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ABSTRACT 

 

Metal Nanoclusters had received increasing popularity for the past decades due to its 

important role in both experimental and theoretical studies. It is considered as the missing link to 

understand the behavior of individual atoms as it forms to a more ordered nanoparticles and thus 

controlling the number of atoms as the cluster increases or decreases in size had been a challenge 

and priority among nanocluster organic chemist, physical chemist and materials scientists. To do 

so, several chemical and physical approaches had been developed which could be broadly 

classified as top down or bottom up approaches.  

In most chemical synthethic methods, metal precursors are usually reduced with the use 

of reducing reagents like NaBH4 and then capped or stabilized with ligand such as proteins, 

DNA, polymers, dendrimers and monomers which have functional groups that have strong 

affinity to coordinate with the metal atoms. Among of these ligands, phosphines and thiols are 

the most popular and intensively studied. In this work, the researcher focused on the latter, which 

is commonly referred to as thiolated metal nanoclusters. 

Thiol ligands which had been popularized by Brust for the synthesis of nanoparticles and 

had been extended by Murray and Whetten for the synthesis of metal nanoclusters could be 

broadly classified in to neutral, anionic and cationic. However, among of these thiols, the 

cationic one is the less popular and rarely found in literatures especially for the synthesis of 

photoluminescent noble metal nanoclusters. Thus, this study aims to synthesize a cationically 

charged photoluminescent noble metal nanoclusters. 
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Cationically charged photoluminescent metal nanoclusters had important application 

particularly in the field of biomedicine. In a lot of studies, it was found that cationic species has 

high affinity to interact with proteins than the neutral and anionic ones and thus if a cationic 

photoluminescent metal nanoclusters is used to investigate cellular activities, it could easily enter 

the cell and could potentially be used as luminescent probe and biosensor which is important for 

biotherapy and selective drug delivery. 

The first topic of this dissertation pertains to chemical synthesis of positively charged 

photoluminescent gold nanoclusters. Specifically, thiocholine molecule, a short quaternary 

ammonium cation which is positively charged in all pH conditions was used as stabilizing and 

capping ligand coupled with Sodium dodecylsulfate (SDS) to control the electrostatic repulsion 

of coordinating ligands as it attach to the surface of the particle. Consequently, we are able to 

observe a correlation between the thiocholine-SDS concentrations with the particle size of the 

nanoclusters produced. At higher concentrations of thiocholine-SDS combination, we 

successfully produced blue photoluminescent Au monometallic nanoclusters. However, due to 

the difficulty of collecting a pure product with this strategy and the inherent toxicity of the 

reagents used (NaBH4, SDS, methanol and NaOH), we resort to physical synthesis by means of 

sputtering method to make our product useful for biomedical applications. 

The second topic of this study is the synthesis of positively charged photoluminescent 

Au, Ag and Cu nanoclusters by single target sputtering in liquid polymer matrix using 11-

mercaptoundecyl-N,N,N-trimethylammonium bromide (MUTAB) as stabilizing and capping 

ligand. Accordingly, photoluminescent Ag and Cu nanoclusters with blue emission and 

photoluminescent Au nanocluster with orange emission in both solution and solid states were 

generically produced in this green strategy. 
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The final topic of this work is the most ambitious and novel one. For the first time, we 

demonstrated the correlation of composition with the observed emission of a positively charged 

photoluminescent bimetallic Au-Ag nanoclusters synthesized by means of double target 

sputtering on a biocompatible polymer matrix using MUTAB as ligand. We made this possible 

by controlling the applied current of the metal targets. As a result, we are able to tune the 

emission color of the bimetallic nanoclusters from blue to Near Infrared regions. 
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Abstract 
 

This chapter provides the general introduction for the topics of this dissertation containing the 

relevant related literature reviews for both chemical and physical approaches to synthesize 

photoluminescent metal nanoclusters. At the end of the chapter, a summary and research 

perspective was provided to direct the reader for future direction of this very promising field. 

 

1.1 Photoluminescent metal nanocluster- A new class of sub 2 nanometer material which 

shows interesting molecule-like behavior. 

 

Photoluminescent noble metal (Au, Ag and Cu) nanoclusters could be defined as a new 

class of materials with dimension less than 2 nm which typically consist of around 3 to 39 atoms 

and show absorbance and emission in the blue to Near Infrared (NIR) region of the 

electromagnetic spectrum.1-5 It is considered as the transition between a single noble metal atom 

which shows distinct optical property and noble metal nanoparticles which shows characteristic 

plasmon absorbance in the visible region.6-10 The photoluminescence property of this material is 

attributed firstly, to “quantum size effects”1-5,11 wherein the clusters behave somewhat like a 

molecule and show tunable absorbance and emission depending on the number of atoms, 

secondly, to “surface-ligand effects”12 for emissive clusters with strong coordinating ligands that 

deviate from the predictions based on cluster nuclearity, thirdly, to “relativistic effects”13 for 

clusters which exhibit aggregation induced emission due to presence of metal (I) species which 

has closed shell electronic configuration capable of metallophilic attraction and fourthly, to 

“synergistic effects”14 for photoluminescent bimetallic nanoclusters formed by mixing two 

different types of metal atoms. 
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Figure 1.1 Nanocluster is the missing link between isolated metal atoms and plasmonic metal 

nanoparticles which behave somewhat like a molecule exhibiting absorbance within the UV-

Visible region and emission within the Visible-NIR region of the electromagnetic spectrum. 
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1.2 Chemical Synthesis of Photoluminescent Noble metal nanoclusters. 

 

Tunability of emission colors within the blue to NIR region with respect to number of 

atoms was first experimentally demonstrated by Dickson et al.4 for clusters encapsulated in 

PAMAM dendrimers. In their study a scaling function, Eemission= E Fermi/ N
1/3 which relates the 

emission energy with the nuclearity (N) of the cluster was introduced wherein they hypothesized 

that there will be no emission in the visible region once the number of atoms exceeds 30 which is 

in good agreement with the experimentally observed values. Interestingly, the quantum yield of 

these PAMAM based nanoclusters significantly increased as the number of atoms comprising the 

cluster decreased. Along with this diminution of number of atoms is the corresponding blue shift 

of excitation and emission peak energy.  

 

 

Figure 1.2 Dependence of emission color with respect to number of atoms. Reproduced with 

permission from ref 4. Copyright 2004 American Physical Society. 
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Figure 1.3 Correlation of number of atoms with emission energy. Reproduced with permission 

from ref 4. Copyright 2004 American Physical Society. 

 

However, this scaling function failed to predict emissions of photoluminescent 

nanoclusters with stabilizing ligand that contains functional groups that has strong affinity with 

the metal atoms like thiols and phosphines which trigger the curiosity and imagination among 

nanocluster chemists, physical scientists and material scientists. This anomalous behavior opens 

up new avenues of researches especially in theoretical studies with the aid of structural modeling 

and first principle calculations (DFT) to understand the effect of this strong coordinating ligand 

on the observed photoluminescence.15-20 
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Common methods to synthesize photoluminescent monometallic clusters were usually by 

means of chemical reduction using metal salt precursors and reducing agents like NaBH4 to 

reduce a high valence metal ions (M+n) to lower valence or neutral (M+1/ M0) species.21-23 Under 

this scheme, templates/ligands such as DNA, protein, dendrimer, phosphine and thiols are 

commonly employed to cap, protect, stabilize and control the growth of the cluster.24-26 

 

 
 

Figure 1.4 Commonly used template / ligand for the synthesis of photoluminescent metal 

nanoclusters in chemical reduction method. 
 

 Among of these strategies, thiol based synthesis pioneered by Brust for the synthesis of 

plasmonic nanoparticles and extended by Whetten and Murray for the synthesis of 

photoluminescent metal nanoclusters is becoming popular and is known to produce clusters with 

atomic precision.5,11 In a typical Brust synthesis, AuCl4
- aqueous solution is transferred to an 

organic phase (toluene) using a phase transfer reagent, tetraoctylammonium bromide and then 

reduced with the aqueous solution of sodium borohydride in the presence of thiol molecules such 
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as dodecanethiol (C12H25SH). Within a few seconds, the yellow color of the organic phase will 

eventually turn deep brown.  

The reaction could be summarized as follows: 

AuCl4
-(aq) + N(C8H17)4

+ (C6H5Me)                N(C8H17)4
+ AuCl4

-(C6H5Me)                                        (1) 

mAuCl4
-(C6H5Me) + nC12H25SH(C6H5Me) + 3me-      4mCl-(aq) + (Aum)(C12H25SH)n(C6H5Me)                 (2) 

In this typical scheme, BH4
- ion is considered as the electron source to facilitate reduction. 

Most of the thiol based synthetic scheme nowadays is classified as either one phase or 

two phase Brust-like scheme and had been modified considerably specially in nanocluster 

synthesis. Modification are usually done by varying the parameters such as (Metal/SR) ratio, 

type of thiol ligand used, temperature, reducing reagents, mode of reducing reagents addition, 

solvents used and the synthesis environment (reducing/oxidizing). For photoluminescent metal 

nanoclusters, typical technique is to use lower metal to thiol (M/SR) ratio (typically 1:5) and 

either to control the synthesis kinetically or thermodynamically for systematic control of particle 

size and its particle size distributions. 

Among of the thiols, glutathione which is a natural peptide containing one thiol group in 

its cysteine residue is the most widely used ligand particularly for the synthesis of 

photoluminescent Au, Ag, Cu and Pt nanoclusters which are known plasmonic elements.27 

 

1.3 Purification and PAGE isolation-a major breakthrough in understanding the 

photophysical property of metal nanoclusters. 

 

Successful synthesis and PAGE isolation of glutathione protected nanocluster was done 

by Negishi et al.5 way back in 2004 leading to the discovery of stable photoluminescent 

nanoclusters with core-shell structure: Au15(SR)13, Au18(SR)14, Au25(SR)18 and Au38(SR)24 and 

photoluminescent nanoclusters with ring type structure: Au10(SR)10, Au11(SR)11 and Au12(SR)12 
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which exhibit NIR emission. Spectroscopic measurements of these isolated clusters show their 

molecular nature and the optical and photophysical properties are highly dependent on the core 

size/number of atoms as well as the number of coordinating thiolates.  

 

 

Figure 1.5 PAGE isolation of photoluminescent Au nanoclusters. Reproduced with permission 

from ref 5. Copyright 2005 American Chemical Society. 

 

The isolated subnanometer photoluminescent nanoclusters convincingly filled up the 

information pertaining to structural evolution of Au(I)-thiolate complexes to a much larger 

thiolate protected Au NCs. To understand this structural evolution, the clusters were 

characterized with TEM, UV-Vis absorption, Photoluminescence (PL) spectroscopy and 

quantum yield measurements, XPS, NMR, FTIR, LC-MS and ESI-MS. From their result what 

can be deduced is that the synthetic protocol in this study produced variety of subnanometer 

nanoclusters separable according to its different m/z and electrophoretic mobilities. What is 

interesting in this result is that they were able to use XPS analysis and relate the spectra with the 

ESI-MS, PL and UV-Vis measurements which became pivotal for fundamental understanding of 
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structure and photophysical properties of these very small nanoclusters. With decreasing 

nuclearity, they found the position of binding energy of small Au nanoclusters deviated 

considerably towards higher binding energies with respect to the bulk Au and there is 

corresponding broadening of spectrum as the number of Au atoms decreased. 

The seminal work of Negishi et al.5 however, is typically of low yield and may not be 

practical for large scale synthesis. After almost a decade, Yu et al.11 reported a scalable and 

precise synthesis of glutathione protected Au10-12, Au15, Au18 and Au25 nanoclusters via pH 

controlled CO reduction. 

 

1.4 Scalable and precise synthesis of glutathione protected photoluminescent nanoclusters- 

pivotal to the realization of its practical applications. 

 

Yu et al.’s11 method is based on using a gaseous reducing reagent such as CO to support a 

mild reaction environment for a slow and controlled growth of metal nanocluster. The reaction 

kinetics is then fine-tuned by adjusting the pH of the solution which eventually led to formation 

of atomically precise nanoclusters. These atomically precise nanoclusters were then 

characterized by TEM, UV-Vis, ESI-MS, XPS and NMR. This result is interesting for a number 

of reasons: firstly, the synthetic protocol is quite generic; secondly it is scalable, thirdly, the 

clusters could simply be produced by pH adjustment without further isolation. This achievement 

is more or less a step forward for the realization of potential application of photoluminescent Au 

nanocluster especially in biomedical fields.  
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Figure 1.6 Scalable and precise synthesis of glutathione protected Au10-12, Au15, Au18 and Au25 

Nanoclusters via pH Controlled CO reduction. Reproduced with permission from ref 11. 

Copyright 2013 American Chemical Society. 

 

 

1.5 Generic Synthesis of photoluminescent metal nanoclusters 

Yuan et al.27 on the other hand, introduced a high yield general chemical reduction 

scheme using the glutathione ligand to synthesize a highly photoluminescent Au, Ag, Cu and Pt 

nanoclusters. Their scheme is based on electrostatically induced reversible phase transfer of a 
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non-fluorescent polydispersed nanoclusters protected by glutathione. This strategy involves 

interaction with glutathione protected nanoclusters with Cetyltrimethylammonium bromide 

(CTAB) which electrostatically interact with the carboxyl group of the ligand and facilitates the 

transfer from aqueous to organic phase (toluene). In the organic phase, the polydispersed non-

flourescent clusters experienced mild etching upon incubation until it becomes fluorescent. The 

clusters in organic phase were then transferred in aqueous phase by adding hydrophobic salt 

tetramethylammonium decanoate TMAD (in chloroform). In the process, the carboxyl group of 

the glutathione is freed which made the transfer from organic phase back to aqueous phase 

possible.  The clusters were characterized using UV-Vis, PL and fluorescence lifetime 

measurement, EDS analysis, TEM, XPS, FTIR, ICP-MS and TGA. Although this result is 

practically interesting, the structure of the produced nanoclusters were not determined which is 

fundamentally needed particularly in theoretical studies to better understand the photophysical 

properties of these photoluminescent nanoclusters. Further study is needed in this area. 

 

Figure 1.7 Generic synthetic scheme to synthesize glutathione protected Au, Ag, Cu and Pt 

nanoclusters. Reproduced with permission from ref 27. Copyright 2011 American Chemical 

Society. 
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Other than monometallic photoluminescent nanoclusters, glutathione was also 

successfully used to synthesize photoluminescent bimetallic Au-Ag nanoclusters. To date, there 

are three common methods to synthesize Au-Ag bimetallic nanoclusters: co-reduction, galvanic 

replacement and anti-galvanic replacement methods. However, using these techniques only weak 

photoluminescence is achieved, thus to enhance the luminescence, Dou et al28, proposed a simple 

strategy by using Ag(I) ions to bridge small Au(I)-thiolate motifs on the weakly luminescent 

glutathione protected Au NCs. With this scheme, large Au(I)/Ag(I)-thiolate motifs were formed 

on the surface of the nanocluster which consequently enhanced the luminescence via aggregation 

induced emission (AIE).  The method is quite facile, fast, scalable and generic. The bimetallic 

Au-Ag nanoclusters were characterized using UV-Vis, Photoluminescence and fluorescence 

liftetime measurements, XPS, MALDI-TOF and ICP-MS. This result shows a new strategy to 

enhance the quantum yield of weakly photoluminescent monometallic nanoclusters but offers no 

direct evidence as to how the silver ions selectively adhere to the surface of the Au nanocluster.  

Structural information needs further clarification to understand clearly the proposed aggregation 

induced emission mechanism. 

 

Figure 1.8 Aggregation induced emission of bimetallic Au-Ag nanocluster synthesized by 

gluthathione. Reproduced with permission from ref 28. Copyright 2013 Royal Society of 

Chemistry. 
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1.6 ESI-MS spectroscopy- the indispensable tool to characterize photoluminescent metal 

nanoclusters. 

 

Characterization of thiol protected photoluminescent nanoclusters is quite challenging. 

Whetten et al.29 introduced ESI-MS characterization technique to determine the composition, 

charge states, isotope patterns and purity of the clusters produced. However, in their pioneering 

work they mistakenly identified Au25(SG)18 with Au28(SG)16 which was later corrected by 

Negishi et al’s5 report. This correction becomes pivotal in understanding the property of the said 

nanocluster since even an extra atom at this size regime will already introduced significant 

misinformation particularly in theoretical studies. 

 

Figure 1.9 ESI-MS basic principle 

ESI-MS basically consists of an ion source, mass analyzer and detector operated under 

high vacuum. Once the sample is introduced to the ionization chamber; it will obtain charge 

depending on the mode of ionization used: (+) / (-). Species with opposite charge with respect to 

the applied bias enter the desolvation assembly and freed from solvent. The desolvated charge 

species then enter to series of skimmers which act like a funnel before it enters to the mass 

analyzer (ex. TOF assembly) where it will be segregated according to its m/z .30 
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 Since the seminal work of Whetten et. al,29 ESI-MS became an indispensable tool among 

nanocluster scientists to evaluate nanoclusters synthesized by other strongly coordinating ligand 

other than the glutathione such as anionic thiol31 and the infamous cationic thiol22,23 ligand, 

which we initiated for the synthesis of metal nanoclusters. Other than ESI-MS, characterization 

techniques like: MALDI, XPS Analysis, UV-Vis spectroscopy, and Photoluminescence 

spectroscopy, NMR, FTIR and Thermogravimetry (TGA) were also utilized to understand the 

chemistry of glutathione protected nanoclusters synthesized by chemical reduction.5, 27-32 

 

 

Figure 1.10 Schematic diagram of typical ESI-MS (TOF) 

 

1.7 Photoluminescent metal nanoclusters for biomedical applications. 

Potential application of chemically synthesized photoluminescent metal nanoclusters 

includes biomedical applications and is hypothesized to someday replace organic dye and 
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quantum dots particularly for sensing, imaging, therapy and targeted drug delivery.24-26,32 

Relevant literature reviews for this topic had recently been reported by Zheng et al.24 , Zhang et 

al.25 and Sun et al.26  

 

Figure 1.11 Au10-12(SG)10-12 as a potential potential radiosensitizers for cancer radiotherapy. 

Reproduced with permission from ref 32. Copyright 2014 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

Zhang et al.32 for instance demonstrated that the glutathione protected Au10-12(SG)10-12 is a  

potential radiosensitizers for cancer radiotherapy. These ultrasmall nanoclusters showed high 

tumor uptake, selectivity, efficient renal clearance and insignificant damage to normal tissues. 

This result offers a new hope for cancer research and may in the future be applied in vitro and in 

vivo not only for mice specimen but to actual human patients particularly for biomedical cancer 
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therapy. To understand the optical property of this promising ultrasmall glutathione protected Au 

nanoclusters, Bertorelle et al.17 recently performed synthesis, isolation and first principles 

theoretical analysis. They proposed that the cluster has no metallic core and may have a 

homoleptic catenane centrosymmetric-broken structure with two Au5(SG)5 interconnected rings 

which enhanced the second harmonic circular dichroism signals in the spectral region: 250-400 

nm.  

 

 

Figure 1.12 Au10(SG)10 proposed crystal structure and ESI-MS isotopic pattern. Reproduced 

with permission from ref 17. Copyright 2017 American Chemical Society. 
 

To date, exact crystal structure of these ultrasmall glutathione protected nanocluster have 

not been successfully obtained due to the difficulty of obtaining a single crystal in this type of 
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ligand. Ligand exchange with other thiol, such phenylethylthiolate (PET) which is dispersible in 

organic solvents are usually employed to obtain the single crystal and determine the structure. 

This is an opportunity to explore thiol ligands other than the commonly used glutathione. In fact, 

research in this direction is currently in progress especially the utilization of cationic thiol 

molecules like thiocholine and 11-mercaptoundecyl-N,N,N-trimethylammonium bromide. 

 

Promising as it may sounds, photoluminescent metal nanoclusters however, is still in its 

infancy to date and still need to deal with intensive investigations especially for in vitro and in 

vivo biomedical applications due to purity and toxicity related issues arising from these 

chemically synthesized thiolated photoluminescent nanoclusters.24  A “green synthetic” approach 

will be a better alternative in this regard, leading some scientists (including us) to strategies 

developed in physical synthesis such as laser ablation techniques33-35 and sputtering techniques36-

39 which is a new emerging field for the synthesis of “greener” metal nanoclusters. 

 

1.8 Physical Synthesis - A “greener” alternative for the synthesis of photoluminescent metal 

nanoclusters. 

 

Noble metal nanoclusters synthesized by physical means are quite rare except for few 

reports which use sputtering techniques.40-50 As far as our knowledge is concern, this method 

which is originally designed for the production of thin films under high vacuum and dry state 

condition is now applicable even for liquid substrate for as long as the liquid has low vapor 

pressure.36-39 Because of this advancement, liquids with low vapor pressure are now exploited 

not only for the production of thin films but even for the synthesis of nanoparticles in wet 

conditions. Common example for this is the use of Castor oil, vegetable oil and Ionic liquids for 

the synthesis of plasmonic metal nanoparticles. Iimori et al.51 exploited ionic liquids for the 
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synthesis of photoluminescent Au nanocluster by means of sputtering and our group using liquid 

polymer matrix34-42 like Polyethylene Glycol (PEG). Our liquid polymer matrix strategy was not 

only successful for the synthesis of plasmonic nanoparticles with controllable particle size and 

particle size distribution but most importantly for the synthesis of photoluminescent Au, Ag and 

Cu nanocluster as well as its corresponding bimetallic nanoclusters using variety of neutral, 

negative and positive charge, short and long carbon chain thiol molecules. 

The succeeding subsections summarized the recent progress on the preparation of metal 

nanoparticles and photoluminescent noble metal nanoclusters using sputtering deposition over 

liquid matrix. 

 

1.9 Fundamentals of the sputtering process –history and preparation of thin films 

Historically discovered by Grove52 in 1852, sputtering is a technique employed for the 

fabrication of thin films53-57 and is commonly executed at high vacuum and dry conditions. 

Typically, there are three ways in which it could be performed: DC-diode, RF-diode and 

magnetron sputtering wherein the basic idea is the physical ejection of surface atoms through 

collision of ionized gas on a metal target and deposition of these ejected atoms / clusters on a 

solid substrate to obtain the thin film.36-39 To control the structure of the deposited film, 

sputtering, parameters such as discharge voltage, discharge current, distance between the target 

and substrate and working pressure are usually manipulated.36With the advancement of 

understanding however, sputtering system which is historically employed in solid substrates and 

dry conditions are now available even in liquid substrates and wet conditions which in the past is 

unimaginable.36-39 Examples of effective substrates employed are Ionic Liquids (ILs), Deep 

Eutectic Solvents (DES), Liquid Crystals (LCs), silicone oils, pentaerythritol tetrakis(3-
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mercaptopropionate (PEMP), pentaerythritol ethoxylate (PEEL), Castor Oil, Canola Oil, 

Caprylic/Capric triglyceride, propane-1,2,3-triol, glycerol, diglycerol and Polyethylene Glycol 

(PEG).36-50 Fundamentally, common feature of these liquids is its low vapor pressure which is 

prerequisite to prevent vaporization under vacuum conditions.  

 
 

Figure 1.13 Single target sputtering system for thin film/nanoparticles production 

 

 

1.10 Sputtering deposition over liquid matrix –preparation of (colloidal) nanoparticles 

Nowadays, it is a common knowledge that any liquid which has low vapor pressure is in 

principle could be utilized as substrate in a sputtering system. This revolutionary concept widens 

the application of sputtering technique which is a very promising means to synthesize high purity 

materials at a high yield and opens new avenues of researches particularly in the synthesis of 

nanoparticles and nanoclusters in liquid form. Torimoto et al.58 for instance, pioneered the 

utilization of Room Temperature Ionic Liquids (RTILs) in sputtering system for the synthesis of 

metal nanoparticles with dimension less than 10 nm in an environment-friendly way without the 

necessity of using toxic reducing reagents. RTILs became popular first, because of its high 

thermal and chemical stability, second, it has low surface energy, third, it is nonvolatile, fourth, it 
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has high conductivity, fifth, it has extended hydrogen bond systems, and sixth, it has the ability 

to dissolve many kinds of nanomaterials. Following Torimoto’s seminal report, RTILs became a 

well exploited substrate not only for the synthesis of Au, Ag and Cu plasmonic nanoparticles58-78 

but also for other metal nanoparticles79-89 and semiconducting nanoparticles. The popularity of 

RTILs had expanded not only for the synthesis of monometallic nanoparticles but also for the 

synthesis of bimetallic nanoparticles which is usually produced by sequential sputtering91-93 using 

two different kind of metal targets, by sputtering using metal alloy94-100 targets and by 

simultaneous sputtering using two different metal targets in a double-head101-104 sputtering 

system. Among of the monometallic nanoparticles produced using RTILs in sputtering systems 

are Au, Ag, Cu, Pd, Pt, Rh, Ir, Ru, W, Mo, Nb, Ti, In, Sn, Zr and bimetallic nanoparticles: AuAg, 

AuCu, AuPt, and AuPd as well as nanoparticles of metal oxides: Titanium oxide, Copper oxide 

and Tantallum oxide. Common techniques employed to characterize these nanoparticles include: 

Transmission Electron Microscopy (TEM), High Resolution-Transmission Electron Microscopy 

(HR-TEM), Ultraviolet-Visible (UV) spectroscopy, X-ray Absorption Near Edge Spectroscopy 

(XANES), X-ray Absorption Fine Structure Spectroscopy (XAFS), Extended X-ray Absorption 

Fine Structure Spectroscopy (EXAFS), Energy Dispersive X-ray Spectroscopy (EDS), Scanning 

Transmission Electron Microscopy (TEM), X-ray Fluorescence Spectroscopy (XRF), X-ray 

Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron 

Spectroscopy (XPS), Electron Energy Loss Spectroscopy (EELS), Atomic Force Microscopy 

(AFM), Small Angle X-ray Spectroscopy (SAXS), Neutron Molecular Resonance Spectroscopy 

(NMR), Dynamic Light Scattering (DLS) and Atomic Absorption Spectroscopy (AAS).58-104 

In the current research trends, RTILs is now reaching the realm of noble metal 

nanoclusters, especially the photoluminescent ones. For instance, Iimori et al.51 is able to 
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synthesized photoluminescent Au nanoclusters using ionic liquids in sputtering system. 

However, their synthesized Au nanoclusters showed emission peak shifts which are highly 

dependent on the excitation wavelengths used. This phenomenon most probably arose due to 

polydispersity of the nanoclusters produced in Ionic liquids which is typically stabilized 

“electrostatistically”. Other than photoluminescent Au nanocluster, no other known reports 

which exploited the idea of using sputtering technique for the synthesis of photoluminescent 

metal nanoclusters stabilized in low vapor pressure liquid matrix other than RTILs except the 

reports of our group40-50 which are the first documented reports utilizing molten matrix and liquid 

polymer like (PEG) for the synthesis of photoluminescent metal nanoclusters.  

Similar with Ionic Liquids, PEG is biocompatible, environment friendly, has low vapor 

pressure and commonly used. In contrast however, PEG is much cheaper than most RTILs and 

thus it is a much economical alternative for the synthesis of high purity nanomaterials in 

sputtering system. Hatakeyama et al.105 demonstrated the first documented report in using PEG 

as a substrate, however, the concern is not on photoluminescent metal nanoclusters but on 

plasmonic metal nanoparticles. Among of the nanoparticles synthesized in PEG are Au, Ag, Cu 

and Ag-Au bimetallic nanoparticles which in comparison with the ones synthesized in RTIL are 

much larger and more polydispersed since there is no effective coordinating group in PEG unlike 

that of RTIL to prevent coalescence and growth. To address this issue, thiol molecule was 

introduced together with PEG and improvement in particle size and particle distribution was 

achieved also by the same researchers.106 Our group however extended the concept of using 

PEG-thiol tandem in sputtering system for the synthesis of photoluminescent nanoclusters of Au, 

Ag, Cu and bimetallic Au-Ag using variety of thiol molecules with anionic, cationic and neutral 

charge states with either long or short carbon chain.  
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Unlike the nanoparticles with defined crystal structures, characterization of 

photoluminescent nanoclusters produced in PEG system is somewhat a challenge and limited 

only to some spectroscopic techniques like UV-Vis, Photoluminescence and quantum yield 

measurement, XPS Analysis, TEM, Thermogravimetric Analysis (TGA), Size Exclusion 

Chromatography-High Performance Liquid Chromatography (SEC-HPLC), High Angle Annular 

Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM) and Inductive 

Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES).40-50 Currently, our focus is on 

controlling the particle size and particle size distribution and isolation of these nanoclusters to 

understand the origin of photoluminescence and its formation mechanism. 

 

Figure 1.14 Typical example of nanoparticles prepared by sputtering process. Reproduced with 

permission from ref 93. Published by the Royal Society of Chemistry. 
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Figure 1.15 (a) colloidal bimetallic Au-Ag nanoparticles in Torimoto’s bimetallic target system. 

Reproduced with permission from ref 99. Copyright 2007 Royal Society of Chemistry. (b) our 

colloidal bimetallic Au-Ag nanoparticles. Reproduced with permission from ref 101. Copyright 

2016 Elsevier B.V. All rights reserved. and (c) schematic diagram of our double-head sputtering 

system for preparing alloy NPs. 

 

1.11 Size control of nanoparticles via sputtering deposition 

Controlling the particle size and particle size distribution is the primary aim in the 

synthesis of metal nanoparticle in both chemical and physical means. In sputtering technique, 

this control could be done in two ways: either manipulating the parameters related to process or 

manipulating the parameters related to the solution.36  
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For controlling the parameters which is related to process, parameters such applied 

current, voltage, distance between the target and substrate, chamber pressure, temperature and 

sputtering time are the ones being adjusted to control the particle size and distribution. 36,40,107-

110In the case of Ionic liquids (ILs) sputtering system, Wender et al.107 reported that sputtering 

current had significant effect on  particle size and independent of sputtering time, whereas 

Sugioka et al.108 reported that both sputtering time and sputtering current had significant effect 

on the particle size and distribution. Recently however, Hatakeyama et al.109 reported that the 

temperature of metal target and applied voltage are the ones that had significant effect on the 

particle size and particle size distribution and only little or no significant effect on other process 

related parameters. 

For controlling the parameters related to solution, parameters such as type, structure, 

composition, surface tension and viscosity of capturing medium used are usually 

manipulated.36,40,107-109 In ILs, it was found that the type and surface composition of the capturing 

medium used have significant effect on particle size and distribution whereas viscosity and 

surface tension have little or no effect at all.109 In PEG system however, other than the process 

parameters commonly considered in ILs system: voltage, current, working distance, temperature 

and chamber pressure, we added additional process parameter such as stirring speed40 which we 

found to be a significant factor for controlling the particle size and its distribution. Other than 

this, we introduced another parameter related to solution such as concentration40 of thiol ligand, 

which we found to strongly affect the particle size of the nanoparticles produced and could 

effectively be controlled to produce photoluminescent nanoclusters. 

 To this end, recently we developed novel methodology to precisely control the size as 

well as photophysical property of metal NPs by sputtering process. While previous approaches 
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have relied on the surface composition and viscosity of liquid matrix for controlling particle 

diameters, our new approach introduced mercaptans as a stabilizer, inspired from chemical 

methods. In the chemical synthesis of metal NPs, controlling the concentration ratio between 

metal ions and stabilizing reagents is a possible means of systematic size control, with this 

regard, will this be applicable in sputtering system as well? Our results show that YES, it is! 

 

Figure 1.16 Size dependence of Au NPs varied by the viscosity of the liquid matrix by 

temperature. Reproduced with permission from ref 47. Copyright 2016 Elsevier B.V. All rights 

reserved. 

 

 

1.12 Matrix Sputtering Method –towards fluorescent nanoclusters 

Way back in 2010, we developed a simple matrix sputtering technique using 6-MTAB as 

ligand for the first synthesis of NIR photoluminescent Au NP / Au nanocluster with large stoke 

shifts using a sputtering system.41 The particle size of this synthesized cluster is around 1.3 ± 0. 3 

nm which is quite monodispersed and is water soluble due to the inherent cationic charged of the 

ligand used. In the succeeding report, we utilized PEEL and PEMP as matrix for the synthesis of 

AuNPs/urethane and AuNPs/thiourethane hybrid resins respectively wherein we found non-
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latter due to strong coordinating thiol group in PEMP with gold atoms (compared with hydroxy 

group in PEEL) which effectively prevented the coalescence and growth of particles.42 We then 

explored α-TG, a volatile stabilizer to synthesize a novel NIR photoluminescent Au nanocluster 

wherein we found a red-shift in emission as the particle size increased.43 At optimum condition, 

the synthesized photoluminescent Au nanocluster has 16.1 % quantum yield which is higher than 

reported quantum yield for thiolated Au nanoclusters synthesized by chemical reduction. Other 

than this, we also tried to synthesize Au nanocluster in silicone oil as matrix using 

octadecanethiol as capping ligand which is the first photoluminescent Au nanoclusters produced 

in this type of matrix.44 We then proceed with systematic investigation of the effect of stabilizing 

ligand which contains thiol, amine and carboxy groups using diglycerol (DG)45 matrix for the 

synthesis of photoluminescent Au nanoclusters wherein we again verified that photoluminescent 

Au nanoclusters could readily be produced using ligand with thiol group compared with the ones 

that contain amine and carboxy groups. Using the same DG matrix, we utilized thiocholine 

molecule, the shortest quaternary ammonium cation and investigated the effect of thiol 

concentration to the UV-Vis extinction, Photoluminescence spectra and particle size of Au 

nanoclusters wherein we found a correlation between thiol concentration and particle size.46 At 

high thiol concentration, the UV extinction profile became featureless and the synthesized 

clusters exhibited NIR emission as well. With this earlier studies however, we have not 

employed any attempt to isolate the clusters to systematically understand the photoluminescence 

behavior of this NIR emitting photoluminescent Au nanocluster. Our first attempt to understand 

the mechanism by purifying and isolating the clusters according to size was only done recently, 

using polyethylene glycol (PEG) as the capturing medium and 11-mercaptoundecanoic acid 

(MUA) as stabilizing ligand.40 Likewise, in this study we further verified that with increasing 
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thiol concentration, the UV-Vis extinction profile became featureless and the Au nanoclusters 

started to exhibited NIR photoluminescence. Moreover, we systematically observed the size 

dependence of emission which shows a red shift as the clusters became large in sizes with 

decreasing thiol concentration as verified by TEM. However, when we tried to isolate the very 

small clusters, we found no significant shift in emission peaks as the particle size increased 

which led us to conclude that the clusters as seen in TEM are not single crystals but aggregates 

of these very small clusters or polynuclear complexes. Other than Au nanoclusters, we also tried 

the PEG-MUA sputtering system for the synthesis of Ag nanoclusters, wherein we likewise 

found that at higher concentration of ligand, particle size becomes small and the plasmon 

absorbance of Ag disappeared which is a similar phenomenon with that of photoluminescent 

gold nanocluster.47 This is also the first study wherein we used HAADF-STEM and EDX 

mapping technique to characterize the Ag nanocluster other than the usual TEM imaging. In 

another report, again using PEG as matrix, we are able to produce a water dispersible NIR 

emitting nanoclusters using high concentration of sodium 3-mercaptopropionate (SMP) a very 

short anionic thiol ligand.110 Only recently, we are able to synthesize a blue emitting Ag 

nanoclusters using the same PEG matrix but this time we used a long carbon chain cationic thiol, 

11-mercaptoundecyl-N,N,N-trimethylammonium bromide (MUTAB) as ligand which shows 

photoluminescence in both solution and solid states.111 Other than PEG, we used another matrix 

with thiol moiety, PEMP to synthesize photoluminescent Ag nanocluster and investigated the 

time dependence of both extinction and photoluminescence spectra.48 In this study we proposed 

two possible aggregation mechanisms: primary and secondary aggregation to explain the 

photoluminescence mechanism observed in Ag nanoclusters. Furthermore, we are able to 

immobilize these photoluminescent Ag nanoclusters in thiourethane resin; however, we observed 
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degradation of photoluminescence with time for this nanocluster. In addition to Ag nanoclusters, 

we are able to extend the PEMP sputtering system to synthesize photoluminescent Cu 

nanocluster which is much challenging since Cu is much prone to oxidation than Ag and Au.49 

With this technique however, we successfully synthesized blue emitting copper nanocluster with 

small particle sizes and narrow particle size distribution (1.1 ± 0.2 nm) that could transform into 

red emitting Cu2S nanoclusters either by storage for several days or immediately with the aid of 

UV-light irradiation. Furthermore, a stable blue photoluminescent Cu nanocluster was achieved 

using 11-mercaptoundecanoic acid (MUA) as ligand in PEG matrix which shows increased in 

intensity as the amount of ligand increased.50 Only recently, using the same PEG matrix and 

cationic MUTAB as ligand, we finally obtained a much stable blue photoluminescent Cu 

nanoclusters which show similar blue photoluminescence in both solution and solid states.111 

To summarize this section, most of our publications to produce photoluminescent metal 

nanoclusters on a liquid polymer matrix focused on thiol-based synthesis using varieties of 

neutral, anionic and cationic charge states with either short or long carbon chain thiol molecules. 

Particle size and particle size distribution control in this system could be done simply by 

controlling the concentration of thiol molecule in the liquid matrix while maintaining the process 

parameters such as working distance, temperature, voltage, current, stirring speed and chamber 

pressure constant at a fixed amount of time. 
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Figure 1.17 Molecular structures of the ligands used for matrix sputtering method. 
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Figure 1.18 Concept of matrix sputtering method. without ligands, with volatile ligands, 

Reproduced with permission from ref 43. Copyright 2015 American Chemical Society and with 

non-volatile ligands. Reproduced with permission from ref 40. Copyright 2016 Rights managed 

by Nature Publishing Group.  
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Figure 1.19 Effect of ligand functional groups (–COOH, –NH2, and –SH) on the stabilization of 

NPs via matrix sputtering method. Reproduced with permission from ref 45. Copyright 2016 The 

Chemical Society of Japan. 
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Figure 1.20 Absorption spectra, TEM diameter and fluorescence spectra of Au nanoclusters 

prepared by the sputtering deposition over PEG with varied MUA concentration. Reproduced 

with permission from ref 40. Copyright 2016 Rights managed by Nature Publishing Group. 

 

1.13 Formation mechanism of the fluorescent nanoclusters via Matrix Sputtering Method 

Understanding the formation mechanism and the origin of photoluminescence of the 

physically synthesized nanoclusters require isolation of high purity nanocluster, thus we 

developed purification and isolation protocol.40 Our purification process involved re-precipitation 

of the nanocluster in chloroform and ethanol after dissolving it in DMSO; this is to ensure 

removal of excess PEG and ligand. The purified sample was then to be analyzed with XPS 

wherein we found in the case of Au nanoclusters synthesized in our PEG-thiol single target 

sputtering system that the maximum peaks are shifted at high binding energies with respect to 

the binding energy of the bulk gold at Au 4f region and coincided with the binding energies of 

Au nanoclusters with Au10(SR)10, Au11(SR)11, Au12(SR)12 and Au15(SR)13 structures which are 
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known NIR photoluminescent Au nanocluster. The composition ratio (Au/SR) of the cluster was 

then to be determined using TG Analysis wherein we found that in the case of Au nanocluster, 

the Au/SR ratio is around 0.96 which is close to the Au/SR ratio of nanoclusters with Aun(SR)n 

structures with 1:1 (metal atom: thiol) correspondence and strongly verified the hypothesized 

structure determined by XPS. The particle sizes of the purified nanoclusters were then to be 

determined using TEM wherein we found that the Au nanoclusters we produced have particle 

sizes around 1.6 nm which is in good agreement with the particle size of Au144(SR)60. However 

we found this result somewhat contradictory to the results of UV-Vis extinction and 

Photoluminescence measurement since nanoclusters of this size and structure is typically non-

photoluminescent, these findings led us to hypothesize that the nanoclusters most probably 

contain mixture of very small nanoclusters or multinuclear complexes in its aggregated form and 

not as single crystals. To further clarify this issue we isolated the clusters by means of SEC-

HPLC system wherein we found much smaller nanoclusters around 1.2 ± 0.6 nm which strongly 

supports the structure assignment. As for the formation mechanism, without the addition of thiol 

ligand, what we can produced in direct sputtering in PEG are plasmonic nanoparticles which 

were probably formed by aggregation of atoms / small clusters and coalescence on the vacuum-

liquid interface and in the liquid matrix since there is no effective coordinating group in PEG that 

could suppress this spontaneous coalescence and growth. The introduction of thiol ligand 

especially at high concentrations on the other hand, effectively prevented this immediate 

aggregation, coalescence and growth due to strong affinity of thiol molecule with metal atoms. 

However, these produced nanoclusters have the tendency to form aggregates in PEG matrix 

which may seem big particles when viewed using TEM due to its limited resolution. Similar 

observations were also exhibited by both Ag and Cu nanoclusters. To understand the effect of 



37 

 

this aggregation to the photoluminescence phenomena and UV-Vis absorbance, we tried to 

immobilize the clusters in thiourethane resin and applied polymerization technique, after 

polymerization we found that the aggregation could effectively be suppressed although 

degradation of photoluminescence do occur with time in this process.48 Thus we continually 

search for ligands that could effectively avoid this photoluminescence degradation without any 

polymerization as possible. Only recently, we are able to synthesize extremely stable 

photoluminescent Cu nanocluster using MUA as ligand which shows increasing 

photoluminescence intensity as a function of thiol concentration. In our present endeavor, we are 

pursuing a generic synthetic scheme that could synthesize stable photoluminescent coinage metal 

nanoclusters and bimetallic nanoclusters of these elements in both solution and solid states using 

MUTAB as stabilizing ligand. So far, we are gathering good results in this direction and we are 

positive that this effort is beneficial to the science of this new emerging sputtering technique. 

 

Figure 1.21 Correlation between TEM core diameters and fluorescence spectral change (Δλem / 

nm). Red squares denote the size-fractionated Au nanoclusters by SEC-HPLC, and blue circles 

denote the different sized fluorescent Au nanoclusters synthesized by varying the concentration 

of thiolate ligand (MUA) during the sputtering deposition. Reproduced with permission from ref 

40. Copyright 2016 Rights managed by Nature Publishing Group. 
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Figure 1.22 Plausible mechanism for the formation of fluorescent Au nanoclusters via matrix 

sputtering method; (a) plasmonic Au NPs under the absence of MUA, (b) fluorescent Au 

nanoclusters under the presence of thiols in PEG. Reproduced with permission from ref 40. 

Copyright 2016 Rights managed by Nature Publishing Group. 

 

 

Figure 1.23 Schematic illustrations of (a) primary aggregation (coalescence and growth), (b) 

secondary aggregation, and (c) immobilization of Ag NPs in thiourethane resin after 

polymerization. Reproduced with permission from ref 47. Copyright 2016 Elsevier B.V. All 

rights reserved. 
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1.14 Summary and perspective 

 

Photoluminescent metal nanocluster is one of the hottest topics in research community 

today. It is believe to be the link between a single metal atom which shows distinct optical 

property and metal nanoparticle which shows surface plasmon absorbance. The interesting 

property of this material arise when the particle size is well below 2 nm wherein the nanoclusters 

started to behave somewhat like a molecule and shows emission within the UV to NIR region 

once excited with light. It is hypothesized that if we could understand the mechanism in which 

these nanoclusters are formed, we will be able to improve its property, the property of 

nanoparticle and the property of the bulk material as well. Currently, photoluminescence 

property in metal nanocluster is not well understood primarily because of inefficient synthetic 

strategy that could synthesize a nanocluster with atomic precision and at high purity which is 

prerequisite for accurate measurement and analysis. Thus to address this issue, several synthetic 

strategies were developed particularly in chemical reduction schemes wherein metal ion 

precursors are reduced using reducing agents in the presence of capping or stabilizing ligand. 

Commonly used ligands/capping agent in this field include DNA, protein, dendrimer, phosphine 

and thiol. Another approach for the synthesis of photoluminescent nanoclusters which is recently 

investigated is physical synthesis which offers greener alternative to produce the nanoclusters. 

This scheme is a greener strategy in comparison with the chemical reduction for it does not need 

any reducing reagents or tedious purification processes. One of the green strategies which had 

been employed for the synthesis of photoluminescent nanoclusters is sputtering technique which 

historically is applicable only to solid substrates for production of thin films but is now utilized 

even in liquid substrates for the synthesis of nanomaterials for as long the liquid used had low 



40 

 

vapor pressure. This process involves the ionization of Ar gas under high vacuum which led to 

physical ejection of surface atoms as the ionized gas collides with a metal target. The most 

common liquid substrate used in sputtering for nanoparticle synthesis is Ionic Liquids (ILs) 

which was also successfully employed for the synthesis of photoluminescent metal nanocluster.  

Nowadays, it is a common knowledge that not only ionic liquids but also other liquids 

such as castor oil, conola oil, and vegetable oil could be introduced in vacuum system and could 

be used as substrate for as long as these liquids have low or negligible vapor pressure which led 

our group to exploit varieties of low vapor pressure liquids such as PEEL, PEMP, glycerol, 

diglycerol, silicone oil and polyethylene glycol (PEG) for the synthesis of monodispersed metal 

nanoparticles and photoluminescent metal nanoclusters. 

Although characterization techniques such as TEM, HR-TEM, UV-Vis, XANES, XAFS, 

EXAFS, EDS, STEM, XRF, XRD, FTIR, XPS, EELS, AFM, SAXS, NMR, DLS and AAS were 

successfully used in nanoparticles, in the nanoclusters regime only a few of these could be 

employed and this is currently a challenge in this area to better understand the nanocluster 

properties other than the photoluminescence which we initiated. For instance, using TEM as a 

tool to describe the morphology and particle size of the nanoclusters could overestimate the 

actual size especially for photosensitive materials that easily coalesce when directly exposed 

with electron beam. XRD could not provide meaningful data since the clusters do not have 

enough translation symmetry to describe its crystal structure if they do exist. SAXS and other X-

ray related techniques require single crystal specimens which is a challenge since most of the 

clusters do not readily formed single crystals. The good news however, is that these nanoclusters 

could be characterized meaningfully! For instance, with our seminal effort, SEC-HPLC 

separation technique was successfully employed to isolate very small nanoclusters, STEM-
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HAADF in tandem with STEM-EDS elemental mapping technique was used to directly view the 

nanocluster and measure its size, XPS Analysis was utilized to investigate the charge states of 

the clusters and estimate the nanocluster structure and TG analysis to indirectly estimate the 

composition ratio of metal atoms with respect to the attached ligand. 

Sputtering technique in liquid matrix to synthesize high purity photoluminescent metal 

nanoclusters is quite a new field of endeavor and opens up possibilities for future explorations 

and experimentations. Interesting topics in this area include synthesis of photoluminescent 

bimetallic nanoclusters such as AuAg, AuCu, AuPt, CuPt and etc. and even trimetallic 

nanoclusters and investigation of its properties like catalytic, electrical, magnetic and optical. 

With this research direction, characterization techniques such as XPS, HAADF-STEM, EDS 

Analysis and ICP-AES could be utilized to have meaningful assessment of its structure-property 

relationship. Synthesizing a single crystal of these physically synthesized nanoclusters is also an 

interesting avenue. In doing so, characterization using small angle x-ray crystallography could be 

utilized to investigate the structure of the cluster. Another characterization technique such as 

ESI-MS could also be exploited specially for the characterization of bimetallic and trimetallic 

nanoclusters which had been successfully employed in chemical reduction.  

Another interesting research that could be pursued in this area is the development of 

“choline like” photoluminescent metal nanoclusters which could be used for bioimaging, 

biosensing, biotherapy and selective drug delivery. Choline is one of the quaternary ammonium 

cation which is known for its very important biological functions particularly in liver, brain, 

nerve and muscle. Making an analog of this molecule will provide the society a bio-friendly 

molecular sensing and imaging probe for both in vivo and in vitro biomedical applications which 

is important for cancer research today. 
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                                             proteins inside the cell has high affinity for cationic species like 

choline molecules. 

 

 
                                        cationically charged choline like photoluminescent nanoclusters 

could easily adhere and enter the cell 

 
                              under UV light irradiation the photoluminescent choline like 

nanoclusters could potentially be used for imaging and sensing application. 

 

 

Figure 1.24 cellular imaging and sensing using choline inspired photoluminescent metal 

nanocluster. 
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Abstract 

 

This chapter describes the synthesis of a novel positively charged photoluminescent gold 

nanocluster which shows blue emission by controlling the electrostatic repulsion of thiol ligand 

in the early stage of cluster formation. This was made possible by using thiocholine, a short 

quaternary ammonium cation as ligand and dodecylsulfate, an anionic surfactant which works in 

tandem to suppress the electrostatic repulsion. The clusters were characterized with UV-Vis, PL 

measurement, TEM and HAADF-STEM imaging techniques.  

 

 

2.1 Introduction 

 

  Nanocluster synthesis is an interesting field of study, and various researchers are aiming at 

manipulating individual atoms, molecules, or groups of molecules to produce novel hybrid 

materials with unprecedented structures and properties1-4. A typical example is the synthesis of 

gold nanoclusters with a non-metallic structure, whose distinctive optical properties are derived 

from the constituent gold nanoparticles, which generally show surface plasmon resonance at 

relatively larger diameters (> 3nm). The optical properties of gold nanoclusters are hypothesized 

to originate from the metallic cluster core, and they can be altered depending on the attached 

ligands. Unlike the collective oscillation of conduction electrons in the gold nanoparticle, a 

single electron transition results in molecule-like absorption and emission from the UV to NIR 

region in a gold nanocluster.5-7 Experimentally, it has been determined that the sharp contrast 
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between the optical properties of the gold nanocluster and gold nanoparticles become observable 

when the particle size is below 2.4 nm and the gold particles no longer exhibit metallic 

properties.8 

        Among the tunable properties of gold nanoclusters, we focused on their optical properties, 

particularly photoluminescence. Photoluminescence is an important property because of its 

potential application in biomedical fields, especially for imaging, sensing, and therapy.9 The 

nanomaterials commonly used for these applications are quantum dots,10 which contain toxic 

components such as Cd, Pd, Se, and Te, and are highly discouraged. Hence, many researchers 

have proposed that gold could be one of the most viable alternatives because of its chemical 

inertness, photostability, and biocompatibility. Unfortunately, gold in its nanoparticle form 

shows size-related toxicity,11 and thus, a synthetic scheme for fluorescent gold nanoclusters is an 

urgent demand.  

       There are several reported synthetic routes to fluorescent gold nanoclusters using 

polymers,12 dendrimers,13 DNA,14 or phosphine15 as the stabilizing compounds. We focus on gold 

nanoclusters with thiol stabilizers,16 pioneered by Murray and Whetten. In this regard, there are 

two commonly exploited methods involving the use of neutral and anionic thiol ligands 

including alkylthiols,17 tiopronin,18 phenylethylthiolate,19 and thiolate cyclodextrin.20 However, 

there is no established method for the synthesis of fluorescent gold nanoclusters by means of 

conventional chemical reduction using cationic thiols. Such nanoclusters are expected to play a 

significant role in bioimaging21 and sensing as cellular proteins show high affinity for positively 

charged nanocomposites than for neutral and anionic nanocomposites. In particular, quaternary 

ammonium-terminated thiols have rarely been used for the preparation of gold nanoparticles.22 

Quaternary ammonium groups are always positively charged under any pH conditions. Thus, we 
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hypothesized that a positively charged gold nanocluster could easily be absorbed inside the cell 

and potentially be used to study intercellular activities that are imperative in cancer research.9 

The main limitation of cationic thiolate-protected gold nanoclusters is that the electrostatic 

repulsion between the cationic ligands on the surface of the nanoparticles hinders the formation 

of small clusters (<ca. 2 nm) during nucleation in solvents. Our previous research showed the 

formation of a red dispersion of thiocholine bromide-stabilized gold nanoparticles even at a high 

molar ratio of the thiocholine ligand as compared with the gold ions.22Thiocholine is the smallest 

quaternary ammonium terminated mercapto ligand. Moreover, silver,23palladium,24 and 

platinum25 nanoparticles can be obtained by chemical reduction using thiocholine as the 

stabilizing reagent, but these nanoparticles, too, are large. Our objective is the utilization of the 

smallest cationic thiolate ligand, thiocholine (HS-(CH2)2-N(CH3)3
+), to synthesize fluorescent 

gold nanoclusters by chemical reduction. Cationic thiolate-protected fluorescent gold 

nanoparticles or nanoclusters have been obtained only by a physical synthesis method by our 

group.23 This paper reports the first successful synthesis of positively charged nanoclusters by 

the conventional chemical reduction method. 

 

2.2 Experimental Section       

2.2.1 Materials 

HAuCl4, sodium hydroxide (NaOH) (Junsei Chemicals Co., Ltd.), sodium borohydride 

(NaBH4) (Kanto Chemicals Co., Inc), methanol (Junsei Chemicals Co., Ltd.), sodium 

dodecylsulfate (SDS) (Kishida Chemical Co. Ltd.),  
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2.2.2 Synthesis of photoluminescent Au nanocluster 

Thiocholine chloride (TC), was synthesized as described in a previous paper (see 

SI).24Counter-ion exchange was carried out in order to eliminate the heavy metal effect of I–. The 

purity of TC was verified by 1H–NMR and FT-IR analyses. First, we attempted to synthesize 

gold nanoclusters by the simple reduction of HAuCl4 (Au) with excess NaBH4 in the presence of 

TC. The Au-to-TC mol ratio was 1:3, 1:5, or 1:7. For our typical synthesis (1:7 mole ratio of 

HAuCl4:TC), we dissolved 0.0218 g of thiocholine chloride in 1 mL of methanol followed by the 

addition of (1 mL, 20 mM) HAuCl4 stock aqueous solution. It was then diluted with 8 ml 

distilled water-methanol solvent with 1:1 volume ratio and sonicated for 30 minutes prior to the 

addition of (50 µL, 2M) NaBH4. After the addition of NaBH4, the resulting solution was then 

sonicated for another 90 minutes to ensure complete reduction of gold chloride. 

 

2.2.3 Characterization 

UV Vis extinction measurement (Jasco V-630 spectrometer), fluorescence measurement (Jasco 

FP-6600), particle size analysis: TEM (JEOL FX 2000, acceleration voltage of 200 kV) and 

STEM-HAADF (FEI TITAN III G2-Cubed, acceleration voltage of 300 kV). 
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2.3 Results and Discussion 

The black line in Figure 2.1 shows the extinction spectrum immediately after the 

synthesis at the Au:TC mol ratio of 1:5. From this result, it could be seen that the samples 

exhibited plasmon absorption at around 540 nm. Transmission electron microscopy (TEM) 

images of the representative samples are shown in Figure S1, where the particle sizes are seen to 

exceed 4 nm, indicating that gold nanoclusters were not produced. As mentioned above, the 

strong repulsion between the TC ligands in the “nucleation stage” clusters hinder the formation 

of nanoclusters; the clusters coalesce spontaneously to form rather large nanoparticles. The use 

of a higher ligand ratio did not solve this problem 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 UV-Vis extinction spectra of Au nanoparticles and nanoclusters synthesized in the 

absence or presence of SDS (Au:TC:SDS = 1:5:0 and 1:5:5 (mol/mol/mol) for black and red 

spectra). 
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    In order to suppress the electrostatic repulsion between TC ligands on the surface of gold 

nanoclusters during the nucleation, we added a negatively charged surfactant, sodium 

dodecylsulfate (SDS), to form a Au(I)-TC-SDS complex before the reduction, which may 

neutralize the cation on TC and minimize the repulsion between the TC molecules. Synthesizing 

the particles with SDS alone without thiocholine, only large aggregate (~20nm) were obtained 

(See Figure S4).  To verify this concept, we synthesized gold nanoclusters at Au:TC:SDS molar 

ratios of 1:3:3, 1:5:5, and 1:7:7. In our typical experiment (1:7:7 mol ratio of HAuCl4: TC:SDS), 

we dissolved 0.0218 g of TC and 0.0404 g of SDS in 5 mL methanol followed with the addition 

of (1 mL, 20 mM) HAuCl4 stock aqueous solution. The resulting solution was diluted with 3 mL 

distilled water and sonicated for 60 minutes until the solution becomes white indicating the 

formation of Au-thiolate complexes. NaBH4 (1 mL, 20 mM) was then added and the resulting 

solution was sonicated for another 60 minutes. The colour change from yellow to pale 

yellow/white indicated the reduction of Au(III) to Au(I) by the excess thiol compounds (Figure 

S5). The red line in Figure 1 shows the UV-Vis extinction spectra of the gold nanoclusters 

synthesized at the Au:TC:SDS molar ratio of 1:5:5. This result suggested that in the presence of 

SDS, non-plasmonic particles were formed. We then observed the TEM images to determine the 

particle sizes (Figure 2.2). The sample showing plasmon absorption (Au:TC:SDS = 1:3:3, see 

Figure S2 for the spectrum) had particles with diameters larger than 3 nm. The samples that did 

not exhibit plasmon absorption (Au:TC:SDS = 1:5:5 and 1:7:7), on the other hand, had particles 

with diameters well below 2 nm, indicating successful gold nanocluster formation. It is difficult 

to determine the exact diameter of such small clusters (~ 1 nm of diameter) by conventional 

TEM; however, we observed a clear decreasing trend in the particle size with an increase in the 

mol ratios of TC and SDS.  
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Figure 2.2 TEM images and particle size distributions of Au nanoparticles or nanoclusters 

synthesized at Au:TC:SDSmol ratios of (a) 1:3:3, (b) 1:5:5, and (c) 1:7:7(mol/mol/mol). For the 

histograms, 200 particles were counted from several enlarged TEM images. 

 

    Judging from the TEM and extinction spectra as well as previous data,5,13,25–27 we expected 

our gold nanoclusters to show fluorescence in the visible region. In order to increase the 

solubility of obtained gold nanoclusters, we introduced NaOH so that SDS attached to the 

surface of the TC-stabilized clusters can be removed (i.e. de-neutralization, see the detailed 

procedure outlined in SI). As shown in Figure S3, after NaOH addition, an absorption shoulder 

appears at around 350 nm, which could be attributed to gold nanoclusters; a similar peak at this 

position wasobserved by other researchers, which was attributed to small gold nanoclusters 

consisting of 11 gold atoms or fewer5 (will be discussed later with fluorescence spectrum). 

C 
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   Under irradiation at 300 nm, we observed blue fluorescence, as shown in Figure 2.3 (see 

images of samples under UV irradiation in the inset). The maximum excitation wavelength was 

around 357 nm, which was in good agreement with that for gold nanoclusters comprising11 gold 

atoms and fewer, particularly those reported by Tran13 and Scherer26 for Au4 (~313 nm) and Au3 

(~303 nm), respectively, and Dickson27 for Au5 (330 nm) and Au8 (~384 nm). Moreover, the 

maximum fluorescence wavelength (~448 nm) agreed well with that of the Au8 cluster (455 

nm).27Hence, we hypothesized that the observed emission wavelength mainly originates from the 

Au8 nanocluster or a gold nanocluster with a similar size. Other smaller or larger nanoclusters 

(e.g. Au12, Au10, Au5, or Au4which fluoresce at ~ 630 nm,28 ~523 nm,29 ~385 nm,27or ~371 nm,13 

respectively) could be minor contributors to the observed emission, and consequently, our gold 

nanoclusters showed relatively broad fluorescence. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Fluorescence emission (blue) and excitation (black) spectra of synthesised gold 

nanoclusters (excitation wavelength = 300 nm, Au:TC:SDS = 1:7:7 (mol/mol/mol)). 
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    High-angle annular dark-field (HAADF) images of scanning transmission electron 

microscopy (STEM) were recorded in order to confirm the existence of very small nanocluster 

components. Small gold nanoclusters are unstable and easily coalesce under strong electron 

beam irradiation; however, very small clusters composed only of Au atoms were observed in our 

experiments, consistent with our speculation based on fluorescence measurements. 

 

 

 

 

 

 

 

 

 

Figure 2.4 STEM-HAADF image of obtained Au nanoclusters. 

 

2.4 Conclusions 

In summary, fluorescent gold nanoclusters were successfully prepared for the first time 

using the shortest cationic thiol, TC. By introducing SDS to minimize electrostatic repulsion 

between the TC ligands on the surface of the gold nanoclusters during nucleation, we 

couldobtain non-plasmonic particles,which showed blue emission at around 448 nm. Without 

SDS, on the other hand, only large non-fluorescent gold nanoparticles were obtained. The 
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method developed in this study is expected to be beneficial to the field of bioimaging and 

biosensing and be of interest to scientists pursuing research on nanoclusters. 
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Abstract 

This chapter demonstrates the synthesis of cationically charged photoluminescent noble metal 

nanoclusters of Au, Ag and Cu which are known plasmonic elements utilizing 11-

mercaptoundecyl-N,N,N-trimethyl ammonium bromide as stabilizing and capping ligand via a 

sputtering deposition over liquid polymer matrix. TEM and HAADF-STEM analysis shows that 

the Au, Ag and Cu nanoclusters produced have particle size well below 2 nm and are quite 

monodispersed while XPS analysis on the other hand, reveals that these clusters are probably 

consist of positively charged atoms. Interestingly, the produced nanoclusters exhibit emission in 

both solution and solid states.  

 

3.1 Introduction 

Metal nanoclusteris one of the hottest topics for both theoretical and experimental 

research today. It had gained increasing popularity due to its potential application in 

diverse fields of biomedicine,1-3 nanoelectronics,4,5 optics,6-8  energy,9,10 chemical sensing 

11-13 and catalysis.14-18 Considered as the transition from a single metal atom and metal 

nanoparticle, nanocluster is hypothesized to provide the missing information on how an 

individual metal atoms form to a more ordered plasmonic nanoparticles 19-22. To 

understand its behavior, various synthetic strategies were developed which could be 

broadly classified into bottom-up and top-down approach. In either way, the essence of 

producing the metal nanocluster is the attachment of protecting or capping ligand, 

especially thiolate ligands, to stabilize and control the size of the particles.  
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 Thiolate ligands can be broadly categorized as neutral, anionic and cationic ones. 

However, most of the reported synthesis for metal nanoclusters usually used either neutral 

or anionic ligands.23-26 Experimentally, using cationic ligand, such as thiol molecules with 

quaternary ammonium group (which shows positive charge in all pH conditions), is quite 

challenging due to the strong steric and electrostatic repulsion once the number of 

coordinating ligand increased per particle. In our previous paper which deals with 

chemical synthesis of metal nanoclusters, we came up with the idea of controlling the 

repulsion by introducing an anionic surfactant and successfully synthesized a blue 

fluorescent gold nanocluster.27 We also successfully obtained Au25(cationic thiol)18 

clusters (but not fluorescent) by chemical reduction in the presence of soft anions.28,29 

Herein, we investigated the idea of synthesizing nanocluster of various coinage metals 

(Au, Ag and Cu) using a cationic ligand with longer carbon chain (11-mercaptoundecyl-

N,N,N-trimethyl-ammonium bromide, MUTAB) but this time instead of simple chemical 

reduction we resort to physical approach, that is by sputtering29-36  of ejected metal atoms 

or clusters in a viscous polymer solvent. Thiocholine-stabilized and 

mercaptohexyltrimethyl ammonium-stabilized gold NPs have been prepared using this 

method.31,32 The advantages of the present scheme compared with the common chemical 

reduction to produce the cationically charge photoluminescent clusters are that firstly, the 

clusters produced do not need tedious purification process, secondly, it is very fast and 

scalable thus the clusters could readily be mass produced, and lastly, it is eco and 

biologically friendly since there is no need for toxic chemical reducing reagents and thus 

clusters could be safely used for in vivo biomedical applications such as for bioimaging, 

biosensing and biotherapy. 
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3.2 Experimental Section 

3.2.1 Materials. 

In this study we used 11-mercaptoundecyl-N,N,N-trimethyl-ammonium bromide 

(MUTAB, Aldrich) as capping and stabilizing ligand and Polyethylene Glycol 600 (Junsei, 

Japan) as liquid polymer matrix. Chemical structure of both ligand and polymer matrix is shown 

in Figure 3.1. Metal targets used in this experiment are Au with 99.9% purity, Ag with 99.99% 

purity (Tanaka Precious Metals, Japan) and Cu (Nilaco, Japan) with 99.5% purity. 

 

3.2.2 Synthesis of Photoluminescent Au, Ag and Cu nanoclusters by sputtering in polymer 

liquid. 

 

Preparation procedure (Fig. 3.1) was similar to the previous study using 

mercaptoundecanoic acid wherein the working distance between the metal target and the 

capturing medium was set at 5 cm.30 In a typical synthesis, 0.02 g of MUTAB was mixed with 

3.384 g PEG (initially degassed and dried at 100 ºC under vacuum for 2 hrs) in a petri dish with 

30 mm inner diameter and a height of 15 mm. The resulting solution was then further degassed 

for another 15 minutes at 100 ºC to ensure removal of volatile components. After degassing, 

sputtering was then started by setting the stirring speed at 100 rpm and then evacuating the 

sputtering chamber for about 40 min until the pressure reached the 10-4 Pa value done at ambient 

temperature. Afterwards, Argon gas was then introduced in the chamber and gas exchange was 

performed by repeatedly evacuating the chamber for about 20 min before setting up the final 

chamber pressure at 2.0 Pa. Sputtering current was then set at 10 mA and pre-sputtering was 

conducted for 10 min on an aluminium foil prior to 10 min actual sputtering on a liquid polymer 

matrix. 
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3.2.3 Characterization. 

UV-Vis Extinction measurement was done using a 10 mm×10 mm transparent 

quartz cuvette cell mounted in Shimadzu UV-1800 spectrophotometer operated within the 

wavelength range: 200-800 nm. The same cuvette cell and solution was mounted in a 

Jasco FP-6600 spectrofluorometer to investigate the photoluminescence spectra. STEM-

HAADF (FEI TITAN III G2-Cubed, acceleration voltage 300 kV) and Transmission 

Electron Microscopy (JEOL JEM-2000FX, acceleration voltage 200 kV) images were 

obtained determine the particle size and distribution of the synthesized clusters. 

The obtained suspension was further purified by the re-precipitation using 

acetonitrile as a poor solvent to remove PEG and excess MUTAB for further 

characterization. XPS spectra was obtained using JEOL JPS-9200 X-ray photoelectron 

spectroscopy (XPS) device equipped with a monochromatic Al Kα source operating at 

100 W under ultrahigh vacuum (~ 1.0 × 10-7 Pa) conditions. Binding energies were 

referenced to the C1s binding energy of the adventitious carbon contamination. 

3.3 Results and Discussion 

Figure 3.1 shows the schematic diagram of the experimental sputtering set up used 

in this study. In our modified sputtering technique, under high vacuum the argon is 

ionized leading to the generation of plasma which consequently etched the metal target as 

the ionized gases collide with it. In the process, the surface atoms that have binding 

energy less than the kinetic energy of the colliding gas are detached and ejected from the 

bulk, leading to the generation of unstable group of atoms or clusters in the gas phase 

under vacuum. The clusters are then captured using a petri dish filled with stabilizing 
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ligand (cationic thiolate: MUTAB) dissolved in a liquid polymer solvent (PEG) and 

constantly stirred to homogenize the solution. 

 
 

Figure 3.1 Schematic diagram of experimental sputtering set-up. 

 

Figure 3.2 shows the extinction spectra of the synthesized samples. It can be 

observed that the obtained Au, Ag and Cu particles did not show plasmon absorbance in 

the visible region. Usually Au, Ag and Cu nanoparticles with particle sizes well above 2-3 

nm have plasmon absorption in the visible region when the frequency of electromagnetic 

wave is coherent with the natural frequency of the conduction electron of the said 

particles.37 This could indicate that nanoclusters were possibly produced instead of 

nanoparticles as can be inferred from the absence of plasmon absorption around 520 nm 

for Au nanoparticles, around 420 nm for Ag nanoparticles and around 570 nm for Cu 

nanoparticles. For instance, when we tried to synthesize without the MUTAB ligand 

(Figure S1) under the same sputtering current and time, we are able to detect the plasmon 

absorption profile of the said nanoparticles (Figure S2) indicating that the ligand indeed 

had a significant influence in producing the photoluminescent clusters. 
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Figure 3.2 UV-Vis Extinction spectra of Au, Ag and Cu nanoclusters in PEG dispersions with 

MUTAB. 

 

Absences of plasmon absorption for very small nanoclusters are well documented. 

In fact, group of Jin et al.,38 Ammar et al.,39 and Goswami et al.40 showed similar 

behavior in the case of photoluminescent Au nanoclusters synthesized by means of 

chemical reduction. In case of sputtering to synthesize a photoluminescent Au 

nanocluster, Iimori et al.41 and our group30,31,32,36 also reported similar absence of 

plasmon absorption. In case of Ag and Cu nanoclusters, the phenomena were also 

observed for clusters synthesized by means of chemical reduction.42-44 Our group is the 

first to report the phenomena by means of sputtering for both Ag45 and Cu46 nanoclusters, 

respectively. Thus, these absorption features suggest the formation of very small 

nanoclusters by the current sputtering system. 

Figure 3.3 shows the photoluminescence spectra of obtained nanoclusters in the 

PEG dispersion. It can be deduced that Au nanocluster showed photoluminescence in the 

NIR region as can be inferred from the broad emission curve which spans from 500 nm to 
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850 nm. The maximum emission wavelength for this synthesized Au nanoclusters is at 

629 nm once excited at 304 nm. On the other hand, the synthesized Ag and Cu 

nanoclusters both showed photoluminescence in the blue region at 432 nm (Ag) and 428 

nm (Cu). 

 

Figure 3.3 Photoluminescence spectra of Au, Ag and Cu nanoclusters in PEG dispersions with 

MUTAB. 

 

 Photoluminescence phenomenon in the case of metal nanoclusters is commonly 

attributed firstly, with the particle size or the number of atoms comprising the cluster due 

to quantum size effect wherein the particle started to behave somewhat like a molecule 

when its particle size is well below 2 nm.5, 47-49 However, in the case of Au nanocluster 

synthesized by means of sputtering, the cluster only showed photoluminescence in the 

NIR region and the stoke shift is quite large (~ 325 nm) as already discussed in our 

previous paper.32 This is contrary to our Au nanocluster produced my means of chemical 

reduction which mostly have small stoke shift (~100 nm) and the emission maxima is 

found in the blue region.27 
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 With regard to the photoluminescence of Ag nanocluster, we found that it has 

emission in the blue region. This is a new finding in this study; our previous report about 

the photoluminescence of Ag nanocluster using a thiolate ligand showed emission in the 

NIR region.45 The size of obtained Ag clusters was significantly different from the 

previous NIR photoluminescent ones45 as described later with TEM images and this may 

be attributed to the difference of their photoluminescence energies. For Cu nanocluster, 

we found the emission in the blue region as well similar with our previous report using 

11-mercaptoundecanoic acid as the ligand.46 Figure S3 shows the colour of these 

nanocluster dispersions under sunlight and under UV-light. In all cases the clusters of Au, 

Ag and Cu have pale yellow colour under sunlight, however, under UV light irradiation, 

Au nanocluster solution showed orange emission whereas both Ag and Cu nanocluster 

solution showed blue emission. When we tried to purify and collect the powder by re-

precipitating the cluster using a poor dispersing solvent, acetonitrile, we found out that 

even in the solid state, these clusters show similar emission colour (Figure S4) and were 

homogeneously soluble in water. To understand the origin of these photoluminescence, 

we analyzed the TEM images of our synthesized nanoclusters by measuring the diameter 

of at least 300 particles from several TEM images. 

Figure 3.4 shows the TEM images of Au, Ag and Cu nanoclusters and their 

corresponding particle size distributions. It can be observed that in all cases the average 

particle sizes are well below 2 nm. The average particle sizes were ca. 1.2, 1.3 and 1.0 nm 

for Au, Ag and Cu nanoclusters, respectively. These very small particle diameters could 

be the origin of photoluminescence of obtained nanoclusters wherein the particle started 

to behave somewhat like a molecule.5,47-49 Relatively broad histograms obtained are 
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attributed to the small concentration of MUTAB ligand (20 mM) in PEG where the 

stabilization of sputtered nanoclusters was insufficient to achieve homogeneous 

nanoclusters as reported elsewhere.30 

 

Figure 3.4 Transmission Electron Microscopy (TEM) images and size distribution histograms of 

(a) Au, (b) Ag and (c) Cu nanoclusters. 
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It is interesting to note that all particle diameter histogram include relatively larger 

sizes over 2 nm, however, plasmon absorption were not observable in the current 

experiments. We recently reported a similar phenomenon of absence of plasmonic 

absorption for larger sputtered Ag NPs.45 The average TEM diameter varied from 2.5 to 

13.7 nm however NIR emission still remained and plasmonic absorption was not 

observable in such very large nanoparticles due to the secondary aggregation of 

photoluminescent nanocluster species. 

To understand the bonding and charge states of the synthesized photoluminescent 

nanoclusters, XPS analysis was conducted. Figure 3.5 shows the narrow scan spectra at 

Au 4f and Ag 3d regions. It is evident in Au 4f region that the spectra is significantly 

shifted in higher binding energy in comparison to the binding energy of neutral bulk Au at 

Au 4f7/2 and Au 4f5/2 (located at  84 eV and 88 eV respectively) and slightly shifted in the 

lower binding energy compared to the binding energy of Au(I)-thiolate complexes at Au 

4f7/2 and Au 4f5/2 (~86 eV and ~90 eV respectively).50 Thus, it can be deduced that the Au 

atoms comprising the photoluminescent Au nanocluster are mainly in its Au(I) charge 

states as can be seen from the peaks in the Au 4f7/2 and Au 4f5/2 located at 85.5 eV and 

89.1 eV which corresponds to the ring type cluster Au10(SR)10 and Au15(SR)13, the 

smallest known cluster which has Au4 core theoretically predicted by Whetten et al.50 and 

was isolated by Tsukuda et al.51 way back in 2004 by chemical synthesis and recently 

verified by our group in physical synthesis.30 With respect to Ag 3d region on the other 

hand, we found prominent peaks at around 367.7 eV and 373.7 eV in Ag 3d5/2 and Ag 

3d3/2 respectively which is slightly shifted to lower binding energy in comparison to the 

neutral bulk Ag at 368.2 eV and 374.2 eV respectively and significantly shifted to higher 
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binding energy with respect to Ag(I) complexes which has binding energy at 366.8 eV 

and 372.8 eV in Ag 3d5/2 and Ag 3d3/2 respectively.52 

 

Figure 3.5 XPS spectra at Au 4f and Ag 3d for photoluminescent Au and Ag nanoclusters 

respectively. 

 

This result indicate that the atoms comprising the photoluminescent Ag nanoclusters are 

dominantly consists of Ag(I) species as reported by other reaserchers.52-57  Cu 2p region 

on the other hand (Figure S5), shows prominent peaks at 933 eV and 953 eV at Cu 2p3/2 

and Cu 2p1/2 respectively. Although there is a probability that the species are dominantly 

consist of Cu(I), we find it difficult to verify since Cu(0) and Cu(I) have similar binding 

energies in the said region.54 Cu2S nanoclusters might possibly be present as shown by 

our previous report 34 but we believed that the quantity of these clusters is negligible in 

the present case since Cu2S have emission maximum in the red region which is contrary 

to what we found as emission maximum for our newly synthesized blue photoluminescent 

nanoclusters using MUTAB as ligand.   
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Hence, from these results it could be deduced that the photolumiscent Au, Ag and 

Cu nanoclusters were emissive primarily due to quantum size effects5 and secondly, via 

aggregation induced emission due to possible presence of Au(I)-thiolates, Ag(I)-thiolates 

and Cu(I)-thiolates as isolated polynuclear complexes or metal(I)-thiolates bonded to a 

core like in the case of Au15(SR)13 which are known to exhibit metallophilic attraction 

due to relativistic effects59 leading to aggregation and its consequent photoluminescent 

emission. Figure 3.6 is the STEM-HAADF images of the synthesized Au, Ag and Cu 

nanoclusters showing the existence of particles with dimensions well below ~1 nm. 

 

 

 

Figure 3.6 STEM-HAADF images of photoluminescent (a) Au, (b) Ag and (c) Cu nanoclusters. 

 

As for the formation mechanism of photolumiscent nanoclusters, in PEG alone what can 

be formed in our sputtering system are plasmonic Au, Ag and Cu nanoparticles due to possible 

aggregation and coalescence of naked metal atoms / metal clusters on the vacuum-liquid 

interface and further growth in the liquid polymer matrix which has no effective coordinating 

group to stabilize the sputtered particles. On the other hand, in the PEG-MUTAB system, as the 
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naked atoms / clusters reached the vacuum-liquid interface, the coalescence and spontaneous 

growth were effectively prevented due to presence of thiol molecules which has high bonding 

affinity for metal atoms. However, these stabilized nanoclusters have the tendencey to aggregate 

in the liquid polymer matrix. 30 

 

 

3.4 Conclusions 

In this study we have demonstrated the versatility of our modified sputtering approach 

in synthesizing cationically charged photoluminescent nanoclusters of known plasmonic 

metal elements Au, Ag and Cu using 11-mercaptoundecyl-N,N,N-trimethylammonium 

bromide as stabilizing and capping ligand. Our report shows photoluminescence of Au 

nanocluster in the NIR region with maximum emission wavelength located at 629 nm. In 

addition, we found blue emission for both Ag and Cu nanoclusters with emission maxima 

positioned at 432 nm and 428 nm, respectively. TEM and STEM-HAADF analyses on the 

other hand, showed that the nanoclusters produced have particle diameters well below 2 

nm confirming the existence of photoluminescent nanoclusters and XPS analysis of these 

photoluminescent nanoclusters show that the clusters are most probably consists of 

positively charged atoms. The method presented therefore would be beneficial for the 

widely-applicable material synthesis for positively-charged photoluminescent 

nanoclusters. 
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Abstract 

 

This chapter illustrates the synthesis of a novel positively charged photoluminescent Au-Ag 

bimetallic nanocluster synthesized using 11-mercaptoundecyl-N,N,N-trimethylammonium 

bromide as capping ligand by means of “green” double target sputtering method on a 

biocompatible polymer matrix. The photoluminescent Au-Ag bimetallic cluster showed emission 

tunability from the blue to Near Infrared (NIR) regions with respect to change in composition 

and could have potential benefit in biomedical fields particularly for biosensing, bioimaging, 

biotherapy and targeted drug delivery owing to the inherent purity of the present synthetic 

method. 

 

 

4.1 Introduction 

Bimetallic nanocluster is a hot topic in research community due to its improved optical 

and catalytic properties typically attributed to synergistic effects1 when two types of atoms 

having distinct properties mixed and combined with each other to form electronically and 

geometrically stable nanoclusters. Among of the bimetallic clusters, Au-Ag bimetallic system is 

the most intensively investigated due to the noble characteristics of Au and Ag and the fact that 

these two elements with comparable sizes form homogeneous solution in wide range of 

composition.2-4 

Bimetallic Au-Ag photoluminescent nanoclusters are typically produced by utilizing 

capping and protecting ligand such as protein5, DNA6, and gelatin7 to control the number of 
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atoms and its growth. To date these photoluminescent bimetallic clusters were only successfully 

synthesized by means of chemical reduction via galvanic exchange reaction8, co-reduction9, and 

anti-galvanic reaction methods10 and typically utilized toxic reducing reagents thus its utilization 

for biomedical applications is still subject for intensive researches and clinical trials due to purity 

and toxicity related issues.  

In this study, we introduced a novel green physical method in producing a bimetallic Au-

Ag photoluminescent nanocluster utilizing a positively charged long thiol molecule, 11-

mercaptoundecyl-N,N,N-trimethylammonium bromide (MUTAB) as capping ligand by means of 

double target sputtering on a biocompatible liquid polymer matrix, polyethylene glycol (PEG). 

Unlike the chemical synthesis, this novel method requires neither reducing agent nor tedious 

purification processes to produce Near Infrared (NIR) emissive bimetallic nanoclusters. NIR 

emissive nanoclusters has the advantage for its deep tissue penetrating photons11, making it 

positively charge will make these photoluminescent nanoclusters adhere to cell selectively and 

thus it could potentially be used for targeted drug delivery and as selective photoluminescent 

probe to investigate cell activities owing to high affinity of proteins inside the cell for positively 

charged particles12. 

 

4.2 Experimental Section 

4.2.1 Materials 

Au and Ag targets with 99.99% purity were obtained from Tanaka Precious Metals, 

Tokyo. PEG (Wako) and MUTAB (Aldrich) were used as received. 

Shown in Figure 4.1 is the schematic diagram of experimental double target sputtering 

set-up used in this study. Metal targets Au and Ag were utilized to produce the photoluminescent 
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bimetallic nanocluster. In a usual sputtering process, under high vacuum the metal targets were 

simultaneously etched by ionized Ar gas which consequently generates unstable mixtures of Au 

and Ag particles. In this novel set up, the targets are oriented at an angle slightly facing each 

other which increase the probability of collision among etched particles to form bimetallic 

nanoclusters in the gas phase and on the surface of the polymer matrix initially mixed with 

MUTAB.  

 

4.2.2 Synthesis of monometallic and bimetallic nanocluster 

 

 

Figure 4.1 Schematic diagram of experimental double target sputtering set up to produce 

bimetallic Au-Ag photoluminescent nanoclusters.  

 

In a typical synthesis, the liquid polymer solvent used (polyethylene glycol (PEG) 600) 

was initially degassed at 100 ⁰C for 2 hrs to ensure removal of volatile components. 10.152 g of 
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PEG was then mixed with 0.04 g 11-mercaptoundecyl-N,N,N-trimethylammonium bromide 

(MUTAB) ligand followed with 15 min degassing prior to sputtering process. Before sputtering, 

the chamber was evacuated until the pressure reaches the 10-4 Pa value done at ambient 

temperature. Ar gas was then introduced in the chamber and gas exchange was done multiple 

times for 20 minutes. After which the current for each metal target was then set and pre-

sputtering on aluminum foil was done for 10 min before the actual 15 min sputtering. Shown in 

Table 4.1 are the sputtering conditions used in this study. Plasmonic Au, Ag and bimetallic Au-

Ag nanoparticles synthesized without MUTAB were designated as samples 1, 2 and 3 

respectively. Monometallic nanoclusters Au and Ag synthesized with MUTAB on the other 

hand, were designated as samples 4 and 5 respectively, and the bimetallic nanoclusters 

synthesized with MUTAB under varied applied sputtering current are designated as samples 6–

11. 

Table 4.1 Sputtering conditions for the synthesis of Au-Ag bimetallic nanoclusters. 

Sample 

Applied current 

(mA) MUTAB 

Au Ag 

1 20 0 

Absence 2 0 34 

3 20 34 

4 20 0 

Presence 

5 0 34 

6 10 50 

7 14 46 

8 18 38 

9 20 34 

10 24 20 

11 26 14 
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4.2.3 Characterization  

Right after sputtering, UV-Vis extinction measurement was conducted using a 10 mm x 

10 mm quartz cuvette cell mounted in a Shimadzu UV-1800 spectrophotometer. The same 

sample was then subjected for photoluminescent measurement using JASCO FP-6600 

spectrofluorometer. TEM images of the sample were taken to determine the particle size and size 

distribution using JEOL JEM-2000FX operated at 200kV. TEM samples were prepared by 

dropping gold dispersion of PEG onto collodion-coated copper grids. The grids were then soaked 

into methanol for 30 min in order to remove the excess PEG and dried under vacuum. 

The obtained PEG suspension was purified by the re-precipitation using acetonitrile as a 

poor solvent to remove PEG and excess MUTAB for further characterization. XPS was detected 

by JEOL JPS-9200 X-ray photoelectron spectroscopy device equipped with a monochromatic Al 

Kα source operating at 100 W under ultrahigh vacuum (~ 1.0 × 10–7 Pa) conditions. Binding 

energies were referenced to the C1s binding energy of the adventitious carbon contamination.XPS 

elemental quantification and ICP-AES (ICPE-9000 Shimadzu Corporation) elemental analyses 

were obtained to determine the elemental composition of bimetallic Au-Ag nanocluster. For ICP-

AES measurements, standard gold and silver aqueous solutions were prepared with the following 

concentrations: 0 ppb (blank), 500 ppb, 1 250 ppb, 2 500 ppb, 5 000 ppb and 10 000 ppb, 6 ml of 

each solution was then mixed with 2 ml aqua regia (3 wt %) to generate a calibration curve. The 

samples with unknown concentrations initially re-precipitated using acetonitrile, purified by 

centrifugation (15 000 rpm, 10 min, 2 times repetition) and vacuum dried were then diluted with 

6 ml water and mixed with 2 ml aqua regia (3 wt %) and concentrations were then automatically 

analyzed using the plotted standard calibration curve. The concentrations obtained were then 

converted to atomic % composition. STEM-HAADF (FEI TITAN III G2- Cubed, acceleration 
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voltage 300 kV) and EDS elemental mapping were conducted to verify the existence of 

bimetallic Au-Ag nanocluster. 

 

4.3 Results and Discussion 

In our previous report13 using the double target sputtering, we tried to tune the plasmon 

absorbance of Ag-Au alloy nanoparticles by manipulating the current of the metal targets. 

Consequently, we were able to correlate the observed absorbance of the resulting alloy to its 

corresponding composition. Inspired by this result, in this study we extended the double target 

sputtering method to synthesize photoluminescent Au-Ag bimetallic nanoclusters. Most of our 

studies regarding photoluminescent nanoclusters were limited only to monometallic ones such as 

the monometallic photoluminescent Au, Ag and Cu nanoclusters using various types of neutral, 

anionic and cationic thiol molecule ligands.14-17 Herein, we investigated the effect of varying the 

composition ratio of Ag/Au in synthesizing a photoluminescent Au-Ag bimetallic nanoclusters.  

Figure 4.2 shows the UV-Vis spectra of as synthesized samples with and without the 

addition of MUTAB (the corresponding color of these samples under sunlight are shown in 

Figure S1). 1 and 2 showed the typical plasmon absorbance of Au and Ag nanoparticles with 

extinction maximum around 535 nm and 435 nm respectively. These plasmonic absorbances are 

attributed to the collective oscillation of the conduction electrons as it interacts with the 

electromagnetic wave. With the addition of MUTAB, this plasmonic absorbance in the case of 

monometallic nanoclusters 4 and 5 were no longer observable as can be seen in the featureless 

extinction profile in the visible region for these particular samples. This phenomenon suggests 

the formation of photoluminescent nanoclusters which has particle sizes well below 2 nm 

wherein the particles started to behave somewhat like a molecule due to quantum size effects.18,19 
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Figure 4.2 UV-Vis Extinction spectra of as synthesized samples without and with MUTAB. 

3 shows the typical plasmon absorbance when Au-Ag bimetallic alloy nanoparticle is 

formed.13,20,21 It can be observed that the new extinction maximum around 480 nm blue shifted 

with respect to the maximum plasmon extinction of gold nanoparticle and red shifted with 

respect to the maximum extinction of silver nanoparticle. With the addition of MUTAB 

however, the plasmon absorbance of the Au-Ag alloy nanoparticle is no longer observable as can 

be seen in the extinction profile of 9. Similarly, 6, 7, 8, 10 and 11, synthesized at different Ag/Au 

current ratios with MUTAB ligand also showed featureless extinction profile. This phenomenon 

is similar to the ones reported by Mohanty et al.22, Pramanik et al.23 and Paramanik et al.24 for the 

formation of photoluminescent bimetallic Au-Ag nanocluster synthesized by means of chemical 

reduction. To understand these phenomena, we conducted particle size analysis for each sample 

using TEM.  
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Figure 4.3 TEM images and particle size distribution histogram of samples with MUTAB. (5) 

Ag@34mA,(7) Au@14mA-Ag@46mA, (9) Au@20mA-Ag@34mA, and (11) Au@26mA-

Ag@14mA. 

 



92 

 

Upon checking the particle sizes and size distributions of the samples we found out that 

the average sizes of all samples are well below 2 nm as shown in Figure 4.3 and Figure S2. For 

the monometallic clusters 4 and 5 the average diameters were 1.1 ± 0.3 nm and 1.4 ± 0.4 nm, 

respectively. On the other hand, the average diameters for bimetallic nanoclusters 6, 7, 8, 9, 10 

and 11 are 1.5 ± 0.5 nm, 1.5 ± 0.4 nm, 1.3 ± 0.4 nm, 1.3 ± 0.3 nm, 1.2 ± 0.5 nm and 1.2 ± 0.3 

nm, respectively. Thus it can be inferred that the featureless extinction profiles exhibited by the 

samples are an indication also of the formation of emissive bimetallic Au-Ag nanoclusters as can 

be deduced from its corresponding particle sizes. To verify if this observation is correct we 

irradiated the samples with UV light. Shown in Figure S3 and S4 are the images under UV light 

irradiation. It can be observed that 1, 2 and 3 did not emit as expected for plasmonic nanoparticle 

whereas the emission color for nanoclusters synthesized with MUTAB is red for 4, 10 and 11, 

blue for 5, 6and 7, and yellow-orange for 8 and 9. We then measured the photoluminescence 

spectra of each sample. 

 

Figure 4.4 Emission spectra of obtained photoluminescent monometallic nanoclusters (4 and 5), 

and bimetallic nanoclusters (6–11). 
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Figure 4.4 shows the emission spectra of samples 4–11 (corresponding excitation spectra 

of these samples are shown in Figure S5). Monometallic Au nanocluster 4 has emission in the 

red region with maximum peak located at 678 nm whereas monometallic Ag nanocluster 5 

showed blue emission with maximum peak located at 431 nm. It could be observed that with 

respect to monometallic gold nanocluster, the bimetallic clusters 6, 7, 8, 9, 10 and 11 are blue 

shifted with emission peaks located at 444 nm, 452 nm, 621 nm 639 nm, 656 nm and 661 nm, 

respectively. Theoretically using the spherical Jellium model, it has been predicted in the case of 

monometallic cluster that as the number of atoms decrease, a blue shift in emission is usually to 

be expected.25 In the present case however wherein we are already considering two distinct metal 

atoms such theoretical prediction is not observed, in fact, with slight decrease in average particle 

size, we found that the emission peak shifted towards the red region which led us to 

hypothesized that there are other factors contributing to this behavior other than the particle size 

of the nanoclusters produced.Similar result was reported by Andolina et al.26in the case of 

emissive bimetallic Au-Cu nanocluster wherein there is no correlation between the decrease in 

particle size and the shift inemission peaks. In Au-Ag photoluminescent bimetallic nanoclusters 

synthesized by chemical reduction, there are reports27-29 wherein the blue shift in emission peak 

position correlates with the increase in Ag composition, thus to verify if this is also the case in 

our present study, we attempted to determine the composition of 4–11 using XPS and ICP-AES 

analyses. 
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Table 4.2 Bimetallic composition measured by XPS and ICP-AES with respect to average 

diameter and emission peak energy. 

 

Sample Current ratio XPS ICP-AES 

Average 

diameter 

Emission 

energy 

 
(mA : mA) (atomic %) (atomic %) (nm) (eV) 

 

Au : Ag Au Ag Au Ag 

  4 20:0 100 0 100 0 1.1 ± 0.3 1.82 

5 0:34 0 100 0 100 1.4 ± 0.4 2.88 

6 10:50 15 85 16 84 1.5 ± 0.5 2.79 

7 14:46 31 69 31 69 1.5 ± 0.4 2.74 

8 18:38 41 59 39 61 1.3 ± 0.4 1.99 

9 20:34 56 44 52 48 1.3 ± 0.3 1.94 

10 24:20 72 28 72 28 1.2 ± 0.5 1.92 

11 26:14 79 21 83 17 1.2 ± 0.3 1.89 

 

 

Table 4.2 tabulates the summary of the atomic compositions obtained using XPS and 

ICP-AES. As can be seen from Table 4.2 both measurements were in good agreement with each 

other. It can also be observed that with increasing Ag/Au current ratio, there is a corresponding 

increase in Ag composition and increase in the position of emission peak energy which may 

suggest that this blue shift in emission peak is probably related with the increase in Ag/Au 

composition ratio in these bimetallic nanoclusters. 
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Figure 4.5 Correlation between the emission energies and the atomic percent of Ag determined 

by XPS. 

 

 

Figure 4.5 shows the relationship between the composition and the position of maximum 

emission peaks. It can be observed that with increasing atomic (%) of Ag, the emission maxima 

shifted towards high energy which is in good agreement with the results obtained by Negishi et 

al.27 due to continuous modulation in electronic structure upon addition of Ag atoms. In the 

present case, we found a linear relationship between Ag atomic composition and peak energy in 

low energy region when the Ag atomic composition is below 59% and another linear relationship 

between emission peak energy and Ag atomic composition in the high energy region when Ag 

atomic composition is above 59% (Figure 5). To understand the bonding and formation of Au-

Ag bimetallic nanoclusters, XPS analysis at Au 4f and Ag 3d regions was conducted to 

determine the charge states. 
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Table 4.3 Summary of Binding energies at Au 4f and Ag 3d regions. 

 

Sample 

Binding Energy  

(eV) 

Au 4f Ag 3d 

7/2 5/2 5/2 3/2 

4 84.8 88.8    

5   366.8 372.8 

6 83.9 87.6 367.6 373.6 

7 83.8 87.4 367.5 373.5 

8 83.7 87.3 367.4 373.4 

9 83.6 87.2 367.2 373.2 

10 83.4 87.0 366.8 372.5 

11 83.1 86.7 366.6 372.3 

 

Table 4.3 shows the summary of the position of binding energies at Au 4f and Ag 3d 

regions of the photoluminescent monometallic nanoclusters (4 and 5)and bimetallic Au-Ag 

nanoclusters (6–11) (corresponding XPS spectra and plot of binding energy with respect to 

composition ratio are shown in Figure S6). With respect to the Au 4f region, the position of the 

peak of 4 (84.8 eV and 88.8 eV for Au 4f7/2 and Au 4f5/2respectively) lie between the binding 

energies of neutral bulk Au (84.0 eV and 88 eV at Au 4f7/2 and Au 4f5/2 respectively) and Au(I) 

complexes (~86 eV and ~90 eV at Au 4f7/2 and Au 4f5/2 respectively)28suggesting that 4 is mainly 

consist of positively charge Au atoms. The peak positions of bimetallic nanoclusters 6-11 on the 

other hand, are in the lower binding energies with respect to the bulk gold which could suggests 

that the Au atoms for these samples are negatively charged. With regard to the Ag 3d region on 

the other hand, the peak position of monometallic Ag nanocluster 5(366.8 eV and 372.8 eV for 

Ag 3d5/2 and Ag 3d3/2 respectively) is in a much lower binding energy in comparison with that of 

bulk Ag (368.2 eV and 374.2 eV at Ag 3d5/2 and Ag 3d3/2 respectively)and closely match with the 

binding energy of Ag(I) complexes (366.8 eV and 372.8 eV at Ag 3d5/2 and Ag 3d3/2 
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respectively)29suggesting that the nanocluster most probably contains positively charge Ag 

atoms. Correspondingly, the bimetallic nanoclusters 6–11 have binding energies located at lower 

energies with respect to the bulk Ag, suggesting that the Ag atoms of these nanoclusters are 

mostly positively charge also. In our previous report30 using single target sputtering for the 

synthesis of monometallic Au nanocluster, the peaks of the binding energy at Au 4f7/2 and Au 

4f5/2 are located at 85.5 eV and 89.2 eV respectively which suggest the existence of Au(I) 

species. In the present case, although 4 has main peaks at 84.8 eV and 88. 8 eV at Au 4f7/2 and 

Au 4f5/2 respectively which are typical binding energy reported for Au25(SR)18 nanoclusters with 

a core-shell structure31, close examination of the spectra reveals that other secondary peaks in Au 

4f7/2 and Au 4f5/2regions with almost similar peak location with that of our previous report30 were 

observable, suggesting that the nanocluster might be mixtures of various sizes as expected from 

TEM images. The peak position of 5 on the other hand (366.8 eV and 372.8 eV at Ag 3d5/2 and 

Ag 3d3/2 respectively), suggests the dominance of Ag(I)species27,32-36for this sample. In the case 

of bimetallic nanoclusters 6–11, Negishi et al.27reported similar scenario wherein Au and Ag 

atoms are in its negative and positive charge states respectively for photoluminescent bimetallic 

(Au25-xAgx)(SR)18 nanoclusters. Thus this clearly indicates that samples 6–11 are bimetallic 

nanoclusters wherein the Au atoms which is more electronegative than Ag atoms assume 

negative charge and the Ag atoms assume positive charge and were covalently bonded to form a 

stable Au-Ag bimetallic nanoclusters.27 To confirm the formation and existence of Au-Ag 

bimetallic nanoclusters we investigated the samples using STEM-HAADF and conducted EDS 

elemental mapping and quantification. 
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Figure 4.6 Representative STEM-HAADF image and EDS mapping of sample 8 (Au@18mA-

Ag@38mA).  

 

Figure 4.6 and Figure S7 show the STEM-HAADF images and the corresponding 

elemental mapping of samples 6-11. It is evident from these figures that the bimetallic 

nanoclusters were formed as can be deduced from its corresponding elemental distributions. 

Quantification of the elements (Table S1) showed that the compositions of the bimetallic 

nanoclusters 6-11 obtained by STEM-EDS were in good agreement with the results acquired in 

XPS and ICP-AES analyses shown in Table 2. 

 

4.4 Conclusions 

In conclusion, we successfully synthesized an NIR emitting positively charged 

photoluminescent bimetallic Au-Ag nanoclusters using 11-mercaptoundecyl-N,N,N-

trimethylammonium bromide as capping ligand by means of novel double target sputtering set-

up which could have potential applications in biomedical fields. Results showed tunability of 

emission from blue to NIR region with respect to change in nanocluster composition. High 

resolution HAADF-STEM and elemental mapping in tandem with XPS analysis evidently 

showed the formation of bimetallic nanoclusters. This finding is the first physical synthesis 

showing an obvious correlation of nanocluster composition to the observed emission. The results 
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presented here is therefore important for the synthesis of high purity photoluminescent bimetallic 

nanoclusters. 
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5 GENERAL  

CONCLUSIONS 
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 This study demonstrates the possibility of producing photoluminescent metal 

nanoclusters using short and long carbon chain cationic thiol molecule ligand in both chemical 

and physical method. In the second chapter, thiocholine chloride a short quaternary ammonium 

cation was utilized as ligand to synthesize the first known cationic thiolate protected 

photoluminescent Au nanocluster. However, even at high concentration of this thiol molecule, it 

was found that what can be produced are just plasmonic nanoparticles of Au as can be seen from 

its UV-Vis extinction spectra due to existence of strong electrostatic repulsion which hinders the 

effective stabilization and protection of the nanocluster at the early stage of cluster formation. To 

address this problem, Sodium dodecylsulfate, an ionic surfactant was introduced to control the 

existing electrostatic repulsion. At higher concentration of both thiocholine and SDS we found 

that the particle size became small as verified by both TEM and STEM-HAADF images and the 

particles produced started to exhibit blue photoluminescence emission once irradiated with UV-

light. However, the difficulty of producing pure product in this particular chemical reduction 

method prompted us to find an eco and biofriendly scheme to make these photoluminescent 

nanoclusters useful in biomedical fields which usually require high purity materials thus we 

resort to physical synthesis by means of sputtering technique which is a greener alternative.  

 In chapter 3 we found a general scheme to produce photoluminescent monometallic Au, 

Ag and Cu nanocluster for the first time using 11-mercaptoundecyl-N,N,N-trimethylammonium 

bromide (MUTAB) as stabilizing ligand in a single target sputtering on Liquid Polymer Matrix, 

Polyethylene Glycol (PEG). These produced nanoclusters are photoluminescent in both solution 

and solid states. Au nanoclusters have orange emission color with emission maximum 

wavelength at 629 nm. Ag nanoclusters on the other hand had blue emission with emission 

maximum wavelength at 432 nm and Cu nanoclusters had blue emission as well with maximum 
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emission wavelength located at 428 nm. Measurement of its average particle sizes using TEM 

and STEM-HAADF imaging technique showed that all nanoclusters produced have particle 

diameter well below 2 nm which could be the reason as to why are these nanoclusters showed 

photoluminescence. XPS analyses of the samples showed that the nanoclusters most probably 

contain positively charged metal atoms. 

 The fourth chapter aimed to produce NIR emitting bimetallic Au-Ag nanoclusters by 

controlling the Au/Ag composition through manipulation of the sputtering current of the metal 

targets simultaneously in double target sputtering system. Likewise, we used MUTAB as ligand 

to stabilize the bimetallic nanoclusters produced. The composition of the bimetallic nanoclusters 

was determined by XPS and ICP-AES measurement wherein we found that below 59 Ag atomic 

%, the bimetallic nanoclusters show tunable NIR emission which red shifted as the Ag atomic % 

decreases. Above 59 Ag atomic % on the other hand, the emission is tunable in the blue region 

and blue shifted as the Ag atomic composition increased. TEM and HAADF-STEM of the 

samples verified the existence and formation of bimetallic Au-Ag nanocluster with diameter less 

than 2 nm and the composition as measured by XPS and ICP-AES was further confirmed by 

EDS-STEM elemental mapping of the clusters even in this very small dimensions. This result is 

the first experimental evidence showing an obvious correlation between atomic percent 

composition and emission energy in sputtering system and could have significant contribution to 

the science of this very promising field. 
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Appendix I. Supplementary information for Chapter 2 

 

 

 

 

 
Figure S1.TEM images and particle size distributions of obtained Au nanoparticles synthesized 

under the mol ratio of Au:TC = 1:3 (a) and 1:5 (b). 

 

 
Figure S2. Extinction spectra of obtained Au nanoparticles synthesized at Au:TC:SDS = 1:3:3. 
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Figure S3. Extinction spectra of obtained Au nanoclusters with and without NaOH. 

 

 

 
Figure S4. Large aggregates of particles (~20 nm) were obtained after synthesizing gold 

nanoparticles using SDS alone without thiocholine. 
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Figure S5. Changes in color before (top) and after (bottom) addition of TC on HAuCl4. 
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Appendix II. Supplementary Information for Chapter 3 

 

 

 
Figure S1. Colour of the solution of Au, Ag and Cu plasmonic nanoparticles under (a) sunlight 

and (b) UV-light irradiation. These plasmonic particles were surely non-photoluminescence. 
 

 

 
Figure S2. UV-Vis extinction spectra of the synthesized plasmonic Au, Ag and Cu nanoparticles 

in PEG in the absence of MUTAB ligand. 
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Figure S3. Colour of Au, Ag and Cu nanoclusters in PEG with MUTAB: (a) under sunlight and 

(b) under UV light irradiation. 
 

 

 
Figure S4. Colour of filtrate after filtration using 0.2 μm hydrophobic PTFE filter: (a) under 

sunlight and (b) under UV light irradiation. 
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Figure S5. XPS spectra of photoluminescent Cu nanocluster at Cu 2p region. 
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Appendix III. Supplementary Information for Chapter 4 

 

 

Figure S1. Color of the solution without MUTAB: (1) Au@20mA, (2) Ag@34mA and (3) 

Au@20mA-Ag@34mA, and with MUTAB: (4) Au@20mA, (5) Ag@34mA, (6) Au@10mA-

Ag@50mA,(7)Au@14mA-Ag@46mA, (8) Au@18mA-Ag@38mA, (9) Au@20mA-Ag@34mA, 

(10) Au@24mA-Ag@20mA and (11) Au@26mA-Ag@14mA under sunlight. 
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Figure S2.TEM images and particle size distribution histogram of samples with MUTAB. (4) 

Au@20mA, (6) Au@10mA-Ag@50mA (8) Au@18mA-Ag@38mA, and (10) Au@24mA-

Ag@20mA. 
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Figure S3. Color of the solution of monometallic plasmonic nanoparticles: (1) Au@20mA, (2) 

Ag@34mA and its corresponding plasmonic alloy nanoparticle (3) Au@20mA-Ag@34mA and 

monometallic photoluminescent nanoclusters synthesized with MUTAB: (4) Au@20mA and (5) 

Ag@34mA under UV-light irradiation. 

 

 

 

Figure S4. Color of the solution of bimetallic photoluminescent nanoclusters: (6) Au@10mA-

Ag@50mA, (7)Au@14mA-Ag@46mA, (8) Au@18mA-Ag@38mA, (9) Au@20mA-

Ag@34mA, (10) Au@24mA-Ag@20mA and (11) Au@26mA-Ag@14mA under UV-light 

irradiation. 
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Figure S5. Excitation spectra of samples synthesized with MUTAB. Monometallic nanoclusters: 

(4) Au@20mA and (5) Ag@34mA, and bimetallic nanoclusters: (6) Au@10mA-Ag@50mA, 

(7)Au@14mA-Ag@46mA, (8) Au@18mA-Ag@38mA, (9) Au@20mA-Ag@34mA, (10) 

Au@24mA-Ag@20mA and (11) Au@26mA-Ag@14mA. 
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Figure S6. XPS spectra of photoluminescent bimetallic Au-Ag nanocluster and graph of binding 

energy with respect to Ag composition at Au 4f and Ag 3d regions. 
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Figure S7. STEM-HAADF images and elemental mapping of photoluminescent bimetallic Au-

Ag nanoclusters: (6) Au@10mA-Ag@50mA, (7) Au@14mA-Ag@46mA, (9) Au@20mA-

Ag@34mA, (10) Au@24mA-Ag@20mA and (11) Au@26mA-Ag@14mA 
 

 

 

Table S1. Elemental composition of bimetallic Au-Ag nanoclusters obtained by STEM-EDS 

Analysis. 
 

sample 

STEM-EDS 

Atomic percent  

(%) 

Au Ag 

6 15 85 

7 32 68 

8 42 58 

9 58 42 

10 75 25 

11 79 21 
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