution with optical density of 0.215 AU was used.  The sample was 

39

Figure 4.5. Graph showing DLS size data of superclusters with different antisolvent 

percentages.



drop-cast at 4 °C with very small volumes (2µL) for transmission electron microscopy (TEM). 

Figure 4.6a shows a two spherical assemblies of nanoclusters with a diameter of ~300 nm. 

Figure 4.6b. shows the full field of the TEM grid. In this image, superclusters can be seen with 

relative monodispersity all around 400 nm in size. Comparing this to the DLS measurements of 

the solvodynamic radius we can see very close similarities between thermodynamically grown 

superclusters in Figure 4.2b. Measured around 2 -5 °C, the superclusters range from 370 - 520 

nm in DLS measurement compared to the micrographs at ~ 400 nm. Additional micrographs 

from different grid loading can been seen in Figures S3 and S4.  

Oxidation state and ligand dependence. Supercluster formation was investigated with different 

oxidation states of the Au25(S(CH2)5CH3)18 nanocluster as well as the Au25(PET)180/-1 

nanoclusters (PET = phenylethanethiol). In the case of oxidation state differences of 
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Figure 4.6. Transmission Electron Micrographs of drop-cast supercluster solution. a. Two 

supercluster assemblies showing spherical shape with particle size around 300 nm. b. Full 

field with mono-dispersed supercluster assemblies around 200-250 nm in size. 

a. b.



Au25(S(CH2)5CH3)18, supercluster formation was only observed in the 0 oxidation state. The -1 

oxidation state of the superatom resulted in no supercluster formation. When the protecting 

ligand was changed to PET, no supercluster formation was observed in either the 0 or -1 

oxidation states.  

 We believe that the ability to form these superclusters results from the small size, 0 

oxidation state of the Au25(SR)180 nanocluster and the ligand chosen. With the small nanocluster 

size and relatively low ligand coverage of the surface, there are significant areas of solvent 

accessible gold atoms seen previously in crystal structure analyses.14 These gold atoms can 

interact in solution and might help the assemblies associate and remain stable once the solvent 

conditions allow for a two-phase system. Evidence for this interaction of surface gold atoms is 

found with the inability to form superclusters with the [Au25(S(CH2)5CH3)18]-1[TOA]+1 solution 

in similar solvent systems. No superclusters were observed at any available temperature from 2 - 

50 °C in DLS measurements. Both the electrostatic repulsion of the “-1” superatom cores and the 

steric hindrance of the TOA+ could keep the aurophilic interactions of surface gold atoms and 

ligand intercalations from associating these nanoclusters into quasi-stable assemblies.  Crystal 

structure analysis shows how much area the TOA+ ion covers between associated nanoclusters in 

solid crystalline form.15 

 Further analysis of the supercluster system was attempted with variable temperature UV-

Vis and NMR. Figure S1 shows the optical spectra of the nanocluster at varying temperatures 

with no significant changes other than those that temperature induce.  Analysis of the ligand 

system was attempted through NMR investigations both 1H NMR and through-space 
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interactions. However, the concentrations at which the supercluster reliably formed (Abs of 

0.1-0.5 at 450 nm) were too low for NMR analysis to see signal of the nanocluster ligands.  

Comparison to other superatomic supramolecular materials. Clusters have long been 

considered possible building blocks for new classes of materials. 1,16,17 Superatomic clusters can 

act similarly to elements that already exist and within supramolecular materials could be 

substituted with significantly different structural impacts. Strong interactions and covalent 

attachments between clusters can lead to property changes as well such as optical and electronic 

differences.18,19  

 Recent studies in the nanocluster field have shown that in strong interaction 

supramolecular assemblies, significant changes can occur to the clusters properties and structure 

such as nanocluster fusion. In one study, this fusion involved the heating of Au25(SCnHm)180, 

where n=3-4 and m=7-9 until fusion of the Au13 cores led to the formation of Au38(SR)24.20 With 

a similar ligand used in this study, Au38(SR)24 formation did occur but only after 7+ days sitting 

in solution. Other previous studies involving superatom nanoclusters have shown covalent 

attachments or other fusion cases unlike the materials studied here.  

 The evidence showing that these materials can be recycled repeatedly in solution without 

fusion or other permanent attachments between nanoclusters reveals that the difference between 

these superclusters and other supramolecular nanocluster materials. Figure S1 shows variable 

temperature UV-Vis of the material with no significant differences in the spectra.  

4.5 Conclusion 

The formation of superclusters from nanocluster solutions is a novel method for creating 

nanomaterial assemblies with precision and possible tailored properties. The DLS analysis of 
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supercluster solution from Au25(S(CH2)5CH3)180 shows the formation of superclusters in the 

range of 30-600 nm  assemblies in solvodynamic radius. Temperature and time-scale control of 

the nanocluster solution results in the separation of the kinetic and thermodynamic formation and 

growth regimes of supercluster assemblies. These regimes and the size of the assemblies seem to 

be dependent on the concentration of the nanocluster solution and solvent system differences but 

control over these extra variables requires more investigation. Further evidence suggests that the 

ability to form supercluster assemblies depends on the small size, oxidation state, and the ligand 

chosen for the nanocluster solution. 

 Further investigation could be performed with different antisolvent/solvent mixtures to 

access more controllable sizes of superclusters formed.  In the case of this report, ethanol/toluene 

was chosen for the temperature window available in a sealed cuvette.  

 Studies could be extended with larger nanoclusters as the monomer solutions with 

alkanethiol ligands to look at the effect of the size and curvature of the nanocluster surface. Even 

larger nanoclusters like Au102(SR)44 have surface accessible gold atoms shown in crystal 

structures previously.21,14 While this Au102(SR)44 nanocluster has not been seen to support 

alkanethiol ligands, the larger Au144(SR)60 nanocluster is commonly synthesized with alkanethiol 

ligands such as dodecanethiol. Investigating supercluster formation with Au102(SR)44 allows for 

more investigation on the effect of size of the monomer unit, ligand length, and charge state. The 

larger nanocluster could support different charge states without reducing supercluster 

associations.  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Chapter 5: Ligand Exchange Studies on Au133(tBBT)52 with 4BBT.  §

5.1 Synopsis 

Controlling the surface structure of gold nanoclusters is an important step for 

functionalization of the nanoclusters. The ligand layer is how these materials interact with the 

“outside world” and how they can be attached to surfaces or materials of interest. Extensive 

research has been performed on small nanoclusters with a variety of ligands exchanged and 

techniques used; however, larger gold nanoclusters tend to be more difficult to work with. 

Within, crystallographic studies are being performed on Au133(tBBT)52 (tBBT=tert- 

butylbenzenethiol) with varying ligand equivalents added for exchange. Crystals were grown 

after exchange with para-bromobenzenethiol (4BBT) ligands and diffracted. Diffraction patterns 

are currently being solved for crystal structure analysis.  

5.2 Introduction 

Gold nanomaterials are of great interest for numerous applications because of their unique, 

tunable properties.1–3 Ligand exchange on gold nanomaterials is crucial for preparing them for 

most applications or stabilizing them for increased lifetime.4–7 Studies into surface modifications 

have been widespread on the smaller nanoclusters such as Au25(SR)188–10 and water soluble 

materials like Au102(p-MBA)44.11 However, studies on larger organosoluble nanoclusters above 

the ~100 gold nuclearity can result in cluster core rearrangement to different nanoclusters. 

(144-133, 133-99, etc)12,13 

 The work presented herein includes contributions from Phillip S. Window that include experimental design, §

synthesis, and characterization. Diffraction of single crystals was performed by Ian Anderson.
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 As nanoclusters increase in size and their properties closer to bulk materials, the surfaces 

become flatter and ligand packing on the surface gets denser. Cone angle changes, (i.e. sterics) in 

protecting ligands have a bigger impact on the surface chemistry which can then significantly 

change the cluster core arrangement. Bulky or stiff ligands also have different effects on the 

arrangement of those ligands on the surface environment and small changes to these ligands can 

have drastic effects on the core geometry and stabilization. This is clear in the case of core-size 

conversion from Au144(SR)60 to Au133(SR)52 versus Au144(SR)60 to Au99(SR)42. For the conversion 

to Au133(SR)52 4-tert-butylbenzenethiol (tBBT) is used and for the conversion to Au99(SR)42, 

thiophenol (SPh) is used.13 The difference of the tert-butyl group results in a different core-size 

conversion and different geometric stabilization even though the cone angle of these ligands is 

very similar.   

 Additionally, as nanoclusters increase in size, the core arrangements are built from 

increasingly large geometric shells and seem to become more and more symmetrical.14 This can 

result in polymorphism in the core, gold atom arrangements. In the case of Au144(SR)60, 

crystallization and X-ray crystallography are extremely difficult due to fractionation and 

polymorphism.15–17 However, Au133(SR)52 has significantly less symmetry in the shell structure 

of its core which allows for easier crystallographic studies.  

 Au133(SR)52 has a 55 gold atom core with a 1 + 12 + 42 rhombicosododecahedron 

structure as seen in Figure 5.1. A 52 atom shell is then added to this, breaking the Ih symmetry 

down to D. The lack of symmetry in the core results in Au133(SR)52 being one of the few cases of 

spherical, chiral, gold nanoclusters without chiral protecting ligands. The ease of crystallographic 
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studies with spherical Au133(SR)52 means this material is ideal for analyzing ligand exchange on a 

larger nanocluster and comparing this to smaller nanoclusters.  

 X-ray Crystallography is an extremely powerful tool for the investigation of many types 

of materials.18 In the case of gold nanocluster, it is essential for the examination of how these 

nanoclusters interact in solution and to predict how they will interact with other materials. X-ray 

crystallography resulted in immense progress to the field with the first gold nanocluster structure 

solved.19 Since then, it is still a crucial analytical technique for understanding nanoclusters with 

their original ligands and those with exchanged ligands and their interactions with each other in 

the solid state.  

 Numerous studies have been performed on multiple gold nanoclusters smaller than 102 

gold atoms, with varying amounts of incoming ligand to fully exchanged nanoclusters. The 
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Figure 5.1. Structure of Au133(SR)52 shown from core to staple units. a. 12 atom 

icosahedral core surrounding center gold atom. b. icosahedral shell around core. c. 52 atom 

shell from rhombiicosidodecahedron missing 8 atoms. d. rhombiicosidodecahedron shell 

with gold atoms added from stable units. e. full structure of Au133(SR)52 with carbons 

omitted for clarity. *image copied and edited from publication.20



larger incoming ligand equivalent studies have been performed on small gold nanoclusters with 

thiol-for-thiol and thiol-for-selenol exchange. Large equivalent studies through X-ray 

crystallography have not been performed successfully to our knowledge on nanoclusters larger 

than Au25(SR)18 without core-size conversion. With more ligands exchanged, large nanocluster 

surfaces could have different behavior in the placement of mixed ligands on the surface such as 

different preferred exchange locations on the staple units.  

 Herein, ligand exchange studies have been performed on Au133(SR)52 protected by 4-

tertbutylbenzenethiol (tBBT) with incoming ligands being 4-bromobenzenethiol (4-BBT).  

Single crystals were grown and diffracted at the Advanced Light Source Synchrotron X-Ray 

Diffractometer at Lawrence Berkley National Laboratory.  However, X-ray Crystallography 

diffraction data has not been worked up on these diffraction pattern data-sets as of yet. Here is 

discussed the process for purification, crystallization, and controlled ligand exchange studies on 

a large gold nanocluster.  

5.3 Methods 

Previously discussed in Chapter 3 is the process for synthesis, purification, and crystallization 

of Au133(tBBT)52. Here the process will be repeated in short. Full details are in Appendix II. 

 In this work, the mono-ligated Au133(tBBT)52 was synthesized, purified, and crystallized 

based on a modified literature technique12,20 then ligand exchange was performed on the 

nanocluster with 4-BBT as the incoming ligand. Full synthetic details are in the SI for Chapter 3. 

In short, Au144(PET)60 was first synthesized using a one-phase Brust-Schiffrin synthesis. The 

published time scale for the reaction was extended for better yield of Au144(PET)60 over 

Au25(PET)18 from 5 hours to 48 hours. The crude Au144(PET)60 was then purified through size 
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exclusion chromatography (SEC). The Au144(PET)60 crude sample was then converted into 

Au133(tBBT)52 through ligand exchange thermo-etching or LEIST (ligand exchange induced size 

transformation). The Au133(tBBT)52 nanocluster was then crystallized from this sample through a 

dichloromethane/acetonitrile layering. Acetonitrile is carefully layered over dichloromethane in a 

1:2 ratio at first and allowed to sit for greater than 48 hours. More acetonitrile was carefully 

layered until single crystals were formed. Moving forward with only crystallized sample was the 

best way to ensure the best purity of the sample possible since MALDI-TOF MS with large 

clusters has a very large envelope around the molar mass of the material that only indicates the 

rough size of the material.  

Ligand Exchange Studies. Ligand exchange studies were performed with 4BBT ligand using 

multiple techniques. First, low equivalent ligand exchange (2-5 eq) was performed with short 

time-scale exchanges. The liquid ligand was diluted in toluene to a 0.1 or 1 mg/mL solution and 

was mixed with the nanocluster dissolved in DCM in the desired equivalents based on the mass 

of the purified sample. These solutions were stirred for 10 min at room temperature, 19-23 °C. 

Excess acetonitrile was then added to the solution and then rotovaped until minimal solvent 

remained in the vial. This ensured that the sample precipitated from solution and could not 

continue ligand exchange since the DCM mostly evaporates before the acetonitrile. Then excess 

methanol was added to the solution and centrifugation was used to collect the solid sample and 

remove excess ligand from the solution since free ligand is solution in alcohols but the 

nanocluster is not. Crystallization was done with the same technique as described above. Large 

single crystals required several recrystallizations and so were allowed significant time within 

solution after the exchange. 
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 Higher equivalent ligand exchange was performed with short time scale as well as long 

time scale experiments to examine more ligands possibly exchanged onto the surface of the 

nanocluster. 10 equivalent exchange was attempted as well as 25 equivalent exchange. The 10 

equivalent exchange was attempted the sample dissolved in DCM with the correct equivalents of 

4BBT added and never washed. Crystallization was set up directly within this sample vial with 

acetonitrile layered above the DCM and toluene mixture. In this procedure it was set up for 

crystallization with the free ligands remaining in solution. The 25 equivalent exchange was 

performed with a 5 minute mixing time then the solution was cleaned of free ligand as described 

for the 2-5 equivalent exchange. Crystallization was done with the same acetonitrile and DCM 

layering technique described above.  

 Crystals were selected for diffraction in a stereoscope and loaded on a micromesh in 

Paratone-N oil based cryoprotectant. All crystals mounted with these studies had a hexagonal 

platelet morphology.  

5.4 Results and Discussion 

Successful crystallization was performed on the unexchanged Au133(tBBT)52, Au133(tBBT)52 

with 2-5 ligands possibly exchanged, Au133(tBBT)52 with 10 ligands possibly exchanged, and 

Au133(tBBT)52 with 25 ligands possibly exchanged. The total possible exchanged number of 

ligands is based on the equivalents of ligand added per ligand on the surface of the nanocluster. 

Diffraction was then achieved on the unexchanged, 2-5 equivalent, and 25 equivalent exchanged 

nanocluster samples. Further studies have been performed with higher incoming ligand 

equivalents and different time-scales of mixing but no high quality crystals have been grown yet.  
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Previous Ligand Exchange Studies. Previous ligand exchange studies have suggested that the 

mechanism of ligand exchange for gold nanoclusters is associative. During short time-scale 

ligand exchange studies, the locations of exchanged ligands on the nanocluster occupy the most 

solvent accessible surface gold positions in the crystal structure. This result was seen with 2-4 

ligands exchanged on Au25(SR)18 and 4 ligands exchanged on Au102(SR)44.9,11 However, these 

studies were based on crystallographic data only. In the case of solid state investigations, contact 

points between molecules can influence the preferred location of the exchanged ligands.  

 More recently, studies have been performed on ligand exchange of materials with the 

introduction of intercluster reactions.21,22,22 In these case, two nanoclusters within solution can 

exchange ligands and metal atoms from their surfaces and from their cores readily. A study 

revealed that silver clusters cannot exchange metal atoms or ligand when separated by dialysis 

membranes, further suggesting an associative mechanism required for ligand exchange.23 With 

these studies, doubt in the results from crystallographic studies has decreased and the results 

from short time-scale ligand exchange still seem plausible.  

 Long time-scale ligand exchange studies mixed with intercluster interactions, however, 

reveal a different result for ligand positions on the surface of gold nanoclusters. When ligands 

are exchanged onto a nanocluster then long time-scales are used with the nanoclusters in solution 

for multiple days, further rearrangement of the ligands has been observed. Dr. Chris Hosier from 

the Ackerson lab observed that when exchanging thiol for selenol ligands on the Au25(SeR/SR)18 

nanocluster, time has a large influence on the regiochemistry of ligands on the surface. Thiol 

ligands were exchanged onto a fully selenol protected nanocluster. Crystals were grown after 

differing times spent within solution. After initial exchange, crystallization was performed as fast 
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as possible and partial exchange was seen across most of the nanocluster. If longer times were 

used before crystallization different positions emerged as those with higher percentages of partial 

exchange. This study seems to capture more of a thermodynamic equilibrium of exchanged 

ligands through crystallographic investigations.  

Planned Studies and Outlook. Crystal structures of Au133(SR)52 have not yet been solved of the 

exchanged nanocluster and so there are no crystal structures to compare here. However, 

hypothesized and expected results can be discussed. From previous results of small time-scale 

and small ligand equivalent exchange performed with quick crystallization, we can expect only a 

few ligands to be exchanged on the surface of the nanocluster. Au133(tBBT)52 is stabilized by the 

bulky tert-butyl group on the ligand and the incoming ligand only has a bromine atom in the 

same position. This change in how stiff and bulky the ligand is could affect the positions these 

exchanged ligands occupy on the surface. However, if we assume that a small enough number of 

exchanged ligands will not upset the stability and structure of the nanocluster, we expect the 

exchanged ligands to occupy the most solvent accessible gold positions in the crystal structure. 

Crystals form in under 24 hours in most cases for Au133(tBBT)52, so intercluster interactions and 

surface rearrangements are unlikely.  

 For the higher ligand equivalent exchange, short time scales were used for the exchange 

reaction and crystals were also formed very quickly without extended time in solution. There is 

currently no hypothesis for how the ligands will be positioned on the surface of the nanocluster 

in this study. With 25 incoming ligands, almost half the ligands could be exchanged on the 

nanocluster, however, with such a short mixing time, this number is likely to be much smaller 
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than 25. Currently, exchanges are still being performed with this number of ligand equivalents 

and longer mixing times to see the thermodynamically favorable ligand positions.  

5.5 Conclusion 

Within this study, Au133(tBBT)52 was synthesized, purified, crystallized, and ligand exchange 

experiments were performed with 4-BBT as the incoming ligand. Successful synthesis and 

crystallization of this material was done through modifying literature synthesis and careful 

crystallization techniques. Ligand exchange studies have been performed with 4-BBT following 

previously used methods from the Ackerson lab. Previous results for thiol-for-thiol ligand 

exchange on gold nanocluster have all been small-equivalent exchange. However, this material 

appears to support higher equivalent exchange which will provide important information for how 

large nanocluster surfaces arrange ligands with mixed ligand environments. Further experiments 

are currently being performed with larger equivalent ligand exchange and longer time-scale 

reactions. Diffraction pattern data will be solved for crystal structure analysis soon and further 

data analysis and comparison will be performed.  
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Chapter 6: Controlled Crystallization of Au25(SR)18 Leading to Polymorphic Structures  **

6.1 Synopsis 

Recent decades of research into gold nanoclusters have yielded conflicting results from the 

same gold nanoclusters from electrochemical studies to magnetism. Different crystal structures 

have also been solved for the same materials with no analysis this occurrence. Within this study, 

four different crystal morphologies were observed after synthesis and crystallization of 

Au25(PET)18. After diffraction of these crystals, four different structures were solved, two of 

which were previously unpublished. The needle morphology is also the first chiral structure of 

Au25(PET)18 observed without ligand exchange or external modifications. These different solid-

state structures could be explanations for different observed properties. Understanding of the 

different crystallization techniques for access of these crystal morphologies is crucial for 

explaining different solid state properties in other nanocluster systems.  

6.2 Introduction 

X-ray crystallography is a powerful tool for studying molecular structures as well as 

nanocluster structures and the possible impact on the function and properties of a material. There 

are numerous techniques available to elucidate structure, however, the most powerful and most 

widely accepted for the solid state structure of a material is single crystal X-ray diffraction.1 If 

the properties of a material can be examined through other analytical methods and then 

compared to the crystallographic structure of a material, trends can be inferred about how those 

 The work presented herein includes contributions from Phillip S. Window that include experimental design, **

synthesis, and characterization. Data analysis was performed by Dr. Chris Hosier, and Diffraction of crystals and 
crystal structure solving was performed by Rigaku Americas in Denver, CO. 
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properties could be changed or affected in other materials. The atomic make-up of a material 

obviously influences the properties observed. The unique properties of gold nanoclusters, being 

size dependent, are a great example of this.2–5 However, small structural changes through 

structural isomerization can also lead to significant property changes.  

 Structural isomers can be different in many ways from different organization of atoms 

with different bonds, to mirror images or very small changes. When a compound does not have 

different organization of atoms or any different bonds but packs differently in the solid state, 

these can be called polymorphs. Like isomers, property differences arise from these polymorphs 

that can be attributed to small changes in the structure of the material. These small changes are in 

the intramolecular interactions of the materials within the solid state and not within the material 

itself. Gold nanoclusters are no exception to this occurrence and it has been observed in recent 

years.6,7  

 Polymorphism in the core arrangement of atoms has been studied with larger 

nanoclusters and is the reason that in highly symmetric nanoclusters, crystal structures are 

difficult to solve with a high degree of certainty.6 In smaller nanoclusters, isomerization and 

polymorphism is prevalent with ligand layers rather than the core gold arrangements. Multiple 

structures have been published of Au25(SR)18 and other nanoclusters that have different space 

groups and slightly different ligand arrangements but no significant work has been done to 

investigate these.8–10  

 Over the years with a range of materials including gold nanoclusters, differing results 

from optical, electronic, magnetic11–13, bioavailability14, e.g. have arisen through published 

research. These differences in properties from extremely similar materials have not been fully 
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investigated in gold nanoclusters but recently theorized to be from polymorphic structural 

changes. A direct comparison of the properties and the differing structures of gold nanoclusters 

could result in a more definite answer as to the origin of different properties in seemingly 

identical materials.  

 During work with the Au25(PET)18 gold nanocluster for a different project in the Ackerson 

research group, it was observed that as the purified sample was crystallized, different 

morphologies of crystal were being collected. First, the most common morphology, or shape, for 

the material (cuboid) was the most prevalent when crystallizing Au25(PET)180. Then as more 

material was crystallized through different techniques to collect pure sample, different 

morphologies were beginning to arise, such as rectangular prisms, longer needles, and platelets 

with hexagonal shapes. Since these were all from similar crystallization techniques and from the 

same assumed pure samples, this was an interesting development.  

 Different macroscopic morphologies can be indicative of crystallographic conformational 

polymorphism so these crystals were diffracted and their structures solved and compared. The 

structures are discussed herein with a geometric analysis done previously by Dr. Christopher 

Hosier of the Ackerson Lab. Five different morphologies of crystals were collected and sent for 

diffraction and analysis with four different structures being observed. Two of these structures 

were previously unpublished structures of the Au25(PET)180 nanocluster and two others were 

previously published but with higher quality. The direct comparison of these structures and their 

possible property differences could lead to further understanding of the influence of the ligand 

layer of nanoclusters for later applications.  
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 Within this work is discussed the methods of synthesis, purification, and most 

importantly the crystallization techniques used to access these different crystallographic 

morphologies. This chapter includes a much more in-depth explanation of the methods used for 

the crystallization of these materials than has previously been published. The results of slightly 

different crystallization techniques are discussed to further apply this to other gold nanocluster 

crystallizations for intentional property changes. Controlling crystallization through temperature, 

time, solvent and oxidation state changes led to these different morphologies and is important for 

solid phase applications of gold nanoclusters.  

6.3 Methods 

Au25(PET)18 was synthesized using a published synthetic procedure from the Ackerson lab.15 

In a typical synthesis 1.00 g (2.54 mmol) of HAuCl4-3H2O and 1.56 g (2.85 mmol) of 

tetraoctylammonium bromide (TOAB) was added to 70 ml of THF in a round-bottom flask. This 

was then stirred for 15 minutes while the solution turns from a gold-salt yellow to an orange red. 

1.8 ml (13.4 mmol) of 2-phenylethanethiol (PET) was added quickly and the reaction stirred over 

time until the color leaves the solution, generally ~3 hours. Once the solution turned clear, 965 

mg (25.5 mmol) of NaBH
4 and 24 ml of water at 0 C ° was added rapidly to this flask with 

caution that the solution did not overflow due to the formation of bubbles. The solution was 

stirred for 48 hours loosely covered at 500 rpm as a black solid.  

 To clean the crude Au25(PET)18 sample, excess methanol was added to the flask to 

quench the remaining reductant in solution. A rotary evaporator was then used to remove all the 

solvent possible under vacuum. This leaves an oily black substance in the flask, to which 
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methanol was added. After sonication, this suspension was centrifuged to precipitate the crude 

sample and wash away excess thiol.  

 Purification was performed on the nanocluster crude sample through size exclusion 

chromatography (SEC) with BioBeads SX1 matrix in tetrahydrofuran (THF). The nanocluster in 

its -1 oxidation state (the most stable form), is a strong reddish brown color and is an easy band 

to view on the SEC column. Multiple fractions of this reddish band were collected and run again 

on the SEC column. MALDI-TOF MS and UV-Vis spectroscopy was used to ensure purity of the 

Au25(PET)18 sample. Figure 6.1 shows a comparison of the Au25(PET)18-1/0/+1 samples where 

clear differences are seen between the oxidation states. 

 Crystallization techniques were varied and discussed below but crystal preparation, 

sample handling, and diffraction were all done by Rigaku Americas in Denver, Colorado.  
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Figure 6.1. Optical spectra of Au25(PET)18 in three different oxidation states taken from 

Tofanelli’s publication.9 Showing clear distinction between oxidation state spectra.



6.4 Results and Discussion 

Crystallizations. Four different crystal morphologies were observed through the crystallization 

of Au25(PET)18 with slightly different techniques and methods leading to the different crystalline 
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Figure 6.2. Photographs of 4 different crystal morphologies of Au25(PET)18 seen through 

a microscope. a. cuboid crystal morphology. b. platelet morphology. c. quadrilateral 

prism morphology. d. needle morphology.



shapes. Figure 6.2 shows the images of the four different crystals that resulted in different 

structures as seen through a microscope.  

 Figure 6.2a. shows a cuboid shaped cluster from a macroscopic view. This crystal 

morphology is the easiest to crystallize of the material and comes from the most used method for 

crystallization of Au25(PET)18. Purified sample was dissolved in minimal toluene. Ethanol was 

then added slowly while mixing until the sample becomes cloudy. This was then centrifuged and 

the precipitate was tested via UV-Vis spectroscopy in DCM for the Au25(PET)18 signature, which 

is easy to view within the optical spectrum. This was repeated until the Au25(PET)18 signature 

was seen. The supernatant was then carefully placed in a scintillation vial after filtration for dust 

and placed on a very low warmth hot-plate. As the sample was heated in the toluene and ethanol 

solution, Au25(PET)18 oxidizes from the -1 to the 0 oxidation state. It then crystallizes as the 

solubility decreases from this oxidation state change. Cuboid crystals are the result from this 

technique in most cases. The structure solved from this crystal habit has previously been 

published previously.8 This crystal structure can be viewed in Figure 6.3a.  

 Figure 6.2b. shows the macroscopic view of the platelet morphology of the Au25(PET)180 

crystals. This crystal morphology was accessed via a different solution composition and an 

unintentional in-situ oxidation of the nanocluster. The purified sample was collected from cuboid 

crystals of Au25(PET)18-1. This was dissolved in deuterated acetonitrile with a 1:1000 ratio of 

tetramethylsilane added for 1H NMR investigations. In a very brief amount of time, the -1 

oxidation state of the nanocluster oxidized in the acetonitrile to form the 0 oxidation state which 

is insoluble in acetonitrile. The sample precipitated within an NMR tube and quickly crystallized 

even while being handled. As seen in Figure 2b, very small, thin platelets that were slightly 
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needle-shaped formed and were collected for diffraction. This technique was repeated and the 

same morphology of crystals were formed in multiple trials. The crystal structure that resulted 

from this morphology was a previously unpublished structure of Au25(PET)180. This crystal 

structure can be viewed in Figure 6.3b. 

 Figure 6.2c. shows the macroscopic view of the quadrilateral prism morphology of the 

Au25(PET)180 crystals. This crystal morphology was accessed through a different crystallization 

technique from the other morphologies. The purified sample was collected from cuboid crystals 

of Au25(PET)18-1. This sample was oxidized by passing it through a silical gel column in DCM 

which is a known, easy technique for oxidation of the nanocluster. It was then dried and 

dissolved in minimal toluene. Ethanol was layered carefully on top of this solution and allowed 

to diffuse in over 2-3 days. Crystals were observed within the solution over several days of 

formation. The crystal structure that resulted from this morphology was the same as a previously 

published structure of Au25(PET)180 found within the Ackerson Lab.9 This crystal structure from 

quadrilateral prism shaped crystals can be viewed in Figure 6.3c. 

 Figure 6.2d. shows the macroscopic view of the needle morphology of the Au25(PET)180 

crystals. This crystal morphology resulted in the most interesting of the four different structures 

seen from this study. Its formation was also the most serendipitous of these morphologies and 

occurred over around a month of time of inactivity. Using the same technique as the cuboid 

crystal morphology with toluene and ethanol at the saturation point of the nanocluster, the 

sample precipitated an amorphous black powder with no crystalline material. It was left in the 

mother-liquor, untouched for a month on a non-vibrationally stabilized shelf. Over this time, the 

sample reorganized into extremely large needles that spanned the width of the scintillation vial. 
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These needles broke into smaller pieces when the vial was handled but diffracted well. The 

crystal structure that resulted from this morphology was a previously unpublished structure of 

Au25(PET)180 and was a chiral structure. This crystal structure is seen in Figure 6.3d.  

Comparison of the Different Crystal Structures. Seen in Figure 6.3 are the four different 

structures of the same Au25(PET)180 material. These structures all have slightly different 

arrangements of the ligand layer which eventually result in the different morphologies. An 

analysis of the ligand conformations can be viewed with Dr. Christopher Hosier's dissertation.17 

The analysis includes a viewing of the ligands rotation through is S-C-C-Ph bonds and a viewing 

of the ligands overall direction within its RS-Au-SR-Au-SR staple unit arrangement. A 

comparison of gauche or anti rotation down the ligand bonds resulted in three different 

arrangements within the four different structures. The needle and quadrilateral prism 

morphologies have the same ligand bond rotations. A determination of the staple unit 

arrangement can be made between cis-cis, cis-trans, and trans-trans ligand conformations as 
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Figure 6.3. Crystal structure of Au25(PET)180 from the different crystal morphologies listed 

below each image. Shown are the different ligand arrangements around the nanocluster 

within the solid form. 



well. However, all four morphologies have all trans-trans relationships of ligands along the staple 

units of the nanocluster.  

 The most interesting result of the comparison of the different structures is the needle 

morphologies lack of an inversion center. All other published structures of Au25(PET)180 and 

Au25(PET)18-1 with achiral ligands have resulted in achiral structures. Chirality can be induced 

with mixed ligand layers and chiral ligands added to the surface; however, this structure induced 

chirality through polymorphic conformations of the achiral PET ligand layer. The solid state 

properties of this nanocluster therefore are assumed to be different to achiral Au25(PET)18. These 

properties could not be tested, however, as the entirety of the sample was sent off for diffraction 

and this morphology could not be replicated for testing. The introduction of chirality to a 

material without ligand exchange could result in new possible applications of gold nanoclusters 

in the solid state. Without needing further complicated, chemical modifications, new properties 

can be introduced through polymorphic crystallization.  

Crystallographic Technique Extrapolations. The application of slight differences in 

crystallographic techniques in this case resulted in different crystallographic morphologies. 

Certain techniques resulted in certain morphologies consistently and so these techniques could 

possibly applied to other nanocluster materials. In situ oxidation at the saturation point, in situ 

oxidation in a selective solvent, anti-solvent layering, and solid-state reorganization, all resulted 

in different morphologies in the case of Au25(PET)18.  

 The in situ oxidation at the saturation point and the anti-solvent layering are done in the 

same solvent system but with different techniques for reducing the solubility of the material. 

Toluene and ethanol are used which should have the same molecular/solvent interactions of the 
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crystallizing solid, however, they result in different morphologies, cuboid and quadrilaterial 

prism, respectively. The in situ oxidation at the saturation point relies on the decreased solubility 

of the 0 oxidation state over the -1. As the nanocluster oxidizes during gentle heating it 

precipitates and forms crystals. The anti-solvent layering system relies on the slowly increasing 

ratio of ethanol to toluene in the vial. As the ethanol increases beyond the saturation point the 

sample precipitates and forms crystals. In this case, the solvent mixture uses the same solvents 

but slightly different ratios in final mother-liquor. In the anti-solvent layering system, there is a 

higher ratio of ethanol to toluene once all the ethanol has diffused into the solution. The anti-

solvent layering technique also works best at room temperature for slower diffusion, whereas the 

in situ oxidation at the saturation point uses gentle heating up to 40-50 °C. We do not currently 

have a hypothesis for the mechanism resulting in these two different morphologies.  

 The in-situ oxidation in a selective solvent technique used acetonitrile, which the -1 

oxidation state is soluble in and the 0 oxidation state is insoluble. Since acetonitrile can dissolve 

a large amount of oxygen, the sample readily oxidized within solution and precipitated quickly. 

Thin platelet crystals were observed and this technique greatly resembles that of a published 

technique of electrocrystallization within acetonitrile.16 In this publication, Au25(PET)18-1 was 

slowly oxidized within acetonitrile through bulk electrolysis and resulted in thin hexagonal 

platelet crystals and long needles based on the current used. It seems that acetonitrile 

crystallization through oxidation can reliably result in hexagonal or needle-like platelet 

morphologies as these were observed in this lab as well. 

 The solid-state reorganization technique is the most inscrutable way to form a unique 

morphology of Au25(PET)180. Since this technique was a serendipitous formation of unique 
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crystals and could not be replicated, we know very little of this method. The sample slowly went 

from amorphous powder to large needle crystals over the period of a month. Similar techniques 

are used for the crystallization of biomacromolecules in a much smaller format. The 

crystallization of Au102(pMBA)44 was also done through vapor diffusion where the sample is 

precipitated out initially then slowly as the composition of salts and pH change within the 

solution, it reorganizes to a crystalline product. This system is assumed to function in a similar 

way. Regardless, this crystallization technique resulted in the most interesting morphology and 

crystal structure and it the most interesting for further research.  

Expanding to Other Materials. Recently within other lab work, two different morphologies 

have been observed for a different nanocluster, Au133(tBBT)52. The most common morphology 

seen is a hexagonal platelet from the crystallization of this nanocluster from acetonitrile layered 

over dichloromethane. However, during the same crystallization technique with no obvious 

changes to the process, needle shaped crystals have been observed as well. Figure 6.4 shows 

these two morphologies. It is possible that the samples are in different oxidation states from 

environmental factors. The samples come directly from synthesis and purification and are 

assumed to be in the 0 oxidation state. Those that form needles have taken longer to crystallize 

and have been exposed to atmosphere longer so this is a reasonable hypothesis.  

6.5 Conclusion 

Within this work, four different crystallization techniques were discussed which resulted in 

four different morphologies of crystals and four different crystal structures of Au25(PET)180. 

Interestingly, the structure that occurred from the needle morphology is the first Au25(PET)18 

solid structure to be chiral without mixed ligand layers or chiral ligands added to the surface of 
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the nanocluster. The needle and platelet morphologies were also previously unpublished 

structures of Au25(PET)180 that could result in different properties from the nanocluster in the 

solid state. Within this chapter hypotheses were given for the different morphologies formed 

from slightly different crystallization techniques that include different solvent conditions, 

temperatures, and techniques. The control of the oxidation state at the time of dissolution, control 

of the solvent to anti-solvent ratios, control of the temperature, control of the solvent used, and 

control of the handling of the solution all seem to have influences on the morphology of the 

crystals produced.  

 Further analysis is currently being performed on the geometric differences of these 

different morphologies as well as theoretical properties of the unique needle morphology. 

Collaborators have worked on taking the empirical structures solved from diffraction data and 

relaxed them through theoretical studies. Full analysis of the angles of each ligand as well as 
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Figure 6.4. Photographs of Au133(tBBT)52 crystals taken through a microscope with 

similar scales. a. hexagonal platelet morphology and b. needle morphology.



core distortions are being performed. Theoretical analysis of the needle morphology and its 

chiral nature has been done to look at the non-linear optical properties of this unique nanocluster 

structure. Hopefully in the future, this crystal morphology can be grown again and the empirical, 

solid-state properties can be investigated. Optical properties will be different due to the chiral 

nature, and other properties are assumed to have slight differences as well. The crystallographic 

techniques within can be applied to other gold nanoclusters for slightly different polymorphic 

conformations of solid state materials.  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Chapter 7: Summary of Studies 

Gold nanoclusters are very stable and interesting materials for numerous applications, 

however, understanding where their properties come from through fundamental research is 

necessary to expand the possibilities for the materials. Applying the superatom theory to these 

materials allows for the study of their electronic structure through empirical experimentation. 

Careful control of their surface structure (ligand layer) allows for better understanding of how to 

functionalize these materials for applications in the future.  

 In order to understand gold nanoclusters electronic structure as their sizes change from 

very molecular materials to near bulk materials, magnetic studies have been performed on larger 

gold nanoclusters to compare to small nanocluster data. Applying superatom theory to these 

materials and comparing the proposed frontier orbitals, 1G and 1H orbitals of Au102(SR)44 and 

Au133(SR)52, respectively, to the magnetic data found gives plentiful information of how these 

orbital behave through different oxidation states. This data shows that as the gold nanoclusters 

increase in size, they can support higher and higher numbers of electron spins within solution. 

Since magnetism in gold only occurs in very small materials, this shows and interesting balance 

of the materials being small enough to have quantum confinement, but large enough for 

significant geometric stabilization to allow for larger oxidation states changes from the HOMO-

LUMO gap. These studies presented within are some of the first empirical studies of the 

electronic structure of larger, near-bulk gold nanocluster materials. As the behavior of gold 

nanocluster electronics changes so much through core-size changes, certain sizes are more 

preferable for selective future applications.  
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 In addition to these very core-centered properties of the electronic structure of gold 

nanoclusters, ligand layer studies and structural analyses are presented within that focus on the 

interactions of the gold nanocluster with its environment and other nanoclusters and the effect of 

this on their properties. Ligand interactions of the gold nanocluster and intercluster interactions 

are different within solution and solid phase but can be viewed similarly through experimental 

studies. Different ligands result in different behaviors of the nanocluster which are not fully 

understood enough even after decades of study to predict behavior. Ligand exchange and mixed 

ligand layers on a nanocluster further complicate the issue of selecting certain ligands for certain 

applications.  

 The research performed within displays how much new information is still available to 

discover through fundamental research of gold nanocluster materials. The investigation of 

nanocluster properties from core to ligand is still necessary to understand how we could choose 

nanocluster nuclearity, ligand layer, geometry, and oxidation state for future targeted 

applications.  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Appendix I: Supporting Information for Chapter 2 

Experimental 

 Au102(SPh)44 synthesis: Au102(SPh)44 was synthesized by dissolving 0.301 g (0.762 

mmol) of HAuCl4•3H2O in 20 mL of THF. To this solution, 0.613 mL (4.571 mmol) of 1-

phenylethanethiol (PET) was added. This solution was stirred at 500 rpm for 30 min to go from 

orange to clear with white precipitate. An 5 mL aqueous solution containing 0.288 g (7.620 

mmol) of NaBH4 was prepared and cooled to 0 C°. This solution was then added rapidly to the 

THF solution and stirred for 5 min. Excess methanol (MeOH) was added to this flask then 

rotovaped slowly until bubbling ceased. All solvent was then removed under vacuum. The 

solution was then washed with MeOH until no thiol smell was observed then extracted with 

DCM.  

The crude sample was dissolved in a minimal amount of toluene and heated to 60°C. To this, 2 

µL of PET per mg of crude was added and stirred at 60°C for 3 hours.  Solvent was then 

removed under vacuum and the solution was washed with MeOH until no thiol smell remained. 

The crude sample was dissolved again in a minimal amount of toluene and heated to 80°C. To 

this 10 µL of benzenethiol (SPh) per mg of crude was added and stirred at 80°C for 30 min. 

Solvent was then removed under vacuum and the solution was washed with MeOH until no thiol 

smell remained. The sample was then extracted with DCM.  

 Au102(SPh)44 purification: Au102(SPh)44 crude sample was dissolved in 2:1 

DCM:Hexanes solvent mixture and run through a dry packed Flash silica gel column with 2:1 

DCM:Hexanes until no colored product came out. This eluent contained a significant amount of 
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Au67(SR)22 sized product. The desired product, Au102(SPh)44, was then collected with THF 

through the silica gel column. The desired sample was then run through size exclusion 

chromatography columns with THF solvent with BioBeads SX1 column stationary phase to 

remove 33 and 35 kDa species until pure by MALDI-MS on a Bruker MicroFlex using DCTB 

matrix.  

 Au102(SPh)44-1/+1/+2 electrolysis: Au102(SPh)44-1/+1/+2 was synthesized though bulk 

electrolysis in a 50mM solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in 

HPLC-grade DCM. The sample was dissolved in the solution of TBAPF6 and electrochemical 

processes were done in a three-compartment cell. First, a square wave voltammogram (SWV) 

was obtained to locate the charge state wells. A glassy carbon working electrode was used for the 

SWV with a Ag/AgCl reference and platinum counter electrode. Bulk electrolysis was then 

performed at the resulting potentials observed in the SWV. Charge state was then verified 

through open circuit potential measurements using a glassy carbon electrode and compared to a 

SWV taken after bulk electrolysis with a glassy carbon working electrode used.  For bulk 

electrolysis, platinum working and counter electrodes were used with a Ag/AgCl reference 

electrode. Electrode use was changed from glassy carbon to platinum and back since the 

platinum working electrode used for bulk electrolysis is a mesh which can adversely affect 

voltammetry methods. However, electrochemical performance was checked on both electrodes 

and were identical except for some issues with signal intensity. For the -1 charge state, all 

solvents were degassed before electrolysis. Immediately after bulk electrolysis, solvent was 

removed under vacuum at room temperature, then washed with degassed and dry acetonitrile to 
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remove TBAPF6 salts. The sample was then washed with ethanol (EtOH) then dried under high 

vacuum to prepare for Evans Method 1HNMR measurements.  

 Evans Method 1H NMR: Au102(SPh)44-1/0/+1/+2 in each charge state was separately 

dissolved in ~600 µL of chloroform-d with 0.1% tetramethylsilane (TMS) added and placed in 

an NMR tube. For the -1 charge state the solvent was degassed with argon gas. To this NMR 

tube, a capillary was added with the same chloroform-d and 0.1% TMS solution. 1H NMR 

experiments were performed with a 400MHz NMR.  

Evans Method Discussion 

 Evan’s method measures the magnetic response of materials in solution by examining the 

pseudocontact shift of NMR signals and relating this shift to a magnetic response. The material 

of interest in solution with shift the NMR signal of your analyte (solvent or standard) based on 

its different diamagnetic or paramagnetic properties. Evan’s Method measurements were done in 

deuterated chloroform with the tetramethylsilane (TMS) as the analyte NMR signal being 

tracked for pseudocontact shifts due to magnetic behavior of the nanocluster. Equation 1 below 

was then used to calculate the magnetic susceptibility.  

Equation 1.  

This equation calculated the paramagnetic molar susceptibility of a sample based on 

subtracting the molar pseudocontact shift of the diamagnetic analogue of the nanocluster (the “0” 

charge state) from the molar pseudocontact shift of the +1, +2, or -1 charge state nanoclusters to 

obtain the molar paramagnetic response of the pseudocontact shift peak.  
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Data 

Table SI.1.1. Total Evan's Method data used for calculating magnetic susceptibilities.  

  

Charge State δv (Hz) mass of sample (mg)

0 -8.4 19

0 -10.4 18.62

0 -8.4 20.33

1 -7.6 13.8

1 -6 15.13

1 -3.6 9.69

1 -3.2 10.15

1 -3.84 13.5

2 -4 13.06

2 -4.4 18.09

2 -3.876 12.41

2 -4.224 13.1

-1 -2.8 17.29

-1 -3.2 11.92
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Charge State Designation: Traditionally, the larger well between the electrochemical gap would 

be considered the 0 charge state well. However, when looking at the molar pseudocontact shift 

values, the largest negative value indicates the diamagnetic analogue and corresponds to the 0 

charge state. This happens to be the smaller well to the left that sits around -0.5V vs Ag/AgCl.  
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Figure SI.1.1. Square wave voltammogram with 

charge state designations shown in charge state 

wells



UV-Vis Spectra: UV-Vis spectra were collected in DCM with 100mM TBAPF6 in different 

oxidation states after bulk electrolysis. No significant differences were seen with oxidation state 

changes as seen in Figure S2. 

Full 1H NMR Data: Below are included the full NMR spectra (SI.1.3) where the "δv" data in 

Table S1 can be found. Each figure shows the 1H NMR spectrum from 10 ppm to -1 ppm on the 

left. A second figure is on the right of each image with the 0.05 ppm to -0.05 ppm region of the 

spectrum shown for the TMS peak shift regions. Each image is labeled with the charge state and 

data point number in the top left. (eg 0.1 is charge state 0 data point 1 in Table SI.1.1).  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Figure SI.1.2. UV-Vis Spectra of Au102(SPh)44-1/0/+1/+2 in 

distinct charge states showing no significant differences 

across oxidation states.
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Figure SI.1.3. Full NMR spectra for Chapter 2.
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Appendix II: Supplementary Information for Chapter 3 

Experimental 

Synthesis of Au144(tBBT)60: Au144(PET)60 was synthesized by dissolving 0.472 g (1.2 mmol, 1.0 

eq.) of HAuCl4•3H2O and 760 mg (1.39 mmol, 1.16 eq.) of TOABr in 60 mL of methanol. To 

this solution, 0.840 mL (5.89 mmol, 4.9 eq.) of 1-phenylethanethiol (PET) was added. This 

solution was stirred at 500 rpm for 15-30 min to go from red-orange to clear with white 

precipitate. A 24 mL aqueous solution containing 0.456 g (12.0 mmol, 10 eq.) of NaBH4 was 

prepared and cooled to 0 C°. This solution was then added rapidly to the methanol solution and 

stirred for 48 hours. After this time, DCM and nano-pure water were added to this solution and 

the DCM layer was extracted through a separatory funnel. The DCM was then removed under 

vacuum and the crude sample suspended in methanol The solution was then washed with 

methanol by centrifugation until no thiol smell was observed then extracted with DCM. 

 The crude Au144(PET)60 sample was then purified by size exclusion chromatography 

(SEC) to remove the small fraction of Au25(PET)18 that is produced from this synthesis. The 

Au144(PET)60 sample elutes from the column as a black solution in THF. After collection and 

removal of solvent, the sample was weighed.  

Synthesis of Au133(tBBT)52: 10 mg (2.73E-4 mmol, 1eq.) of Au144(PET)60 sample was dissolved 

in 1 mL of toluene in a small scintillation vial. 1 mL (5.797 mmol, 2.12E4 eq.) of 4-tert-

butylbenzenethiol was added to this solution. Two methods are possible for the thermoetching of 

the solution to Au133(tBBT)52, sand bath heating and oil bath heating. When heating in an oil 
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bath, the sample was submerged in 80°C oil and stirred gently for 48 hours. When heating in the 

sand bath, the temperature probe was inserted into a matching volume solution of toluene for 

temperature control. The sample solution was heated at 80°C for 24 hours only, as more than this 

would result in decomposition of the material into insoluble powder. The solvent was then 

removed under vacuum (as much as possible). The solution was then washed with methanol by 

centrifugation with at least 200 mL of methanol added.  

Crystallization of Au133(tBBT)52: The sample of Au133(tBBT)52 was extracted with DCM and 

centrifuged for the removal of dust and precipitate to prepare for crystallization. With around 2-5 

mg of sample within a scintillation vial and less than two mL of DCM, the solution can be 

layered with acetonitrile and crystallizes readily. To start acetonitrile can be layered over DCM 

carefully with a ratio of 1:2 by volume. If this solution does not produce crystals, the supernatant 

is filtered off then more acetonitrile is carefully added with much smaller amounts over the 

mother-liquor. This process works for unexchanged, tBBT protected nanocluster and the 

exchanged nanoclusters with mixed 4BBT and tBBT ligand layers.  

Electrolysis of Au133(tBBT)52: Au133(tBBT)44-1/0/+1/+2 was formed though bulk electrolysis in a 

50mM solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in HPLC-grade DCM. 

The sample was dissolved in the solution of TBAPF6 and electrochemical processes were done in 

a three-compartment cell. First, a square wave voltammogram (SWV) was obtained to locate the 

charge state wells. A glassy carbon working electrode was used for the SWV with a Ag/AgCl 

reference and platinum counter electrode. Bulk electrolysis was then performed at the resulting 

potentials observed in the SWV. Charge state was then verified through open circuit potential 

measurements using a glassy carbon electrode and compared to a SWV taken after bulk 
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electrolysis with a glassy carbon working electrode used. For bulk electrolysis, platinum working 

and counter electrodes were used with a Ag/AgCl reference electrode. Electrode use was 

changed from glassy carbon to platinum and back since the platinum working electrode used for 

bulk electrolysis is a mesh which can adversely affect voltammetry methods. However, 

electrochemical performance was checked on both electrodes and were identical except for some 

issues with signal intensity. For the -1 and -2 oxidation states, all solvents were degassed before 

electrolysis and the electrolysis cells' head-space was covered with argon gas flow. Immediately 

after bulk electrolysis, solvent was removed under vacuum at room temperature, then washed 

with degassed and dry acetonitrile to remove TBAPF6 salts. The sample was then washed with 

ethanol (EtOH) then dried under high vacuum to prepare for Evans Method 1H NMR 

measurements.  

Evans Method 1H NMR: Au133(tBBT)52-1/0/+1/+2 in each oxidation state was separately dissolved 

in ~600 µL of chloroform-d with 0.1% tetramethylsilane (TMS) added and placed in an NMR 

tube. For the -1 oxidation state the solvent was degassed with argon gas. To this NMR tube, a 

capillary was added with the same chloroform-d and 0.1% TMS solution. 1H NMR experiments 

were performed with a 400MHz NMR. 

Voltammograms of Au133(tBBT)52: Figure SI.2.1 shows the square wave voltammograms of 

Au133(tBBT)52 after electrolysis into the 5 different oxidation states of the nanocluster, 

-2,-1,0,+1,+2. Bulk electrolysis was performed as described above then voltammograms were 

recorded with the open circuit potential of the sample solution shown on the graph for that 

oxidation state. There are small changes between the different oxidation states with different 
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signal strengths and small movements of the oxidation state wells, however, not enough changes 

for a lengthy analysis of the different effects of the oxidation states.  
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Figure SI.2.1. Voltammograms of Au133(tBBT)52 taken after bulk electrolysis and open circuit 

potential (OCP) measurements into each oxidation state well. Highlighted are the oxidation 

state wells with labels and black lines mark the measured OCP of the material ensuring the 

correct oxidation state from -2 to +2. 

Potential (V vs Ag/AgCl)



Appendix III: Supplementary Information for Chapter 4 

Experimental 

 Au25(SC6H13)18 synthesis: Au25(SC6H13)18 was synthesized by dissolving 1.00 g (2.54 

mmol) of HAuCl4•3H2O with 1.56 g (2.85 mmol) of TOABr in 70 mL of THF. This was stirred 

at 500 rpm for 30 min until it was a clear orange-red solution. To this solution, 1.8 mL (13.4 

mmol) of 1-hexanethiol was added. This solution was stirred at 500 rpm for 1-12 hours to go 

from orange-red to clear with white precipitate. A 24 mL aqueous solution containing 956 mg 

(25.6 mmol) of NaBH4 was prepared and cooled to 0 C°. This solution was then added rapidly to 

the THF solution and stirred for 48 hours. Excess methanol (MeOH) was added to this flask then 

rotovaped. All solvent was removed under vacuum. The solution was then washed with MeOH 

until no thiol smell was observed then extracted with DCM.  

 Au25(SC6H13)18 purification: Au25(SC6H13)18 crude sample was dissolved in THF and 

then run through size exclusion chromatography columns with THF solvent with BioBeads SX1 

column stationary phase to remove Au144(SC6H13)60 byproduct species until pure by MALDI-MS 

on a Bruker MicroFlex using DCTB matrix.   

 Au25(SC6H13)18 oxidation: Pure Au25(SC6H13)18-1 was dissolved in DCM then run 

through a silica gel column to oxidize to Au25(SC6H13)180.  

 DLS Methodology: A Malvern Zetasizer instrument was used for all DLS investigations. 

For preparation of samples, the Au25(S(CH2)5CH3)180 sample was first dissolved in a small 

amount of toluene. 0.20 mL of this solution was added to a 1.5 mL eppendorf tube. Then, 0.80 
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mL of ethanol was added to this tube and mixed thoroughly. This sample was diluted with more 

80% ethanol 20% toluene solution and UV-Vis spectroscopy was used to test the optical density 

at 450 nm for a concentration comparison. After optical density was taken, the eppendorf tube 

solution was spun down at 14000 rpm for 15 minutes. It was then carefully decanted into a 

second clean eppendorf tube and centrifuged again to ensure no dust particulates. This was 

decanted into another clean eppendorf tube and ready for DLS studies. 

 Samples were transferred to fluorometry cuvettes using pasteur pipettes cleaned by 

compressed air. The cuvettes were then capped and the caps were not removed during DLS 

studies. 

 Other percentages of anti-solvent to solvent were prepared using the same method 

discussed above.  

Ligand Choice 

Ligand choice also plays a large role in the formation of superclusters as evidenced from the 

lack of supercluster formation observed for Au25(PET)180/-1 (PET being phenylethanethiol) in 

either stable oxidation state tested. This could be from the stronger interactions with the solvent 

system because of the aromatic carbon ring. Much higher antisolvent concentrations were 

required before saturation of the system occurred and then at > 95% ethanol amounts 

precipitation occurs before a stable two phase system at the tested temperatures. From this it can 

be inferred that the decreased strength intramolecular interactions and reduced solubility of the 

hexanethiol protected nanocluster aided the formation of superclusters. An increased solvent/

antisolvent mixture window seems available before precipitation from solution for the 
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hexanethiol protected nanoclusters. Intercalation of the alkyl chains from ligands is proposed to 

stabilize the assemblies as well as the surface gold interactions.  

Variable Temperature UV-Vis 

UV-Vis Spectrometry was performed on an 80/20% Ethanol/Toluene sample of Au25(PET)180 

nanoclusters at different temperatures. Temperature control was achieved by using water and ice 

baths for the 0 – 39 °C. -5 °C was achieved through an acetone/ice bath. Temperature was 

measured in a blank solution of the same volume and container. 39°C was found to be warm 

enough for the superclusters to disassociate within DLS measurements for an 80/20% Ethanol/

Toluene sample. VT-UV-Vis was performed on a 0.217 absorbance sample at 450 nm using an 

Ocean Optics dip-probe UV-Vis. As seen within Figure SI.3.1 there are no significant changes to 

the spectra as the sample is cooled. Figure SI.3.2 is an optical spectrum of the same sample 

within a normal, closed-chamber, cuvette UV-Vis without the artifact present from the dip-probe 

instrument. 
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Figure SI.3.1. Variable Temperature UV-Vis spectra from -5 °C to 39 °C, taken 

with dip-probe spectrometer. No changes are seen within the 3 features usually 

seen within Au25(SR)180 (400, 450, and 680 nm peaks). Asterisk denotes artifact 

Figure SI.3.2. UV-Vis spectra at RT of the sample seen in Figure S1 taken with 

regular spectrometer.



Further Electron Microscopy Analysis 

Electron micrographs were collected with TEM at CSU and CU Boulder, and SEM at CSU. 

The preparation for TEM at Boulder was done at 0.200 AU at 450 nm in 85% Ethanol. The 

preparation for TEM at CSU was done at 0.200 AU at 450 nm in 85% Ethanol (S2) and SEM 

preparation at 0.360 at 450 nm in 85% Ethanol (SI.3.3). Figures SI.3.3 and SI.3.4 below are 

included for comparison. 
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Figure SI.3.3. TEM micrographs of superclusters taken at University of Colorado - Boulder 

showing a. one supercluster on a grid with amorphous shape, and b. a full view of the 

monodispersity of the superclusters around 400 nm. 
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Figure SI.3.4. SEM Micrographs showing superclusters with a. being two superclusters around 

500-600 nm in diameter and b.  showing a larger field of superclusters on the grid with sizes 

from 600-800 nm.  


