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ABSTRACT 

The objective of this thesis is to study the synthesis and characterizations of gold 

nanoparticles (Au NPs) and nanoclusters (Au NCs) with different anchoring elements, S, Se, and 

Te. 77Se and 125Te both are nuclear magnetic resonance (NMR) active nuclei, thus their NMR 

spectroscopy can be used to detect structural information. The kinetically controlled synthetic 

methods of monodispersed Au NCs have been studied. After aging Au NCs for increments 

between 1 to 115 hours, the mixture of phenylethyl thiolate-protected NCs converted to 

monodispersed Au25(SCH2CH2Ph)18 NCs. However, the mixture of alkyl selenolate- and 

tellurolate-protected NCs turned into bulky NPs with strong surface plasmon peak on UV-Vis 

spectra after the aging process. The steric effects and electronegativity of the phenyl groups are 

believed to be the key factor, where benzene ring hinders the formation of Au-Au bond formation 

to grow into large NPs. Aum(L-Au-L)n structural model (L = Se or Te) was proposed for alkyl 

selenolate- and tellurolate-protected Au NPs, where only one type of L exists and the structural 

information was consistent with the single peak on 77Se and 125Te NMR spectra. We reported the 

one-phase synthesis of Au25(SePh)18 NCs, and two-phase synthetic route of Au18(SePh)14 NCs. 

This is the first time the structure of atomic precise Au25(SePh)18 NCs were investigated via 77Se 

NMR. The two 77Se NMR peaks with 1:2 integration ratio confirmed the computational model of 

the cluster motif as Au13(core)–PhSe(1)–Au–Se(2)Ph–Au–Se(1)Ph–Au13(core). 77Se NMR and 

125Te can serve as a new and convenient tool to obtain the structural information of NPs and NCs. 
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Chapter I. Introduction 

1.1 Gold Nanoparticles and Nanoclusters 

Brust et al. first discovered two-phase (water-toluene) synthesis of alkanethiolate-protected 

gold nanoparticles (Au NPs) with a range of 1-3 nm.1 The bottom-up preparation method has 

been widely applied and developed as Brust-Schiffrin method (BSM), because this method is 

simple and repeatable, and the nanoparticles are stable and can be re-dissolved in organic solvents. 

Gold nanoclusters (Au NCs) are a new class of Au NPs that are ultrasmall with a core size < 2 nm. 

Au NCs possess atomic precision instead of gold NPs with size distribution. Size-focus synthesis 

of atomically precise gold NCs have been widely studied and developed with different protecting 

ligands.  

Our research group has studied one-phase, two-phase and reversed methods of BSM with 

thiols, selenides, and tellurides ligands. The results of these nanoparticles were a mixture of 

different sized nanoclusters or bigger nanoparticles. In order to separate the mixture, research 

groups use different separation techniques to isolate the nanocluster. For example, Donkers et al. 

used multiple steps of solvent extraction to isolate the target Au25 NCs.2 There are many groups 

that have studied the gold NCs with different ligands and methods. Nanoparticles are mixture of 

several closely related clusters that are of narrow dispersed. Particles are usually made of 

100-700,000 atoms with diameters from 1.5 to 30 nm. Gold nanoparticles (> 2 nm) show surface 

plasmon resonance (SPR), which was first discovered by Mie with the solvation of spherical 

particles’ Maxwell’s equations.3 The UV-Vis of spherical nanoparticles that are > 2 nm usually 

have a prominent SPR absorption band around 520 nm. On the other hand, NCs are single 

molecular species that are monodispersed. Clusters are usually made of 3 to 150 atoms with 
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diameters range from 0.3 to 1.7 nm. Due to the ultrasmall size of NCs (< 2 nm), the quantum size 

effect exist, which cannot be observed in nanoparticles (> 2 nm). Malola et. al have studied the 

localized surface plasmon resonance in monolayer-protected gold NCs by using an ab initio 

method.4 They found a strong localized surface plasmon resonance (LSPR) develops at 540 nm 

(2.3 eV) in a cluster with a 2.0 nm metal core. The protecting molecular layer enhances the LSPR, 

while in a smaller cluster with 1.5 nm gold core, the plasmon-like resonance at 540 nm is 

confined in the metal core by the molecular layer, and shown distinct absorption peaks like 

molecules (Figure 1.2). These computational results illustrated the UV-Vis differences between 

nanoparticles and NCs. 

Nanoclusters act like supermolecules and have many new physical and chemical properties, 

such as quantized charging, distinct optical (luminescence), electronic, electrochemical, and 

bio-labeling properties.1-4 The synthesis of NCs at atomic level has been a significant research 

goal for many scientists. Many research groups like Brust1, Murray2, and Whetten5 have studied 

different thiols as the protecting ligand.  

1.2 Synthetic Methods of Gold Nanoclusters 

The thiolate-protected Au25 clusters Au25(SR)18 (R = phenylethyl, or octyl) can be 

synthesized by kinetically controlled BSM.6 Tetraoctylammonium bromide (TOAB) is the phase 

transfer agent. The procedure includes mainly three steps, first the TOAB phase transfers the 

Au(III) cations from aqueous layer to organic layer; then Au(III) cations are reduced by thiols to 

Au(I) and form intermediate Au(I):SR complexes under 0 °C and slow stirring; at last, the 

Au(I):SR complexes are further reduced by a strong reducing agent, sodium borohydride (NaBH4) 

with aging process.  

The one phase method for synthesizing Au25 clusters were modified from two-phase 
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method.7 Tetrahydrofuran (THF) was used as the organic solvent instead of toluene. Since THF is 

miscible with water, there is only one phase in the synthesis. 

Besides the modified BSM to synthesize gold NCs, Xie group at National University of 

Singapore has successfully synthesized Au10-12, Au15, Au18, and Au25 via pH controlled carbon 

monoxide (CO) reduction method.8 The method used carbon monoxide as the reducing agent 

instead of NaBH4 in BSM method, which creates a mild reaction environment. The gaseous 

reducing agent CO and the pH level modification kinetically control the growth of NCs, which 

leads to monodispersed NCs. In the reaction system, CO and precursor Au(I)-thiolate complexes 

are reactants, and their redox potentials are highly sensitive to the reaction pH level; higher pH 

gives CO higher reducing capability that leads to faster reaction kinetics and larger-sized NCs. 

The advantages of this synthesis method are the large-scale production and facile, scalable 

synthesis of many different monodispersed NCs. 

1.3 Thiolate-Protected Nanoclusters 

The Au25(SR)18 NCs have been the most reported gold nanoclusters and been widely studied 

due to high stability.9 Au25(SR)18 nanoclusters show supermolecule-like properties, and can be 

synthesized and isolated to get monodispersed nanoclusters instead of clusters mixture. 

Theoretical computational studies and single-crystal X-ray crystallography analyses indicate that 

the structure of [TOA]+[Au25(SR)18]-
 nanoclusters were made of a Au13 icosahedral core and 

covered by six -RS-Au-RS-Au-RS- motifs.10 These studies indicate that Au13 core is slightly 

distorted and there are three gold atoms environments: center, icosahedral surface, and semi-ring; 

and there are two type of sulfur sites in the six Au2(SR)3. Schaaff et al.5 first synthesized and 

isolated the Au25(SG)18 nanoclusters in 1998 with protecting ligand 

N-γ-glutamyl-cysteinyl-glycine (GSH). Donkers and coworkers published their studies of 
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nanocluster Au38(SCH2CH2Ph)24 ,which was later found out to be Au25(SCH2CH2Ph)18, but with a 

low yield of ~15% by acetonitrile extraction.2 Jin group at Carnegie Mellon University have 

developed many efficient and high-yield methods to synthesize atomically precise 

Au25(SCH2CH2Ph)18 clusters with two phase BSM and one-pot synthesis.6,7 

1.4 Selenolate-Protected Nanoclusters 

The organochalcogen-protected nanoparticles are interesting models to study the interaction 

between ligands’ anchoring atom (S, Se, Te) and the core gold. Brust et al. used analogous 

methods to synthesize gold nanoparticles stabilized by alkanethiolate, alkaneselenides, and 

alkanetellurides; and Langmuir films of gold nanoparticles were prepared and studied by atomic 

force microscopy (AFM).11 The study of selenolate-protected gold nanoclusters is a relatively 

new; there are mainly two research groups that have published papers recently on this subject, 

Negishi group in Japan and Zhu group in China. The research from Negishi group has been 

mainly focused on alkyl selenolate-protected gold clusters. They modified our synthetic methods 

of dialkyl diselenides, and gold nanoparticles to synthesize and isolate monodispersed 

nanoclusters. In 2011, Negishi et al. first reported the isolation and structural characterization of 

octaneselenolate-protected Au25 cluster ([Au25(SeC8H17)18]-).12 Their results showed that the 

[Au25(SeC8H17)18]- clusters have a similar geometric structure to thiolate-protected Au25 clusters, 

and have lower charge transfer between the metal atoms and ligands. Negishi and coworkers then 

compared the ligand-induced stability of thiolate-protected gold clusters [Au25(SC8H17)18]- versus 

selenolate-protected gold nanoclusters [Au25(SeC8H17)18]-.13 The results of degradation in solution, 

thermal dissolution, and laser fragmentation showed that changing the ligand from thiolate to 

selenolate increased the cluster stability of gold-ligand bond, but decreased the stability of the 

ligands. In 2013, the Negishi group used the ligand exchange method to synthesize and isolate the 
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dodecaneselenolate-protected Au38 clusters (Au38(SeC12H25)24).14  

On the other hand, Zhu group used commercial available chemical product selenophenol as 

protecting ligand to synthesize and characterize the aromatic selenolate-protected nanoclusters. 

Zhu and coworkers used kinetically controlled direct method to synthesize and isolate the 

monodispersed [Au25(SePh)18]- nanoclusters in high yield.15 Meng et al. used ligand exchange 

between Au25(SCH2CH2Ph)14 nanoclusters and selenophenol to synthesize selenolate-protected 

clusters; and then they isolated Au18(SePh)14 clusters by HPLC equipped with a size-exclusion 

chromatography column.16 In 2014, Zhu’s research group successfully crystallized and reported 

the X-ray structure of [Au24(SePh)20]- nanoclusters for the first time, which shown that the Au24 

nanocluster have a new type of Au5Se6 staple motif and a prolate Au8 kernel.17  

1.5 Nuclear Magnetic Resonance (NMR)  

NMR spectra can be used as a tool to investigate the dynamics of the coordinated ligands on 

the cluster surface that provide information of molecular structures. NMR was first found and 

measured with molecular beam resonance method by Isidor Rabi in 1938,18 and Rabi was 

awarded the Nobel Prize in Physics 1944 “for his resonance method for recording the magnetic 

properties of atomic nuclei.” In 1946, Edward Mills Purcell expanded the technique for use on 

liquids and solids with precise composition studies of different materials;19 in the same year, Felix 

Bloch discovered the phenomenological equations that calculate the nuclear magnetization as a 

function of time when relaxation times are present.20 Purcell and Bloch shared the 1952 Nobel 

Prize for “their development of new ways and methods for nuclear magnetic precision 

measurements.” Since then, NMR has been developed into a powerful technique for analytical 

chemistry and biochemistry researches. The NMR table of chosen nuclei is shown in Table 1.1, 

which includes nuclei that resonate up to 440 MHz in a field corresponding to 400 MHz proton 
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frequency. 

For our gold nanoparticle and nanocluster systems, NMR can provide valuable information 

about the structure and bonding properties. There is only one magnetic active gold isotope, 197Au; 

and its spin number is 3/2 with a quadrupole moment. Due to the low NMR frequency and 

unfavorable properties of gold, it is difficult to directly analyze gold samples by 197Au NMR. 

Instead, we used 77Se NMR and 125Te NMR spectroscopy as a tool to obtain the structural 

information of the protecting ligands. 77Se and 125Te both are NMR active nuclei with spin = 1/2, 

which are easier to observe, giving sharp lines and observable J coupling. 

1.5.1 77Se NMR 

Selenium has six naturally occurring isotopes, but 77Se (7.58%) is the only NMR-active 

isotope and its spin quantum number is 1/2.21 77Se has no quadrupolar moment, which leads to 

high resolution NMR spectroscopy. 77Se has a relatively low NMR sensitivity, its receptivity 

compared to proton is 5.37 × 10-4 at natural balance. The chemical shift range of 77Se NMR is 

very wide, ranged from -1000 to 2000 ppm. Our group has first observed 77Se NMR in 

octaneselenolate-protected gold nanoparticles, and the NMR data indicated that Se acquires 

nonzero Ef-LDOS upon binding to the gold nanoparticle surfaces.22 

1.5.2 125Te NMR  

Tellurium has two NMR active isotopes 123Te (0.89%) and 125Te (7.07%), and both are of 

spin 1/2 nuclei. 125Te has a relatively large gyromagnetic ratio (-8.5×10-7 rad T-1 s-1). Isotope 125Te 

is used more frequently than 123Te, because it has higher natural abundance and NMR sensitivity, 

shorter Spin-Lattice Relaxation Time (T1), and provides narrower spectrum signals. The chemical 

shift range of 125Te is very wide, ca. 7000 ppm.  
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1.6 Applications of Gold Nanoparticles and Nanoclusters 

A large amount of experimental and computational researches have been conducted all 

around the world to study the shape and size gold nanoparticles and nanoclusters. Due to the 

unique chemical and physical properties, and functionalized biocompatibilities, Au NPs and NCs 

have shown promising applications in biomedicine, bio-sensing, nano-electronics, optics and 

catalysis.23-41 

1.6.1 Cancer Study 

The optical extinction properties of gold nanoparticles can change when binding with 

different biomolecules. UV-Vis absorption spectra of NPs can also change when the distance 

between particles getting smaller. These unique optical properties can be very useful for sensitive 

DNA detection. Gold nanoparticles are potentially good biomarkers for diagnosing cancer, heart 

disease and many other infectious diseases23,24:  

1.6.2 Diagnostic Sensor 

Traditional cancer diagnostic methods are expensive and not accurate, which are not 

practical as widespread screening methods for general public. Nanotechnology studies of gold 

nanoparticles have shown promising results to use gold nanoparticles as a sensor to diagnose 

cancer. Peng et al. has used gold nanoparticles to diagnose lung cancer in exhaled breath, due to 

the fact that human breath contains several volatile organic compounds and lung cancer patients’ 

levels are much more higher.23 Their thiolate monolayer-capped 5 nm gold nanoparticles were 

synthesized by the modified two-phase method, and then applied onto electrodes as an array of 

sensors. 
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1.6.3 Fluorescent Senor for Imaging 

Gold nanoparticles can serve as an optical imaging probe due to their fluorescence 

quenching effects. This novel method of sensing has advantages over traditional fluorescent 

probes, because the fluorescent changes of conventional probes can not provide enough 

resolutions. Near-infrared fluorescent (NIF) quenching effects of Au NPs allow real-time, simple, 

visualizing monitoring without any expensive instruments. Lee et al. developed a 

protease-sensitive Au NPs-quenched NIF probe, which can rapidly and efficiently identify target 

proteases in both vitro and vivo.24 

1.6.4 Drug Delivery 

Gold nanoparticles are good drug delivery system since they are nontoxic and 

nonimmunogenic with functionalized targeting groups. Au NPs have shown promising results for 

delivering drugs as shown in Figure 1.3. Development of drug delivery systems is an interesting 

solution to our present cancer treatment challenge. The current treatment of tumors is not 

specified to cancer cells, and healthy cells are damaged significantly during the treatments. The 

purpose of drug delivery systems is to deliver therapeutic drugs specifically into cancer cells and 

avoid killing healthy cells. Nanotherapeutics can also improve the other limitations of traditional 

tumor treatments, such as lack of water solubility, poor oral bioavailability, drug resistance, and 

low therapeutic indices.25 Many drug delivery systems have been developed recently, such as 

nanoparticles,26 nanorods,27 nantubes,28 polymers,29 dendrimers,30 liposomes,31 and hydrogels.32 

Nanoparticles containing drugs like chemotherapeutics and cytotoxins are modified with 

tumor-specific antibodies on the surface, which can target and accumulate in the tumors. The 

optimized NPs size and surface characterizations can improve the circulation time in bloodstream 
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and selectively load the therapeutic drugs into tumors. The NPs delivery system can help patients 

to overcome the drug resistance of conventional chemotherapeutic treatment, because NPs cannot 

be recognized by main mediators of multidrug resistance, such as P-glycoproteins.33 Gold 

nanoparticles have unique chemical and physical properties that stand out as a great platform for 

drug delivery. The gold core of gold nanoparticle is inert and non-toxic. A series of gold 

nanoparticles have been examined and taken up by human cells without any acute cytotoxicity.34 

However, there are not enough studies and information on the factors that change cytotoxicity, 

such as size, shape, and surface functional groups. Gold nanoparticles studies have shown many 

useful applications for diagnostic and drug delivery in nanomedicine. For instance, Pokharkar and 

coworkers have investigated chitosan reduced gold nanoparticles as new carriers for transmucosal 

delivery of insulin, and chitosan is a natural biocompatible and biodegradable polymer.35 Wheate 

and coworkers have tethered the anticancer drug oxaliplatin to a gold nanoparticle to reduce 

conventional chemotherapy dose-limiting side effects and drug resistance. 36 

1.6.5 Electronics and Conductor 

Gold nanoparticles have been widely applied in electronics industry as conductors in 

electronic chips and printing ink. As the electronic devices design reaches nano level, NPs are 

potentially promising new building blocks for wide applications. The conductor of polyurethane 

containing citrate-stabilized gold nanoparticles has shown high conductivity and stretchability, 

electronic tenability, and mechanical properties.37 Water-based gold nanoparticles printing ink 

can produce electric-conductive patterns for micro-fabrication and microelectronic devices.38 

1.6.6 Optics 

The surface-plasmon resonance of gold nanoparticles has shown potential optical 
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applications. Elghanian et. al have reported a highly selective probes using colorimetric 

polynucleotide detection method based on mercaptoalkyloligonucleotide-modified gold 

nanoparticles.39 The color changes from red to pinkish/purple when the probes detect 

oligonucleotide. 

1.6.7 Catalysis 

Gold nanoclusters with specific numbers of Aun has exhibited distinguished and 

size-specific catalytic ability in many reactions, especially carbon monoxide (CO) oxidation 

reaction. Wu et. al have studied the reaction mechanism of CO oxidation with partially 

ligand-removed and intact thiolate-protected gold nanoclusters, Au25.40 Chunyan Liu et. al have 

systematically studied the CO oxidation on different nanoclusters from 0.3 nm to 0.8 nm with 

density functional theory (DFT). A new mechanism of the catalysis process was first reported that 

the triangular Au3 active site promote the scission of an O-O bond leading to formation of CO2.41 

1.7 Research Objectives 

The research objective of this master thesis is to synthesize and characterize Au NPs and 

NCs with anchoring chalcogen elements of S, Se, and Te. As introduced in earlier sections, our 

group has synthesized the alkyl selenolate- and telluroxide-protected nanoparticles and studied 

the mechanism of gold nanoparticle formation. However, atomic precise gold nanoclusters were 

not deeply investigated. Researchers have mostly extensively studied thiolate-protected gold 

nanoclusters, and there are only a few publications about gold nanoclusters protected by 

selenium- and tellurium-anchoring ligands. The commercial availability of these ligands is 

limited. Because 77Se and 125Te both are NMR active nuclei, 77Se NMR and 125Te NMR 

spectroscopy can serve as a new tool to obtain the structural information of the NCs. 
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With these considerations, the aims of this thesis focus on (1) synthesis and isolation of 

thiolate-protected gold 25 NCs, (2) synthesis and purification of dialkyl diselenides and dialkyl 

ditellurides ligands, (3) synthesis of selenolate- and tellurolate-protected NCs, (4) 77Se NMR and 

125Te NMR characterization of ligands, NPs, and NCs. 
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Table 1. 1. Chosen nuclei in the region of 0 to 440 MHz at a field corresponding to 400 MHz 

proton frequency. 

Isotope Symbol Spin Natural 

Abund.% 

Receptivity 

Ref. to 13C 

Magnetic 

Moment 

Gamma Quadrup 

Moment 

Frequency Reference 

197 Au 3/2 100.000 0.16294 0.19127 0.47306 54.7 6.916 N/A 

107 Ag 1/2 51.8390 0.2050 -0.19690 -1.08892 N/A 16.191 AgNO3 

105 Pd 5/2 22.3300 1.48824 -0.76000 -1.23000 66.00 18.304 K2PdCl6 

99 Ru 5/2 12.7600 0.84706 -0.75880 -1.22900 7.90 18.421 K4[Ru(CN)6] 

109 Ag 1/2 48.1610 0.2900 -0.22636 -1.25186 N/A 18.614 AgNO3 

77 Se 1/2 7.63000 3.15000 0.92678 5.12539 N/A 76.286 Me2Se 

123 Te 1/2 0.89000 0.96100 -1.27643 -7.05910 N/A 104.679 Me2Te 

125 Te 1/2 7.07000 13.40000 -1.53894 -8.51084 N/A 126.199 Me2Te 

31 P 1/2 100.0000 391.0000 1.95999 10.83940 N/A 161.923 H3PO4 

1 H 1/2 99.98850 5870.00 4.83735 26.75221 N/A 400.00 Me4Si 
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Figure 1. 1. Atomistic models for the thiolate-stabilized gold nanoclusters. Reprinted with 

permission from (Malola, S.; Lehtovaara, L.; Enkovaara, J.; Häkkinen, H. ACS nano 2013, 7, 

10263.). Copyright (2013) American Chemical Society. 

 

 

Figure 1. 2. The calculated UV-Vis of Au266 gold nanoclusters and Au314 nanoparticles. Reprinted 

with permission from (Malola, S.; Lehtovaara, L.; Enkovaara, J.; Häkkinen, H. ACS nano 2013, 7, 

10263.). Copyright (2013) American Chemical Society. 
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Figure 1. 3. Schemes for different versions of drug delivery systems. Reprinted from http://www 

.mayo.edu/research/labs/tumor-angiogenesis-vascular-biology/nano-gold-anti-angiogenic-therapy

. 
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Chapter II. Thiolate-Protected Gold Nanoparticles and Nanoclusters 

2.1 Introduction 

To begin with I will provide a brief background on thiolate-protected gold nanoparticles and 

nanoclusters. The size range of nanoparticles is 1 - 100 nm based on the core diameter of a 

nanoparticle. Nanoclusters are one kind of ultrasmall nanoparticles, whose core diameters are less 

than 2 nm. For instance, the metal core of Au25 NPs is about 1 nm of diameter. Thiols are good 

protecting molecules due to the strong Au-S bonding and steric effects from the alkyl parts. The 

strong covalent bonding between Au and thiolate keeps the ligands from dissociating. Without the 

steric effects of protecting ligands, the gold core would aggregate and form precipitates. Thus, 

most studies of NPs and NCs have adopted thiols as the protecting ligands.  

Brust et al. reported the first thiolate-protected Au NPs study in 1994.1 Their two-phase 

synthesis method is the foundation of thiolate-protected Au NPs and nanochemistry researches. 

The synthesis produced poly-disperse Au NPs in the size range from 2 to 5 nm, which showed 

strong surface plasmon resonance peaks. The gold nanoparticles were protected by monolayer of 

thiolates and used to be called monolayer protected clusters (MPC). The stability of the gold 

nanoparticles is extremely good for long term, and nanoparticle surface can be modified with 

functional groups via click reaction. Therefore, the subject has been extensively explored and it is 

still under investigations in many applications, such as drug delivery, electronics, bio-sensing and 

so on. However, the MPC of this synthetic method are mostly polydispersed containing many 

different gold nanoclusters. One of the mostly studied nanoclusters is [Au25(SR)18]-, which is 

protected by thiols (SR, R can be different kind of ligand, such as alkyl, phenyl, amino acid, DNA, 

biocompatible polymer and so on).2 

Murray and coworkers have studied the single phase synthesis of Au25 nanoclusters with 
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Oct4N+Br- in air and under argon.3 Jin group has developed atomically precise synthetic method 

of thiolate-protected gold nanoclusters with exact control of cluster size. They focused on the 

studies of Au(I):SR intermediates in order to control the cluster size and reach monodispersity 

goal. The reaction temperature during Au(I):SR aggregates forming process is one of the key 

factors to cluster size controlling. Slow stirring speed during the formation of Au(I):SR 

intermediates is also crucial. Zhu et. al have found that when reducing of Au(III) ion to Au(I) at 

0 °C with slow stirring, the resulting clusters were of high yield and purity with monodispersed 

gold nanoclusters.4 Many different thiolate-protected nanoclusters Aun(SR)m have been 

synthesized and isolated with atomic precision, where gold number n ranges from 5 to 144. 

Among all these reported nanoclusters, Au25(SR)18 nanocluster has been particularly well studied 

due to its high stability and promising applications.5 The quantum calculations of Grönbeck and 

coworkers showed that the preferred structure of Au25(SR)18 nanocluster is made of an icosahedral 

Au13 core protected by 6 RS-Au-RS-Au-RS units.6  

In this chapter, the thiolate-protected Au NCs were synthesized by following the procedures 

from the publications of Jin group. We were able to synthesize the gold nanocluster TOA+ 

[Au25(SCH2CH2Ph)18]- from kinetically controlled two-phase and one-phase methods,  and the 

aging process of Au NCs TOA+ [Au25(SC8H17)18]- synthesized by one-phase method. The 

experimental results showed that the NCs are stable and monodispersed.  

2.2 Experimental Section 

2.2.1 Chemicals 

Tetrachloauric (III) acid (HAuCl4·3H2O, >99.99% metal basis, Sigma-Aldrich), 

2-phenylethanethiol (99%, Sigma-Aldrich), 1-octanethiol (98%, Sigma-Aldrich), sodium 
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borohydride (99.99% metals basis, Sigma-Aldrich). Solvents: toluene (HPLC grade, >99.9%, 

Aldrich), tetrahydrofuran (HPLC grade, >99.9%, Aldrich), ethanol (absolute, 200 proof, 

Pharmco), methylene chloride (HPLC grade, >99.9%, Aldrich), hexane (HPLC grade, >95%, 

Aldrich). All chemicals were used as received except THF was bubbled by N2. Milli-Q water 

(resistivity 18.2 MΩ·cm) was produced with a Millipore Milli-Q DI water system. All glassware 

was thoroughly cleaned with freshly-made aqua regia (HCl : HNO3 = 3 : 1 vol%), rinsed with 

large amounts of Milli-Q water, acetone, and then dried in an oven prior to use. 

2.2.2 One-Pot syntheses of Au25(SCH2CH2Ph)18 nanocluster 

The synthetic method is modified from a literature paper by Wu et al.7 HAuCl4·3H2O (0.16 

mmol) was dissolved in 5 mL THF in a 25 mL round bottle flask, and the resulting solution was 

cooled to 0℃ in an ice bath over a period of 30 min. PhCH2CH2SH (112 µL, 5 equivalents of the 

moles of gold) was slowly added to the flask; stirring was reduced to a very low speed. The 

yellow solution turned colorless after slow stirring. After the solution turned clear, the stirring 

speed was changed to fast stirring, and an aqueous solution of NaBH4 (60 mg, 10 equivalents per 

mole of gold, freshly dissolved with 1.5 ml ice-cold Milli-Q water) was rapidly added all at once. 

The reaction was allowed to proceed under constant stirring for 3 h. After that, the ice bath was 

removed and the solution was warmed to room temperature. The reaction was allowed to further 

proceed overnight. Then the solution was concentrated and crushed out in large amounts of 

ice-cold Milli-Q water, the precipitates (Au25 nanoclusters) were collected by filtration and 

thoroughly washed with methanol. 

2.2.3 Two-phase Kinetically Controlled Synthesis of Au25(SCH2CH2Ph)18 Cluster 

Low temperature protocol was modified from the paper by Zhu et al. at Carnegie Mellon 
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University.4 TOAB (0.031975 g, 0.05875 mmol) and HAuCl4·3H2O (0.05 mmol) dissolved in 5 

mL toluene, were combined in a 25 mL round bottom flask. The solution was vigorously stirred 

with a magnetic stir bar to facilitate phase transfer of Au(III) salt into the toluene phase. After 30 

min, phase transfer was completed, leaving a clear aqueous phase at the bottom of the flask; the 

aqueous was then removed using a pipet. The toluene solution of Au(III) was purged with N2 and 

cooled down to 0 °C in an ice bath over a period of 30 min under magnetic stirring. 

PhCH2CH2SH (21.25 µL, ~3 equivalents of the moles of gold) was added; stirring was reduced to 

a very low speed, because fast stirring significantly reduces the final Au25 yield. The deep red 

solution turned to faint yellow over a period of ~5 min, and finally to clear over ~1 hr. After the 

solution turns to clear (~ 1 hour), the stirring speed was changed to fast stirring, and immediately, 

an aqueous solution of NaBH4 (0.019375 g, 0.5 mmol, 10 equivalents versus the moles of gold, 

freshly made in 1 mL ice-cold Milli-Q water) was quickly added all at once. The reaction was 

allowed to proceed overnight under N2 atmosphere. After overnight reaction the post-synthetic 

treatment of the crude products were first filtration with micropore filter apparatus, and then 

washing by methanol. 

2.2.4 One-Pot Aging-processed Synthesis of Au25(SC8H17)18 Cluster 

HAuCl4 (62.0 mg, 0.16 mmol) was dissolved in 5 mL THF in a 25 mL round bottom flask, 

and the resulting solution was cooled to 0 °C in an ice bath over a period of 30 min. C8H17SH (24 

µL, 3 equivalents of the moles of gold) was slowly added to the flask; stirring was reduced to a 

very low speed. The yellow solution turned colorless after 1 h. After the solution turned clear, the 

stirring speed was changed to fast stirring, and an aqueous solution of NaBH4 (60 mg, 10 

equivalents per mole of gold, freshly dissolved with 1.5 ml ice-cold Milli-Q water) was rapidly 

added all at once. The reaction was allowed to proceed under constant stirring for three hours at 
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0 °C in an ice bath. After that, the ice bath was removed and the solution was warmed to room 

temperature. The reaction was allowed to further proceed for over 115 h (aging process). After 

removal of some precipitates (by-products), the solution was concentrated and cold water was 

added, the precipitates Au25 nanoclusters were collected with micropore filter apparatus, and then 

thoroughly washed with methanol. 

2.2.5 Characterization 

All UV-Vis absorption spectra were recorded in the range of 200–1100 nm using an Agilent 

8453 diode array spectrophotometer. The reaction product was diluted with reaction solvent and 

centrifuged prior to spectral measurements. Energy-dispersive X-ray spectroscopy (EDS) was 

conducted on Zeiss SUPRA55-VP Scanning Electron Microscope (SEM) with Oxford EDS at 

EHF = 20.00 kV. For each sample, various areas were selected for analysis and the results were 

averaged. The TEM images were obtained with a Philips EM400T transmission electron 

microscope at 120 kV. The samples were prepared by placing two or three drops of the dilute 

NPs/NCs in toluene on carbon-coated copper grids (200 mesh, Electron Microscopy Science). 

The size of the NPs/NCs was measured manually with 200 counts. 

2.3 Results and Discussion 

Figure 2.1 showed the evolution of the UV-Vis spectra of the reaction product with aging 

time at room temperature. This aging process is a size-focusing process in order to control the 

size and structure of Au nanocluster after NaBH4 reduction of Au(I):SR complexes. The reaction 

was proceeded under ice bath at 0 °C for three hours to allow the Au(I):SR intermediates to be 

completely reduced. And then, the reaction mixture was warm up to room temperature to go 

through aging process. It is believed that the mixture of Aun(SR)m NCs transform to 
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monodispersed Au25 NCs in the aging stage. Figure 2.3 showed TEM images of Au25(SC8H17)18 

with at different aging hours. After 1h reaction under ice-bath, the UV-Vis showed a featureless 

decay spectrum without any distinctive peaks. There were large chunk of particles on TEM image 

2.3A, which can be the Au(I):SR intermediates. After 17 hours reaction, which was 14 hours 

aging process, weak absorption bands started to emerge at 400 nm, 450 nm, and 670 nm; the 

TEM image 2.3B also indicated the size of the particles were getting smaller. After 45 hours of 

reaction, the peaks were becoming prominent, and the size of particles on TEM images was 

becoming smaller and more homogeneous. At 69 hours, the nanoparticle size was 2.02±0.17 nm 

on Figure 2.3E. After 112 h of aging, three absorption bands were prominently clear and the 

UV-Vis showed no apparently further changes. The TEM image showed that the size of 

nanoclusters was 1.60±0.18 nm, which was smaller than 2 nm. Thus, the size-focusing process of 

aging is a very important way to get monodispersed Au25 nanocluster. 

Figure 2.2 showed a UV-Vis spectrum on the left and an optical absorption spectrum of 

Au25(SC8H17)18 after 115 hours aging process and purification. The UV-Vis spectrum showed 

three distinct absorption bands at 400 nm, 450 nm, and 670 nm, which are characteristic of Au25 

clusters, indicating high yield of Au25 clusters.8 On the optical absorption spectrum, the product 

exhibited significant absorption at 1.85 eV, 2.75 eV, and 3.10 eV. The lowest energy band at 670 

nm corresponds to the HOMO-LUMO transition.2 The HOMO and LUMO orbitals are mainly 

composed of 6sp, 5d10 atomic orbitals of gold, and 3p of sulfur. The 1.85 eV energy absorption 

corresponded to sp-sp transition (HOMO-LUMO transition), which is an intraband transition. The 

2.75 eV energy band was mixed of intraband sp-sp transition and interband sp-d transition. The 

3.10 eV energy absorption is made of sp-d interband transition. 

The 2-phenylethanethilate-protected Au NCs were synthetized by both one-pot and 

two-phase methods, and there are three distinct absorption bands 685, 445, and 400 nm on the 
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UV-Vis spectrum. The one-pot product was shown in Figure 2.4 and 2.5. The lowest energy band 

at 685 nm corresponds to the HOMO–LUMO transition. Table 2.1 and Figure 2.6 showed the 

EDS result of the Au25(SCH2CH2Ph)18 nanocluster. The calculated Au to S ratio is 25/18 = 1.389, 

and the experimental result is 1.334. The experimental Au/S ratio is acceptable, because the 

accuracy of EDS is not extremely high. The EDS data indicated that sulfur was the anchoring 

element of the ligand inside the nanocluster shell. 

After comparing the results between the two-phase and one-pot method, we noticed that the 

solvent played an interesting role here in high yielding synthesis of Au25 nanocluster. THF served 

as a better solvent than toluene to influence the size and structure of Au(I):SR intermediates. The 

Au(I):SR aggregates affect the growing of Au25 clusters after adding reductant sodium 

borohydride. The structure and formation mechanism of Au(I):SR intermediates are still not fully 

understood, because they are insoluble and difficult to be characterized. Further research still 

needed to look into the mechanism of Au25 growth. The octanethiolate-protected Au25 nanocluster 

required 115 hours of aging process to form monodispersed cluster. On the other hand, the 

2-phenylethanethiolate-protected Au nanocluster only need overnight aging, which is less than 12 

hours. The reason that Au25(SCH2CH2Ph)18 cluster is easier to synthesis and more stable can be 

that phenyl group has steric hindrance effects, and conjugative effects.  

2.4 Conclusions 

In summary, the Au25(SCH2CH2Ph)18 cluster was synthesized by one-pot and two-phase 

methods with high purity and yield, where the result of one-pot method was better than two-phase 

method. The size-focusing process was studied by synthesizing Au25(SC8H17)18 nanocluster with 

115 hours aging. The reaction time and temperature control of the aging process indicated the 

important role of Au(I):SR intermediate. Further studies should be conduct to better understand 
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the formation mechanism and structure of the Au(I):SR complexes.
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Figure 2. 1. The evolution of the UV-Vis spectra of the reaction product with aging time at room 

temperature. 
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Figure 2. 2. UV-Vis spectrum (left) and optical absorption spectrum of Au25(SC8H17)18 after 115 

hours aging and purification. 
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Figure 2. 3. TEM images of Au25(SC8H17)18 with aging time: A: 1 hour, B: 17 h, C: 24 h, D: 45 h, 

E: 69 h (NPs size, 2.02±0.17 nm), F: 115 h (NPs size, 1.60±0.18 nm).
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Figure 2. 4. UV-Vis spectrum and optical absorption spectrum of Au25(SCH2CH2Ph)18.	  

 

 

Figure 2. 5. TEM images of Au25(SCH2CH2Ph)18. 
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Table 2. 1. Quantitative EDS results of Au25(SCH2CH2Ph)18. 

 

 

Figure 2. 6. EDS spectrum of Au25(SCH2CH2Ph)18. 

 

 

  

Element Weight% Atomic% 

S 10.87 42.84 

A 89.13 57.16 

Total 100 100 



 

 
30 

2.5 References 

 (1) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem. Soc., Chem. 

Commun. 1994, 801. 

 (2) Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. J. Am. Chem. Soc. 2008, 

130, 5883. 

 (3) Parker, J. F.; Weaver, J. E.; McCallum, F.; Fields-Zinna, C. A.; Murray, R. W. 

Langmuir 2010, 26, 13650. 

 (4) Zhu, M.; Lanni, E.; Garg, N.; Bier, M. E.; Jin, R. J. Am. Chem. Soc. 2008, 130, 1138. 

 (5) Parker, J. F.; Fields-Zinna, C. A.; Murray, R. W. Accounts Chem. Res. 2010, 43, 1289. 

 (6) Akola, J.; Walter, M.; Whetten, R. L.; Häkkinen, H.; Grönbeck, H. J. Am. Chem. Soc. 

2008, 130, 3756. 

 (7) Wu, Z.; Suhan, J.; Jin, R. J. Mater. Chem. A 2009, 19, 622. 

 (8) Lee, D.; Donkers, R. L.; Wang, G.; Harper, A. S.; Murray, R. W. J. Am. Chem. Soc. 

2004, 126, 6193. 

 

  



 

 
31 

Chapter III. Studies of alkyl selenolate-protected Gold Nanoparticles 

3.1 Synthesis, Purification, and Characterization of Dialkyl Diselenide (R2Se2) Ligands 

3.1.1 Introduction 

As introduced in earlier chapters, the majority studies of gold nanoparticles and nanoclusters 

were thiolate-protected with many commercially available thiols. However, only a few researches 

of selenolate-protected NPs and NCs can be found in published literatures. The unique properties 

of selenium-gold bond and decent 77Se NMR sensitivity can lead to new discoveries and 

applications.  

For our gold nanoparticle and nanocluster systems, NMR can provide valuable information 

about the structure and bonding properties. Unlike silver, only one gold isotope 197Au is magnetic 

active, and its nuclear spin is of 3/2 with a large quadrupole moment. Due to the unfavorable 

NMR properties of gold, it is difficult to directly analyze gold samples by 197Au NMR. Instead, 

we used 77Se NMR and 125Te NMR spectroscopy as a tool to obtain the structural information of 

the protecting ligands. 77Se and 125Te both are NMR active nuclei with spin = 1/2, which are 

easily observed because they usually sharp lines and observable J couplings. 

Selenium is important in organic synthesis. More over it is an essential trace element that 

exerts its biological effect through several selenoenzymes. The latter that have the 21st amino acid 

selenocysteine (Sec) in their active site. There are six naturally occurring isotopes of Selenium, 

74Se (0.87%), 76Se (9.02%), 77Se (7.58%), 78Se (23.52%), 80Se (49.82%), and 82Se (9.19%). Five of 

them are stable, but 82Se has a very long half-life of 327,000 years.1 77Se is the only NMR-active 

isotope, and its nuclear spin is of 1/2. 77Se has high resolution NMR spectroscopy, because it does 

not have quadrupolar moment. 77Se has an NMR receptivity of 5.37 × 10-4 at natural balance as 
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compared to proton. The chemical shift range of 77Se NMR is very wide, from -1000 to 2000 ppm. 

The T1 of selenium compounds is usually very long. For example T1 of dimethyl selenide has a T1 

around 30 seconds. NMR-tube sealed Me2Se in D-Benzene is used as external standard and 

referenced as 0 ppm. Since Me2Se is a volatile and toxic compound, care must be taken in 

handling the standard sample. 

Our group has first observed 77Se NMR in octaneselenolate-protected gold nanoparticles, 

and the NMR data indicated that the Se acquires nonzero Ef-LDOS upon binding to the gold 

nanoparticle surfaces.2 

Selenophenol was the only commercially available selenolate ligand used in the synthesis of 

selenolate-protected nanoclusters.3,4 Thus, synthesis of new organoselenium ligands is needed if 

ligands other than selenophenol to be used. Our group has reported a fast and convenient one-pot 

synthesis of dioctyl diselenide ligand at ambient temperature and atmosphere.5 The product of the 

one-pot method have been used in the synthesis of selenolate-protected NPs. The mechanism of 

the NPs growing mechanism and factors influencing the size distribution have been studied by Li 

et al.6,7 The isolation and structural characterization of an octaneselenolate-protected Au25 clusters 

were later reported by Negishi et. al.8 

Dialkyl diselenide ligands were synthesized with additional purification step, where the 

silica/hexanes column (60 cm in length and 6 cm in diameter) was used.5 This method was 

adopted due to the disadvantages of earlier method, which are lengthy, laborious, low yielding, or 

requiring inert environment. The following experiment procedure is reproducible and high 

yielding. 
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3.1.2 Experimental Section 

3.1.2.1 Chemicals 

Selenium (100 mesh, 99.5%), sodium borohydride (98%), 1-bromohexane (98%), 1 - 

bromooctane (99%), 1-bromododecane (97%), 1-bromohexadecane (98%), tetrahydrofuran 

(THF, >99.0%), dichloromethane (99.8%), methanol (MeOH, >99.9%), hexane (>98.5%), and 

diethyl ether (>99.0%), were purchased from Sigma-Aldrich and used as received. Acetonitrile 

and toluene were bought from Fisher Chemicals, while ethanol (EtOH) was from Graham 

Company. All the glassware was cleaned in sulfuric acid that contained Nochromix, then washed 

with Milli-Q water (18.2 MΩ·cm) and acetone, and dried in the oven. 

3.1.2.2 Synthesis of Dialkyl Diselenides 

1.974 g of selenium powder (78.971 g/mol, 25 mmol) was added in 300 mL CH2Cl2 at a 1L 

round-bottle flask. Then 50 mL of a methanol solution containing one equivalent of 0.94575 g 

NaBH4 (37.83 gm/mol, 25 mmol) in slight excess was added. The color of the mixture changed to 

deep red, which indicated the formation of sodium diselenide, Na2Se2. After about 30 minutes of 

constant stirring, two molar equivalents of alkyl bromides were added to the solution (50 mmol), 

which was stirred for an additional 30 minutes. For synthesis of different ligands with R = hexyl, 

octyl, dodecyl, or hexayl, the amounts of bromides used are: 1-bromohexane (C6H13Br, 165.07 

g/mol, 7.01828 ml); 1-bromooctane (C8H17Br, 193.12 g/mol 8.63685 ml); 1-bromododecane 

(C12H25Br, 249.23 g/mol, 12.00529 ml); 1-bromohexadecane (C16H33Br, 305.35 g/mol, 15.2675 

ml) respectively. Another 50 mL of a methanol solution containing equivalent of 0.94575 g 

NaBH4 (37.83 g/mol, 25 mmol) was then added, causing the color of the solution to change to 

white and then yellow. The solution was stirred overnight. Then white by-products were removed 
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via vacuum filtration and the solvent was removed by rotary evaporation. The resultant orange 

oily product was run through a silica gel (63–200 mm) column with hexane as mobile phase. The 

theoretical yield of this synthesis is 4.8045 g. The first band eluted contained the pure desired 

product. The mobile phase (hexane) was then removed by rotary evacuation, producing the final 

product with a yield of around 70%. The pungent smell and light yellow color of the product 

indicate successful synthesis of diselenide ligands. 

3.1.2.3 Characterization 

NMR experiments were performed on a Varian 400-MR spectrometer operating at 400 MHz 

for 1H NMR and 100 MHz for 13C NMR, 76.27 MHz for 77Se NMR. The peak of dimethyl 

selenide in deuterium benzene was used as the primary reference for the 77Se NMR spectrum by 

setting it to 0 ppm. Spectroscopic identification of the selenium ligand sample was conducted on 

a Varian Saturn 2100T, 3900 GC-MS with 8400 autosampler in dichloromethane. 

3.1.3 Results and Discussion 

Figure 3.1.1 showed the GC-MS of crude (SeC8H17)2 ligand, and Figure 3.1.2 showed the 

GC-MS data of purified (SeC8H17)2 ligand. Data in Table 3.1.1 were calculated from Figure 3.1.1 

via Workstation software. There are two peaks on GC in Figure 3.1.1, the retention time of first 

peak is 10.334 min, and the second one is 11.513 min.  

From the MS data in Figure 3.1.1, the molecular ion peak m/z is 305.9, which is assigned as 

(C8H16)2Se•+; the base peak m/z was 192.9, which was SeC8H17
+

 fragment. From the MS data in 

Figure 3.1.2, the molecular ion peak m/z is 386.1, which is identified as Se2(C8H17)2
•+; the first 

fragment peak at m/z 273.9 was Se2C8H17
+ fragment, another fragment peak at m/z 207.0 is 

C8H19SeCH2
+. Therefore, we can identify the first peak at 10.334 min on GC to be Se(C8H17)2, and 
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second peak at 11.513 min to be (SeC8H17)2. The integrations of area of the two peaks on GC in 

Figure 3.1.1 was Se(C8H17)2 : (SeC8H17)2 = 28.23 : 71.77, which means that the crude product 

contained 71.77% percent aiming compound. This was consistent with the 70% yield after 

purification. 

In order to enlarge the yield, different selenium metal to alkyl bromide ratio were 

investigated. The 1:2 ratio gave 70% yield, and 1:1 ratio resulted 50% yield. The results showed 

that the better ratio of Se : RBr is 1:2. 

1H NMR, 13C NMR and 77Se NMR also confirmed the purity of the final product. For 

(SeC16H33)2, In the 1H NMR spectrum, the triplet at 0.82 ppm is assigned to the –CH3 methyl 

group, the peaks at 1.20 ppm correspond to thirteen –CH2– groups in the alkyl chain. The triplet 

at 3.04 ppm is the two hydrogen in the carbon that links to Se, and the quartet at 1.56 ppm is 

assigned to the second –CH2– group from Se. The integrations of all the peaks in the spectrum are 

accordant with the molecule structure. 13C NMR peaks in the spectrum are in the range of 0-35 

ppm, where numbers were assigned to the sixteen peaks.  

77Se NMR spectrum of the purified product showed only one peak at 310 ppm. The pulse 

width and T1 relaxation time studies were also conducted for 77Se NMR characterization. The 

most popular measurement of T1 is inversion recovery method, which used pulse sequence 180°- 

τ - 90°, as shown in Figure 3.1.6. The value of Mz can be found at any time of τ by the formula: 

Mz = M0 (1 – 2 e-τ/T
1). Finding T1 involves measurements of signal amplitude for several different τ 

intervals. After array experiment, the pulse width (pw90) of dialkyl diselenide is around 20 µs, 

and the T1 relaxation time is about 13.8 seconds. 

3.1.4 Conclusions 

The one-pot synthesis of dialkyl diselenide ligands is a high-yielding and convenient method. 
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The characterizations showed the synthesis and purification steps were successful. The GC-MS 

data indicated that there were R2Se and R2Se2 in crude products. Dialkyl selenide was removed 

after running column. 1H NMR, 13C NMR and 77Se NMR also confirmed the purity of the final 

product. 77Se NMR spectrum of the purified product showed only one peak at 310 ppm, the pulse 

width and T1 relaxation time studies were also conducted for 77Se NMR characterization. The 

resulting products have been used to synthesize selenolate-protected NPs. 
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Figure 3.1. 1. GC-MS of crude (SeC8H17)2. 

 

Table 3.1. 1.Analysis of Chromatography of crude (SeC8H17)2. 

Peak Retention Time Area % of Total 

1 10.334 1.958e+6 28.230 

2 11.513 4.977e+6 71.770 
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Figure 3.1. 2. GC-MS of purified product (SeC8H17)2 

 

 

 

 



 

 
39 

 

Figure 3.1. 3. 1H NMR spectra of (SeC16H33)2. 
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Figure 3.1. 4. 13C NMR spectra of (SeC16H33)2. 
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Figure 3.1. 5. 77Se NMR spectra of (SeC16H33)2 ligand. 

 

Fi 

Figure 3.1. 6. The pulse sequence to measure spin-lattice relaxation time.  
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3.2 Alkyl Selenolate-Protected Gold Nanoparticles 

3.2.1 Introduction 

Synthesis, characterization, and mechanism studies of selenolate-protected nanoparticles 

were one of the main research subjects in our group. Former student Zelakiewicz has first 

observed 77Se NMR in octaneselenolate-protected gold NPs, and the NMR data indicated that Se 

acquires nonzero Ef-LDOS upon binding to the gold NPs surfaces.1 Li et al. have investigated the 

mechanism of chalcogenate-protected metal NPs synthesized by Brust-Schiffrin two-phase 

method.2 The influence of water in the two-phase synthesis and structure of inverse micelles were 

also studied.3 Zaluzhna et al. identified the metal precursors of dioctyl diselenolate-protected 

nanoparticles in one-phase and two-phase Brust-Schiffrin methods. Zaluzhna and Zangmeister 

have also used alkylselenocyanate as the protected ligand to synthesize gold and silver NPs.4 

However, the synthesis and isolation of ultrasmall gold nanoclusters were not reported and 

successful. Later a Japanese group have adopted our gold nanoparticles synthetic method, Negishi 

et al. first reported the isolation and structural characterization of octaneselenolate-protected Au25 

cluster ([Au25(SeC8H17)18]-) in 2011.5 Their results showed the [Au25(SeC8H17)18]- clusters have a 

similar geometric structure to the thiolate-protected Au25 clusters, and have lower charge transfer 

between the metal atoms and ligands. 

In this section, alkyl selenolate-protected NPs were synthesized via one-phase and two-phase 

BSM. We have also tried to synthesize [Au25(SeC8H17)18]- gold nanoclusters by repeating 
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procedures of Negishi’s paper.  

3.2.2 Experimental Section 

3.2.2.1 Chemicals 

Tetrachloauric (III) acid (HAuCl4·3H2O, >99.99% metal basis, Sigma-Aldrich), sodium 

borohydride (99.99% metals basis, Sigma-Aldrich). Solvents: toluene (HPLC grade, >99.9%, 

Aldrich), tetrahydrofuran (HPLC grade, >99.9%, Aldrich), ethanol (absolute, 200 proof, 

Pharmco), methylene chloride (HPLC grade, >99.9%, Aldrich), hexane (HPLC grade, >95%, 

Aldrich). All chemicals were used as received except THF was bubbled by N2. Milli-Q water 

(resistivity 18.2 MΩ·cm) was produced with EMD Millipore Milli-Q DI water system. All 

glassware was thoroughly cleaned with freshly-made aqua regia (HCl : HNO3 = 3 : 1 vol%), 

rinsed with large amounts of Milli-Q water, acetone and then dried in an oven prior to use. 

3.2.2.2 One-Pot Synthetic Method 

(0.03282 g 0.06 mmol) TOAB was dissolved in 5 mL THF (N2 purged), then the aqueous 

HAuCl4 (0.05 mmol) was added. The solution was vigorously stirred with a magnetic stir bar for 

30 min in room temperature. The solution was purged with N2 and put in an ice bath for 30 min. 

0.048 g (C8H17Se)2 (~41 µL, 0.125 mmol) was slowly added while stirring was reduced to a very 

low speed. The solution was stirred for 1 hour till the color faint to white-yellow. 1 mL of an 

ice-cold aqueous solution of NaBH4 (0.0189 g, 0.5 mmol) was rapidly added to this solution. 
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After stirring in ice-bath for 3h, the ice bath was removed and the solution was warmed to room 

temperature. The reaction was allowed to further proceed for over 50 h (aging process). The 

solution was concentrated and cold water was added, the precipitates were collected by micropore 

filter apparatus and thoroughly washed with ACN. The final product was extracted with CH2Cl2. 

3.2.2.3 Two-phase Synthetic Method 

First, 5 mL of a toluene solution of (C8H17)4NBr (0.08202 g, 0.15 mmol) was added to an 

aqueous solution of 0.05 mmol HAuCl4. After vigorous stirring at room temperature for 30 min. 

The bottom water layer was removed by a glass pipet. (C8H17Se)2 (0.0576 g, 0.15 mmol) was 

slowly added to the solution with slow stirring. After 30 min stirring, 1 mL of an aqueous 

solution of NaBH4 (0.01892 g, 0.5 mmol) was rapidly added to the solution all at once under 

vigorous stirring. The solution’s color immediately changed to black. The solution was stirred for 

3 h. The organic phase was subsequently washed thoroughly with water and dried under N2 flow. 

The product was crushed out in 25 mL acetonitrile to remove byproducts such as (C8H17Se)2 and 

(C8H17)4NBr overnight in refrigerator. After standing overnight, the precipitate was collected on a 

micropore filter apparatus, washed with MeOH and extracted with toluene. 

3.2.2.4 Characterization 

All UV-Vis absorption spectra of Au NCs in solution were recorded using an Agilent 8453 

diode array spectrophotometer. Solid samples were first dissolved in toluene to make a dilute 
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solution, and then transferred to a 1 cm path length quartz cuvette, followed by spectral 

measurements. Background correction was made using a toluene blank. The TEM images were 

obtained with a Philips EM400T transmission electron microscope at 120 kV. The samples were 

prepared by placing two or three drops of the dilute NP dispersion in toluene on carbon-coated 

copper grids (200 mesh, Electron Microscopy Science). The size of the NPs was measured 

manually with 200 counts. Energy-dispersive X-ray spectroscopy (EDS) was conducted on Zeiss 

SUPRA55-VP Scanning Electron Microscope (SEM) with Oxford EDS at EHF = 20.00 kV. For 

each sample, various areas were selected for analysis and the results were averaged. NMR 

experiments were performed on a Varian 400-MR spectrometer operating at 400 MHz for 1H 

NMR and 100 MHz for 13C NMR, 76.27 MHz for 77Se NMR. The peak of dimethyl selenide in 

deuterium benzene was used as primary reference for the 77Se NMR spectrum by setting it to 0 

ppm. 

3.2.3 Results and Discussion 

Figure 3.2.1 shows several UV-Vis spectra of octyl selenolate-protected Au NPs synthesized 

by two-phase method with aging process (from 30 min to 55 hours). The UV-Vis spectrum 

changes from a featureless decay absorption to a 540 nm absorption band. This aging process was 

not successful as the thiolate-protected NCs, the kinetically control process did not uniform 

mixture of clusters into monodispersed cluster, but growing bigger into NPs. TEM imaging of 

octyl selenolate-protected gold nanoparticles was prepared and taken after 3 h aging process and 
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purification. The image shows that the gold nanoparticle are uniform with 1.82± 0.70 nm 

diameter (Figure 3.2.2). The EDS atomic analysis showed the atomic ratio of gold and selenium 

is 83.24/16.76 = 4.97. The ratio of Au25(SR)18 is 25/18 = 1.389, Au144(SR)60 is 144/60 = 2.4, 

Au314(SR)96 is 314/96 = 3.27. From the trends between numbers of gold and anchoring element, 

and the ratio, we can get formula of the octaneselenolate-protected NPs, Au824(SeC8H17)166. Thus 

the NP The EDS spectrum indicated the presence of gold and selenium and the possible size and 

composition of the NPs. 

The 77Se NMR spectrum of octyl selenolate-protected NPs shows a singe peak at -296.61 

ppm. There is no peak above 0 ppm, which means the diselenide ligands (310 ppm) were 

completely separated. Pan et. al have studied the 77Se NMR of Se-containing transition metal 

complexes Pd(Se2CNCH3CH3R2)2, whose 77Se chemical shift peak is at -251.9 ppm due to the Pd 

metal shielding.6 The gold atom which attached to Se can shield 77Se to upfield, so the chemical 

shift of Au NPs is far upfield at negative region. 

Häkkinen and coworkers have studied the structure and bonding in the ubiquitous 

icosahedral metallic gold cluster Au144(SR)60.7 The icosahedral core Au114 was protected by 30 

-RS-Au-SR- on the surface as shown in Figure 3.2.6. Malola et. al have studied the localized 

surface plasmon resonance in monolayer-protected gold nanoclusters by using an ab initio 

method.8 Two atomic structures of MPCs were studied, a layer-by-layer visualization of 

Au144(SH)60 (top) and Au314(SH)96 (bottom) were shown in Figure 1.2. The metal core Au266 of 

Au314(SH)96 is protected by a molecular ligand layer consisting of 48 -HS-Au-SH- units. They 
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found that a strong localized surface plasmon resonance (LSPR) develops at 540 nm (2.3 eV) in a 

cluster with a 2.0 nm metal core. The protecting molecular layer enhances the LSPR, while in a 

smaller cluster with 1.5 nm gold core, the plasmon-like resonance at 540 nm is confined in the 

metal core by the molecular layer, and shown distinct absorption peaks like molecules (Figure 

1.3). These computational results illustrated the differences between UV-Vis of NPs and NCs, 

which are consistent with our experimental results. The UV-Vis spectra of NPs (> 2 nm) show 

strong surface plasmon resonance peak ranged from 500 to 550 nm; the mixture of nanoclusters 

(< 2 nm) show a featureless decay UV-Vis absorption spectrum; and the monodispersed NCs 

have unique absorption bands as molecules. Since our NPs size is larger than both Häkkinen’s 

Au144(SR)60 and Au314(SH)96 model, and only ultrasmall NCs like Au25 have unique structures. It 

is reasonable to assume that our Au570(SeC8H17)166 NPs are also made of Au403 core protected by 

number of 167 -RSe-Au-SeR- motifs on the surface as Au741(Se-Au-Se)83 model. Thus, there is 

only one kind of selenium chemical environment existed in the NPs, which explains why there is 

one peak at 77Se NMR spectrum of selenolate-protected NPs. 

3.2.4 Conclusions 

Alkyl selenolate-protected NPs were successfully synthesized and characterized by 77Se 

NMR, TEM, UV-Vis, and EDS. Both one-phase and two-phase synthesis resulted similar 

products, a mixture of gold NCs which has a featureless decay UV-Vis spectrum. Kinetically 

controlled method with aging process failed to produce monodispersed NCs, but resulted bulkier 
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NPs with a strong surface plasmon resonance peak. 77Se NMR spectrum of selenolate-protected 

NPs exhibits a singlet peak, which can be explained by the Aum(Se-Au-Se)n model. The Aum-n 

core protected by -RSe-Au-SeR- motifs on the surface, and there is only one kind of selenium 

chemical environment existed in the NPs. Further studies should focus on the synthesis of alkyl 

selenolate-protected NCs, and the synthetic mechanism of Au NCs growing. 
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Figure 3.2. 1. UV-Vis spectra of octyl selenolate-protected gold nanoparticles by two-phase 

method with aging process.  

 

Figure 3.2. 2. TEM imaging of octyl selenolate-protected gold nanoparticles after 3 h aging 

process and purification.
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Figure 3.2. 3. 77Se NMR spectrum of octyl selenolate-protected gold nanoparticles. 
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Figure 3.2. 4. Density-functional theory computations model of Au144(SR)60 nanoclusters. 

Reprinted with permission from (Lopez-Acevedo, O.; Akola, J.; Whetten, R. L.; Gronbeck, H.; 

Häkkinen, H. J. Phys. Chem. C 2009, 113, 5035.). Copyright (2009) American Chemical Society. 
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Table 3.2. 1. EDS data of metal ratio in alkyl selenolate-protected nanoparticles. 

Element Weight% Atomic% 

Se 7.47 16.76 

Au 92.53 83.24 

Totals 100 100 

 

 

Figure 3.2. 5. EDS spetrum of alkyl selenolate-protected nanoparticles. 
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3.3 Synthesis of Selenophenolate-Protected Nanoclusters 

3.3.1 Introduction 

Monolayer-protected gold NCs that are less than 2 nm in core size have received 

considerable attention due to their unique electronic, catalytic, and optical properties compared to 

bulky nanoparticles (> 2 nm).1 In the last three years, Zhu group from Anhui University in China 

has used commercial available chemical product selenophenol as protecting ligand to synthesize 

and characterize the aromatic selenolate-protected nanoclusters. Meng et al. used ligand exchange 

between Au25(SCH2CH2Ph)18 nanoclusters and selenophenol to synthesize Au25(SePh)18 clusters 

with a yield of 26.4% based on Au atom. After NMR, TGA, and elements analysis, they found 

that all eighteen ligands were completed exchanged.2 Further research work of Zhu research 

group showed that the ligand exchange reaction is reactants concentration-dependent; Xu et al. 

reported the first synthesis of Au18 nanoclusters by controlled ligand exchange reaction 

concentration of Au25(SCH2CH2Ph)18 with PhSeH ligands. The amount of solvent used in the 

synthesis can lead to different nanoclusters: higher concentration favored Au25(SePh)18 

nanoclusters, and large amount of solvent gave rise to Au18(SePh)14 nanoclusters. The crude 

products of diluted method were predominantly [Au18(SePh)14] nanoclusters, and by-products 

Au15(SePh)13, Au19(SePh)15, Au20(SePh)16 nanoclusters, and Au18(SePh)14 nanoclusters were 

separated by using HPLC equipped with a size-exclusion chromatography (SEC) column.3 

Besides ligand exchange synthesis method, Zhu and coworkers developed kinetically controlled, 
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direct method to synthesize and isolate the monodispersed [Au25(SePh)18]- NCs with high yield, 

55%.4 The synthetic method is modified from classic two-phase BSM. Instead of adding ligand 

first and then reducing agent NaBH4, ligand PhSeH and NaBH4 were added drop-wise 

simultaneously under vigorous stirring. In 2014, Song et al. successfully crystallized and reported 

the X-ray structure of [Au24(SePh)20]- nanoclusters, which was the first X-ray crystallography 

study of selenolate-protected NCs.5 The results shown that the Au24 NCs have a new type of 

pentameric Au5(SePh)6 staple-like motif and a prolate Au8 kernel. The Au8 kernel were 

crossed-jointed by two tetrahedral Au4 units without sharing Au atoms. The Au8 kernel is 

protected by two Au3(SePh)4 and two Au5(SePh)6 motifs.  

Zhang and coworkers have reported the bonding of selenolate-protected Au25 NCs by 

temperature dependent X-ray absorption spectroscopy of both ligand and metal at varied 

temperatures. The aurophilic interaction in Au25(SeR)18 was significantly longer than Au25(SR)18.6 

Besides aromatic selenolate-protected gold nanoclusters, Charkraborty et al. also used 

selenophenol as protecting ligand to synthesize Ag44(SePh)30 nanolucsters.7 The research groups 

of the paper from Japan, India and Finland used both solid state and solution state synthesis 

routes to synthesize the Ag NCs, and compared the experimental characterizations with 

computational structure studies. The results indicated the similarity of the Ag44(XR)30 (X = S, Se) 

system, and both thiolate- and selenolate-protected NCs have closed shell 18-electron and 

structurally stable Keplerate core. 
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From experimental results of thiolate- and selenolate-protected NCs, it is believed that selenophenol 

is a better protecting ligand than dialkyl diselenide to synthesize NCs. PhSeH is an aromatic alcohol 

phenol, where selenium takes the place of oxygen in the hydroxyl group of an alcohol, or sulfur in the 

sulfhydryl group of a thiol. Selenium is less electronegative than sulfur. PhSeH is much more acidic than 

thiophenol (PhSH) and its conjugated base PhSe- is a potent nucleophile. For steric effects, the most 

popular the ligand of thiolated-protected nanoclusters is PhCH2CH2SH, which has a benzene ring. 

Therefore, there are two main advantages of PhSeH as a protecting ligand: the phenyl group has steric 

hindrance, and conjugative effect between phenyl’s π orbitals and selenium’s p orbital. 

3.3.2 Experimental Section  

3.3.2.1 Chemicals  

Selenophenol (PhSeH, 99.9%), Tetrachloroauric (III) acid (HAuCl4•3H2O, >99.99% metals 

basis), Tetraoctylammonium bromide (TOAB, >98%, Fluka), Sodium borohydride (99.99% 

metals basis). Solvents: Toluene (HPLC grade, >99.9%), Methylene chloride (HPLC 

grade, >99.9%), Tetrahydrofuran (HPLC grade, >99.9%), Ethanol (HPLC grade, >99.9%). All 

chemicals were purchased from Sigma-Aldrich and used as received. Milli-Q water (resistivity 

18.2 MΩ·cm) was produced with a EMD Millipore Milli-Q DI water system. All glassware was 

thoroughly cleaned with freshly-made aqua regia (HCl : HNO3 = 3 : 1 vol%), rinsed with large 

amounts of Milli-Q water, and then dried in an oven prior to use. 
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3.3.2.2 One-Phase Synthesis Method of Au25(SR)18 NC 

The direct synthesis of selenophenol-protected NCs were modified method from Zhu and 

coworkers.4 1.176 mL aqueous 0.266 M HAuCl4 (0.2 mmol) solution and 0.125 g TOAB (0.2286 

mmol) was dissolved in 5 mL THF in a 25 mL round bottom flask. The solution was vigorously 

stirred for 30 min with a magnetic stir bar. The mixture of Au (III) soltuion was cooled to 0 °C in 

an ice bath. PhSeH (0.042 mL, ~2 equivalents per mole of gold) was dissolved in 0.5 mL ice-cold 

THF, and NaBH4 (11.34 mg, ~1.5 equivalent per mole of gold) was dissolved in 1mL ice-cold 

water. As soon as both of which were added drop-wise to the solution at the same time under 

vigorous stirring, the solution was under going one hour reaction in ice-bath. Post-synthetic 

treatment of the crude products: the organic solvent THF was removed by N2 flow and then large 

amount of ice-cold Milli-Q water were added in for overnight crush out. The precipitates were 

filtered by micropore filter apparatus and washed with methanol. Methanol was used to remove 

the redundant PhSeH and by-products. At the end, the pure clusters were obtained through the 

extraction method using toluene solvent. 

3.3.2.3 Two-phase Synthesis Method of Au18(SR)14 Nanocluster 

752 µL of an aqueous solution of HAuCl4 (0.266 M, 0.2 mmol) and TOABr (0.125 g, 0.2286 

mmol) was dissolved in 5 mL toluene. These two solutions were blended in a 25 mL round 

bottom flask. The solution was vigorously stirred with a magnetic stir bar to facilitate phase 

transfer of Au salt into the toluene phase. The toluene solution of Au(III) was cooled to 0 °C in an 
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ice bath over ~30 min without stirring. Then, C6H5SeH (0.042 mL, ~2 equivalents per mole of 

gold) was dissolved in 1 mL ice-cold toluene, and NaBH4 (11.34 mg, ~1.5 equivalent per mole of 

gold) was dissolved in 1mL ice-cold water. As soon as both of which were added drop-wise to the 

solution at the same time under vigorous stirring, the solution’s color slowly changed from 

orange to dark brown. After reaction overnight under N2 balloon protection, the aqueous phase 

was removed; the organic phase was washed with Milli-Q three times. The mixture was 

concentrated, and then large amount of ACN was added to crush out the nanocluster overnight, 

and then filtered by micropore filter apparatus, and then washed several times with CH3OH to 

remove excess selenolate.  

3.3.2.4 Characterization 

All UV-Vis absorption spectra of gold NCs in solution were recorded using an Agilent 8453 

diode array spectrophotometer. Solid samples were first dissolved in toluene to make a dilute 

solution, and then transferred to a 1 cm path length quartz cuvette, followed by spectral 

measurements. Energy-dispersive X-ray spectroscopy (EDS) was conducted on Zeiss 

SUPRA55-VP Scanning Electron Microscope (SEM) with Oxford EDS at EHF = 20.00 kV. For 

each sample, various areas were selected for analysis and the results were averaged. NMR 

experiments were performed on a Varian 400-MR spectrometer operating at 400 MHz for 1H 

NMR and 100 MHz for 13C NMR, 76.27 MHz for 77Se NMR. The peak of dimethyl selenide in 

deuterium benzene at δ = 0 ppm was used as primary reference for the 77Se NMR spectrum. 
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3.3.3 Results and Discussion 

In this section, one-pot and two-phase synthesis of selenophenolate-protected gold NCs were 

instigated. After filtration, the filtrate organic byproducts and impurities were analyzed by 77Se 

NMR spectrum. There was one peak at 451 ppm, which was identified at Se2Ph2. The 77Se NMR 

peak of selenophenol is at 152 ppm, so it is believed that the SePhH were oxidized by air to 

Se2Ph2. There was no positive peak on 77Se NMR spectrum of the synthesized gold NC, which 

mean the purification of unreacted ligand and byproducts was successful. 

3.3.3.1 One-phase Synthesis Method of Au25(SeR)18 Nanocluster 

One-pot synthesis method of selenophenolate-protected nanocluster was first studied here. 

The one-phase synthetic route used THF as solvent instead of toluene, TOABr was also added to 

provide the cation for TOA+ [Aun(SePh)m]- NC. Instead of aging overnight in two-phase method, 

the one-pot synthesis only needs an hour reaction in ice bath after addition of NaBH4. The 

possible reason of the shorter reaction time may be reduction ability of NaBH4 was stronger in 

one phase as THF mixes with water. The one-pot synthesis produced Au25(SR)18 nanocluster. The 

UV-vis absorption spectrum of Au25(SePh)18 nanocluster showed two bands centered at 500 nm 

and 715 nm, and a shoulder at 430 nm (Figure 3.3.1), which are characteristic absorption bands of 

[Au25(SePh)18]- clusters indicating a high yield of Au25 nanocluster.  

The mechanism of the synthesis is still unknown. Because PhSeH and NaBH4 were added 

simultaneously with vigorously stirring, it is difficult to confirm the existence of Au(I):SePh 
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intermediates in BSM method. The phenyl group of the ligand is electronegative and has π 

orbitals that can conjugate with Se atom’s p orbital, which can induce the electron density of gold 

atom. Reduced gold electron density makes the formation of Au-Au bond harder, which leads to 

small gold NCs. The speculations of mechanism should be further studied by computational 

calculation to simulate the reduction process. 

Thiolate-protected Au25(SR)18 nanocluster has been the most extensively studied by computational 

scientists, and its structure model was already confirmed by experimental data like single X-ray 

crystallization. Au25(SR)18 is made of an icosahedral Au13 core protected by six RS-Au-RS-Au-RS units.8 

This model was applied for the selenolate-protected Au25 nanocluster.4,9 Due to the symmetry of the 

nanocluster and the motifs, there are two kinds of selenium atoms based on different surrounding 

environments. The dimer motif (–PhSe(1)–Au–Se(2)Ph–Au–Se(1)Ph–) has two types of selenium: Se(1) 

and Se (2) with 2 : 1 ratio.  

It is very important to study the structure of NCs in order to understand their physical and chemical 

properties. NMR provides a non-invasive tool to investigate the supermolecular structure of gold NCs. 

There are two peaks in 77Se NMR spectrum of Au25(SePh)18: a singlet peak at -289.985 ppm and a doublet 

peak at -296.436 ppm with J = 0.88 Hz. The 77Se NMR analysis demonstrated that there are two distinct 

chemical environments of the surface ligands in the Au25(SePh)18. There are two binding modes between 

gold and the SePh- ligand in dimer motif, which can be illustrated as Au13(core)–PhSe(1)–Au–Se(2)Ph–

Au–Se(1)Ph–Au13(core). The integration of the peaks is 1:2, which is same with the two types of 

selenium in the model Se(1) : Se (2) = 2 : 1. The singlet peak corresponds to the Se(2)Ph in the center of 



 

 

62 

the dimer motif. 77Se NMR is very sensitive to the chemical identity of the nearest neighbors. The doublet 

peak is coming from the two PhSe(1) at the sides of the dimer motif. The doublet splitting may result 

from the closed by PhSe(1) from another dimer motif, which resulted a doublet of -296.424 ppm -296.447 

ppm. The chemical shift of PhSe(1) is close to the -296.61 ppm of SeC8H17 -Au NPs, both chemical 

environment is Au(core)-Se-, thus we infer the peak at around -296 ppm is due to the strong shielding 

from Au(core). The peak at -289.985 ppm is a little downfield, since this Se(2) atom only bonds to two 

gold atoms in the dimer motif (–PhSe(1)–Au–Se(2)Ph–Au–Se(1)Ph–).  

The results showed that 77Se NMR is an accurate and convenient tool for analyzing structure details 

of selenolate-protected NPs and NCs. 

3.3.3.2 Two-phase Synthesis Method of Au18(SR)14 Nanocluster 

For two-phase synthesis, the method is a modified BSM with two main steps: (1) 

thermodynamic selection step, where phase transfer of Au(III) ion from water into toluene, and 

then cooled down to 0 °C without stirring. (2) Kinetic control step, where selenophenol and 

NaBH4 were added drop-wise to the solution simultaneously under vigorously stirring instead of 

adding ligand first then NaBH4 in BSM method. The two phase synthesis produced a different 

result from the literature,4 Au18(SePh)14 was collected after synthesis and purification instead of 

Au25(SePh)18. The possible reasons of the results can be (1) we used Au : PhSeH = 1 : 2 ratio 

instead of 1:3 in the literature; (2) Acetonitrile was used to crushed out the NCs before washing 

with methanol. The crude product were purified from Au(I)-SeR side-products by crush out in 
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ACN and filtration, then washed with methanol since Au(I)-SeR is poorly soluble in almost all 

solvents. The UV-Vis spectrum of Au18(SeC6H5)14 NCs dissolved in toluene showed three 

stepwise peaks at 350, 480, and 640 nm (Figure 3.3.3), which was the distinctive absorption 

pattern of Au18(SeC6H5)14 and consistent with published paper.3 EDS results showed that the 

atomic Au/Se ratio of Au18(SeC6H5)14 on copper tape is 56.33/43.67 = 1.2899, which is very 

closed to the calculated ratio 18/14 = 1.2857. The EDS analysis confirmed the synthesis of 

Au18(SeC6H5)14 nanocluster.  

There were two different published computational models of Au18(SR)14 nanocluster, where −SR 

being a thiolate group. Tlahuice and Garzón used Au18(SCH3)14 cluster as model to do density functional 

theory (DFT) structural optimization.10 The structure of the lowest energy isomer is consisted of a Au8 

core protected by two V-shaped (−RS–Au–SR–Au–SR–) dimer motifs and two U-shaped (−RS–Au–SR–

Au–SR–Au–SR–) trimer motifs, and the model is referenced as Garzón model.11 By changing R- from 

methyl group (-CH3) to cyclohexyl group (-C6H11), Tang and Jiang found that the lowest energy of 

Au18(SC6H11)14 isomer has a different structure: two (−RS–Au–SR–) monomer and two (−RS–Au–SR–

Au–SR–Au–SR–Au–SR–) tetramer motifs in the protective layer.12  

For our phenylselenolate-protected nanocluster, the cyclohexyl group model is better than methyl 

group model. Because C6H5- is more similar to C6H11 than CH3- as they have same number of carbon 

atoms. However, the cyclohexyl group is more bulky with extra six hydrogen atoms without aromatic π 

orbitals. The calculation of Au18(SC6H5)14 isomers may resulted a different structure due to the different 

properties between cyclohexyl and phenyl groups, and S and Se. The structure between Au25(SR)18 and 
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Au25(SeR)18 were similar with minor bond length and bond angle changes.4 Therefore, it is reasonable to 

analyze the structure of Au18(SeC6H5)14 based on Au18(SC6H11)14 model. There is an Au8 core protected by 

two (–SePh–Au–SePh–) monomer motifs and two (–PhSe–Au–SePh–Au–SePh–Au–SePh–Au–SePh–) 

tetramer motifs (Figure 3.3.3). There are four different kind of selenium based on the motifs structure in 

Jiang model. Therefore, we can predict that 77Se NMR spectrum of Au18(SeC6H5)14 have four peaks with 

integration ratio of 2 : 2 : 2 : 1. However, the 77Se NMR experiments of Au18(SeC6H5)14 was not 

successfully achieved yet. 

NMR provides a non-invasive tool to investigate the supermolecular structure of gold NCs. It is very 

important to study the structure of NCs in order to understand their physical and chemical properties. 

Further 77Se NMR studies of Au18(SeC6H5)14 should be conducted in order to approved which proposed 

model is correct. 

3.3.4 Conclusions 

To sum up, one-pot synthesis method of Au25(SePh)18 was first reported with 77Se NMR 

characterization. The two 77Se NMR peaks with 1:2 integration ratio confirmed the computational 

model of the cluster structure as Au13 core protected by six –PhSe(1)–Au–Se(2)Ph–Au–Se(1)Ph– 

motifs. Two-phase synthesis of Au18(SePh)14 was achieved, however, the 77Se NMR was not 

successfully obtained. The knowledge of mechanism and important parameters of the synthesis 

are insufficient, further research studies should be focusing on the mechanism and 77Se NMR 

characterization of Au18(SePh)14. Single X-ray crystallization, MALDI-MS and ESI-MS 
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characterization should be conducted to analyze the accurate cluster structure, and confirm NMR 

results. 
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Figure 3.3. 1. UV-Vis of Au25(SR)18 NCs. 
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Figure 3.3. 2. Optical absorption spectrum of Au25(SR)18 NCs.



 

 

67 

 

Figure 3.3. 3. 77Se NMR spectrum of Au25(SeR)18 NCs. 

 

Figure 3.3. 4. Structural models for Au25(SeR)18. Adapted with permission from (Heaven, M. W.; 

Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W. J. Am. Chem. Soc. 2008, 130, 3754.). 

Copyright (2008) American Chemical Society. 
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Table 3.3. 1. EDS data of metal ratio in Au18(SeC6H5)14 NCs.  

Element Weight% Atomic% 

Se (Ligand) 23.71 43.67 

Au (Metal) 76.29 56.33 

Totals 100 100 

 

 

 

 

 

 

 

 

 

Figure 3.3. 5. EDS spetrum of Au18(SeC6H5)14 NCs. 
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Figure 3.3. 6. UV-Vis of Au18(SeC6H5)14 NCs. 
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Figure 3.3. 7. Optical absorption spectrum of Au18(SeC6H5)14 NCs. 
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Figure 3.3. 8. Revisiting structural models for Au18(SR)14. Reprinted with permission from (Tang, 

Q.; Jiang, D. J. Phys. Chem. C 2015, 119, 2904.). Copyright (2015) American Chemical Society. 
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Chapter IV. Studies of Alkyl Telluroxide- and Phenyl Tellurolate-protected Nanoparticles 

4.1 Synthesis, Purification, and Characterization of Dialkyl Ditellurides Ligands 

4.1.1 Introduction 

Tellurium was discovered in the Habsburg Empire by Franz-Joseph Müller von Reichenstein 

in 1782, where minerals containing gold tellurides. Tellurium is most commonly obtained from 

byproduct of copper and lead production. Tellurium was first isolated by Martin Heinrich 

Klaproth in 1798 and named after the Latin word tellus for “earth”. The atomic number of 

Tellurium is 52, and its atomic symbol is Te. Tellurium is in Block P, Group 16, Period 5 in 

periodic table. The electron configuration of Tellurium is [Kr] 4d10 5s2 5p4 with standard atomic 

weight 127.60. Tellurium has two allotropes and can be either amorphous or crystalline. The 

crystalline tellurium has a silvery-white lustrous gray appearance. We used amorphous tellurium 

in telluride ligands synthesis, which is a black-brown powder.  

Tellurium has two NMR active isotopes 123Te and 125Te, and both are nuclear spin of 1/2. 

The natural abundance of 123Te is 0.89%, and 125Te is 7.07%. 125Te has a relatively large 

gyromagnetic ratio (-8.5×10-7 rad T-1 s-1). Isotope 125Te is used more frequently than 123Te since it 

has higher natural abundance and NMR sensitivity, shorter T1, and provides narrower spectrum 

signals. Tellurium has couplings to nuclei 1H, 13C and so on, and the Te couplings can be 

removed by using decoupling function. T1 is usually from 1 to 30 seconds. 

Tellurium NMR has been studied to analyze inorganic tellurium compounds and 



 

 

73 

organotellurium compounds. Bobela and Taylor investigated the tellurium bonding in amorphous 

forms of Ge2Sb2Tex (x = 4, 5, 7).1 Edwards et al. used 125Te solid-state wideline NMR to 

investigate the local coordination environments of Te atoms in crystalline and glassy binary and 

ternary tellurides.2 Koizumi and coworkers systematically studied the effect of oxidation states 

and substituents of organotellurium compounds via 125Te NMR.3 For our gold nanoparticle and 

nanocluster systems, NMR may provide valuable information about the structure and bonding 

properties. We used 125Te NMR spectroscopy as a tool to obtain the structural information.  

Dialkyl ditellurides were chosen to be the capping ligand for NPs synthesis due to fact that 

neither alkyl tellurol or dialkyl tellurides is stable.4 Dialkyl ditellurides are not commercially 

available to purchase. The only ditellurides available is diphenyl ditellurides (Ph2Te2). The 

synthetic products were characterized by 1H NMR, 13C NMR, 125Te NMR and Raman 

spectroscopy. For 125Te NMR, the pulse width and T1 relaxation time experiments were 

conducted for further NMR studies. 

4.1.2 Experimental Section 

4.1.2.1 Chemicals 

Tellurium (200 mesh, 99.85%), sodium borohydride (powder, 98%), and 1-bromooctane 

(99%), Tetran-octylammonium bromide (TOAB, 98%) were purchased from Sigma-Aldrich. 

Organic solvents dimethyl formamide, hexane, toluene, methanol, dichloromethane, ethanol, and 

tetrahydrofuran were of analytical grade. All chemicals were used as received without further 
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purification. Milli-Q water (18.2 MΩ·cm) was used. All glassware was cleaned in sulfuric acid 

with Nochromix and rinsed with a large amount of water, and then dried in oven before use.  

4.1.2.2 Synthesis and Purification of Te Ligands 

Bubbling all solvents with nitrogen or argon before using in order to degass oxygen. 

Refluxing a mixture of 3.0 g of tellurium powder (127.6 g/mol, 23.511 mmol) and 0.71 g of 

NaBH4 (37.83 g/mol, 18.768 mmol) or (1.0 g, 23.511 mmol) in 30 mL of DMF at 85°C under N2 

gas for 20 min. The resulting mixture was deep purple in color, indicating the formation of 

Na2Te2. A molar equivalent 23.511 mmol of alkyl bromide in 10 mL DMF solution was then 

added to the solution at room temperature and stirred for about 3h. For different ligands (R = 

hexyl, octyl, dodecyl, hexadecyl), the amount of alkyl bromides were: 3.300 ml 1-bromohexane, 

(C6H13Br, 165.07 g/mol, 1.176 g/ml, 23.511 mmol); 4.061 ml 1-bromooctane, (C8H17Br, 193.12 

g/mol, 1.118 g/ml, 23.511 mmol); 5.645 ml 1-bromododecane, (C12H25Br, 249.23 g/mol, 1.038 

g/ml, 23.511 mmol); 5.645 ml 1-bromohexadecane, (C16H33Br, 305.337 g/mol, 1.038 g/ml, 

23.511 mmol). The obtained mixture was run through a short silica gel/hexane column to remove 

unreacted tellurium powers since filtration failed to get all of tellurium power efficiently. All the 

products were collects and concentrated by rotary evaporator to give dark red oil, which was 

crude R2Te2. Dihexyl- and dioctyl-ditellurides are dark red oily liquids; in order to purify the 

crude products, the crude products ran through a long silica gel/hexane column. The first band 

contained the pure desired product. For didodecyl- and dihexadecyl-ditellurides as solids, vacuum 
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filtration were carried out to remove the impurities, bromides.  

4.1.2.3 Characterization 

NMR experiments were performed on a Varian 400-MR spectrometer operating at 400 MHz 

for 1H NMR and 100 MHz for 13C NMR, 126.29 MHz for 125Te NMR. The peak of telluric acid 

in deuterium water was used as a secondary reference for the 125Te NMR spectrum by setting it to 

713 ppm. The Raman spectra were obtained using a confocal microprobe Raman system 

(Renishaw RM1000) equipped with a deep depletion CCD peltier cooled down to -70°C. The 

microscope attachment was based on an Olympus BH2-UMA system and a 50x-long 

working-length objective (8 mm) was used. The exciting wavelength was 785 nm and the solid 

sample was measured on clean microscope slide. 

4.1.3 Results and Discussion 

The Raman peak at 195 cm-1 represents the Te-Te symmetric stretching vibration (Figure 

4.1.2). 1H NMR, 13C NMR and 125Te NMR also confirmed the purity of the final product. In the 

1H NMR spectrum, the triplet at 0.86 ppm is assigned to the –CH3 methyl group, the peaks at 1.18 

ppm correspond to protons of five –CH2– groups in the alkyl chain. The triplet at 2.90 ppm is the 

two hydrogen with the carbon that links to Se, and the quartet at 1.62 ppm is assigned to the 

second –CH2– group from Te. The integrations of all the peaks in the spectrum are accordant with 

the molecule structure. 13C NMR peaks in the spectrum are in the range of 0-35 ppm, where 
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numbers were assigned to the eight peaks along with the structure.  

125Te NMR spectrum of the purified product showed only one peak at 115.72 ppm. The peak 

at 115.72 ppm on 125Te NMR is consistent with the literature. The pulse width and T1 relaxation 

time studies were also conducted for 125Te NMR characterization. We used inversion recovery 

method to measure T1, which is same method for diselenide ligands. After array experiment, the 

pulse width (pw90) of dialkyl ditelluride (RTe)2 ligands is around 45 µs, and the T1 relaxation 

time is about 24.8 seconds. Both the pulse width and T1 relaxation time are longer than selenide 

ligands, which make the detection time of tellurides much longer. 

4.1.4 Conclusions 

Dialkyl ditellurides ligands have been successfully synthesized and characterized. The 

Raman spectrum and 1H NMR, 13C NMR, and 125Te NMR spectra confirmed the successful 

synthesis and purification. The products have been applied in the studies of gold nanoparticles as 

protecting ligand. 
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Figure 4.1. 1. Laboratory dialkyl ditellurides synthesis apparatus illustration.  

 

 

 

Figure 4.1. 2. Raman spectra of dioctyl ditelluride ligand, the Te-Te bond peak is at 194 cm-1. 
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Figure 4.1. 3. 1H NMR spectra of (TeC8H17)2. 
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Figure 4.1. 4. 13C NMR spectra of (TeC8H17)2. 
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Figure 4.1. 5. 125Te NMR spectrum of dioctyl ditelluride ligand. 
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4.2 Alkyl telluroxide-Protected Gold Nanoparticles 

4.2.1 Introduction 

Monolayer protected nanoparticles are nanometer size metal particles, which are fascinating 

research subjects due to their unique properties, variety of functionalization and promising 

applications.1 The monolayer protected NPs are stabilized by a shell layer of covalently attached 

ligands.2 The mostly studied protecting ligands are thiols, since there are variety of commercial 

products, and strong Au-S covalent bond between gold and sulfur. Tellurium is in the same group 

with sulfur in periodic table with some similar properties, and the atomic radius and 

electronegativity of gold and tellurium are closer as tellurium is a metal. The bond between gold 

and tellurium is more covalent than gold and sulfur. The tellurolate-protected NPs may show 

different and interesting properties from thiolate-protected NPs. However, there is insufficient 

information about tellurium as the anchoring elements in gold NPs and NCs.  

Computational calculations have disclosed selenium and tellurium besides sulfur may show 

interesting results. Ventra and Lang3 used a first-principles atomistic approach to study molecular 

devices’ conductance with different anchoring group, S, Se, and Te. The quantum calculation 

results indicated that conductance increases with increasing atomic number. Therefore, it is 

significant to study the NPs with anchoring element tellurium. There are a few publications 

studying organo-Te protected metal nanoparticles. Brust et al. first used analogous methods to 

synthesize gold nanoparticles stabilized by alkanetellurides; however, no further characterizations 
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of the tellurolate-protected nanoparticles besides Langmuir isotherm were studies due to the 

instability.4  

Our group has studied the tellurium-anchored gold nanoparticles following the research on 

octaneselenolate-protected gold nanoparticles. Li et. al first reported the synthesis of long-term 

air-stable octanetelluroxide-protected gold nanoparticles.5 In a later communication, Li et. al 

investigated the reaction mechanism and reaction intermediates via both experimental and 

computational studies.6 In 2013, Ying Li and Oksana Love reported the synthesis of small gold 

nanoparticles with dialkyl ditelluride using reverse method.7  

The knowledge of tellurolate-protected NCs still remains insufficient, only Negishi and 

coworkers reported a not fully-Te-protected nanocluster [Au25(TePh)n(SC8H17)18-n]- in 2014.8 The 

synthetic method is ligand exchange reaction between [Au25(SC8H17)18]- and diphenyl ditelluride 

(TePh)2. One important finding of the tellurolate-protected NCs is that it is not oxidized. 

Pohjolainen et al. from Finland have studied the role of anchor atom in the ligand of 

[Au25(XR)18]- NCs (X = S, Se, Te; R = H, CH3, and (CH2)2Ph) via density functional theory 

(DFT).9  

In this section, alkyl telluroxide-protected NPs were synthesized and characterized. The 

dialkyl ditellurides (R2Te2) ligands used in this section were synthesized and purified from last 

section. The synthetic method was modified from BSM. EDS, TEM and 125Te NMR were used to 

characterized the NPs products. 
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4.2.2 Experimental Section 

4.2.2.1 Two-Phase Synthesis of Octanetelluroxide-Protected Au NPs.  

The modified BSM two-phase method was used from our group paper by Ying Li. A 

mixture of 1.5 mmol of HAuCl4 in 10 mL of H2O and 2.460 g of TOAB (4.5 mmol, 546.79 g/mol) 

in 300 mL of toluene was vigorously stirred with a magnet for 30 min. After phase transfer 

finished, the top, clear wine-red organic layer was separated and collected, and then 0.2408 g, of 

(TeC8H17)2 (0.5 mmol, 593.854 g/mol), 0.2969 g, of (TeC12H25)2 (0.5 mmol, 481.642 g/mol), or 

0.3530 g, of (TeC16H33)2 (0.5 mmol, 706.066 g/mol) in 3 mL of toluene was added dropwise, 

which led to a stable colorless solution. After another 20 min of stirring, 0.5674 g of fresh NaBH4 

(15 mmol, 37.83 g/mol) in 10 mL of H2O was poured in quickly, and a dark-brown solution was 

obtained immediately. The dark-brown solution was vigorously stirred for another 3 h. The 

toluene phase was separated, rinsed three times with a large amount of water, and then filtered 

through a fritted glass filter. The filtrate was collected and dried by rotary evaporation with a 

pump at room temperature. The resulting black slurry was re-dissolved with 2 mL of toluene and 

then covered with 250 mL of ethanol. After standing overnight in a freezer, the dark-brown 

precipitate was collected on a micropore filter apparatus and stored in air.  

4.2.2.2 Reversed Synthetic Route of TeC12H25-Protected Au NPs 

0.376 mL of 0.266 M HAuCl4 (0.10 mmol) aqueous solution was mixed with 10 mL of 
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TOAB (0.30 mmol) toluene solution. After 30-min vigorous stirring, 1 mL of fresh NaBH4 (1 

mmol) aqueous solution was added. In around 10 second or shorter time, the 0.0297 g 

(C12H25Te)2 (0.05 mmol, mw 593.854) ligands dissolved in 1 mL of toluene were poured in. After 

stirring for 10 min, the solution was measured with UV-Vis spectroscopy. The toluene phase was 

separated, rinsed three times with a large amount of water, and then filtered through a fritted glass 

filter. The filtrate was collected and dried by rotary evaporation with a pump at room temperature. 

The resulting black slurry was re-dissolved with 0.20 mL of toluene and then covered with 20 mL 

of ACN. After standing overnight, the dark-brown precipitate was collected on a micropore filter 

apparatus and stored in air. 

4.2.2.3 Characterization 

All UV-Vis absorption spectra of gold NCs in solution were recorded using an Agilent 8453 

diode array spectrophotometer. Solid samples were first dissolved in toluene to make a dilute 

solution, and then transferred to a 1 cm path length quartz cuvette, followed by spectral 

measurements. NMR experiments were performed on a Varian 400-MR spectrometer operating at 

400 MHz for 1H NMR and 100 MHz for 13C NMR, 126.29 MHz for 125Te NMR. The peak of 

telluric acid in deuterium water was used as a secondary reference for the 125Te NMR spectrum 

by setting it to 713 ppm. Energy-dispersive X-ray spectroscopy (EDS) was conducted on Zeiss 

SUPRA55-VP Scanning Electron Microscope (SEM) with Oxford EDS at EHF = 20.00 kV. For 

each sample, various areas were selected for analysis and the results were averaged. 
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4.2.3 Results and Discussion 

In Figure 4.2.1, we compared the UV-Vis spectra of Au NPs made by BSM two-phase 

method and reversed synthetic routes. The UV-Vis spectrum of BSM method showed a resonance 

plasmon peak at 505 nm, which meant that the gold nanoparticles are more than 2 nm and have 

poor size distribution. The reversed synthetic route resulted a featureless decay spectrum of NPs, 

which usually indicates polydispersed NCs with diameter size between 1 nm and 2 nm. The EDS 

compositional analysis shows that the Au/Te ratio is 1.56. The EDS spectrum confirmed the 

presence of gold and tellurium. The synthesis of alkyl tellurolate-protected gold nanocluster was 

not successful. We have tried using dialkyl ditelluride ligands with several different modified 

Brust-Schiffrin methods. All the resulting particles were large nanoparticles (> 2 nm) with a 

plasmon resonance peak around 510 nm on UV-Vis absorbance spectra.  

The chemical shift range of 125Te is very large, ca. 7000 ppm, and 125Te is very sensitive to 

the Te atom environment.10 Aitken and coworkers reported that the 125Te NMR spectrum of 

crystalline Sb2Te3 has a broad peak at -2050 ppm in solid state.2 Bonasia et. al first synthesized 

and characterized the gold(I) tiolates, selenolates, and tellurolates, and studied the X-ray structure 

of Ph3Pau[TeC(SiMe3)3]. They has thoroughly studied the stable tellurols and their metal 

derivatives via 125Te NMR in solution state.11 The 125Te NMR spectroscopy data of four 

Au-tellurol metal derivatives are [(Me3Si)3SiTe]Au at -1112 ppm, [(Me3Si)3GeTe]Au at -1093 

ppm, [(Me3Si)3CTe]4Au4 at -302 ppm, and [(Me3Si)3CTe]Au(PPh3) at -148 ppm.  

The alkyl telluroxide-protected nanoparticles are very similar to our alkyl 
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selenolate-protected nanoparticles based on synthetic method, UV-Vis spectra and TEM images. 

Based on Häkkinen’s Au144(SR)60 and Au314(SH)96 model,12 it is reasonable to assume that our 

Te-nanoparticles are also made of Au core protected by -RTe-Au-TeR- motifs on the surface. 

Thus, there is only one kind of tellurium chemical environment existed in the nanoparticles. The 

Te anchoring atoms bond with Au core, which are possibly made of hundreds of gold atoms. 

Thus the chemical shielding effect from Au core is very strong, which explains why there is one 

125Te NMR spectrum peak -1275.78 ppm of alkyl telluroxide-protected nanoparticles. This 

upfield peak at negative region is consistent with the Au-Te complexes, whose peaks range from 

-100 to -1200 ppm. 

Negishi used commercially available diphenyl ditelluride (TePh)2 to get 

[Au25(TePh)n(SC8H17)18-n]- NCs. Considering the synthesis of thiolate-protected and 

selenolate-protected gold NCs in chapter II and III, it is crucial to use an aromatic ligand to 

synthesize NCs. The electronegativity of the phenyl group may hinder the creation of Au-Au 

bond during the formation of Au(I):TeR intermediates process, which leads to the size control of 

NCs. The synthesis of PhCH2CH2S-protected Au25 clusters only need overnight reaction after 

adding reductant sodium borohydride; on the other hand, C8H17S-protected NCs required more 

than 115 hours of aging. As for selenolate-protected NCs, mixture of the long chain alkyl 

selenolate-protected clusters was synthesized with kinetically controlled method instead of 

monodispersed NCs. UV-Vis spectrum of Ph2Te2 ligand showed that Ph2Te2 ligand has a strong 

absorption at 410 nm (Figure 4.2.4). The phenyl selenolate-protected NCs were successful 
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synthesized via two-phase synthetic method, which shows a featureless decay UV-Vis spectrum 

in Figure 4.2.5. The featureless decay UV-Vis spectrum indicated the BSM method can produce 

mixture of small NCs, which is a good improvement from alkyl telluride ligands. In Table 4.2.2 

and Figure 4.2.6, the EDS analysis of alkyl PhTe-protected NPs point out that the atomic Au/Te 

ratio was 51.96/48.04 = 1.08, which confirmed the co-exist of gold and tellurium. Therefore, 

there is a better possibility that monodispersed gold NCs can be synthesized with (TePh)2 ligand.  

Kinetically controlled method to synthesis gold NCs with diphenyl ditelluride should be 

investigated in the future research. 

4.2.4 Conclusions 

The alkyl telluroxide-protected Au NPs can be repeatedly isolated from and redissolved in 

organic solvents without irreversible aggregation or decomposition. The reversed synthetic 

method gives smaller gold nanoparticles with good size distribution than conventional BSM 

two-phase synthesis. For ligand diphenyl ditelluride, the BSM two-phase method can produce 

mixture of NCs; further kinetically controlled studies should be conduct in order to synthesize 

monodispersed Au NCs. 

The unique 125Te NMR peak of telluroxide-protected nanoparticles is an interesting finding. 

Further computational calculation and mechanism studies should be investigated. 
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Figure 4.2. 1. UV-Vis spectra of octyl telluroxide-protected gold nanoparticles by two-phase 

method and reversed method. 
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Table 4.2. 1. EDS data of metal ratio in alkyl telluroxide-protected nanoparticles.  

 

 

 

  

 

 

 

 

 

 

Figure 4.2. 2. EDS spetrum of alkyl telluroxide-protected nanoparticles. 

 

 

 

 

Element Weight% Atomic% 

Te 29.38 39.10 

Au 70.62 60.90 

Totals 100.00 100.00 
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Figure 4.2. 3 125Te NMR spectrum of dodecyl tellurolate-protected gold nanoparticles. 
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Figure 4.2. 4. UV-Vis spectrum of Ph2Te2 ligand. 
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Figure 4.2. 5. UV-Vis spectrum of PhTe-protected nanoparticle. 
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Table 4.2. 2. EDS data of metal ratio in phenyl tellurolate-protected nanoparticles.  

 

 

  

 

 

 

Figure 4.2.2 EDS spetrum of phenyl tellurolate-protected nanoparticles. 

 

 

 

 

Figure 4.2. 6. EDS spetrum of phenyl tellurolate-protected nanoparticles. 

 

 

 

Element Weight% Atomic% 

Te 37.45 48.04 

Au 62.55 51.96 

Totals 100.00 100.00 
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Chapter V. Conclusions 

In summary, firstly, the Au25(SCH2CH2Ph)18 clusters was synthesized by one-pot and 

two-phase method with high purity and yield, where one-pot method resulted better than 

two-phase method. The size-focusing process was studied by synthesizing Au25(SC8H17)18 

nanocluster with up to 115 hours aging. The reaction time and temperature control of the aging 

process indicated the important role of Au(I):SR intermediate. Secondly, the one-pot synthesis of 

dialkyl diselenide ligands is a high-yield and convenient method for synthesis of alkyl 

selenolate-protected nanoparticles with one-phase and two-phase synthetic routes. However, the 

kinetically controlled method failed to produce monodispersed NCs and resulted in bulkier 

nanoparticles. 77Se NMR spectrum of selenolate-protected nanoparticles exhibits a singlet peak, 

which can be explained by the proposed Aum(Se-Au-Se)n model, where Aum-n core was protected 

by -RSe-Au-SeR- motifs on the surface. Dialkyl ditellurides ligands have been successfully 

synthesized and characterized and have been applied in the studies of gold nanoparticles as 

protecting ligand. The reversed synthetic method results in smaller gold nanoparticles with better 

size distribution than conventional BSM two-phase synthesis. For ligand diphenyl ditelluride, the 

BSM two-phase method can produce mixture of NCs. The alkyl telluroxide-protected 

nanoparticles are very similar to our alkyl selenolate-protected nanoparticles. The proposed 

Aum(Te-Au-Te)n model was applied to alkyl telluroxide-protected nanoparticles, and explains 

why there is one peak on 125Te NMR spectrum. Nanocluster Au18(SePh)14 was synthesized and 

isolated by kinetically controlled two-phase synthetic method, and Au25(SePh)18 was synthesized 
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and purified via one-phase method. 

The most important finding of this thesis is that one-pot synthesis method of Au25(SePh)18 

was first reported with 77Se NMR characterization. The two 77Se NMR peaks with 1:2 integration 

ratio confirmed the computational model of the cluster as a Au13 core protected by six –PhSe(1)–

Au–Se(2)Ph–Au–Se(1)Ph– motifs. 77Se NMR and 125Te can serve as a new, convenient and 

non-invasive tool to obtain the structural information of selenolate- and tellurolate-protected NPs 

and NCs. 

Further studies should be conducted to better understand the formation mechanism and 

structure of the Au(I):SR complexes, synthesis of monodispersed alkyl selenolate- and 

telluroxide-protected NCs, and 77Se NMR studies of Au18(SePh)14. Since the knowledge of the 

mechanisms and important parameters of the synthesis are insufficient, more characterization 

tools should be applied to analyze the accurate cluster structure and composition, intermediates 

and mechanisms, such as single X-ray crystallization, MALDI-MS and ESI-MS. It is also very 

important to study the proposed model of NPs and 77Se NMR by computational calculation to 

validate the experimental results. 

 

 

 

 

 


