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     Preface 
 

Gold nanoparticles (AuNPs) are undergoing a revolution in terms of its multidisciplinary 

applications in both environmental, medical and molecular sensing due to the unique properties, 

including quantum effect or fluorescence quenching. The extent of these properties depends 

strongly on the size, morphology, and nanoparticle stabilization, and is therefore related with the 

synthesis conditions of the nanoparticles. However, nanoparticles can be synthesized using both 

hydrophilic and hydrophobic solvents but the preparation of the desired particles in organic 

solvents require more complicated and meticulous steps due to the law solubility of gold salts in 

organic phase and the complexity in controlling the size and shape of AuNPs. On the contrary, 

synthesis in aqueous phase is more prevalent because it is simple, rapid, and environmentally 

friendly. The synthesis of AuNPs in water is thus the most convenient and economical method 

considering its applications. Therefore, in this research gold nanoparticles were prepared through 

single step synthesis with the reduction of tetra chloroauric (III) acid using polyethoxylated alkyl 

amine that acts as a reducing agent as well as capping ligand. Afterwards, a convenient phase 

transfer approach was implied to make the AuNPs adaptable for various organic solvent in order 

to broaden its application area. Finally, thin film of polyoxyethylene alkyl amine (AMIET)- 

AuNPs was examined to envisage the prospect of the prepared gold nanoparticles.  

Accordingly, a detailed investigation of AMIET-AuNPs including synthesis, characterization of 

morphology, phase transfer, surfactant removal, and thin film deposition was undertaken and is 

addressed in this dissertation sequentially as follows. 

 

Chapter 1 introduces the concept of gold nanoparticles along the detailed description of it types, 

properties, surface chemistry, synthesis routes and applications. the aims and objectives of the 

thesis are also clearly highlighted at the end of this chapter.  

 

Chapter 2 explores the synthesis of AMIET functionalized gold nanoparticles in aqueous media. 

The findings show that only specific ranges of concentrations of AMIET can produce gold 

nanoparticle with less residual organic and clear ruby red appearance. However, the synthesized 

gold nanoparticles were found to be spherical in shape confirmed by the TEM and UV-Vis spectra 

measurement. Moreover, it was observed that each AMIET-AuNPs contains particle of different 



 

 

 

 

sizes. However, this polydisperse AMIET-AuNPs shows sufficient surface plasmon resonance, 

therefore may have potential application.  

 

Chapter 3 describes the development of a feasible and reliable phase transfer method of AMIET-

AuNPs to water immiscible organic solvents without the surface modification. It was noticed that 

the complete transfer can be achieved by using pH triggered phase transfer method while 

preserving the morphology. Hence, a comparative illustration between traditional and our 

developed method has also presented in this chapter.  

 

Chapter 4 focuses on the development of the process for surfactant removal from nanoparticles 

after phase transfer without using laborious instruments and chemicals, which in turn enhances the 

dispersibility of AMIET-AuNPs in various organic solvents. 

 

Chapter 5 investigates the immobilization of AMIET-AuNPs onto surface modified solid substrate. 

It was observed that HF passivated silicon surface and MPTMs functionalized silicon surface are 

suitable for the deposition of AuNPs from air-water interface. The detail information has been 

discussed in this section.   

 

Chapter 6 summarizes the major findings of this dissertation and discusses the scope and 

recommendations for future work. 

  



 

 

 

 

Table of Contents 

Chapter I    Introduction .............................................................................................................. 1 

1. Gold Nanoparticles ................................................................................................................. 2 

1.1 Nanoparticles .................................................................................................................... 2 

1.2 Historical overview of  gold ............................................................................................. 2 

1.2.1 The first uses of gold nanoparticles ............................................................................... 3 

1.3 Properties of gold nanoparticles ........................................................................................ 4 

1.3.1 Physical properties ..................................................................................................... 4 

1.3.2 Optical properties ....................................................................................................... 6 

1.3.2.1 Surface plasmon resonance ................................................................................. 7 

1.4 Gold species as a Lewis acid and its coordination with nitrogen ..................................... 9 

1.5 Surface charge of gold nanoparticles and its origin ........................................................ 10 

1.6 Gold nano-colloid ........................................................................................................... 11 

1.7 Synthesis routes of gold nanoparticles ............................................................................ 12 

1.8 Applications of gold nanoparticles ................................................................................. 13 

1.9 Used surfactants AMIET ................................................................................................ 16 

1.10 A brief overview of the research ................................................................................... 21 

1.11 Objectives of this work ................................................................................................. 22 

1.12 References ..................................................................................................................... 23 

Chapter II Synthesis of aqueous polyoxyethylene alkyl amine functionalized gold 

nanoparticle ................................................................................................................................. 29 

Abstract ..................................................................................................................................... 30 

2.1 Introduction ......................................................................................................................... 31 

2.2 Experimental ....................................................................................................................... 33 

2.2.1 Materials and methods ................................................................................................. 33 

2.2.2 Preparation of Au3+ aqueous solution .......................................................................... 33 

2.2.3 Preparation of gold nanoparticle’s colloid ................................................................... 33 

2.2.4 Characterization ........................................................................................................... 35 



 

 

 

 

2.3 Results and Discussion ....................................................................................................... 35 

2.3.1 Formation of gold nanoparticles and UV-visible spectra ............................................ 35 

2.3.2 Morphology by Transmission Electron Microscopy (TEM) ....................................... 37 

2.3.2 Characterization of 1H NMR spectroscopy .................................................................. 39 

2.4 Conclusion .......................................................................................................................... 41 

2.5 Reference ............................................................................................................................ 42 

Chapter III  Phase transfer of in-situ AMIET functionalized gold nanoparticles from 

aqueous to organic solvents ........................................................................................................ 45 

Abstract ..................................................................................................................................... 46 

3.1 Introduction ......................................................................................................................... 47 

3.2 Experimental ....................................................................................................................... 49 

3.2.1 Materials and methods ................................................................................................. 49 

3.2.2 Phase transfer method .................................................................................................. 50 

3.2.3 Characterization ........................................................................................................... 51 

3.3 Results and Discussion ....................................................................................................... 53 

3.3.1 Determination of isoelectric point of AMIET-AuNPs ................................................. 53 

3.3.2 Phase Transfer to organic solvents .............................................................................. 56 

3.3.3 Morphology study through Transmission Electron Microscopy (TEM) ..................... 60 

3.3.4 Characterization surface-bound AMIETs on AuNP by 1H NMR ............................... 65 

3.4 Conclusion .......................................................................................................................... 70 

3.5 References ........................................................................................................................... 71 

Chapter IV Facile removal of surfactant of concentrated AMIET-AuNPs after phase 

transfer and its dispersion to various organic solvents ........................................................... 73 

Abstract ..................................................................................................................................... 74 

4.1 Introduction ......................................................................................................................... 75 

4.2 Experimental ....................................................................................................................... 77 



 

 

 

 

4.2.1 Materials and methods ................................................................................................. 77 

4.2.2 Surfactant removal method .......................................................................................... 78 

4.2.3 Dispersion technique after purification ........................................................................ 78 

4.2.4 Characterization ........................................................................................................... 79 

4.3 Results and Discussion ....................................................................................................... 79 

4.3.1 1H NMR spectra observation ....................................................................................... 79 

4.3.2 Appearance of dispersion and UV-Vis spectra in various solvents ............................. 82 

4.4 Conclusion .......................................................................................................................... 86 

4.5 References ........................................................................................................................... 87 

Chapter V Deposition of AMIET-AuNPs on solid substrate .................................................. 89 

Abstract ..................................................................................................................................... 90 

5.1 Introduction ......................................................................................................................... 91 

5.2 Experimental ....................................................................................................................... 93 

5.2.1 Materials and methods ................................................................................................. 93 

5.2.2 Si surface cleaning and HF passivation ....................................................................... 93 

5.2.3 Si surface cleaning and functionalization with MPTMS ............................................. 94 

5.2.4 Selecting proper solvent for spreading ........................................................................ 95 

5.2.5 Langmuir trough and surface pressure measurements ................................................. 95 

5.2.6 Deposition on TEM grid .............................................................................................. 97 

5.3 Results and discussion ........................................................................................................ 98 

5.4 Conclusion ........................................................................................................................ 100 

5.5 References ......................................................................................................................... 101 

Chapter VI   Summary ............................................................................................................. 103 

6. Summary of the thesis ......................................................................................................... 104 

6.1 Ideas for continued research ......................................................................................... 106 



 

 

 

1 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Chapter I    Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

2 

1. Gold Nanoparticles 

1.1 Nanoparticles 

A nanometer is one-billionth of a meter; in practical terms it is one seven-thousandth of the width 

of a red blood cell or one eighty- thousandth of the width of a human hair. “Nanoscale” generally 

refers to the manipulation of materials of 100 nanometers or less on any dimension. "Nano" stems 

from the Greek nanos, i.e. dwarf. Consequently, a nanometer is a tiny fraction of a meter or, more 

precisely: one billionth of a meter. All particles with at least one outer dimension, i.e. length, width 

or height, between 1 and 100 nanometers are referred to as nano-objects in the jargon of the field. 

Nano-objects which are nanoscale in all three dimensions are nano-particles. The National 

Nanotechnology Initiative (NNI) defines nanotechnology at dimensions of roughly 1 to 100 nm 

(shaded scale region) in Fig-1.1 [1,2]. 

 

  

 Fig-1.1 Comparing various entities' sizes in order to discern nanoscale measurements. 

 

1.2 Historical overview of  gold 

The use of gold and silver particles in glass- blowing can be seen in the famous Lycurgus Cup 

exposed in the British Museum [3]. The most unusual feature of this cup however is its color. 

When viewed in reflected light, for example in daylight, it appears to be green, but when light is 

transmitted from the inside of the vessel through the glass, it appears to be red. 

Humankind has linked the lustre of gold with the warm, life-giving light of the sun. In cultures, 

which deified the sun, gold represented its earthly form by the virtue of its bright yellow color 

[4,5]. To the primitive chemists, gold was considered as a metal of perfection. Because of its 

transmutation ability, gold was used as a universal medicine for longevity and immortality power. 
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In the early Middle Ages, gold was used mainly for its magico-religious powers, and its use in 

rational therapeutics did not come to fruition until Arnald of Villanova (1235-1311). Over 5000 

years ago, the Egyptians ingested gold to purify their minds and bodies. Gold has been so valuable 

to man from the beginning that man has made every effort to find it in nature. Scientists have 

therefore tried to convert other metals into gold. 

Gold was mainly used in medicine for its magico-religious powers and played almost no role in 

rational therapeutics until late Middle Age. Gold is a miracle of nature and it cleanses the substance 

of the heart and the fountain of life [6]. Nowadays the medicinal  use of gold is almost entirely 

limited to the treatment of rheumatoid arthritis [7,8]. The work of Faraday has pointed towards 

specific optical properties of colloidal gold, long before the recognition of changing properties of 

matter at nanoscale [9,10]. 

1.2.1 The first uses of gold nanoparticles  

The first use of gold nanoparticles is closely related with the history of the production of red glass 

started in Egypt and Mesopotamia back in 1400-1300 BCE with the beginning of glass making. 

Though the origin of the  red color glass is debated, but some scientist stated it is due to metal 

copper nanoparticles. However, the production of the ruby gold ruby glass did not take place until 

the end of the seventeenth century [11,12]. First written documents about ruby glass was published 

by Antonio Neri in his famous book "L’Arte Vetraria" [13]. Johann Kunckel (1637-1703), the first 

important maker of gold ruby glass offered a detailed report about the manufacturing procedure of 

his gold ruby glass in posthumously published Laboratorium Chymicum in 1917 [14,15]. 

Nevertheless, it is still a mystery that how Kunckel managed to produce gold rubby glass on a 

rather large scale. However, in seventeenth century, alchemists were obsessed to unlock the secrets 

of nature by simulating natural processes in laboratory conditions as they believed that the color 

could be extracted, and it contains the spirit of the metal that could be used in alchemical 

transmutation. Therefore, new methods of coloring glass and mixing batches were invented [16].  
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1.3 Properties of gold nanoparticles 

Gold is very stable and nontoxic, and is widely used in jewelry, dentistry because of its air-

inertness and is not affected by most reagents. Even gold does not get corroded in the natural or 

industrial environment. Gold is also a good conductor of heat and electricity. Due to the fact that 

conduction electrons are free to move around the necleus, it is corrosion resistant which makes 

useful for electrical and electronic application. However, when the size of a material is reduced to 

nanoscale, it exhibits totally different properties including melting points, conductivity etc. from 

their bulk counterparts. A particular example of this is the well documented decrease in phase 

change temperature as the material dimensions decrease to nanoscale.  More evidently, P. Schlexer, 

A. Andersen, B. Sebok et al showed that  2.7 nm gold nanoparticles melt around 400 ºC and 5 nm 

gold nanoparticles melt around 650 ºC whereas the melting point of metallic gold is 1064 ºC [17]. 

Molecular dynamic simulation for silver nanoparticles proves the change in melting temperature 

[18]. The reason behind this property change is the fact that matter at the nanoscale follows the 

laws of quantum mechanics rather than newtonian physics. Moreover, at the nanoscale the 

materials show new physical phenomena, collectively called quantum effects, which are size 

dependent and dramatically different for the properties of macroscale material [19]. For an 

example, about 20 nm gold colloid is no longer golden but appears ruby red in color.  

 

1.3.1 Physical properties 

The physical properties such as solubility and stability are dominated by the nature of nanoparticles 

surface including the ratio of surface are to volume, which is directly related with the shape and 

size of the nanomaterials. Size properties enhanced or hindered particle aggregation depending on 

the type of surface modification, enhanced photoemission, high electrical and heat conductivity, 

and improved surface catalytic activity [20]. Gold nanoparticles exhibit various sizes and shapes 

depending on the fabrication method [21,22], their shapes may be spherical, sub-octahedral, 

octahedral, decahedral, icosahedral multiple twined, multiple twined, irregular shape, tetrahedral, 

nanotriangles, nanoprisms, hexagonal platelets and nanorods [23]. Among the widely used 

morphological species of gold nanoparticles as shown in Fig-1.2,  only four types of nanostructures 

are most extensively investigated. These are nanosphere, nanorods, nanoshells (silica balls covered 

with a polycrystal gold layer) and nanocubes [24]. However, in this thesis the discussion is about 

the prepared gold nanospheres. However, most of the nanospheres considered in the literature 



 

 

 

5 

possess an irregular spherical shape [25] and according to our observation it is better to call them 

quasi-spherical. 

M.  sing et al. demonstrated that specific heat, melting entropy and enthalpy of nanomaterials  

( such as Au, Cu, Ag) affected by the particle size and shape [26].  The specific heat is observed 

to increase with the decrease in particle size, whereas the melting entropy and enthalpy decrease 

as the particle size decreases in their spherical, nanowire shapes. Z. Qin et al. showed the 

quantitively photothermal heat generation depends not only the shape of gold nanoparticles (i.e 

nanosphere and nanorods) but also depends on the polydispersity metric [27]. So the 

physicochemical properties such as size, shape, charge, surface chemistry and concentration 

impact gold nanoparticles stability in  biological environments, mechanism and efficiency of 

uptake.  

 
   Fig- 1.2 Widely used shape of gold nanoparticles 
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Surface chemistry of gold nanoparticles is of important importance to understand and plays an 

important role in various areas specially in biological application. The surface chemistry is 

strongly influenced by the local environment and the reactants of synthesis. Organic ligands often 

act as stabilizers, stabilizing agents or capping ligands and prevent aggregation, coalescence and 

unlimited growth, having a major role in the size and shape of the nanoparticles [28]. The particles 

stability is strongly influenced by the surface bound ligand that often remain adsorbed on the NP 

surface after the immobilization process and, therefore, influence both the immobilization 

efficiency and the catalyst performance, because of their binding affinity to the metallic surface 

[29]. The organic ligands is mostly inherent in the colloidal synthesis. But the advantage is that  

the surface can also be modified by other ligands that usually bind more strongly to the surface of 

nanoparticles referred as a post-synthesis ligand exchange process. This strategy is applied 

improve the colloidal stability or to study the new properties [30]. The frequently used ligands are 

thiol, amines, phophines, polymers, ammonium salts, alkynes or a mixture of different ligands. 

One of the drawbacks of this process is that the integrity of the particles may be disrupted. 

  

1.3.2 Optical properties 

When the bulk gold is reduced to the nanometer scale, the optical properties are dramatically 

modified properties and the resulting behaviors influence in many advanced application like 

cellular imaging, molecular diagnosis and targeted therapy [31]. The optical properties of spherical 

gold nanoparticles are highly dependent on the particles size. Smaller nanospheres gold absorb 

light near 520 nm, while larger spheres exhibit increased scattering and have peaks that broaden 

significantly and shift towards longer wavelengths [32]. Larger spheres scatter more light both 

because they have larger optical cross sections, and the ratio of scattering to total extinction 

increases with size. The optical properties also depends on the refractive index near the 

nanoparticle surface. The nanoparticle extinction spectrum shifts to longer wavelengths with the 

increase of the refractive index near the surface of the nanoparticles known as red-shifting. The 

optical properties of AuNPs also change when particle aggregate or coagulate and the conduction 

electrons near each particle surface become delocalized and are shared amongst neighboring 

particles. In this case, the surface plasmon resonance occurs at lower energies, causing the 

absorption and scattering peaks shift to longer wavelengths. The stability or aggregation state can 

be monitored by UV-Visible spectroscopy.	 For the destabilized nano-colloid, the original 
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extinction peak will decrease in intensity due to the depletion of stable nanoparticles, and often the 

peak will broaden or a secondary peak will form at longer wavelengths due to the formation of 

aggregates [33,34]. 

 

The fascination of gold nanoparticles is in their intense color because it can exhibit strong optical 

absorption and scattering with exceptional performance [35,36]. This is due to a coherent 

oscillation of the surface conduction electrons excited by electromagnetic radiation called surface 

plasmon resonance (SPR) [37,38]. The Lygurcus cup (400 AC) is probably the most famous 

example of the use of SP in the ancient times, exhibiting different coloration when observed upon 

illumination inside or outside of the cup. However, the complete explanation of the various color 

effects was not possible before Mie’s publication. Gustav Mie’s ( 1968-1957) gave a theoretical 

explanation of the beautiful coloration of metals in a colloidal state and was triggered by an 

experimental dissertation of his student Walter Steubing in a paper titled by "Beitrage zur Optik 

trüber Median, speziell kolloidaler Metallösungen" ("Contributions on the optics of turbid media, 

particularly colloidal metal solution") in 1908 [39]. 

 

1.3.2.1 Surface plasmon resonance 

SPR is the manifestation of a resonance effect due to the interaction of conduction electrons of 

metal nanoparticles with incident photons. The interaction relies on the size and shape of the metal 

nanoparticles and on the nature and composition of the dispersion medium. Depending on the 

thickness of a molecular layer at the metal surface, the SPR phenomenon results in a significant 

reduction in intensity of the reflected light [40]. This is happened for the case of metallic NPs with 

a size that is significantly smaller than the wavelength of the excitation light [41]. The 

electromagnetic field of the incoming light wave induces polarization of the free electrons with 

respect to the much heavier ionic core of a spherical NP. As these positive charges are considered 

to confined inside, the NP negative charge (free electrons)  will be accumulated in one side under 

the influence of external fields. Therefore, a displacement of the negative charges from the positive 

ones occurs when the metallic NP is placed in an electric field.  
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 Fig-1.3 Oscillating dipoles induced by electromagnetic radiation at gold nanoparticles.  

As a result, an electric dipole generates due to a net charge difference at the NP boundaries. Thus, 

in turn, gives rise to a linear force to return the electrons to the equilibrium position [42]. The 

larger the electron displacement, the larger the electric dipole and consequently the restoring force. 

The situation is similar to a linear oscillator with a restoring force proportional to the displacement 

from the equilibrium position. 

Actually, the electron movement inside the NP suffers some dumping during the movement due 

to the scattering process with the ionic cores and the NP surface. Thus, the system is similar to 

linear oscillator with reducing the oscillation amplitude [43]. Therefore, when an alternating force 

is applied to a linear oscillator, the system oscillates with the same frequency than the external 

force but the amplitude and phase will depend on both the force and the intrinsic parameters of the 

oscillator. If the frequency of the external force is the same that the plasmonic frequency of the 

NP, it will be easy to make the electrons oscillate, but as we move far way from this frequency the 

movement of electrons will be more difficult, thus reduce the amplitude. As a result of this optical 
effect, a new type of resonance between the metal nanoparticles and the surrounding dielectric 

medium produces an enhanced electromagnetic field at the interface that can monitored by 

absorption spectroscopy as known as SPR as depicted in Fig-1.3. The resonance frequency of this 

SPR is strongly dependent on the size, shape, interparticle interactions, and dielectric properties of 

the surrounding environment [44]. Nevertheless, this collective oscillation is constrained by the 
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reduced dimensions of the NP in which the electrons are confined, leading to a significant 

absorption of the wavelengths around green. For this reason AuNPs appear with the 

complementary red color [45–48]. 

Surface plasmon offer the opportunity to amplify, concentrate and manipulate light at the 

nanoscale, overcoming the diffraction limit of traditional optics and increasing resolution and 

sensitivity of optical probes. Therefore SP opens a wide range of application fields, including 

biomedical, energy, environment protection, sensing and information technology applications [49]. 

Currently, there are many established applications of SP that increases rapidly with the 

development of fabrication and manipulation of  nanomaterials [50]. The width, position, and 

number of SPRs are governed by the shape of the AuNPs. Small ( ≤50 nm) spherical AuNPs  have 

only one SPR [51], whereas gold nanorods have two SPR modes, because of its antenna-like 

structures, the polarization pattern influence the light scattering by the combination of lightning 

rod effects [52] and the suppression of interband damping [53]. Moreover, for spherical AuNPs, 

the  SPR is partially overlapped with the absorption originated by interband transitions, namely by 

single electron optical excitations from the occupied 5d band to the unoccupied levels of the 6s-

6p band of the metal. The SPR intensity depends on the number of conduction electrons or excited 

atom that justify the incredibly high extinction cross-section, which is 105 times higher than that 

of organic chromophores for a 20 nm AuNP [54].		
	

1.4 Gold species as a Lewis acid and its coordination with nitrogen 

It has been shown that gold(I) and gold(III) centers activate alkenes and alkynes for nucleophilic 

addition [55,56]. Occasionally, reactivity differences between gold(I) and gold(III) have been 

observed and this is attributed to their different Lewis acidity levels [57,58]. Moreover,  B. Reiner 

et al. explored the activity as Lewis acid catalyst by studying gold II and gold III complexes 

supported by phosphorous ylide ligands [59]. G. Lu et al. showed that gold surface could act as a 

Lewis acid coupling with Lewis bases (e.g. imine, nitrile) to generate effective frustrated Lewis 

pairs (FLPs) for activating H2 and then achieving hydrogenation of small imine and nitrile [60]. 

The Ikuyo group  has demonstrated that gold nanoclusters stabilized by poly (N-vinyl-2-

pyrrolidone) (Au:PVP NCs) can act as Lewis acid catalysts to facilitate the hydroalkoxylation of 

inactivated alkenes in aqueous media under aerobic conditions [61]. An amine-based reducing 

agent has been demonstrated to be effective in preparation of nanoparticles [62–67]. However, due 
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to the high electronegativity of nitrogen atom and the presence of adjacent electron donating -CH2- 

groups, the density of electron on nitrogen of AMIET is gained to a greater extent. Moreover, 

AMIET as a tertiary alkyl amine has a higher number of electron donating groups than primary 

alkyl amine surfactants such as oleylamine (OAm), octadecylamine (ODA) and hexadecylamine 

(HDA) [68]. Therefore, AMIET act as strong electron donor at elevated temperature [69] and can 

potentially reduce the Au3+ to Au0 [70]. The coordination of Lewis acids to the nitrogen of complex 

species like AMIET leads to an acceleration of the rate of reductive elimination [71]. Thus, the 

highly Lewis acidic gold species coordinates to the nitrogen of tertiary amine [72]. The gold 

species have this coordination both in their higher oxidation state and zero states i.e the 

coordination may happen before and after reduction to AuNP. Moreover, the steric effect would 

increase the reductive elimination and thereby facilitate coordination. However, steric hindrance 

may be a factor for post-synthesis research, such as ligand exchange, new molecule incorporation, 

or additional surface modifications, which need further investigation. 

 

1.5 Surface charge of gold nanoparticles and its origin 

The charge of a particles' surface  in a liquid  three main sources: (1) the ionization or dissociation 

of surface groups; (2) the adsorption or binding of ions from the solution onto a previously 

uncharged surface; (3) when two dissimilar surfaces are very close, charges can hop across from 

one surface to the other [73].  

 

The  surface charge of gold nanoparticles depends on the synthetic strategies. For example, pulsed 

laser ablation in liquid (PLAL) produce highly stable colloid though it is free from any capping 

agents and surfactants. Therefore, the stability of nanoparticles synthesized by PLAL is not due to 

repulsive steric interactions rather it might be a electrostatic in nature. Even though the particles 

can be coagulated or unstable by changing the ionic strength of the solution, the origin of large 

negative zeta potential is not well reported [74]. However, several authors addressed the 

hydroxylation of Au-O compound in the solution, followed by a proton donation yields AuO- and 

AuCO3- that results the negative charge onto the naked particles [75–77]. In contrary, Lévy and 

co-workers investigated through XPS measurement’s on free standing and deposited gold 

nanoparticles, and highlighted the absence of surface oxidation on gold nanoparticles prepared by 

laser ablation [78]. Therefore, there is still considerable uncertainty with regard to the origin of 
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those negative charges [79,80]. Nonetheless, recent study shows the presence of excess electrons 

formed within plasma phase and trapped on the nanoparticles may results the negative (zeta) ζ -

potential [81–83]. M. Dell’Aglio and A. De Giacomo  clearly demonstrate that nanoparticles 

produced by nano-second pulse laser ablation (ns-PLAL) are with negative charge in solution due 

to the absorbed electrons that enhances the stability of the colloidal solution [82]. 

 

It is known only that citrate anions coordinate to the metal surface by inner- sphere complexation 

of the carboxylate groups and there are trace amounts of AuCl4−, Cl−, and OH− on the metal 

surface [84]. In addition to coordinated citrates, IR analyses also indicate that there are dangling 

citrate species that are not in direct contact with the metal surface. D. B. Grys, B. De Nijs, A.R. 

Salmon et al. claimed influence of (chloride) chemical environment and the citrate coordination 

and the binding of the free COO− and the hydroxyl group are responsible for the surface charge 

[85]. In other words, the enhancement of negatively charged carboxylate anions of citrate at higher 

pH results in the increase of citrate ions under alkaline conditions [86]. 

 

1.6 Gold nano-colloid 

Colloidal dispersions differ from the solution, are homogeneous mixture of component particles 

with smallest dimension less than 1 nm. Colloids appear to be  homogeneous, and the colloidal 

particles they contain are small enough (1-1000 nm) to exhibit 

Brownian motion, cannot be separated by filtration, and do not 

readily settle out under the influence of gravity. But these 

dispersions are inherently unstable and under certain 

circumstances, most colloidal dispersions can be broken and will 

flocculate or settle out. Most importantly, aqueous colloid is not 

usually redispersed in water after complete evaporation because 

nanoparticles are non-ionizable. Colloidal nanoparticles are 

intermediaries between suspension (particles size > 200 nm) and 

the real solutions (particles size <2 nm). Colloidal dispersions are 

distinguished from true solutions by their light-scattering 

properties. The nature of this scattering depends on the ratio of the particle size in the medium to 

 

 

 

 

 

 

 

Fig-1.4 Light scattering by 

colloidal gold 
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the wavelength of the light. This phenomenon can easily be observed by shining a laser through a 

sample of the gold nano-particles as shown in Fig-1.4. 

 

1.7 Synthesis routes of gold nanoparticles 

There are physical, chemical, photochemical and biological methods of nanoparticle preparation 

[87]. Further, methods of preparation of colloidal nanoparticle solutions can be divided into 

dispersing and condensing. Dispersion methods are based on destruction of the crystal lattice of 

the material (laser ablation, cathode sputtering and electric arc dispersion), it belongs to the type 

“top-down”. Condensation methods are based on the chemical reaction (reduction in solution, 

followed by the nanoparticle precipitation, formation and stabilization). Each method has its 

advantages and disadvantages. The modified Turkevich method results in monodisperse 

nanoparticles, the size of which varies depends on the reducing agent concentration and also the 

size of the ligand which it stabilizes [88]. By other methods, stabilization of the nanoparticles is 

accomplished by forming an organic monolayer on the growth surface, controlling the size and 

shape by the concentration of the reducing agent and the stabilizer. Also, the reducing agent may 

be a stabilizer [89]. Sodium citrate, alcohols, Na2S, borohydrides [B2H6] and sodium borohydride 

[NaBH4], including hydrogen gas [90] and sugars (fructose, glucose and sucrose) can be used for 

the reduction process [91,92]. White phosphorus and hydrazine can be used, however, these 

compounds are very toxic and solutions obtained by these methods cannot be used in biological 

applications.  However, different synthetic route of gold nanoparticles can be summarized in Fig- 

1.5.  
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   Fig-1.5 Schematic presentation of various synthetic route of gold nanoparticles 

 

1.8 Applications of gold nanoparticles 

Gold nanoparticle has ample application if various sections due it tunable surface plasmon 

properties. Its biomedical application is widely known and has a great contribution in medical 

sector. Nanoscale gold additives to or surface treatments of fabrics can provide lightweight 

ballistic energy deflection in personal body armor, or can help them resist wrinkling, staining, and 

bacterial growth. Moreover, Photothermal therapy (PTT) is referred to as photon mediated 

induction of the localized therapeutic temperature that can stimulate hyperthermic physiological 

responses. In simple terms, it melts the tumor in molten gold. This therapy uses metal nanoparticles 

(such as gold) that can exhibit SPR and efficiently convert light into heat. However, the application 

of gold nanoparticles can be illustrated by the presentation shown in Fig-1.6. 
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 Fig-1.6 Illustration of currently used application area of gold nanoparticles 

 

Catalytic application- AuNPs supported of metal oxide TiO2 show very potent catalytic activity 

specially for oxidizing CO to CO2 even at -70ºC. Moreover it is effective in various chemical 

processing and environmental remediation. It also help to manage emission by the oxidation of 

methane and propane. gold nanoparticles can promote the TiO2  in the photocatalytic oxidation of 

water and removes contaminants such as thiocyanate ions, azo-dyes and 4- chlorophenol. Thereby, 

it can play an important role in pollution control and water purification. 

 

Biomedical application- AuNPs are some of the most investigated nanotechnological tools for 
optical biosensing and bioimaging due to their easy fabrication, chemical stability, outstanding 

biocompatibility and versatile optical properties. AuNPs absorb incident photons and convert them 

to heat to destroy cancer cells. AuNPs easily conjugates with biomolecules and the LSPR shift 

caused by both scattering and absorption and tuned by size, shape, and interparticle distance can 
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be utilized to report the absence or presence of the target molecules thereby can detect, image or 

sense an specific target. improved in terms of their sensitivity, specificity, speed, contrast, 

resolution and penetration depth. That is why it is widely used in bioimaging and biosensing such 

as strong X-ray attenuation, MRI molecular imagaing. computed tomography (CT) [93], dark-field 

light scattering,  optical coherence tomography (OCT),  photothermal heterodyne imaging 

technique and Raman spectroscopy. 

 

Industrial application-	 AuNPs have antioxidant, moisture-retaining, whitening and dermo-
protective properties, moreover, AuNPs has antibacterial and antifungal properties. Therefore, it 

is used in anti-aging creams, face mask, toner mists, toothpaste due to its anti-sceptic and anti-

inflammatory properties and long lasting effects and increased stability [94]. Lancome (L’Oreal), 

Dior and Olay (Procter and Gamble) has many cosmetic products using AuNPs [95,96]. Moreover, 

It can reduce microbial load in food stuff thus can be used in packaging.  More interestingly, it is 

used as coloring agents in staining, glaze and enamels due to its intense and long lasting color. 

Now-a-days gold based electrocatalyst fuel cell are used instead of platinum in order to reduce the 

cost. 

 

Electronic application- Gold based microsensors [97] can be used to look at water quality 

monitoring systems, to monitor chemical and biological reactions over large areas and to monitor 

algal blooms, chemical, and oil spill events. a way of tracking environmental and health hazards 

[98]. It can also be used to connect resistors, conductors, and other elements of an electronic chip 

colorimetric sensor with AuNPs can identify if foods are suitable for consumption [99]. New 

cardiac patch uses gold nanowires to enhance electrical signaling between cells, a promising step 

toward better treatment for heart-attack patients [100]. Finally, it is used as gold ink for inkjet 

printing [101,102] and as a conductor in electronic chips [103]. 
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1.9 Used surfactants AMIET  

AMIET is a trade name of non-ionic surfactant of polyoxyethylene alkyl amine given by Kao 

corporation, Japan. These surfactants are also referred as amine ethoxylates, polyethoxy alkyl 

amine, polyethoxylated alkyl amine, ethoxylated fatty amines. Each manufacturing company uses 

its own tradename such as Ethomeen by Akzo Nobel [104], AMIET by Kao Chemicals [105], 

Voronic®K by Evonik Nutrition & Care GmbH,	 	Sulfonic®T by Huntsman and Viscofine by 

Kawaken Fine Chemicals Ltd and so forth. An ethoxylated alkylamine has at least one long alkyl 

chain and 2-50 EO groups (polyoxyethylene) covalently linked to a nitrogen atom [106]. 

Ethoxylated fatty amines are nonionic surfactants used as an emulsifier and in formulating 

emulsifier blends. Used as a wetting agents, dispersants, stabilizers, sanitizers and defoaming 

agents in various industries like textile, paper, drilling, chemical, paint, metal etc.  They play an 

important role in the end applications include agrochemical emulsifiers, industrial cleaners, metal 

cleaners, textiles, paper de-inking, drilling products and detergents. They are also used as an 

intermediate for the synthesis of anionic surfactants [107].  Some popular forms of ethoxylated 

amines widely used in industrial processes include the tallow amine, coco amines, stearyl amines 

and oleyl amines. 

Tallow is a hard fat consists chiefly of glyceryl esters of oleic, palmitic, and stearic acids (16-18 

carbon chains). This substance is extracted from the fat deposits of animals, particularly the suet 

(fat around the kidneys of cattle and sheep). Tallow is used in soaps, leather dressings, candles, 

food, and lubricants [108].  

In addition to tallow, there are other ethoxylated alkyl amines derived from plants, such as coco-

amines, oleyamines, soyamines, etc. A major source of cocoamines or cocoalkylamines comes 

from coconut oil and is widely used in cosmetic formulation. 

Usually, these are made by adding ethylene oxide to either primary or secondary fatty amines. In 

primary amines, both hydrogen atoms of the amine group react with ethylene oxide, resulting in 

the following structure as in Fig-1.7 [109].  
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  Fig-1.7 General structure of polyoxyethylene alkyl amine (AMIET) 

To function as nonionics, R typically contains from 10 to 22 carbon while 5 to 20 moles (n1 + n2) 

of ethylene oxide is needed to give an appropriate HLB (hydrophilic-lipophilic balance). 

These Surfactants acquire cationic properties when there are fewer EO units and a low pH <6. 

Nevertheless, at high EO levels and neutral pH, they behave like nonionics. A Low EO content 

impairs the solubility of surfactants in water, but they become soluble in acid solutions.Generally, 

amine ethoxylates are water soluble at high pH if the length of the alkyl chain of the compound is 

not long (usually a C12 chain suffices for reasonable solubility at sufficient EO content)	[110]. 

Nonionic surfactants are usually prepared by reacting an alkylene oxide, typically ethylene oxide, 

with alcohol, alkylphenol, alkylamine, fatty acid or another appropriate compound containing at 

least one hydrogen atom. Nonionic surfactants contain a variety of species with different molecular 

weights, since the polyether chains contain varying numbers of oxyethylene units..  

In the manufacturing process, primary amine is dehydrated under vacuum, padded with nitrogen, 

and ethylene oxide is added to produce diethanolamine. The addition of the second mole is more 

rapid than the first, but the diethanolamine is hardly ethoxylated over excess ethylene oxide The 

addition of the second mole is more rapid than the first but then, even in the presence of excess 

ethylene oxide, there is little or no ethoxylation of the diethanolamine [111]. The reaction takes 

place at a temperature of 120°C: 

    RNH2 + CH2CH2O → RNHCH2CH2OH 

 

    CH2CH2O + RNHCH2CH2OH → RN(CH2CH2OH)2 

 

After the first step is complete, the further ethoxylation is catalyzed with either sodium or 

potassium hydroxide at 150 ºC temperature, depending on the degree of ethoxylation required. The 
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two main materials produced commercially are the diethanolamines, which are used in plastics as 

antistatic or antifog agents and the 15-mol ethoxylate, which is used as an adjuvant in herbicide 

formulations [111].	 

An important characteristic of Physico-chemical properties of surfactants relates to the balance 

between their hydrophilic and hydrophobic moieties i.e. HLB [112]. HLB value determines 

whether a surfactant will create an oil-in-water or oil-in-water emulsion. Emulsifier with lower 

HLB values of 3-6 are lipophilic and promote oil-in-water emulsification, while higher values of 

10-18 are hydrophilic and promote oil-in-water emulsification [113]. It is known that surfactants 

can exist as monomers (numeric species) in very low concentrations in water. Under such 

conditions, the hydrophobic tail cannot form hydrogen bonds with surrounding water molecules, 

which disturbs the water structure, increasing the free energy of the system. At higher 

concentrations, when this effect is more pronounced, there can be a reduction in free energy 

because micelles can be formed where the hydrophobic tails are at the center and the hydrophilic 

heads are exposed to the bulk water [114]. 

A nonionic surfactant does not exhibit electrostatic interactions with the surface of the particle and 

the hydrophilic groups of the surfactant. During the aqueous phase of surfactants like Tween 20, 

the highly hydrated polyoxyethylene chain is extended into a coil which acts as an effective barrier 

against aggregation. The highly hydrated polyoxyethylene chain in Tween 20 is extended into the 

aqueous phase in the form of a coil that acts as an effective barrier against aggregation. As in 

AMIET320, 20 units of oxyethylene are sufficient for the formation of steric hindrance, whereas 

AMIET102, AMIET105 may not be able to provide a significant barrier for dispersing the Au 

particles due to their short chains of oxyethylene. The highly hydrated nature of polyoxyethylene 

chains will allow the polyoxyethylene chains to adhere to the particle surface and form a steric 

barrier [114]. It is noteworthy that polyoxyethylene is subject to oxidative attack and must be 

stabilized with an antioxidant. An effective method of stabilizing aqueous solutions is to add 2-

5% of isopropyl alcohol to the aqueous solution [115]. 

Tallow alkyl amines and cocoalkyl-amine have a chain length distribution which resembles as in 

the following [116,117] table.  
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Table-1:  Approximate alkyl chain length distribution of polyethoxylene alkyl amine surfactant 

 Coco alkylamine [118] Tallow alkyl amine [119] The ' represents 

unsaturation degree 

1, the '' represents 

unsaturation degree 

2, and so on. 

C6 0.5 % - 

C8 8 % - 

C10 7 % - 

C12 50 % - 

C14 18 % 0 % - 6 % 

C16 8 % 20 % - 37%  

C16' - 3 % - 9% 

C18 1.5 % 14 % - 21% 

C18' 6 % 35 % - 46 % 

C18'' 1 % 4 % - 10 % 

C18''' - 0 % - 3 % 

 

The structure of five AMIETs used to synthesize AuNPs has been designated as AMIET 320, 

AMIET 302, AMIET 105, AMIET 105A, and AMIET 102 provided by Kao Chemical Corporation. 

Since no specific information regarding AMIET 105A is available, based on literature review, it 

is assumed that AMIET 105A is derived from plants other than coconuts. This could be soybean 

or olive. 

AMIET labels started with 3 indicate tallow alkyl amine, whereas 1 indicates cocoalkyl amine. 

The last two digits represent the total amount of ethoxylene groups in AMIET. Based on Kao's  

material safety data sheet [105], AkzoNobel's catalog [104] and [120] present the structure as 

illustrated in Fig-1.8. Hydrophilic heads such as the ethoxylene –(OCH2CH2) moiety are not 

dissociable into ions and contain hydrogen bonding ethoxylates –(OCH2CH2)nOH. Therefore, 

nonionic surfactants have a good affinity for water due to their dipole-dipole interactions.   
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  Fig-1.8  An overview of the AMIETs structure used in this thesis  

The ratio of hydrophobic fatty amine radicals to hydrophilic polyglycol chains in the molecules 

determines their physical and chemical properties, especially their surface-activity. It is necessary 

to have at least 4-5 ethylene oxide groups to ensure good solubility in water with a lipophilic group 

such as a C13 alkyl. However, The ethoxylation degree can reach 20 and even 40 for some 

applications. 

Furthermore, it is important to note that, Although the polyethylene-oxide (EO) chain is generally 

hydrophilic, each EO group is composed of  two (-CH2) units that are hydrophobic. It becomes 

evident when it is realized that the polypropylene-oxide chain, the counterpart with three carbon 

atoms, is globally hydrophobic. Thus, the hydrophilicity conferred by the oxygen atom is 

compensated by approximately 2.5 methylene groups. In this way, these surfactants can be dual in 

nature. Therefore, any change in formulation or temperature that alters the interaction between the 

poly EO chain and the water/oil physicochemical environment is likely to alter this surfactant's 

behavior [121]. 
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1.10 A brief overview of the research 

This research involved a one-step synthesis of gold nanoparticles by reducing tetra chloroauric 

(III) acid with polyethoxylated alkyl amine by hot injection method in aqueous media. However, 

TEM and UV-Vis spectra measurement revealed that the gold nanoparticles synthesized were 

spherical in shape. Following that, a convenient phase transfer approach was developed to make 

AuNPs adaptable to a variety of organic solvents, thereby expanding its application area, which 

was persistently problematic. Intriguingly, our developed phase transfer protocol eliminates 

limitations of traditional method and easily transfer AMIET-AuNPs to various organic solvents 

regardless of density without changing their original morphology. Furthermore, I have developed 

a procedure to remove surfactants from nanoparticles after phase transfer without the use of 

laborious instruments and chemicals, thereby improving their dispersibility in a variety of organic 

solvents. Finally, a thin film of AMIET- gold nanoparticles was assessed to observe the potential 

of the gold nanoparticles. Overall, this project involved an examination of AMIET-AuNPs in all 

its aspects, including synthesis, morphology, phase transfer, surfactant removal, and thin film 

deposition. Therefore, the research structure can be summarized as shown in Fig-1.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig-1.9 An illustration of the synthesis, phase transfer, and Langmuir film formation of AMIET-AuNPs; 

insets, a and b demonstrate the possible ligand arrangement based on the measurement of NMR spectra. 
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1.11 Objectives of this work 

The primary scope of this thesis is to synthesis in-situ functionalized gold nanoparticle using 

AMIET, a nonionic surfactant widely is used in industry as antistatic agent, dispersant, emulsifier, 

detergent for textiles and for many other purposes. However, focusing on the following aims the 

research were progressed 

i) To optimize the synthesis procedure including the ratio of reactant in order. 

ii) To understand the reducing property of AMIET and its action on the reduction reaction 

iii) To devise a facile phase transfer method of the aqueous AMIET-AuNPs to organic media 

iv) To uncover the insight of role of the ligand in phase transfer or the effect of ligand arrangement 

in two immiscible solvents 

v) To remove the indispensable organic residue originated from the synthesis procedure. 

vi) To study the thin film formation of AMIET-AuNPs and characterize the AuNPs film. 
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Chapter II Synthesis of aqueous polyoxyethylene alkyl amine 
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Abstract 
The present section discusses the synthesis of AMIET-AuNPs made by reducing the gold salt with 

a non-ionic surfactant polyethoxylated alkyl amine (AMIET). These surfactants are switchable 

between the nonionic (unprotonated amine) and cationic (protonated amine) states when exposed 

to an aqueous phase less than pH 6 [1]. It has been used in various applications for many years, 

including emulsifiers for agriculture chemicals and bitumen, antistatic agents and dispersants, dyes, 

pigments, and detergents for textiles. In this study, however, AMIET was used as a reducing and 

capping agent to produce aqueous gold nanoparticles (AuNPs). It has been found that the AMIET 

can potentially reduce the gold salt and can be attached on the gold nanoparticle's surface which 

in turn stabilize the colloid. The AMIET has been shown to potentially reduce the gold salt and to 

attach to the surface of the gold nanoparticles, thereby stabilizing the colloid. 
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2.1 Introduction 
AuNPs are undergoing a revolution [2] in terms of its multidisciplinary applications in both 

environmental [3,4], medical [5] and molecular sensing [6–9] due to their unique properties, such 

as quantum effect or fluorescence quenching [10–15]. The extent of these properties are strongly 

dependent on the size, morphology, and stabilization of nanoparticles, as well as the conditions 

under which they are synthesized. 

 

The first attempt of colloidal gold synthesis by Faraday in 1857 involved the reduction of AuCl4- 

ions with phosphorous and the addition of carbon sulfide as a stabilizer [16]. He noticed that optical 

properties of the ruby-red stable suspensions differed from those observed in the bulk or in the 

violet or green unstable states. He concluded that, in order to obtain the ruby-red stable colloids, 

it is important to maintain a certain gold/phosphorus ratio and to add sulfur in a controlled manner 

[17]. Later, Turkevich explored a variety of synthetic methods for obtaining AuNPs [18] and in 

1973, Frens systematically developed methods to synthesize gold nanospheres of variable diameter 

using the citrate reduction process. However, the gold salts remain the main precursor as it has 

been since Faraday's research. Additionally, tetrachloroaurate in hydrate form (HAuCl4.xH2O) is 

the most commonly used precursor for the synthesis of AuNPs because of its complete solubility 

in common solvents such as water [19,20]. Nevertheless, unlike gold salt precursors, however, 

researchers have reportedly used different reducing agents and successfully produced AuNPs. 

 

The preparation of AuNPs by conventional chemical reduction consists of two vital parts. In the 

first step, the reducing agents such as borohydrides, aminoboranes, hydrazine, formaldehyde, 

hydroxylamine, saturated and unsaturated alcohols, citric and oxalic acids, polyols, sugars, 

hydrogen peroxide, sulfites, carbon monoxide, hydrogen, acetylene, and monoelectronic reducing 

agents including electronrich transition-metal sandwich complexes. In the second step, 

stabilization occurs through the use of trisodium citrate dihydrate, sulfur ligands, phosphorous 

ligands, nitrogen-based ligands, oxygen-based ligands, dendrimers, polymers, and surfactant 

(especially cetyltrimethylammonium bromide, CTAB) [21]. Nevertheless, in many cases, a given 

reagent can simultaneously act as a capping and reducing agent. 
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AuNPs formed by reduction methods in an aqueous medium tend to be quasi-spheres [18]. As it 

has the smallest surface area, reduction is most often used to obtain AuNPs with this morphology 

[22]. Two steps are involved in the reduction method [23], nucleation, and successive growth. The 

process is referred to as in situ synthesis when the nucleation and successive take place 

simultaneously in a single step. If both steps are carried out in two distinct steps, then this process 

is termed as a seed-growth method. It is preferred to use in situ synthesis for the production of 

spherical or quasi-spherical AuNPs, and seed-growth method for the production of various sizes 

and shapes. However, the production of toxic by-products by chemical methods is a frequent issue 

that poses a threat to living organisms and the environment.  

 

For the synthesis of AuNPs, reducing agents are typically used to convert Au ions into AuNPs 

[24]. However, thermolytic reduction at higher temperatures can be accomplished in two ways: (i) 

"heat up" approach- using a heating mantle or an oil bath to increase the temperature of the reaction 

mixture and (ii) through the so-called “hot-injection” technique, where a cold solution of precursor 

molecules is rapidly injected into a hot coordinating alkyl solvent [25]. Wang and Li have recently 

reported an improved hot-injection method which involves the simultaneous use of 

octadecylamine (ODA) [26]. 

 

The polyethoxylated alkyl amine is a long-chain tertiary alkyl amine that can act as an electron 

donor under elevated temperatures. Additionally, AMIET has more electron donating groups than 

han those of the primary alkylamine surfactants like oleylamine, ODA, and hexadecylamine [26]. 

As a result, the electron density of AMIET on nitrogen is increased to a greater extent.  

Consequently, AMIET could potentially reduce Au3+ to Au0. 

 

According to previous research on nanoparticle preparation methodologies,  nanoparticles can be 

synthesized using both hydrophilic and hydrophobic solvents [27] but the preparation of the 

desired particles in organic solvents require more complex and meticulous steps due to the law 

solubility of gold salts in organic phase [28] and the difficulty in controlling the size and shape of 

AuNPs [29]. Conversely, aqueous phase synthesis is increasingly prevalent because it is more 

simple, rapid, and environmentally friendly [30]. Moreover, there are many well-defined 
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preparation procedures for synthesizing gold nanoparticles in aqueous media [31]. AuNPs are thus 

most easily and economically synthesized in water when considering their applications.  

 

The present study has therefore prepared gold nanoparticles in aqueous media through a single 

step synthesis by the reduction of tetra chloroauric (III) using polyethoxylated alkyl amine that 

serves as a reducing agent as well as capping ligand. The results indicate that only specific ranges 

of AMIET concentration can produce gold nanoparticles with less residual organic matter and a 

clear ruby red appearance. It was also observed that each AMIET-AuNP contains particles of 

different sizes. However, this polydisperse AMIET-AuNPs exhibit sufficient surface plasmon 

resonance, meaning it may have potential applications. 

 

2.2 Experimental 

2.2.1 Materials and methods 

Hydrogen tetrachloroaurate (III) tetrahydrate ( HAuCl4.4H2O) was obtained from Fujifilm Wako 

pure chemicals Industries Ltd. Japan and used as received. The polyethoxylated alkyl amines 

( AMIET320, AMIET302, AMIET102, AMIET105A and AMIET105) used for the synthesis of 

Gold nanoparticles (AuNPs) were sourced from Kao corporation, Japan. Ultrapure water (UPW) 

with a resistance of  ~18.2 MΩ.cm was used for final cleaning and as a solvent throughout the 

experiments. Prior to use, the glass wares  were immersed overnight in 5% cica clean solution and 

sonicated twice with UPW for 15 minutes, followed by drying at 100 ºC for 3 hours in oven. 

 

2.2.2 Preparation of Au3+ aqueous solution 

1g of HAuCl4.4H2O was dissolved in 50 ml of UPW to yield 48.56 mM of Au3+ aqueous solution, 

resulting in a yellow color homogeneous solution. 

 

2.2.3 Preparation of gold nanoparticle’s colloid 

Gold nanoparticles were successfully prepared through chemical reduction at a high temperature. 

Initially, AMIET and ultrapure water were heated in a three-naked round bottom flask. Once the 

temperature reached 80 ºC, a certain amount of 48.56 mM Au3+ aqueous solution (yellow color) 

was added to the flask, similar to the hot injection technique. Following a few minutes, the entire 



 

 

 

34 

solution turned wine red, indicating the reduction of gold chloride with the surfactant and the 

formation of gold colloid. During this stage, the mixture was allowed to reflux for one hour 

ensuring complete completion of reaction while maintaining the temperature at 80 ºC and stirring 

rate at 100 rpm. Afterwards, the heat was turned off and the mixture was allowed to cool to room 

temperature with continuous stirring. Finally, the synthesized gold nanoparticles were collected in 

a clean glass container and labelled as shown in Table-2. An illustration of the entire procedure is 

shown in Fig-2.1, and the amounts of reactants used are outline in Table-2. 

 

Fig-2.1 Representation of the synthesis rout of AMIET functionalized gold nanoparticles 

  Table-2 Amount of reactants in the synthesis of AMIET coated AuNPs 

Surfactant Qty. AMIET Qty. HAuCl4 Qty. UPW AuNPs 
AMIET 320 0.8 ml 48.56 mM, 2.5 ml 300 ml AMIET 320-AuNPs 
AMIET 302 0.4 g 48.56 mM, 1.5 ml 200 ml AMIET 302-AuNPs 
AMIET 105 1.0 ml 48.56 mM, 2.5 ml 300 ml AMIET 105-AuNPs 
AMIET 105A 1.0 ml 48.56 mM, 2.5 ml 300 ml AMIET 105A-AuNPs 
AMIET 102 0.3 ml 48.56 mM, 2.5 ml 300 ml AMIET 102-AuNPs 
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2.2.4 Characterization 

The absorption spectra of gold nanoparticles were recorded with a JASCO V-670 double beam 

UV-vis spectrometer using 1 cm path length semi-micro (Q-204, AS ONE) quartz cuvette within 

the range of 290 nm to 740 nm and the base baseline correction was performed with corresponding 

solvent and used as a reference. Zeta potential measurements were performed using laser Doppler 

electrophoresis with Zetasizer Nano ZS (Malvern). The pH of solutions was measured using a pH 

meter ( Mettler Toledo). JEOL JEM 2010 was used for transmission electron microscopy (TEM) 

analysis. The NMR (Nuclear Magnetic Resonance) spectra were recorded using an Agilent NMR-

VNMRS 500 spectrometer spectra were recorded using Agilent-NMR-vnmrs 500 spectrometer. 

TEM imaging of drop cast nanoparticles prepared from aqueous AMIET-AuNPs may not reflect 

their dispersion state because drying affects the dispersion. Therefore, we employed an alternate 

sample preparation approach for TEM to produce solution derived specimens; to prepare the 

aqueous sample, a few drops of the colloid were placed on the bright side of a copper grid, coated 

with elastic carbon film (ELA-C10 STEM Cu100P, OKENSHOJI, Japan), and then gently touched 

with ethanol on a glass slide gently with a tweezer in order to diffuse the particles through the grid.  

 

2.3 Results and Discussion 

2.3.1 Formation of gold nanoparticles and UV-visible spectra 

 An almost immediate change in color from light yellow to red was observed when HAuCl4∙3H2O 

was added to AMIET, which indicated that the reduction of Au was effective [32–34]. UV-vis 

 
 

Fig-2.2 Tyndall effect created by the prepared AMIET-AuNPs 



 

 

 

36 

spectra of the obtained Au colloid solution show the typical absorption band as expected due to 

the presence of gold nanoparticles (AuNPs) [34]. Furthermore, the formation of gold nanoparticles 

in the resulting colloids is further established by the wine red color, indicating light absorption 

within the visible spectrum and tyndall effect resulting from scattering of light upon interacting 

with particles in the solution, as displayed in Fig-2.2. 
 

 

 

Surface plasmon resonance (SPR) occurs typically in a range of 520 to 540 nm for spherical gold 

nanoparticles [35,36]. Thus, the peak around 525 nm as seen in Fig-2.3 is attributed to the 

characteristic surface plasmon resonance absorption of spherical AuNPs that only absorb light in 

the blue-green region and transmit red light efficiently, resulting in the wine-red color of the 

colloid. A striking feature of the extinction spectrum is that it results the combination of absorption 

and scattering  components [37–42]. Total extinction caused by all absorption produces sharp band 

 
 

Fig-2.3 UV-Visible spectra of synthesized AMIET-AuNPs 
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SPR peaks that also represent the spherical particle [43–45]. In this study, all prepared AMIET-

AuNPs shows SPR  peaks within the range of 520 to 530 nm, suggesting the formation of spherical 

or quasi spherical shaped  particles [46,47]. Peak broadening may be due to the fact that AMIET-

AuNPs are not uniform, rather they are polydisperse [48]. 

 

 

 

Moreover, the complete conversion of Au3+ to Au0 is also ensured by the spectra of resulting 

AMIET-AuNP as there is no peak around ~300 nm  which is the characteristic peak of Au3+ due 

to ligand metal charge transfer and as shown by the UV-vis spectrum of aqueous Au3+ solution as 

in Fig-2.4 [49].  

 

2.3.2 Morphology by Transmission Electron Microscopy (TEM) 

 It is clearly visible from the TEM images that the gold nanoparticles are spherical in shape with a 

wide range of sizes. According to the size distribution histogram processed with ImageJ software, 

 
Fig-2.4 Characteristic UV-Vis peak of aqueous Au3+ 
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the average calculated diameter ranges from 4 to 24 nm. Observing their distinct appearance, it 

can be deduced that the AuNPs synthesized are not covered or capped with residues, which 

indicates a smooth surface. As illustrated in Fig-2.5, the particle sizes in the TEM micrograph are 

2-12 nm for AMIET 302-AuNP, 4-20 nm for AMIET 320-AuNPs, 4-18 nm for AMIET 105-

AuNPs, 6-24 nm for AMIET 105A-AuNPs and 6-22 nm for AMIET 102-AuNPs. It is noticeable 

that the large particle with a size of about 15 nm appears to consist of many smaller particles to 

form an aggregate-like structure in the TEM microgram of AMIET 102-AuNPs as indicated in 

Fig-4(e). A reliable particle count is impossible in such situations with or without touching 

particles being ignored. This can be attributed to either the poor nature of TEM sample preparation 

or the inherent tendency of the nanoparticles to aggregate [50].  
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Fig-2.5 TEM images of five AMIET-AuNPs (a) AMIET 320-AuNPs (b) AMIET 302-AuNPs (c) 

AMIET 105-AuNPs (d) AMIET 105A-AuNPs (e) AMIET 102-AuNPs 

 

2.3.2 Characterization of 1H NMR spectroscopy 

By using 1H NMR, it is possible to directly study molecules that are bound to the surface of these 

nanoparticles [51]. Since nanomaterials are typically inhomogeneous and have low solubility, 

solution NMR is often negated by their inefficiency [52]. In addition, when attached to a solid 

particle, solution NMR signals of molecules bound to nanomaterials become broad and less intense 

compared to free organic molecules [53]. However, in this section we will highlight the presence 

(e) (d) 

(c) 
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of 1H peak at the ~ 0-4 ppm, which corresponds to the long chain alkyl carbon as evident by Fig-

2.6 as an example. The Fig-2.6 also demonstrates the approximate 1H peak assignment of AMIET. 

According to 1H NMR, the synthesized AuNPs are coated with AMIET; therefore, they are 

referred to as in situ AMIET functionalized AuNPs. 

 

 

 

 

 

 

     

   Fig-2.6 1H NMR spectrum of AMIET 320-AuNPs 
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2.4 Conclusion 
Our work investigated a facile method for synthesizing AMIET coated gold nanoparticles using 

chemical reduction and hot injection procedures. It was found that the quality of gold nanoparticles 

colloid produced was highly dependent on the ratio of gold precursor and AMIET. It was therefore 

very important to ensure the right ratio during the synthesis of AuNPs using this method. Although 

polydispersity is a concern, the experimental results are in good agreement with our predictions. 

The outcomes could pave the way for simple process design to offer large-scale production of 

AMIET-AuNPs without the need for complex manufacturing processes and equipment.  
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Chapter III  Phase transfer of in-situ AMIET functionalized 

gold nanoparticles from aqueous to organic solvents 
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Abstract 
This section demonstrates a feasible and reliable phase transfer protocol for dispersed spherical 

gold nanoparticles to water immiscible organic solvents based on the coagulation and flocculation 

of the dispersed particles through a liquid-liquid interface. Initially, the colloidal aqueous 

dispersion is destabilized by adjusting the pH towards the nanoparticle's isoelectric pH in order to 

modify the interfacial energy and area that lead to particle separation from the liquid. Moreover, 

it is noteworthy that at this unstable state, the AuNPs spontaneously transfer their phases regardless 

of the density of nonaqueous solvents. We further explore a mechanistic view of this phase transfer 

phenomenon by considering the orientation of the hydrophilic-hydrophobic moiety depending on 

the nearby solvent nature. It is suggested that the surface bound ligand shell can undergo 

conformational changes based on the solvents around the particles that favor the particles to phase 

transfer. Interestingly the 1H NMR spectra of AMIET-AuNPs  in both media verify this fact. 

Moreover, TEM images and absorption spectra before and after phase transfer show that the 

particles retain their original morphology. This makes it suitable for a wide range of applications. 
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3.1 Introduction 
Metallic nanoparticles (NPs) such as Au, Ag, Ru, Pd etc. differ markedly from their bulk 

counterparts  because of their unique size and shape-dependent optical, electrical and thermal 

properties that results from their large surface area, large surface energies, plasmonic excitation, 

quantum confinement and a large number of coordination sites [1]. These unique properties could 

potentially have great impacts on electronic [2], textile [3], catalyst [4], biomedicine [5], fuel cell 

[6], and other applications. Amongst metal nanoparticles, gold nanoparticles have attracted 

remarkable interest as it shows a strong absorption of electromagnetic waves in the visible region 

due to surface plasmon resonance, chemical inertness and highly stable dispersion [7]. The 

optoelectronic properties of gold nanoparticles  make it a versatile material for the use in broad 

range of applications such as sensory probes, electronic conductors, therapeutic agents, organic 

photovoltaics, drug delivery and catalysis [8]. Moreover, the optical and electronic properties of 

AuNPs can be tuned by changing their size, shape, surface chemistry which in turn broaden the 

application fields. Though the synthesis of AuNPs in water is widely used convenient and 

economical method, organic dispersion AuNPs is also essential for extending its application. 

However, it is noteworthy to mention that the usage of nanoparticles in memory elements requires 

the incorporation of metallic NPs that are free from the contact of water as well as dispersed in an 

organic matrix [9,10] the organic dispersion is also mandatory for the formation of monolayer of 

AuNP thin film to weaken the interfacial energy between metal NPs [11,12]. Furthermore, in 

organic catalysis, solution-processible opto-electronic applications and composite materials, the 

nanoparticles require to be dispersed and stabilized in non-aqueous liquid phase [13]. Therefore, 

the transfer of gold nanoparticles specially from aqueous to water immiscible organic solvent is 

often required in order to increase their applications , as well as to take the advantages of the 

preparation process in water. However, the critical issue of the phase transfer of colloidal 

nanoparticles is their colloidal stability [14]. It is often challenging to transfer the nanoparticle 

from a stable colloid system to another phase, where the particle are at first not able to disperse. 

Though numerous promising approaches have been carried out for successful phase transfer of 

nanoparticles from aqueous to organic phase, one of major drawback of those techniques is either 

to exploiting post synthesis ligand exchange[15] or the addition of cosolvents [16] or employing 

ionic-liquids [17,18] which may disrupt the integrity of nanoparticles in second solvent. An 

increasing number of studies have been found in using various methods for phase transfer. For 
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instance, centrifugation method was extensively studied by J. park et al. [19] that is only useful for 

the organic solvents that are denser than water and pH-sensitive zwitterionic amphiphiles were 

used for the recovery and redispersion of AuNPs [20,21], Y. Imura et al. showed a reversible phase 

transfer by changing the pH of the colloid [22]  and the reusability of pH- responsive gold AuNPs 

catalyst are well investigated by Chakraborty and Christopher [23].  Despite of their success, there 

are still a number of critical issues including the incomplete transfer with few residual particles 

remaining in the aqueous phase, the transferred nanoparticles are not fully dispersed in second 

solvents but rather agglomerate into larger clusters, and the long-term colloidal stability of the 

transferred particles in nonaqueous solvents during storage is usually questionable. Additionally, 

most ligand exchange processes are applicable to a very limited types of nanoparticles [13,24]. 

Therefore, it is necessary to find a more general and robust phase transfer strategy for dispersion  

of the synthesized AuNPs in organic phase. 

 

We investigated phase transfer of AMIET-AuNPs using three strategies in this study. These 

strategies include: Method-A: allowing some days with vigorous shaking 3-4 times daily; Method-

B: centrifugation; and Method-C: pH triggered phase transfer. It is notable that both method A and 

B have the same concerns as mentioned in the highlighted literature. Furthermore, in many 

instances no phase transfer was observed even after a month. Thus, the first two methods are not 

consistent and reliable for successful phase transfer. 

 

Therefore, we will demonstrate a straight forward effective phase transfer method of laboratory 

synthesized AMIET-AuNP without the addition of any specific chemical. The goal of this study 

is to establish a robust and repeatable phase transfer methodology for AMIET-AuNP. However it 

was observed that the phase transfer of AMIET functionalized AuNPs is strongly influenced by 

the particle’s surface charge and its dispersion pH. It was also observed that only in a narrow pH 

regime, quantitative phase transfer of in-situ AMIET functionalized  gold nanoparticles occurs as 

the van der Waals attractive force surpasses the electrical double layer repulsive force hereby 

affecting the colloidal stability in aqueous dispersion. Hence, this study aims to destabilize the 

aqueous colloidal system by changing its pH in order to obtain nearly zero surface-charged 

particles that will be stable in nonaqueous phase. Consequently, complete phase transfer was 

rapidly achieved at the state known as isoelectric pH [25], at which the AuNPs tend to coagulate 
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or flocculate. Moreover, it is noteworthy that at this unstable state, the AuNPs spontaneously 

transfer their phases irrespective of the density of nonaqueous solvents  as shown in Fig-3.1. It is 

suggested that  the surface bound ligand shell can undergo conformational changes depending on 

the surrounding solvents that favors the particles for phase transfer [26][27]. Moreover, it has been 

found that the AMIET-AuNP after transferring to chloroform is readily dispersed in various 

organic solvents. Though the morphology of AMIET-AuNPs in different organic solvents has not 

been examined in this study but it was confirmed by ultraviolet–visible spectroscopy and scanning 

transmission electron micrographs that  the particles preserve their size and morphology, while 

transferring to chloroform. Furthermore, the ligand arrangement in both phases or the orientational 

changes of surface bound AMIET has been explained and well supported by their nuclear magnetic 

resonance spectra. 

 

3.2 Experimental  

3.2.1 Materials and methods 

Previously synthesized in-situ polyethoxylated alkyl amine functionalized aqueous gold 

nanoparticles such as AMIET 320-AuNPs, AMIET 302-AuNPs, AMIET 105-AuNPs, AMIET 

105A-AuNPs and AMIET 102-AuNPs have been taken as the starting materials. Chloroform 

(CHCl3) from FUJIFILM Wako Pure Chemical Corporation was used as received. Sodium 

hydroxide (Kanto Chemical Co. Inc.), 37% hydrochloric acid (Kanto Chemical Co. Inc.), and 

chloroform (FUJIFILM Wako Pure Chemical Corporation) were also used as received for pH 

adjustment. Ultrapure water obtained by Merck Direct-Q UV was used for final cleaning of glass 

wares and as a solvent throughout the experiments. Prior to use, the glass wares were immerged 

 

 

 

 

 

 

Fig-3.1 Illustration of phase transfer of AMIET-AuNPs, irrespective of solvents density 
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overnight in 5% cica clean (Kanto Chemicals) solution and sonicated with ultrapure water twice 

for 15 minutes followed by drying for 3 hours at 100 ºC in an drying oven. 

 

3.2.2 Phase transfer method   

Method A- 5 ml of chloroform was added to the 5 ml of AuNP solution with vigorous shaking  and 

allowing few days with shaking 3-4 times daily to observe the phase transfer process. 

Method B- 5 ml of chloroform was added to the 5 ml of AuNP solution and was centrifuged twice 

80 minutes using100 ×100 RPM rotation. 

Method-C- pH of AMIET-AuNP colloids were adjusted to 4 , 5, 6, 7, 8, 9, 10 using 0.01 M HCl 

or 0.01 M NaOH (aq) and their zeta potential were measured. pH adjustment can be demonstrated 

by the Fig-3.2. The zeta potential vs pH was plotted in order to define the isoelectric point of the  

 

nanoparticle.  As the pH of colloidal AuNP was adjusted to its isoelectric point it shows rapid 

phase transfer upon the addition of organic solvents. Method A, B and C can also be clearly 

represented by the illustration as shown in Fig-3.3. 

 

 

 
       Fig-3.2 pH adjustment and zeta potential measurement for IEP determination   
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 Fig-3.3 Three strategies for phase transfer of aqueous AMIET-AuNPs to organic phase 

 

3.2.3 Characterization   

Zeta potential were recorded three readings for each sample at 25 ºC using DTS1061-disposable 

cuvette by the instrument ( Malvern Zetasizer nano ZS) functioned with at a fixed scattering angle 

of 173º under the 4 mW He-Ne laser operating at wavelength of 633 nm. The UV-visible 

measurement of AMIET-AuNPs before and after phase transfer were recorded using JASCO V-

670 double beam UV-vis spectrometer with 1 cm path length semi micro (Q-204, AS ONE) quartz 

cuvette within the range of 300 nm to 700 nm and baseline correction was done with corresponding 

solvent and used as a reference. TEM imaging of samples prepared by drop casting is not 

representative of the dispersed state of the nanoparticles owing to drying effects. Therefore, we 

have applied an alternative TEM sample preparation route to produce solution derived specimens; 

the aqueous sample was prepared by placing a few drops of the colloid on bright side of a copper 
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grid, coated with an elastic carbon film (ELA-C10 STEM Cu100P, OKENSHOJI, Japan) and then 

touched gently on a little drop of ethanol on a glass slide with the help of a tweezer in order to 

diffuse the particles through the grid properly; while TEM sample of the chloroform dispersed 

AuNPs has been prepared by direct drop casting method. The both techniques can be illustrated as 

shown in Fig-3.4. 

 

Afterwards, the grid was dried overnight at room temperature because wet sample will degrade 

high-vacuum inside the column causing undesirable contamination of microscope. Then the well 

dried samples were used for TEM imaging at 200 kV accelerating voltage and the images were 

processed using ImageJ software. Nanoparticles were sampled randomly (N ) 100 particles for 

constructing a histogram based on their size. In order to understand the ligand arrangement on the 

particle surface upon phase transfer the NMR analysis was carried out.  In the preparation of NMR 

sample, the aqueous AMIET-AuNPs was centrifuged and D2O was added to the sedimented part 

which results sufficient shimming to take the NMR spectrum. The chloroform dispersed AMIET-

AuNP was deuterated by drying 2 ml of the particle at room temperature and dispersed in 2 ml of 

CDCl3. NMR data were processed by Bruker’s Topspin software. The solvent exchange for both 

phases dispersed AMIET-AuNPs is simply illustrated by the Fig-3.5. 

 
                   Fig-3.4 AMIET-AuNPs deposition technique on TEM grid 
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    H2O to D2O exchange techniques 

 

 

 

 

 

 

   

    CHCl3 to CDCl3 exchange techniques 

                                     Fig-3.5 Solvent exchange for NMR sample preparation 

 

3.3 Results and Discussion  

3.3.1 Determination of isoelectric point of AMIET-AuNPs 

The factors affecting the zeta potential (ZP) includes pH, ionic strength and concentration of the 

nano-colloid . However, pH is the most leading parameter in ZP measurements of NPs in aqueous 

medium. The plot of zeta potential as a function of pH is shown in Fig-3.6 for different AMIET 

coated AuNPs. The pH of the colloid at which the ZP value is zero i.e. the point where the graph 

goes through zero is called the isoelectric point (IEP). Therefore, the derived IEPs from the plots 

3.6 are 5.4 for AMIET 320-AuNP, about 7.9 for AMIET 302-AuNPs, AMIET 105-AuNPs, 

AMIET 105A-AuNPs, and 9.0 for AMIET 102-AuNPs. It is noticeable that the obtained IEP value 

is not absolute for the particular AMIET-AuNPs, a subtle change that could not be controlled by 

any means during the synthesis of any of the AMIET coated AuNPs would deviate from the 

derived IEP value. Therefore, it is important to determine the isoelectric point of each freshly 

prepared AuNPs even if it is reduced by the same AMIET. However, in the unstable zone with ZP 
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value -30 mV to +30 mV; the Vander Waals attraction overcomes the electrostatic repulsion thus 

particles tend to agglomerate, and as the pH reached to its IEP, the particles are likely to be 

agglomerated or coagulated and prone to transfer to another non-polar solvents, and the different 

stages observed overtime  is demonstrated by the Fig-3.7. Conversely, in the stable region shown 

by the green marked zone, the particles are stable and showing no significant  phase transfer. 

 

 

 

 

 

 

 

 

 

 

 

 

                                  

  Fig-3.6.1 Zeta potential vs pH plot of AMIET 320- AuNPs  

        

 

 

 

 

 

 

 Fig-3.6.3 plot of AMIET 105- AuNPs Fig-3.6.2 plot of AMIET 302- AuNPs 
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Fig-3.6  Zeta potential versus pH plot of AMIET-AuNPs for determination of isoelectric pH (IEP) 

 

 

   

 

 

 

 

 

 

 

 

  

 

 Fig-3.7 The observed phenomena over time after adjusting the pH to IEP 

 

 

Fig-3.6.4 plot of AMIET 105A- AuNPs Fig-3.6.5 plot of AMIET 102- AuNPs 
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3.3.2 Phase Transfer to organic solvents 

The phase transfer by applying the method A, it was observed that the holding period for phase 

transfer is always different regardless of the synthesis experiments as well as the phase transfer 

experiments. Even in some cases, the phase transfer is not occurred at all without any obvious 

reason. However, in this way the transfer phenomenon was not well understood initially.   

The phase transfer using second method has a strong correlation with the first method.  Though 

the transfer is enhanced by the centrifugal force, it is not always repeatable for freshly synthesized 

identical AMIET-AuNPs within the same condition.  Moreover, The pattern or the dispersion 

mechanism would be more or less identical for these two methods.  However, the phase transfer  

using the method-A shows that more than 90% particles are moving towards the chloroform phase 

after 7 days as show in Fig-3.8, but the complete transfer is not occurred even after a long period 

of time. Although. Fig-3.8 shows a comparison of phase transfer using first two methods and their 

phase transfer efficiency. Though 95% transfer efficiency has been presented in the Fig-3.8, but 

the important breakthrough is that most of the cases the transfer is not complete and clear; even in 

sometimes there is no transfer at all. Moreover, it is considerable observation that the appearance 

of aqueous phase after phase transfer is not enough suitable for UV-vis measurement that is evident 

by the image presented in Fig-3.8 and Fig-3.9. Moreover method-A and method-B are not 

justifiable for organic solvents that are less dense than water. Furthermore, there are some 

discrepancies in dispersing the transferred AuNPs in other organic solvents; which was overcome 

by the later method so called pH triggered phase transfer method described as method-C. 

 
Fig-3.8 Spectra of AMIET-AuNPs with their  appearance in aqueouses phases (after 7 days) 
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Fig-3.9 Comparison of AuNPs phase transfer efficiency by method A & B with appearances 

 

The investigation carried out in this research revealed that there is no evidence to claim the 

repeatability and consistency of phase transfer using the above first two methods. Therefore, it has  

 
                      Fig-3.10 Spectra of AMIET-AuNPs before phase transfer 
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been projected to search an alternative approach and finally it is confirmed that the AMIET 

functionalized AuNP efficiently transfer to the organic phase when the colloids have zero zeta 

potential i.e isoelectric pH. At the isoelectric point, the AuNPs can easily be transferred to 

chloroform and concentrated by more than 10 times. Nevertheless, the AuNPs at their IEP may go 

under coagulation, flocculation, granulation or even become just cloudy depending on the nature 

of colloids as clearly demonstrated in Fig-3.7. However, complete transfer is occurred at this 

unstable state immediately after the addition of organic solvents regardless of the size of the 

particles and the density of the organic solvents. The complete transfer of Au NPs was confirmed 

by the UV−vis analysis of the aqueous phase before and after the transfer process as demonstrated 

by Fig-3.10 and 3.11.  

 

No absorption around ~ 525 nm was observed after phase transfer, indicating the absence of 

AuNPs in the aqueous layer. As the refractive index of the solvents increases after phase transfer 

(ηwater = 1.33 ; ηchloroform = 1.45) a small red shift about ~ 3 nm is usual and observed [28] as 

 
            Fig-3.11 Spectra of AMIET-AuNPs after phase transfer  
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in Fig-3.12 and 3.13. But a large 

~ 10 nm red shift was noticed for 

AMIET 302-AuNP and AMIET 

102-AuNPs; it is probably due to 

their higher dispersibility 

towards the organic solvents than 

water, along with the increase of 

solvent refractive index. Though 

particle size for AMIET 302-

AuNPs is comparatively smaller 

than other AMIET-AuNPs, no 

difference was noticed in 

transferring the particle to 

organic phase using pH 

triggered method. The evidence 

indicates that the method is 

functionable regardless of 

particle size though further 

experimental investigations are 

needed to justify for ≥ 50 nm 

particles. However, it is 

anticipated that there is little 

aggregation in AMIET 302-

AuNP and AMIET 102-AuNP 

in aqueous phase due to the 

lower HLB value 5.1 and 6.3 of 

their corresponding surfactants. 

This fact is also supported by the formation of  the blackish precipitation of AMIET 102-AuNPs 

and agglomeration state observed for AMIET 302 about 30 days later from the synthesis. 

In order to avoid the phase behavior complexity of water and different organic solvents, another 

way to disperse the AMIET- AuNPs in different organic solvents is to dry the phase transferred 

 Fig-3.12 SPR peak in aqueous phase 

 
 Fig-3.13 SPR peak in chloroform phase 
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NPs by evaporating the CHCl3 at room temperature and dispersed in the desired organic solvents. 

Nevertheless, the stability of AuNPs in organic solvents is not investigated in this framework but 

the evidence of our observation points direct towards the idea that the directly transferred AuNPs 

in organic solvents is more stable than the dispersion of dried gold NPs in different organic solvents.  

 

3.3.3 Morphology study through Transmission Electron Microscopy (TEM) 

TEM measurements have also been employed to provide more reliable information on the size and 

spatial arrangement of the gold nanoparticles [29]. The gold nanoparticle synthesized in the present 

way are spherical having diameters from 4 to 24 nm. It has been confirmed that the synthesized 

AuNPs are not capped or covered by any residues that indicates surface of the particles is smooth. 

In TEM micrograph of AMIET 302-AuNP, AMIET 102-AuNPs where the large particle with a 

size of about 12 nm appears to consist of many smaller particles forming and aggregate like shape. 

In such cases, reliable particle counting is not possible with or without touching particles being 

ignored. This is due to either the poor nature of TEM sample preparation or the inherent tendency 

of the nanoparticles to aggregate [30]. However, after phase transfer, the chloroform dispersed 

AMIE-AuNP is not quantitatively showing any adverse effect on the size, shape and morphology 

of the nanoparticle [31].	TEM morphology of AMIET-AuNPs before and after phase transfer along 

with their size distribution is presented in Fig-3.14.1-5.	
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Fig-3.14.1 TEM images of AMIET 320-AuNP and associated size distribution histograms 
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Fig-3.14.2 TEM images of AMIET 302-AuNP and associated size distribution histograms 
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Fig-3.14.3 TEM images of AMIET 105-AuNP and associated size distribution histograms 
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Fig-3.14.4 TEM images of AMIET 105A-AuNP and associated size distribution histograms 
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Fig-3.14.5 TEM images of AMIET 102-AuNP and associated size distribution histograms 

 

3.3.4 Characterization surface-bound AMIETs on AuNP by 1H NMR  

The spatial information on the surface bound ligand in both phases can explained by the NMR 

spectra [32,33] as presented in Fig- 3.15.1-5. Important difference can be appreciated between 1H 

spectrum of AMIET-AuNPs dissolved in d-chloroform (CDCl3) and that of the same particles 

suspended in d-water (D2O). AuNPs dissolved in CDCl3 show most of their functional group ⍺	

and	β	peaks in the aliphatic region in the upfield that are considerably below 3.5 ppm. The AuNPs 
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suspended in d-water, however, did not exhibit any significant signals related to aliphatic 

functional groups. 

  

Fig-3.15.1 1H NMR spectra of AMIET 320-AuNPs, before (a) and after phase transfer (b) 

(a) 

(b) 
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 Fig-3.15.2 1H NMR spectra of AMIET 302-AuNPs before (a) and after phase transfer (b) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Fig-3.15.3 1H NMR spectra of AMIET 105-AuNPs, before (a) and after phase transfer (b)  

(a) 

(b) 

(a) 

(b) 
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Fig-3.15.4 1H NMR spectra of AMIET 105A-AuNPs before (a) and after phase transfer (b)  

(a) 

(b) 

(b) 

Fig-3.15.5 1H NMR spectra of AMIET 102-AuNPs, before (a) and after phase transfer (b) 

 

(a) 
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No signal of aliphatic protons in this dispersion strongly suggests that the hydrophobic moiety 

(long alkyl chain) is being repelled by the solvent environment and these molecules tend to orient 

themselves at the nanoparticle surface as represented by the ligand arrangement in both phases 

shown in Fig-3.16. Thus, no significant peak at high field (shielded) region is observed in the NMR 

spectra of these compounds because free rotation of proton in solution is not feasible due to strong 

metal-ligand interaction. However, it is worth noting that, though the polyethylene-oxide chain is 

known as globally hydrophilic, each ethoxy/ (EO) group contains 2 methylene (-CH2-) units which 

are hydrophobic [34,35]. Thus, it can be said that poly EO group is not an extremely hydrophilic 

and this characteristic makes it soluble in organic solvent too. Moreover, the terminal proton of 

polyoxyethylene chain does not show any peak due to either it has been exchanged with deuterium 

or restricted by forming hydrogen bond with solvent. On the other hand, during the dispersion in 

chloroform alkyl moiety is being attracted toward solvents and making the dispersion feasible as 

well as ensuring nanoparticles stability in chloroform [36]. Consequently, a number of proton 

signals are observed at up field region. In this case, though the hydrophilic ethoxy group is repelled 

by the solvent environment, but due to the dual nature of poly ethoxy chain it may produce 

rotational motion enough to generate as weak proton (as denoted by ɣ) peak  at around 3.5 ppm as 

shown in the NMR spectra. Moreover, a distinguishable difference may be noted between the ɣ 

peaks for AMIET 320-AuNPs and those for other AMIET-AuNPs. This could be related to the 

presence of larger numbers of ethoxy groups, since AMIET 320 contains 20 ethoxyelene groups 

which are more numerous than the other AMIETs. 

(a) 

 
Fig-3.16 representation of proposed surface bound ligand arrangement in both phase 
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3.4 Conclusion 
Using a comparative study, a straightforward cutting edge approach has been demonstrated for 

transferring of aqueous AMIET-AuNP into organic that can preserve the shape and size, as 

evidenced by UV-vis spectra and TEM analysis. This method has been successfully demonstrated 

to be consistent, systematic, reproducible, and independent of particle size and density of second 

solvent. The plasmon peaks remained unchanged after the phase transfer except for red shifts 

caused by the change in medium. They also remained narrow in their band width, suggesting that 

the AuNPs were well dispersed in the transferred medium. TEM images after phase transfer did 

not show any additional aggregation. The current work not only confirms the emerging role of 

AMIET ligands, but also suggests AMEIT will be useful in direct synthesis of gold nanoparticles 

as well as for phase transfer and stabilization of the gold nanoparticles in the future. Our current 

strategy may confer multiple possibilities for phase transfer of other nonionic surfactant coated 

metal nanoparticles. This approach is believed to provide multiple opportunities for phase transfer 

of other nonionic surfactant-coated metallic nanoparticles.  
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Chapter IV Facile removal of surfactant of concentrated 

AMIET-AuNPs after phase transfer and its dispersion to 

various organic solvents 
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Abstract 
Nanocrystal colloid synthesis presents a serious challenge when removing surfactants from 

nanoparticles due to the colloidal nature of the particles. Furthermore, these ligands are inseparable 

since they are formed simultaneously during synthesis. This section describes how to remove 

excess surfactant from AMIET-AuNPs by using a simple washing method after phase transfer. 

Our method utilizes the dual nature of ethoxy chains (-CH2CH2-O-), which facilitates the 

accumulation of unbound reactants at the interface of organic and water by vigorous shaking and 

washing with fresh water. Though this method need to be repeated numerous times to achieve the 

desired cleanliness, but it is free of laborious instruments and chemicals. Thereby, this simple 

method can reduce the interruption caused by uncleaned AMIET-AuNPs for further investigation, 

such as fabrication and dispersion in organic solvents. Furthermore, 1H NMR and UV-Visible 

spectra of AMIET-AuNPs dispersed in different organic solvents indicate that this simple, 

inexpensive and effective technique can achieve sufficient purification. 
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4.1 Introduction 
The synthesized polyethoxylated alkyl amine functionalized gold nanoparticles (AMIET- AuNPs) 

can be concentrated at least 10 times in organic solvent by using the pH triggered phase transfer 

method ( the details have been discussed in chapter III) . As the gold nanoparticles were prepared 

with AMIET surfactants, it is expected to have excess organic ligands along with good and poor 

packing surfactants even after phase transfer as colloidal nanoparticles are usually capped with 

organic ligands used in the synthesis [1]. These molecules play an important role to stabilize the 

nanoparticles and prevent against aggregation [2]. Moreover, the shape [3,4] and size [5,6] can be 

controlled modulating the nanoparticle growth kinetics with the use of the surfactants [7,8]. use of 

ligands during synthesis has also a dramatic effect on the resulting crystal structure, dispersion.[9]	

In spite of these useful role, the bulky surfactants surrounding nanoparticles create barriers for 

many applications including catalysis [10]. However, A number of possible drawbacks might be 

encountered with colloidal nanoparticles containing excess surfactant. That includes the 

interactions occurring at the interface and between the constituents lead to the formation of 

different aggregated structures [11,12], significant decrease in their activity, reproducibility 

problem in catalytic study due to blocking the access of reactants to the active sites [13]. The 

presence of residual surfactants on the NP surface might also impair further functionalization when 

the latter is desired such as for medical applications or film formation [14]. The presence of organic 

molecules/surfactants  in nanoparticles’ dispersions may hamper the formation of film on air-water 

interface and the deposition onto solid substrates. Therefore the usefulness of these gold 

nanoparticles relies on the ability to remove the residual surfactant while maintaining original 

morphology [15]. Consequently, several surfactant removal methods, such as ligand exchange 

with small carboxylate or amine ligands [16], thermal annealing [1,17] UV-ozone/plasma 

treatments [18], high temperature calcination [13] (~450 ºC), Dialysis [19] have been reported in 

attempts to liberate active sites. However, these methods are not effective for strongly bound 

surfactants like phosphines, which are a common component of nanocrystal syntheses [20,21], and 

can lead to improper cleaning, contaminate with undesirable impurities under the strict condition 

used for individual process [17]. 

G. Li et al. demonstrated that 	high temperature calcination always require a higher temperature 

than the ligand desorption temperature and the oxide-supported gold nanoparticles, but it can 
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completely removes the protecting ligands on the gold nanoparticles [22]. So calcination is 

preferable when ligand-off particles is desired. Moreover, Coutanceau et al. observed the sintering 

problem while removing polyethylene glycol−dodecylether ligand from Pt NPs by a thermal 

annealing at 200 °C under H2/Ar atmosphere [23]. Notably, thermal annealing could produce other 

intermediates or byproducts by decomposing the organic ligands that could also hamper the 

activity of the nanoparticles [24]. To overcome the limitations of thermal calcination, dialysis can 

be a useful method. However, dialysis is time-consuming and sometimes fails to remove unwanted 

thiols completely. M. Jansen et al. [25] attempted to isolate and clean diglyme-protected gold 

nanoparticles by standard centrifugation and redispersion procedure, but they found some 

irreversible coalesce and it is no longer dispersible. However, it is possible to remove unattached 

water soluble-ligands such as polyvinylpyrrolidone, cetyltrimethylammonium bromide, sodium 

acetate by thoroughly washing with water for few cycles. But, the oil-soluble ligands such as 

oleylamine, triphenylphosphine, dodecanethiol require more cycles, perhaps due to the strong 

coordination interaction between the ligands and nanoparticles [26,27]. 

Therefore, it is critical to establish a proper procedure of surfactant removal and surface cleaning, 

without changing the particle size and morphology that is sufficient for the application of colloidal 

NPs in nanofabrication. In order to avoid the complexity associated with each method, herein we 

demonstrate a simple and facile washing method to remove residual surfactant from the AMIET 

functionalized gold nanoparticles after transferring to chloroform. This method is basically 

conceptualized from the liquid-liquid extraction technique. 1H NMR of cleaned AMIET-AuNPs 

shows that this method can effectively separate the unbound AMIET. The nature and properties of 

the gold core were found to influence chemical shifts of nuclei close to the gold core [28].  

It also observed that the AMIET-AuNPs are readily dispersible in various organic solvents with 

enhanced stability comparing to the uncleaned AMIET-AuNPs. Additionally, the effect of 

dispersing media of the nanoparticles were investigated by their UV-visible absorption 

measurement. However, it is noteworthy that the effect of changes in the refractive index of the 

surrounding medium is more difficult to demonstrate from an experimental point of view, because 

of the very high susceptibility of nanoparticles to aggregate in aqueous and organic solvents. A 

red shift in the SPR peak with increasing the solvent dielectric constant was observed only if metal 

surface do not complex with solvent or ligand [28]. Moreover, G. Ertas et al. [29] extensively 
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studied the effects of solvent refractive index on the surface plasmon resonance  of gold 

nanoparticles and demonstrates that the SPR shift does not rely merely on the refractive index of 

dispersing solvents rather depending on interaction of the particles surface with the surrounding 

environment, peak position may be changed. Only if there is no significant interaction, red shift 

was reported with increasing the refractive index of solvents and vice versa. More explicitly,  the 

SPR of metallic nanoparticles depends sensitively on nanoparticles geometry and its dielectric 

surrounding environment [30]. Becasuse, The optical cross sections of the nanoparticles acts as a 

function of energy, that strongly effects the surface plasmon peak position and width. So it is a 

complicated issue to conclude the effect of solvent refractive index on metallic nanoparticles from 

the experimental point of view.  However,  The visual appearance in various organic solvent and 

their UV-Visible spectra confirms the dispersion of AMIET-AuNPs in different organic media. 

4.2 Experimental  

4.2.1 Materials and methods 

AuNPs after phase transfer such as AMIET 320-AuNPs, AMIET 302-AuNPs, AMIET 105-AuNPs, 

AMIET 105A-AuNPs and AMIET 102-AuNPs dispersed in chloroform have been taken as the 

starting materials. Chloroform (CHCl3), super dehydrated n-hexane (C6H12) and carbon 

tetrachloride (CCl4) from FUJIFILM Wako Pure Chemical Corporation; dichloromethane 

(CH2Cl2) and toluene (C6H5-CH3) from Kanto Chemical Co. Inc. were used as received as further 

dispersing solvents. Ultrapure water by Merck Direct-Q UV was used as washing solvent. Prior to 

use, the glass wares  were immerged overnight in 5% cica clean solution and sonicated with UPW 

twice for 15 minutes followed by drying for 3 hours at 100 ºC in drying oven. 
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4.2.2 Surfactant removal method 

Ultra-pure water was added to the concentrated AMIET-AuNPs dispersed in chloroform. The 

mixture was vigorously shacked and settled for about 30 mins, then the complete separation 

between water and chloroform phase was noticed and a layer of AMIET was also observed at the 

interface with naked eye. Then the water and the AMIET layer were removed using a micropipette. 

As long as the layer was noticed, the washing was continuously repeated.  The procedure can also 

be represented by the Fig-4.1. 

 

 

 

 

 

 

 

 

 

4.2.3 Dispersion technique after purification 

2 ml of cleaned AMIET gold nanoparticles were dried in five cleaned 15 ml glass vials overnight 

at the room temperature. Then 7 ml of  chloroform, di-chloromethane, n-hexane, toluene and 

carbon tetrachloride was added to the five vials, and their appearance were recorded by camera. 

The drying and dispersion can be demonstrated by Fig-4.2. 

 

 

 

 

 

 
Fig-4.1 Representation of surfactant removal procedure with improved appearance 

 
Fig-4.2 Representation of dispersion of AMIET-AuNPs after drying 
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4.2.4 Characterization 

The absorption spectra of gold nanoparticles dispersed in different organic solvents were recorded 

using JASCO V-600 double beam UV-vis spectrometer with 1 cm path length semi micro (Type 

18-F/Q/10, Starna scientific) quartz cuvette within the range of 290 nm to 740 nm and baseline 

correction was done with corresponding solvent and used as a reference. Proton Nuclear magnetic 

resonance (NMR) spectra were recorded using an Agilent-NMR-vnmrs 500 spectrometer in order 

to monitored the change after applying the removal procedure. 1H NMR sample was prepared by 

drying at room temperature and dispersed with d-chloroform (CDCl3). 
 

4.3 Results and Discussion  

4.3.1 1H NMR spectra observation 

The amount of organic ligand before and after cleaning was assessed via 1H NMR spectroscopy. 

(Fig-4.3.1-5.) It is noticeably observed that a sharp decrease in the intensity of the peak between 

3.5~4.0 ppm corresponding to ethoxy (-CH2CH2-O-) group for all AMIET-AuNPs after passing 

through the removal procedure. This is due to dual nature of ethoxy group because it contains 2  

hydrophobic methylene (-CH2-) units that allows the AMIET molecule to form a layer at the 

interface during each repeated washing and removal of that layer may cause the less intense peak 

at the region. Moreover, some 1H peak corresponding related with inner alkyl groups, observed 

between 1.5 ppm ~ 2.5 ppm are either disappeared or diminished; that suggests our cleaning 

method can also remove some poorly bound ligand on AuNPs. Furthermore, the signal of terminal 

methyl (CH3-) peak at ~0.83 ppm and the adjacent methylene (-CH2-) peak at ~1.25 ppm are also 

displayed with reduced intensity after cleaning. The observation explicitly reveals the applying 

method is capable to remove the residual ligand as well as some poorly attached organic to the 

AuNPs [31,32]. 
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Fig-4.3.1 1H NMR spectra of AMIET 320-AuNPs in CDCl3 before (a) and after cleaning (b) 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Fig-4.3.2 1H NMR spectra of AMIET 302-AuNPs in CDCl3 before (a) and after cleaning (b)  

(a) 

(b) 

(b) 

(a) 
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Fig-4.3.3 1H NMR spectra of AMIET 105-AuNPs in CDCl3 before (a) and after cleaning (b) 

 

 

 

 

 

 

  

 

 

 

 

Fig-4.3.4 1H NMR spectra of AMIET 105A-AuNPs in CDCl3 before (a) and after cleaning (b) 

(b) 

(a) 

(a) 

(b) 
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Fig-4.3.5 1H NMR spectra of AMIET 102-AuNPs in CDCl3 before (a) and after cleaning (b) 

 

4.3.2 Appearance of dispersion and UV-Vis spectra in various solvents  

The visual observation and the photo images in Fig-3.5.1-5 clearly demonstrates that the AMIET-

AuNPs can be transferred into a variety of organic solvents without suffering any significant 

coagulation. It is also noticed that the dispersions of an individual AMIET-AuNPs in five different 

organic solvents are almost identical regarding to its color. The variation of surface plasmon peak 

position five AMIET-AuNPs when dispersed in the same solvent is due to the interaction and 

particle size of different AMIET-AuNPs. However, if no particular interaction functions then a red 

shift is generally observed with increasing the refractive index of surrounding media [29] and the 

dispersion of AMIET 302-AuNPs and AMIET 102-AuNPs in terms of refractive index of the 

solvents bears a close resemblance to the fact as shown by the derived plot in Fig-4.4; whereas for 

other AMIET-AuNPs the effect of refractive index of solvents is not conceivable. The refractive 

indices of use solvents such as water, n-hexane [33], dichloromethane [34], chloroform, carbon 

(b) 

(a) 
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tetrachloride and toluene [35] are 1.333, 1.396, 1.442, 1.446, 1.461 and 1.496 respectively. 

Moreover, no previous experimental evidence claim the clear correlation of nanoparticle's 

dispersion regarding to the refractive of solvents because of the complexity in interaction with 

nanoparticle surface and ligand in various solvents. Therefore, we consider it is not unjustifiable 

to  draw a concrete conclusion about the effect of refractive index of solvents on AMIET-AuNPs. 

However, in this work it is ensured that the AMIET- AuNPs can be redispersed in various organic 

solvent after drying, and they do not aggregate irreversibly. The physical appearance along with 

their surface plasmon peak while dispersing in 5 different organic solvents can be presented as in 

Fig-4.5.1-5.  

 

 

 

 
   

  Fig-4.4 The effect of refractive index of solvents on the SPR peak position  
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Fig-4.5.1 Visual appearances and UV-vis spectra of AMIET 320-AuNPs in 5 organic solvents 

Fig-4.5.2 Visual appearances and UV-vis spectra of AMIET 302-AuNPs in 5 organic solvents 



 

 

 

85 

  

Fig-4.5.3 Visual appearances and UV-vis spectra of AMIET 105-AuNPs in 5 organic solvents 

Fig-4.5.4 Visual appearances and UV-vis spectra of AMIET 105A-AuNPs in 5 organic solvents 
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4.4 Conclusion  
This study found a cutting edge solution for removing the residual organic from the AMIET-

AuNPs without using laborious tools and chemicals . Moreover, the findings of this approach have 

considerable managerial implications. It is anticipated that this research will help to eliminate 

potential problems that may arise with size or shape separations. Overall, this techniques can be 

applied at least as the primary cleaning before proceeding for further extensive purification.  

 

 

 

 

 

 

 

Fig-4.5.4 Visual appearances and UV-vis spectra of AMIET 102-AuNPs in 5 organic solvents 
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Chapter V Deposition of AMIET-AuNPs on solid substrate 
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Abstract 
Formation of gold nanoparticles thin film at the air-water interface and its deposition on solid 

substrate remains challenging. In this study, the organic dispersed AMIET-AuNPs were used for 

the formation of monolayer films and the deposition onto silicon wafer was performed using 

Langmuir-Blodget (LB) technique. However, it is found that the immobilization of AuNPs is 

maximum when the substrate is dipped shortly in dilute hydrogen fluoride solution prior to film 

deposition. Moreover, 3-mercaptopropyl trimethoxysilane  (MPTMS) functionalized silicone 

surface has also been used to deposit the AMIET-AuNPs in order to have a proper understanding 

of the immobilization. Film characterization was performed by atomic force microscopy 

investigation. The developed system is likely to predict the effectiveness gold nanoparticles 

deposition onto Si substrate using LB technique.  
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5.1 Introduction 
Thin films of gold nanoparticles are gaining recognition and use in various products and 

applications including displays, sensors and energy storage. the immobilization of gold 

nanoparticles onto solid substrates has grown amongst researchers across the fields of chemistry, 

materials science, optics, photonics and medicine. gold nanoparticles offer benefits over other 

metallic nanoparticles due to its chemically stability [1,2] and bioconjugation capability [3–7]that 

yields highly functional surfaces compatible for various application. Since the localized surface 

plasmon resonance of gold nanoparticles is affected by the local environment and interparticle 

interactions [8–11], the immobilization state of gold nanoparticles on the surface dictates the 

particle-enhanced surface properties [12,13]. Therefore, the proper controlling of immobilization 

of gold nanoparticles is crucial to obtain the desired surface properties. Successful immobilization 

of gold nanoparticles is till challenging [14] and critical because the films are thermodynamically 

unstable compared to macroscopic films of larger grain sizes [15].  

A variety of methods exist to incorporate gold nanoparticles onto solid substrates, which can be 

classified into two categories: direct formation [16–19]of nanoparticles on the surface, or 

deposition of colloidal nanoparticles [20–23] onto the surface. Direct formation of gold 

nanoparticles on the surface involves the growth of gold nanoscale features through ion reduction 

[24], thermal evaporation, ultrasound [25] or electrodeposition [26–28] of gold on substrates that 

have been patterned through micro- or nano- fabrication techniques such as electron beam 

lithography.  

These techniques are known to create precise periodic arrays of nanoparticles, however they 

require specialized equipment and set-up, are restricted to small-area applications, and are 

expensive. Deposition [29,30] of preformed colloidal gold nanoparticles offers an inexpensive 

alternative for incorporation of gold nanoparticles onto surfaces requiring no specialized 

equipment. This method takes advantage of widely-studied colloidal gold nanoparticle synthesis 

techniques to obtain desired shapes and sizes of gold nanoparticles in solution [31–33] with the 

flexibility to modify large-area surfaces. In addition to selecting the particle size and shape, varying 

the immobilization state provides multiple degrees of freedom to create a wide variety of gold 

nanoparticle-enhanced surfaces.  
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The methods of transfer of nanoparticles from colloidal solution of them are widely used to immo- 

bilize gold nanoparticles onto the surface, for ex- ample self-assembly or Langmuir-Blodgett (LB) 

method . One should also take into account that many of indicated above additives such as thiols 
and others stabilizers are toxic. Another problem with AuNPs immobilization on the surface is the 

removal of organic molecules of surfactants from the layer of gold nanoparticles. Generally a heat 

treatment is used to remove indicated above additives, therefore an agglomeration of nanoparticles 

takes place at times. As a result, there are difficulties with controlling both the cluster size, and the 

adhesion of coatings formed [34].  
In order to control the immobilization of gold nanoparticle, there are three main factors that must 

be considered: (1) the properties of the immobilization surface, (2) the properties of the gold 

nanoparticles in solution, and (3) the interaction of the gold nanoparticles with the surface.  

The most common strategy for immobilization of gold nanoparticles is through modification of 

the surface with molecules containing a thiol or amino moiety to covalently bond gold 

nanoparticles to the surface through their high affinity to gold. Direct covalent binding of the 

surface to gold is advantageous as it allows the immobilization of both charged and uncharged 

particles, without the need for specific particle functionalization. Both the functionality of the 

linker molecule as well as the surface modification properties play an important role in determining 

the immobilization outcome.  

Control of the spacing and aggregation of gold nanoparticles through covalent interactions with 

the surface is limited. Therefore, several approaches to pre-condition the particles into the desired 

aggregation state prior to deposition has been employed.  

Similar to covalent immobilization techniques, deposition is usually carried out by submerging the 

substrate in the colloidal gold nanoparticle solution. For electrostatic immobilization, the ionic 

strength of the particle solution becomes a prominent factor to modulate the particle-surface 

interactions as it affects both the apparent charge of the particles and the surface. In a nanoparticle 

system containing charged capping agents, the overall ionic strength of the solution can be 

controlled by both the excess capping agent concentration and the addition of salt. 



 

 

 

93 

In addition to modulating the solution properties to control the particle-surface interactions, the 

ionic properties of the surface are very important and can be engineered to control the deposition 

of gold nanoparticles. However, this study is based on the deposition of  AMIET-AuNPs to HF 

passivated silicon surface and 3-mercaptopropyl trimethoxysilane  (MPTMS) functionalized 

silicon surface. 

 

5.2 Experimental 

5.2.1 Materials and methods 

AMIET-AuNPs dispersed in CHCl3 has be used as the starting materials. silicon wafer (Si) <100> 

as a solid substrate to deposit the AuNPs.  28%   ammonia and 30% hydrogen peroxide from Kanto 

Chemical Co. Inc were used to prepare the RCA cleaning solution. Super dehydrated n-Hexane 

(C6H12) from FUJIFILM Wako Pure Chemical Corporation was used to prepare the AMIET-

AuNPs spreading solution. Ultrapure water by Merck Direct-Q UV was used as washing and 

immersing solvent during sonication.  

 

5.2.2 Si surface cleaning and HF passivation 

Si wafer was cleaned softly with the soap foam followed by 3 times sonication while immersing 

in ultrapure water. 50 ml 30% hydrogen peroxide (H2O2 ) and 50 ml 28% ammonia (NH4OH) 

added 200 ml ultrapure water in a beaker is called the RCA cleaning solution. The initial cleaned 

Si wafers were then dipped into the RCA cleaning solution and heated at 80ºC for about 30 mins. 

Afterwards, the heating was turned off and the beaker was taken out cautiously and allowed to 

cool for at least 10 mins.  Then three subsequent sonication with fresh UPW was conducted and 

preserved  while immersed in UPW.  RCA cleaning turns the hydrophobic Si surface to hydrophilic. 

For HF treatment the RCA cleaned Si is shortly dipped in 2% HF aqueous solution in a teflon 

Fig-5.1 Schematic presentation of the deposition of AMIET-AuNPs onto Si wafer. 
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beaker ( precaution: the corrosive and reactive nature of HF to glass). The HF  passivation yield 

hydrogen terminated surface. The complete procedure can be summarized as shown by Fig-5.1. 

 

5.2.3 Si surface cleaning and functionalization with MPTMS 

The Si surface was cleaned by piranha solution which the combination of sulfuric acid (H2SO4) 

and hydrogen peroxide  (H2O2) because piranha solution is a strong oxidizer and clean the organic 

residue. Moreover, it hydroxylate most surfaces and make extremely hydrophilic that is essential 

to bind more MPTMS on the Si surface during functionalization. However, in this experiment the 

H2SO4 and H2O2 were mixed with the ratio of  7:3.  Same as before, the soap cleaned Si wafers 

were immersed in piranha solution and heated at 80ºC for about 30 mins. Afterwards, the heating 

was turned off and the beaker was taken out cautiously and allowed to cool for at least 10 mins.  

Then three subsequent sonication with fresh UPW was conducted and preserved  while immersed 

in UPW.  Before proceed for functionalization the wafer was lifted and dried with air blow then 

immersed in MPTMS solution (1 ml MPTMS +12 ml toluene) and heated at 70 ºC for 3 hours and 

left immersing for more 24 hours.  

 

 

 

 

 

 

 

 

 

Fig-5.2 Schematic representation of piranha cleaning and MPTMS functionalization of Si wafer. 
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Then the MPTMS functionalized Si surface was rinsed with toluene and UPW several times in 

order to remove dangling or unbound MPTMS and dried with nitrogen flow. The complete 

procedure can be briefly represented in Fig-5.2. 

 

5.2.4 Selecting proper solvent for spreading 

Different solvent dispersed AMIET-AuNPs has been attempted to spread over water surface in 

order to confirm the spreading. Interestingly,  it is noticed that chloroform dispersed AMIET-

AuNPs is not able to spread all over the water surface; while trying with other solvents, only in 

case of super dehydrated n-hexane dispersed AMIET-AuNPs, the spreading was appreciable. 

Therefore, in order to prepare the nanoparticles film using Langmuir technique, super dehydrated 

n-Hexane has been extensively used to prepare the spreading solution all over the experiments. 

The spread-ability of n-Hexane has shown better over chloroform is because of its lower value of 

surface tension (18.43 mNm-1) than that of water (27.50 mNm-1). Therefore, n-hexane has low 

cohesive attraction and more adhesive attraction that facilitates the spreading of AMIET-AuNPs 

while dispersing in n-hexane. The representation of solvent spreading behavior is as in Fig-3 

 

5.2.5 Langmuir trough and surface pressure measurements 

The schematic diagram of the experimental set up is shown in Fig-5.4. Our NIMA Langmuir 

trough had a fully opened area of ~98 cm2 with 50 cm width, and the length of the trough was 

allowed to vary to control the area of the trough and total subphase volume 57 ml. Before each 

 
Fig-5.3 Schematic illustration of spreading of AMIET-AuNPs dispersed in two different solvents 
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experiment the Langmuir trough was cleaned 3 times with isopropanol. After cleaning, the barriers 

of the trough were compressed, and the initial surface pressure of pure water was found to be < 

0.2 mN/m at maximal compression. 7.5 µl AMIET 302-AuNP (n-hexane) were spread over 57 ml 

water surface on the Langmuir trough. Before starting compression it is allowed 30 mins for 

solvent evaporate. Then the barrier as start to compress and the isotherm was recorded as shown 

in Fig-5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to the obtained π-A isotherm it was predicted that the monolayer was formed between 

the surface pressure 20 to 43 mNm-1. Moreover, in order to investigate the AuNPs film on air-

Fig-5.4 Eperimental setup of LB-Film deposition 

 
Fig-5.5 π-A isotherm of AMIET 302-AuNPs on air-water 

interface 
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water surface the film was transferred to HF passivated Si substrate and MPTMS functionalized 

Si substrate by scoop up or horizontal lifting technique.  

 

5.2.6 Deposition on TEM grid 

The AMIET-AuNPs were also attempted to transfer to TEM grid from the air-water interface. it 

was found the uplift stroke or vertical lifting as in Fig-5.6 (a )from TEM grid through the interface 

yields better deposition than horizontal lifting as demonstrated by Fig-5.6 (b). Moreover, it is 

noticed that upon vertical lifting the particles are accumulated at the edge of TEM grid. Therefore, 

TEM grid was attached vertically to a support and emerged under the interface before spreading 

the nanoparticles solution and lifted accordingly at the corresponding surface pressure. 

 

 

 

 

 

 

 

 

Fig-5.6  Transfer technique of the film of AMIET-AuNPs to TEM grid from air-water interface 
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5.3 Results and discussion 
Nanoparticles can be observed through AFM measurements to assess their surface topography 

[35,36] and ensure their deposition onto silicon substrates. It is observed that relatively few 

particles adhere to the HF passivated Si surface upon transfer of AMIET 302-AuNPs up to 20 

mNm-1 surface pressure, predicting that the weak van der Waals interaction between the particles 

may results in low adhesion to the Si surface. Nevertheless, as the particles are closer with 

continued compression, sufficient AuNPs are attached to the substrate when scooping up the 

particles.  

 

The AFM topography of AMIET 302-AuNPs as seen in Fig-5.7e suggests that a particular type of 

compact monolayer is formed just before the collapsing pressure ~44 mNm-1.  

 
Fig-5.7 AFM images of AMIET 302-AuNPs deposited onto the HF passivated Si surface at 

different surface pressure a) 10 mN/m, b) 20 mN/m, c) 30 mN/m, d) 40 mN/m,  and e) 44 

mN/m 
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 At various surface pressures, the AuNPs transferred to the MPTMS functionalized Si wafer are 

also similar to those transferred to an HF passivated surface.  

 

Nevertheless, the presence of steep MPTMS in combination with AuNPs cannot be ignored, as 

shown in Fig-5.8. MPTMS domains built on steep slopes are inseparable from the surface of Si 

due to their self-polymerization tendency. As shown in Fig-5.9 the TEM image of the AMIET-

AuNPs film also shows similar deposition of particles to the grid with respect to surface pressure, 

i.e. more particles are adherent to the TEM grid as they get closer during compression. It is also 

noted that almost no particles are transferred to the substrate or grid from all three depositions at 

low surface pressure. Despite this, both AFM topography and TEM micrography displays a 

spherical shape of the prepared AMIET-AuNPs as deposited at high surface compression. 

 

     
Fig-5.8 AFM images of AMIET 302-AuNPs deposited onto the MPTMS- Si surface at 

different surface pressure a) 10 mN/m, b) 20 mN/m, c) 30 mN/m, d) 40 mN/m,  and e) 44 

mN/m 
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Fig-5.9 TEM images of AMIET 302-AuNPs at different surface pressure a) 10 mN/m, b) 20 mN/m, 

c) 30 mN/m, d) 40 mN/m,  and e) 44 mN/m  

 

5.4 Conclusion 
Deposition of AMIET-AuNPs onto modified Si surfaces has been investigated since it was 

observed that no particle can be transferred to bare Si, probably due to insufficient interaction 

between the small gold nanoparticles and the Si surface. However, the use of HF passivated and 

MPTMS-Si surfaces suggests that if adequate adhesion is created by the surface modification of 

the substrate, then AMIET-AuNPs can be transferred effectively. 
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6. Summary of the thesis 
In this work, polyoxyethylene alkyl amine surfactants that are widely used in industry were used 

as a reducing agent to synthesis gold nanoparticles. The synthetic route and the ratio of reactants 

and were carefully optimized to achieved the in-situ functionalized gold nanoparticles. It was 

observed that only specific ranges of concentrations of AMIET can produce gold nanoparticle with 

less residual organic and clear ruby red appearance. Though out prepared AMIET-AuNPs has a 

wide range of particles, it is responsive due to its strong surface plasmon resonance that predicts 

its potential in application area. 

 

The most important fact of this work is the phase transfer of the aqueous gold nanoparticles which 

was challenging in terms of the repeatability. However, the complete transfer of AMIET-AuNPs 

was ensured using pH induced phase transfer method. This methods also assures the complete 

transfer can be achieved without any significant aggregation while preserving it original 

morphology. Even, this method is functionable independently on the particle size and organic 

solvent density in comparison to water. 

 

Furthermore, surfactant removal were conducted through a particular approach without using 

laborious instrument and chemical. It is shown that the approach potentially the clean and remove 

the surfactant from colloidal solution while dispersed in chloroform after phase transfer. The most 

striking fact that after cleaning the AMIET-AuNPs can be readily dispersed in various organic 

solvent with no significant aggregation or coagulation. 

 

Finally, the thin film formation of AMIET-AuNPs on air-water interfaces was studied to better 

understand fabrication capability. It is almost unheard of to deposition such small AuNPs that are 

polydisperse from the literature perspective. Nevertheless, our experiment indicates that deposition 

can be successful if adequate adhesion between AMIET-AuNPs and the solid surface can be 

achieved. It is necessary to conduct further research to improve film transfer onto solid surfaces. 
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As AMIET-AuNPs have not previously been reported in the literature, based on the outcome of 

this investigation, the following contributions can be imparted to the original knowledge.  

i.) The polyoxyethylene alkyl amine has been demonstrated to be an efficient ligand for gold 

nanoparticles. It was shown that the dual nature of ethoxy plays and important role in phase 

transfer reaction. 

ii.) The binding mode of AMIET on a gold surface was established and the origin of 

nanoparticles charges was clarified. The negative charge of AMIET-AuNPs results from 

electron delocalization of in gold associated ligands and is pH dependent. 

iii.) The effect of pH and excess AMIET on the AuNPs were carefully investigated. It was 

found that the nanoparticle aggregation at pH-6.5~9.0 was attributed to desorption of the 

ligand caused  by the ligand binding sites. Moreover, it was shown excess AMIET can 

interrupt the stability of AuNPs colloid. 

iv.) Outside the stipulated pH range (pH-6.5~9.0) AMIET coated AuNPs exhibited enhanced 

stability that proved that the long alkyl chain could wrap around small (2-18 nm) gold 

nanoparticles.  

v.) The unique feature of AMIET-AuNPs established in this thesis is the reliable and 

repeatable phase transfer was achieved based on coagulation and flocculation of the 

dispersed particles through a liquid-liquid interface. The factors involves is nature of 

AMIET and it configurational change depends on pH and surrounding environment. 
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6.1 Ideas for continued research 

The deposition of gold nanoparticle onto solid surface from the air-water interface is often 

challenging.  Our research on this subject still under thriving condition. The limitations associated 

with the investigation is basically the interaction between gold nanoparticles and solid surface. 

Moreover, the problem associated with MPTMS functionalization is formining uniform layer onto 

Si surface. As MPTMs is highly moisture sensitive, self polymerization it may forms sticky glue 

layer during  post washing in order remove unbound Silane.The domains are rougher and 

composed of less well-ordered monolayers and more disordered polymers with randomly 

distributed thiol headgroups on the uppermost surface. In this case, 3-mercaptopropylsilatrane 

(MPS) can overcome the present shortcomings. The MPS films also have higher mercaptan surface 

density than that of the MPTMS films, resulting in higher saturation coverage of the gold colloid 

monolayers on the MPS-coated substrates. MPS results in more uniform and reproducible films 
due to its insensitivity to moisture. Moreover, smooth adhesion layer (like chromium, MPS) on Si 

surface  will be attempted for maximum immobilization of AuNPs. 

 

 

 

 

 

 

 
 

 

 

 


