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Abstract 

This thesis focuses on the development of green synthetic methods and strategies for the 

production of cationic lipophilic gold nanoparticles (AuNPs) and hydrophobic organic compound 

such as hydroxylpropyltripheylphosphonium bromide. For the green synthesis of the latter, a novel 

approach for method development was successfully employed, which consisted of the use of 

Aspen Plus simulation software to model the reaction between triphenylphosphine and 

bromopropanol in 100% water, prior planning experimental work in the laboratory.  

Operating parameters generated from the simulation work (100% water, temperature 850C, 

reaction time 5 hours, atmospheric pressure) were replicated in the laboratory, and 

hydroxylpropyltripheylphosphonium bromide crystals were obtained. The infrared spectrum of 

this compound indicated the presence of the most characteristic functional groups from the 

chemical structure (-OH, P-C, C=C and C-H). The initial Aspen simulation work helped to reduce 

excessive use of reactants and reagents, and chemical wastage in the laboratory.  

Following the theme of this thesis, green chemistry principles were employed to improve the 

synthesis of cationic lipophilic AuNPs. Two green methods were developed for the 

functionalisation of AuNPs both using different ratios of dimethylformamide: water (1:2 and 1:5) 

and reaction temperatures of 80 and 1000C, following different orders in which the reactants were 

mixed. TEM analyses showed that the mixing order of the reactants, temperature and concentration 

of reducing agent were the main factors affecting the particle sizes in the gold colloidal samples 

(3.13 – 8.01 nm). Cationic lipophilic AuNPs prepared following a greener method showed good 

stability over a period of 6 months. 
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Chapter 1 

Introduction and the literature review 

1.1 Introduction 

Nanotechnology is an interdisciplinary field that involves the study, modification, and design of 

materials at the nanoscale (typically between 1 and 100 nanometers). It links various scientific and 

engineering disciplines, including physics, chemistry, biotechnology, and medicine (Bayda et al., 

2019). The ability to manufacture materials at the nanoscale level is one of the distinguishing 

features of nanotechnology, which creates new possibilities for the design and development of 

novel materials and products. A wide variety of materials, including metals, metal oxides, 

semiconductors, polymers, magnetic compounds, liposomes, carbon, and silica-based materials, 

can be used to create nanomaterials. Researchers from all around the world have shown a great 

deal of interest in and investment in the field of nanotechnology. The potential of nanotechnology 

is being investigated in areas including electronics, textiles, cosmetics, medicines, and 

environmental remediation (Shah et al., 2022) in order to create new goods and technologies with 

enhanced functionality. 

In recent years, nanotechnology has emerged as a promising field of research, particularly in the 

area of noble metal nanoparticles. These nanoparticles possess unique mechanical, chemical, 

electrochemical, and optical properties that make them suitable for a range of applications in both 

industrial and biological domains. According to Doria and coworkers 2012 and Khlebtsov and 

Dykman 2010, noble metal nanoparticles are widely used in optics, drug delivery, diagnosis, and 

therapy. Among the coinage family of metals, copper, platinum, gold, silver, and palladium are 

commonly used for the synthesis of metal nanoparticles (Narayanan, 2010). The widespread 

application of noble metal nanoparticles can be attributed to their distinct physical and chemical 

properties, such as high surface area to volume ratio, surface morphology, and electronic properties 

(Mansoori et al., 2007). These properties make them ideal for use in various applications, including 

drug delivery, diagnostic imaging, and cancer therapy (Doria et al., 2012). Shown in Figure 1.1. 

the size comparison of different physical and biological samples. The field of nanotechnology has 

contributed significantly to the development of advanced techniques, which have led to the 

production of new materials and chemicals that offer enhanced performance while reducing 
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material and energy consumption and minimising ecological damage (Lee et al., 2010). As a result, 

noble metal nanoparticles have attracted considerable attention from researchers and industrialists 

(Khlebtsov and Dykman, 2010).  

 

 

 

Figure 1. 1. Size comparisons between several human-made nanodevices and biological Species 

(Yadav et al., 2021). 

 

Nanoparticles with various physicochemical properties (Farjadian et al. 2019) can be obtained 

using different materials and methods (chemical and physical). 
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1.2 Gold nanoparticles (AuNPs) 

AuNPs are a group of particles with a gold core and a surface coating. The fundamental 

characteristics of AuNPs are defined by the core and the protective coating of the core can be 

modified for stabilising them and to improve the interaction with the environment (Chen et al., 

2014). AuNPs are highly popular due to their unique surface plasmon resonance (SPR) properties, 

which make them suitable for use in various applications, including optoelectronic devices, 

biomedical and environmental applications (Zhao et al., 2013). However, colloidal AuNPs have a 

high surface energy, making them susceptible to aggregation in the absence of a stabilising agent. 

To address this issue, several techniques have been developed for the benign synthesis of AuNPs, 

including chemical, physical, and electrochemical techniques (Zhao et al., 2013). Figure 1.2. 

shows the different possible structures of the AuNPs.  

 

Figure 1.2. Structural based classifications of AuNPs (De Freitas et al., 2018). 

 

Gold has captured the attention of humanity since its discovery (Vajtai, 2013), being recognised 

as the noblest of metals due to its resistance to corrosion and enduring lustre over time (Zhao et 

al., 2013). The realisation that gold can be highly active as a catalyst when reduced to the nanoscale 

has boosted significant scientific discoveries (Haruta, 2005). Michael Faraday's pioneering work 

on the interactions between light and metal particles paved the way for contemporary colloidal 

chemistry, providing a basis for the combination of nanoscience with nanotechnology. Faraday's 

investigations and analyses of metal particles laid the foundation for the study of colloidal systems, 

which is essential to the development of nanotechnology (Chari et al., 2022). Faraday 

demonstrated that Au-chloride could be reduced upon heat treatment, due to the side reactions with 

numerous reagents, including phosphorus and organic compounds (Faraday, 1857). Particles of 

varied sizes would display colours different from their original colour when they are smaller than 
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the wavelength of light (Faraday, 1857). Zsigmondy's method for the production of gold 

nanoparticles involved the reduction of gold chloride (AuCl3) using a reducing agent (Slepička et 

al., 2019; Zsigmondy, 1909). He prepared a gold chloride solution and added a suitable reducing 

agent, such as sodium citrate or sodium borohydride. The solution was gently heated and stirred 

to promote the reduction reaction, resulting in the formation of small gold nanoparticles. To 

prevent aggregation and maintain stability, a stabilising agent, such as citric acid or 

polyvinylpyrrolidone (PVP), was often added (Slepička et al., 2019; Zsigmondy, 1909). He 

observed that when gold metal is reduced to extremely small particle sizes, it exhibits unique 

optical properties, giving rise to intense colours. He explained the reason for changes in colours 

might be due to the coagulated particles in different sizes, and the action of protective agents could 

inhibit coagulation (Slepička et al., 2019; Zsigmondy, 1909). Ostwald has made a significant 

contribution to the synthesis of Au sols using a variety of theoretical and practical techniques. 

Ostwald made an effort to concentrate on the significance of particle size for dispersion and 

provides numerous examples to describe the phenomenon of Au sols and other colloids (Bastús et 

al., 2011; Ostwald, 1904). AuNPs are highly attractive due to their apparent non-toxicity, inertness, 

biocompatibility, ease of synthesis, and tunable optical characteristics. Their unique optical 

properties make them highly useful in biomedical imaging, drug delivery, and cancer therapy, 

among other applications (Chen et al., 2019). 

Due to their simplicity in manufacture, stability, biocompatibility, and presumed biological 

inertness, AuNPs have emerged as one of the most extensively researched and well-characterised 

nanomaterials to date. AuNPs are extremely useful for a variety of applications in industries 

including healthcare and electronics due to their distinctive optical and electrical features, such as 

SPR and are being investigated for their potential as diagnostic and therapeutic agents in 

biomedicine. To facilitate targeted administration and imaging, they can be functionalised with 

biomolecules like antibodies or nucleic acids (Tripathi and Driskell, 2018). Depending on their 

appearance, dimensions, and physical characteristics nanomaterials can be classified into different 

forms such as nanospheres, nanorods, nanocages, nanoshells, nanoclusters, and nanostars 

(Landvik et al., 2018). AuNPs have been extensively investigated for their potential applications 

in biomedicine, due to their unique optical and physical properties, as well as their 

biocompatibility. One such application is in cancer therapy, where AuNPs can be used for targeted 

drug delivery and photothermal therapy (PTT) (Hu et al., 2020). 
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1.2.1 Properties of the AuNPs 

Spherical AuNPs have excellent properties such as size and shape-related optoelectronic properties 

(Yeh, 2012) a high surface-to-volume ratio, good biocompatibility, and low toxicity (Khlebtsov, 

2011). Due to these properties, AuNPs are considered to be an important tool for 

bionanotechnology. Surface plasmon resonance (SPR) and the ability to quench fluorescence are 

two important physical properties of AuNPs. 

SPR is a phenomenon that occurs when light is reflected off a metallic surface (Nordlander et al., 

2004). When the light of a certain wavelength is incident upon a metallic surface, it can cause the 

electrons in the metal to oscillate collectively in a phenomenon called surface plasmon. This 

oscillation of electrons creates a resonant absorption peak in the reflectance spectrum of the metal, 

which is known as surface plasmon resonance. One of the key properties of surface plasmons is 

that they can be highly confined to the surface of the metal, and as a result, they can interact with 

materials that are close to the surface (Nordlander et al., 2004). This makes surface plasmons an 

attractive tool for chemical and biological sensing, as they can be used to detect the presence of 

specific molecules in a sample by measuring the changes in the resonance frequency of the surface 

plasmon. Spherical AuNPs in an aqueous solution show a variety of colours such as (brown, 

orange, red, and purple) it is due to the increase in the core size from 1 to 100 nm,  which leads to 

the shift in the absorption peak from 500 to 550 nm (Eustis and El-Sayed, 2006). This absorption 

band is called a surface plasmon band.  This band is seen for both small nanoparticles (d< 2nm) 

and bulk material. This phenomenon is influenced not just by size, but also by shape, solvent, 

surface ligand, core charge, temperature, and proximity to other nanoparticles (Yeh, 2012). Due 

to the interparticle plasmon coupling, nanoparticle aggregation leads to a significant red-shifting 

of SPR frequency, broadening of the surface plasmon band, and a change in solution colour from 

red to blue (Khlebtsov, 2011). The excellent quenching ability of AuNPs to proximal fluorophores 

is due to the great overlap between the emission spectrum of excited fluorophores and the AuNPs 

surface plasmon band (Bigioni, 2000). This fluorescence resonance energy transfer (FRET) 

phenomenon is observed even in the presence of 1nm AuNPs as the nanoparticles affect both the 

radiative and nonradiative decay rates of fluorescent molecules (Bigioni, 2000). AuNPs can 

however act as electron acceptors to quench fluorophores in the photoinduced electron transfer 

(PET) process (Sengupta et al., 2018). This PET process is modulated by charging and discharging 

the gold core, which can be used to fabricate sensors (Sengupta et al., 2018). 
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AuNPs have wide applications for surface-enhanced Raman scattering (SERS), to detect various 

components in living cells (Altunbek et al., 2016). Two major amplifications lead to the 

mechanism of the SERS. Electromagnetic enhancement and short-range chemical enhancement 

both these leads to an increase in the cross-section of Raman scattering (Altunbek et al., 2016). In 

electromagnetic enhancement, the local electric field at the surface of the nanoparticle is amplified 

by the resonance of the applied light field and the collective oscillations of the electrons of 

nanostructures. Short-range chemical enhancement is caused by the change in the polarisability of 

molecules as a result of their charge-transfer interaction with nanoparticle surfaces (Huang et al., 

2007). AuNPs are effective instruments for electrochemical sensing (Kumar et al., 2011) and 

electrical devices (Lee et al., 2008) due to their oxidation-reduction processes. Surface-enhanced 

Raman scattering makes them useful for imaging (Thuy et al., 2010) and sensing (Zavaleta et al., 

2009) (SERS). SPR studies have demonstrated that AuNPs may be utilised for colorimetric sensing 

(Li et al., 2010) and laser ablation (Huang et al., 2010) while their fluorescence quenching 

capabilities make them suitable for usage in the fields of material engineering and sensor 

development (Dubertret et al., 2001). As the size of the particles changes, so does the melting point 

of AuNPs. It is also observed that AuNPs have a lower melting point than bulk materials. The 

weakening of the attractive force of the core results in the reduction of the number of nearby atoms 

that decreases the melting point. This reduces the interaction between inner and surface atoms and 

increases the surface energy of surface atoms (Amina and Guo, 2020) the melting points therefore 

drop. Electrical properties of AuNPs are different from those of bulk material (Buffat and Borel, 

1976). However, different materials may be used in combination to optimise their electrical and 

optical characteristics. As the particle size decreases, the surface area increases which then reduces 

electrical conductivity (Zawrah et al., 2016). 

1.3 Methods for the synthesis of AuNPs 

The synthesis of nanoparticles can be accomplished using various techniques, with physical and 

chemical methods being the two most commonly employed approaches. This thesis is focused on 

the chemical method for the synthesis of functionalised AuNPs. 

1.3.1 Physical method (Top-down approach) 

The top-down approach for synthesising AuNPs involves starting with a larger piece of material 

and breaking it down into smaller nanoparticles through physical methods such as grinding or 
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milling (Nagarajan, 2008) This approach is often used to produce nanoparticles with a wide range 

of sizes, but it is more difficult to achieve precise control over the size and shape of the resulting 

particles (Nagarajan, 2008). One common method for synthesising AuNPs using a top-down 

approach is electrochemical synthesis, in which a gold precursor is reduced to gold metal at a 

cathode using an electric current (Hassan et al., 2022). This method allows for the production of 

large quantities of AuNPs in a short period of time, but it is difficult to achieve precise control 

over the size and shape of the resulting particles (Hassan et al., 2022). Another method for 

synthesising AuNPs using a top-down approach is photochemical synthesis, in which light is used 

to initiate the formation of AuNPs from a gold precursor (Jara et al., 2021). This method allows 

for the production of highly monodisperse nanoparticle populations, but it requires the use of 

specialised equipment and is a time-consuming method (Jara et al., 2021). 

1.3.2 Chemical methods (Bottom-up approach) 

The Turkevich method is one of the most commonly used methods for the synthesis of AuNPs 

(Dong et al., 2020). This method was first reported by John Turkevich and colleagues in 1951, the 

method involves the reduction of gold ions using citrate as a reducing agent (Turkevich et al., 

1951). Citrate ion, which is a trivalent anion, has a strong affinity for gold ions due to its negatively 

charged surface. It is able to reduce AuCl4
- to Au(0) through the donation of electrons, resulting in 

the formation of AuNPs (Ali et al., 2018). In the Turkevich method, the reduction reaction takes 

place in an aqueous solution containing gold ions and citrate. The reaction is typically carried out 

at a temperature of around 100°C and a pH of 7. Figure 1.3. shows the Turkevich method 

(Imbraguglio, et al., 2013). The size of the resulting nanoparticles can be controlled by varying the 

concentration of the gold precursor and the sodium citrate-reducing agent, Citrate ions have 

negatively charged functional groups that adsorb onto the gold surface, resulting in a negatively 

charged layer represented by a red negative symbol. The blue positive symbol indicates the +1 

oxidation state of sodium counterion. (Kumar et al., 2019). 



19 
 

 

Figure 1.3. Representation of Turkevich method (Imbraguglio, et al., 2013) 

The Brust-Schiffrin method is another commonly used method for the synthesis of AuNPs. This 

method involves the use of thiol compounds such as alkanethiols to reduce gold ions and stabilises 

the nanoparticles (Dreaden et al., 2012). The reduction reaction takes place in a two-phase system 

consisting of an aqueous phase and an organic phase. In the first step of the reaction, the thiol 

compound is added to an aqueous solution of gold ions to form a monolayer on the surface of the 

AuNPs. The organic phase, which contains a reducing agent such as sodium borohydride, is then 

added to the mixture, resulting in the reduction of the gold ions and the formation of stable AuNPs 

(Frens, 1973). Figure 1.4. gives the schematic representation of the Brust-Schiffrin method (Yafout 

et al., 2021).  The size and shape of the nanoparticles can be controlled by adjusting the ratio of 

the thiol compound to gold ions and the amount of reducing agent used (Amina and Guo, 2020) 

 

Figure 1.4. Representation of the Brust-Schiffrin method (Yafout et al., 2021) 
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Seed-mediated growth is a method commonly used for the synthesis of AuNPs with controlled 

size and shape. This method involves the use of small, pre-formed AuNPs as seeds for the growth 

of larger nanoparticles (Jana et al., 2001b). In the first step of the reaction, gold seeds are 

synthesised using a reducing agent such as sodium borohydride. These seeds are then added to a 

solution containing a gold precursor and a reducing agent, such as ascorbic acid. The gold 

precursor is reduced in the presence of the gold seeds, resulting in the growth of larger 

nanoparticles (Nikoobakht and El-Sayed, 2003). Figure 1.5. shows the seed-mediated growth 

method (Xia et al., 2017). The size and shape of the resulting nanoparticles can be controlled by 

adjusting the size and concentration of the seeds, as well as the reaction conditions (Jana et al., 

2001a). 

 

 

Figure 1.5. Representation of the seed-mediated growth method (Xia et al., 2017) 

1.3.3 Stabilisation of AuNPs 

One common method for stabilising AuNPs is through the use of capping agents. Capping agents 

are molecules that adsorb onto the surface of the AuNPs and prevent aggregation (Javed et al., 

2020). The main function of the capping agent is to restrict the over-growth of nanoparticle 

clusters. Capping agents are added separately for the physical and chemical synthesis of the 

nanoparticles, in most cases, they are added during the synthesis (Javed et al., 2016; Latha et al., 

2017). Some well-known capping agents for the synthesis of the nanoparticles are Polyethylene 

glycol (PEG), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), bovine serum albumin 
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(BSA), ethylenediaminetetraacetic acid (EDTA), and chitosan (Javed et al., 2020). All of the 

above-mentioned capping agents have the potential to alter the physicochemical properties of 

nanoparticles, making them suitable for applications in nanomedicine (Ajitha et al., 2016). To 

provide nanoparticles with appropriate physicochemical and functional qualities, capping agents 

are required. Their functional groups and surface charges distinguish them from one another. 

While choosing capping agents the intended size and shape of nanoparticles, in addition to their 

potential applications, must be taken into consideration (Latha et al., 2017). The type of functional 

groups, their hydrophobic or hydrophilic nature, their charge on capping agents, the length of the 

carbon chain or linker, and other factors are also taken into account. A minor modification in any 

particular parameter can have a significant impact on the overall properties of the nanoparticle 

(Niu and Li, 2013). Electrostatic stabilisation and steric stabilisation are also methods used to 

stabilise AuNPs (Mohrhusen and Osmić, 2017). Electrostatic stabilisation involves the adsorption 

of charged molecules onto the surface of the particles. This creates a repulsive force between the 

particles, which prevents aggregation and maintains the stability of the nanoparticles (Mohrhusen 

and Osmić, 2017). The charged molecules that are commonly used for electrostatic stabilisation 

include surfactants and polymers, such as polyvinyl alcohol and polyethylene glycol (Cortés et al., 

2021). These molecules adsorb onto the surface of the nanoparticles and create a protective layer 

that prevents the particles from interacting with each other. This layer of charged molecules also 

helps to maintain the size and shape of the nanoparticles, ensuring their stability over time 

(Petersen et al., 2022). Steric stabilisation is another common method used to stabilise AuNPs by 

adsorbing polymers or surfactants onto their surface, creating a steric barrier that prevents 

aggregation (Yang et al., 2020). Examples of steric stabilisers include polyvinylpyrrolidone (PVP) 

and polystyrene sulfonate (PSS). The polymer chains or surfactant molecules on the surface of the 

nanoparticles provide steric hindrance, which prevents the particles from coming into close contact 

with each other. This maintains the stability of the nanoparticles over time and prevents them from 

aggregating (Yang et al., 2020). pH control is another way for stabilising AuNPs by manipulating 

the electrostatic interactions between the nanoparticles and surrounding molecules. The surface 

charge of the nanoparticles and the pH of the solution can influence the stability of the 

nanoparticles, as changes in pH can cause changes in surface charge and thus, stability (Ghosh et 

al., 2015). For instance, negatively charged AuNPs tend to aggregate at low pH values but can be 

stabilised by raising the pH of the solution (Ghosh et al., 2015). On the other hand, positively 
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charged AuNPs tend to aggregate at high pH values but can be stabilised by lowering the pH of 

the solution. Therefore, pH control can be used to adjust the surface charge of the nanoparticles, 

and thus stabilise them against aggregation (Ghosh et al., 2015). 

1.3.4 Functionalisation of AuNPs 

There are several ways that AuNPs may be functionalised, allowing a wide range of design options 

for different drug delivery systems (DDS). No particular bond cleavage is necessary to carry out 

efficient drug release when non-covalent interactions are exploited to load drugs on nanoparticles. 

Instead, changes in natural physical forces are only required (Park et al., 2009). For instance, 

altering the local hydrophobicity can be used to release hydrophobic drugs. Similar to this, the 

drug may be covalently bound to AuNPs through cleavable bonds to produce a prodrug that can 

be delivered to the cell while the drug is still bound to AuNPs using either internal or external 

interaction (Han et al., 2006; Hong et al., 2006). Regardless of the drug delivery technique, the 

extracellular or intracellular discharge mechanisms depend heavily on the alteration monolayer of 

the AuNPs (Amina and Guo, 2020). To strengthen their bonding with biological molecules and to 

make AuNPs with functional moieties better drug-carriers with increased selectivity, different 

methods for their synthesis are being developed (Amina and Guo, 2020). The use of one or more 

of the functional groups, such as oligo or polyethylene glycol (PEG), bovine serum albumin 

(BSA), amino acids and polypeptides, oligonucleotides, antibodies, receptors, and several other 

comparable particles, is being used to functionalise AuNPs (Amina and Guo, 2020). The numerous 

functional groups, their ligand moieties, and distinguishing characteristics that make them good 

candidates for biological applications. 

1.4 Green synthesis of the AuNPs 

AuNPs can be synthesised using bioreduction methods, which involve the use of biological 

materials such as enzymes, microorganisms, or plant extracts to reduce a gold salt and produce 

AuNPs (Alsaiari et al., 2023). This method has several advantages over chemical reduction 

methods, including being environmentally friendly and producing AuNPs with a narrow size 

distribution and a high degree of monodispersity (Leng et al., 2015). One example of a 

bioreduction method for synthesising AuNPs is the use of bacteria or fungi to reduce a gold salt 

and produce AuNPs (Kitching et al., 2015). This method has been used to synthesise AuNPs with 

a wide range of sizes and shapes, and it has the advantage of being fast and easy to scale up 



23 
 

(Kitching et al., 2015). Another example of a bioreduction method is the use of plant extracts to 

reduce a gold salt and produce AuNPs (Aljabali et al., 2018). This method has the advantage of 

being environmentally friendly and produces AuNPs with a narrow size distribution and a high 

degree of monodispersity (Aljabali et al., 2018). Bioreduction methods are a promising approach 

for synthesising AuNPs and have many potential applications in fields such as medicine, 

electronics, and catalysis (Singh et al., 2018). 

For green synthesis processes, water is regarded as the best and most appropriate solvent system. 

Water has been used as a solvent for the synthesis of numerous nanoparticles ever since the 

development of nanoscience and nanotechnology. A laser ablation method in an aqueous solution 

was used to generate AuNPs. The O2 in the H2O causes the generated AuNPs to partially oxidise, 

which ultimately increased their chemical reactivity and had a significant influence on their 

development (Tran et al., 2016a). Alcohol ionic liquids serve as both a stabiliser and a reducing 

agent, greatly simplifying the process of making nanoparticles (Kim et al. 2006). Ionic liquids can 

be used to generate a number of metal nanoparticles, including Au, Ag, Al, Te, Ru, Ir, and Pt 

(Vollmer et al., 2010; Kamalakannan et al., 2018). Ionic liquids such as (tetraoctylammonium 

bromide (TOAB) (Mjalli et al., 2014), choline dihydrogen phosphate ([choline][DHP]) (Reslan 

and Kayser, 2018) can act as a reducing and a shielding agent, which simplifies the synthesis of 

nanoparticles. Depending on the kind of cations and anions, ionic liquids can either be hydrophilic 

or hydrophobic. Both hydrophilic and hydrophobic ionic liquids can serve as catalysts due to 

their ionic nature (Kamalakannan et al., 2018; Ananikov, 2010). In the electrolytic process, the 

ionic liquid was supplied in place of water without any mechanical stirring. 

1.4.1 Biosynthesis of the AuNPs from the plant extracts 

According to Iravani and coworkers, the bio-synthesis of AuNPs using plant extracts involves the 

use of plant extracts as the reducing and capping agents for the bio-reduction of gold ions to form 

AuNPs. The author also mentions that this method of synthesis is eco-friendly, cost-effective, and 

scalable (Iravani, 2011). Biosynthesis of the AuNPs from the plant source is a simple one-pot 

method. Different parts of the plants are utilised such as bark, leaves, stem, roots, etc. (Ahmed et 

al., 2016). In order to make extract the parts of the plants are cleaned with distilled water then it is 

grounded and chopped into fine granules and boiled in distilled water. For purification, various 

techniques are used (centrifugation, filtration, etc.). The extract is then simply combined with 
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varying quantities of gold salt solution (Ahmed et al., 2016). Within a few minutes to a few hours, 

the gold salt solution is reduced into AuNPs. The reaction mixture is held for longer periods of 

time and can be identified by colour change. The generated AuNPs are then extensively cleaned 

in water and centrifuged for purity before being used. The entire procedure is easy and are 

environmentally friendly (Santhosh et al., 2022). 

1.4.2 Using microorganisms 

Microorganisms such as bacteria and actinomycetes can be used for the green synthesis of AuNPs. 

Microorganisms have attracted a lot of attention in the field of industrial microbiology. Some of 

the attractive factors include simple handling and processing, inexpensive growing media, and the 

capability to adsorb and reduce different metal ions into nanoparticles (Lee et al., 2020; Sharma, 

2012). Large-scale microbe growth in bulk fermenters will make it possible to extract more 

enzymes and different secondary metabolites in a less expensive way.  The microbes can be 

cultured in a less expensive method which makes them environmentally friendly (Siddiqi and 

Husen, 2016). Bacteria are suitable candidates for the synthesis of nanoparticles due to their 

explicit availability in the environment, fast growth, and capacity for survival under adverse 

conditions. Actinomycetes and prokaryotic bacteria have both been employed extensively in the 

production of AuNPs, either intracellularly or extracellularly (Santhosh et al., 2022). Metal ions 

can be converted to their corresponding nanoparticles by a number of enzymes, fatty acids, and 

carbohydrates found inside the bacterial cell. The capability of some bacterial strains to bind and 

adsorb metal ions and then convert them into nanoparticles using enzymes generated during 

cellular metabolic processes makes the strains useful in biological processes (Santhosh et al., 

2022). 

1.4.3 Fungi and algae  

Fungi-based synthesis of AuNPs involves the use of the cell wall of the fungi as a template for the 

formation of uniform and stable AuNPs (Molnár et al., 2018). This method has several advantages 

over conventional methods, including a simple and cost-effective synthesis process, low toxicity, 

and the ability to produce highly stable and uniform nanoparticles. In addition, the use of fungi as 

a template allows for precise control over the size and shape of the AuNPs, which is critical for 

their potential applications (Michael et al., 2022). Algae-based synthesis of AuNPs, on the other 

hand, involves the use of photosynthetic pigments found in algae to reduce gold ions to AuNPs 
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(Michael et al., 2022). This process is typically carried out in the presence of sunlight, which 

provides the energy required for the reduction reaction. This method has several advantages, 

including a low-cost and eco-friendly synthesis process, the ability to produce a large quantity of 

AuNPs and the potential for scalability (Michael et al., 2022). 

1.5 Biomedical application of the AuNPs 

AuNPs have many potential biomedical applications due to their unique physical and chemical 

properties (Milan et al., 2022). AuNPs have a high surface area to volume ratio, which makes them 

attractive for use in drug delivery and imaging applications (Milan et al., 2022). This is due to a 

high surface area to volume ratio allows a large number of drugs or imaging agents to be attached 

to the AuNPs, which increases the efficiency of the drug or imaging agent (Kong et al., 2017b). In 

addition, a high surface area to volume ratio also allows AuNPs to interact with a larger number 

of tissues or cells in the body, which can increase the effectiveness of the drug or imaging agent 

(Kong et al., 2017). AuNPs also have a high melting point, good electrical conductivity, and good 

biocompatibility, which makes them useful for a variety of other biomedical applications (Hu et 

al., 2020). The high melting point of AuNPs makes them stable and resistant to degradation, which 

is important for maintaining the integrity of the drug or imaging agent attached to the AuNPs 

(Amina & Guo, 2020). The good electrical conductivity of AuNPs allows them to be used in a 

variety of electrical or magnetic applications, such as MRI or photothermal therapy (Luo et al., 

2021). The good biocompatibility of AuNPs means that they are not toxic or harmful to the body, 

which is important for ensuring the safety of any drugs or imaging agents attached to the AuNPs 

(Luo et al., 2021), 

1.5.1 Drug delivery 

Due to their large surface area to volume ratio, AuNPs can be functionalised with a wide range of 

biomolecules, including proteins, peptides, and DNA (Tiwari et al., 2011). This ability to directly 

attach to particular cells or tissues makes them effective for targeted drug delivery (Lim et al., 

2011). In order to selectively target and deliver drugs to cancer cells, AuNPs, for instance, can be 

functionalised with ligands that bind to receptors on cancer cells (Bloise et al., 2022). This targeted 

delivery can increase the overall effectiveness of cancer treatment by lowering the toxicity of 

chemotherapy medicines to healthy cells (Lim et al., 2011). Additionally, AuNPs can be used to 

deliver drugs to specific body parts, which are challenging to reach with conventional drug 
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delivery techniques (De Jong & Borm, 2008). Due to their tiny size, AuNPs may readily cross the 

blood-brain barrier, a physical barrier that protects the brain from blood flow (Sokolova et al., 

2020). In order to cure diseases of the brain like Alzheimer's or brain cancer, AuNPs are a 

promising method (Khan et al., 2021). The unique physical and chemical characteristics of AuNPs 

make them suitable for application in the treatment of cancer (Lim et al., 2011). AuNPs have the 

capability to be used in drug delivery, which would improve the cytotoxic effects of chemotherapy 

treatments by increasing their absorption into cancer cells. Given that they may be easily found 

using methods like CT or MRI, AuNPs have also been employed for cancer imaging (Deb et al., 

2015).  There are a number of possible benefits to using AuNPs for drug delivery. First, AuNPs 

can enhance the targeted delivery of chemotherapy medications to cancer cells, therefore lowering 

their toxicity to healthy cells and enhancing the effectiveness of the treatment (Lim et al., 2011). 

Second, by boosting the absorption of chemotherapy drugs into cancer cells and by making cancer 

cells more sensitive to the treatments, AuNPs can improve the harmful effects of chemotherapy 

drugs (Lim et al., 2011). Photothermal therapy, in which AuNPs are used to absorb near-infrared 

(NIR) light and transform it into heat that may subsequently be utilised to destroy cancer cells, is 

one application for which they may be used to treat cancer (Lim et al., 2011). Additionally, 

scientists are attempting to optimise the therapeutic benefits of the nanoparticles by enhancing 

their size and shape (Mitchell et al., 2021). Overall, research into the use of AuNPs in cancer 

therapy is vigorous and shows promise as a possible cancer treatment.  

1.5.2 Imaging 

Magnetic resonance imaging (MRI) and computed tomography (CT) can both employ AuNPs as 

diagnostic imaging tools (Amina & Guo, 2020). They can be functionalised with contrast agents 

that can be seen by CT or MRI scanners, allowing medical professionals to more precisely 

visualise and identify disorders like cancer or cardiovascular disease (Deb et al., 2015). Using CT 

or MRI scanners, AuNPs may be easily seen due to their great contrast (Popovtzer et al., 2008). 

Additionally, they may be functionalised with various contrast agents, enabling them 

for multimodal imaging (Jain et al., 2013). AuNPs may be utilised to simultaneously visualise 

various features of a disease or tissue, giving more thorough and precise information about the 

condition. AuNPs can be employed in optical imaging methods like fluorescence microscopy in 

addition to CT and MRI (Wu et al., 2019). This technique involves the functionalisation of AuNPs 

with fluorescent molecules, which produce light when exposed to specific light wavelengths 
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(Swierczewska et al., 2011). This enables medical professionals to see certain cells or tissues 

within the body, revealing critical details regarding the location and spread of illnesses like cancer. 

Compared to conventional contrast agents, using AuNPs in imaging provides a number of benefits. 

Using CT or MRI scanners, AuNPs may be easily seen due to their great contrast (Amina & Guo, 

2020b). Additionally, AuNPs can be utilised in conjunction with other treatments, including 

photothermal therapy, to treat and see illnesses at the same time (Vines et al., 2019). This implies 

that a more comprehensive approach to healthcare is possible by using AuNPs for both illness 

diagnosis and treatment.  

1.5.3 Biosensors 

Biosensors have impacted various fields by providing a quick and reliable way to detect specific 

analytes. Biosensors use biological elements such as enzymes, antibodies, or nucleic acids to 

recognise and bind to a specific target molecule, resulting in a measurable signal (Michael et al., 

2022). In recent years, nanoparticles produced by algae have emerged as promising candidates for 

biosensor development due to their unique properties. These nanoparticles can be easily 

synthesised in large quantities and functionalised with biomolecules to enhance their selectivity 

and sensitivity (Zheng and Tan, 2020). One potential application of algae-derived nanoparticles is 

in the detection of adrenaline, a hormone that plays a critical role in the body's response to stress. 

Elevated levels of adrenaline can indicate conditions such as allergies, heart attacks, cardiac 

operations, and asthma (Michael et al., 2022). Using algae-derived nanoparticles, scientists have 

developed a biosensor with remarkable sensitivity for detecting adrenaline in clinical samples. 

Moreover, the use of algae-derived AuNPs has also been proposed for the detection of cancer 

(Chaudhary et al., 2020). Different types and numbers of hormones are present in our bodies, and 

their levels can change in various diseases, including cancer. The detection of these hormones can 

provide valuable diagnostic information, and AuNPs made from algae could serve as a crucial tool 

for the detection of cancer (Chaudhary et al., 2020). 
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1.6 Overall objective and specific aims of the thesis 

As explained in the literature review written as part of this chapter, there are numerous advantages 

of using AuNPs in biomedical applications and possibilities of developing green methods for their 

synthesis. Therefore, the overall objective of this thesis is to produce AuNPs functionalised with 

hydrophobic coating agents in water and synthesise the latter using greener solvents with the use 

of simulation software to reduce the number of experimental attempts and more importantly reduce 

the wastage of chemicals. Specific aims to achieve this main objective are the followings:  

• To incorporate green chemistry principles in the organic synthesis of both intermediates 

and cationic lipophilic phosphonium ligands by using Aspen Plus software to check 

whether the corresponding reactions can occur in 100% water and obtain reaction 

conditions (optimal reaction time and temperature). 

• To conduct the syntheses of the cationic lipophilic phosphonium ligand and intermediates 

in the laboratory using greener solvents and the reaction conditions predicted by the Aspen 

Plus, and to use FTIR for their chemical structure characterisation. 

• To develop green synthetic methods to produce cationic lipophilic AuNPs using water as 

the main solvent, dimethylformamide (DMF) as the reducing agent and the cationic 

lipophilic phosphonium ligand for the coating, and varying reaction temperature and DMF 

concentration. 

• To characterise cationic lipophilic AuNPs, produced following the green methods 

developed in this project, using techniques such as UV-Vis spectroscopy and Transmission 

Electron Microscopy, and compare with same AuNPs synthesised with conventional 

methods reported in the literature. 
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Chapter 2 

Characterisation techniques 

2.1 Introduction 

This chapter provides an overview of the primary characterisation techniques employed for the 

analysis of phosphonium ligands and functionalised gold nanoparticles. The analytical methods 

utilised in this study, include Attenuated Total Reflectance-Fourier-transformed Infrared (ATR-

FTIR), Melting point, Rotary evaporator, Thin layer chromatography (TLC), Transmission 

Electron Microscopy (TEM), UV-Visible spectroscopy (UV-Vis), and X-ray Photoelectron 

Spectroscopy (XPS). Each of these techniques was employed to characterise all ligands and 

functionalised AuNPs prepared using both conventional and green synthetic methods. The use of 

these analytical methods ensures a comprehensive understanding of the synthesised materials, their 

properties, and their potential applications. 

2.2 Analytical techniques 

2.2.1 ATR-FTIR spectroscopy 

FTIR analysis of intermediates and final ligand was carried out using a PerkinElmer UATR Two 

equipped with SpectrumTM software (Version 10). A Smart Omni-Sampler (ATR cell with single 

reflectance diamond crystal) is used for the characterisation of the ligands synthesised using both 

conventional and green synthetic approaches. 

ATR spectroscopy provides valuable information about the chemical structure and functional 

groups of materials and can measure the amount of light absorbed as it interacts with a sample at 

the interface between two media, typically the sample and a diamond crystal (Ismail et al., 1997). 

The diamond crystal serves as a waveguide for the IR light, allowing for the measurement of the 

IR spectra of samples in contact with it. Total internal reflection is the underlying theory behind 

ATR spectroscopy, which describes how light is reflected back into a medium from the interface 

between two mediums with different refractive indices. In ATR spectroscopy, a sample is brought 

in contact with a crystal that has a higher refractive index than the sample, and a beam of infrared 

light is focused onto the crystal at a certain angle, known as the critical angle, causing the light to 

experience total internal reflection (Ismail et al., 1997). 
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Figure 2.1. PerkinElmer UATR Two was used for the analysis of Intermediate #1, Intermediate 

#2 and the Ligands 

 

Figure 2.1. shows the (ATR-FTIR) spectroscopy setup used in this project. Prior to the analysis, 

the samples were first dried in an oven at 60°C overnight and then stored in a desiccator to prevent 

moisture. The instrument was set up by selecting a spectrum range from 4000cm-1 to 400cm-1, 

fixing the resolution at 4, and selecting the number of scans to 64. A background scan was run to 

eliminate any environmental effects on the spectrum. Then a small quantity of the dried sample 

(Intermediate #1, Intermediate #2, and the Ligand), was taken and spread over the top of the 

diamond crystal in the ATR unit. The sample was then pressed and the pressure in the gauge bar 

was selected between 80-100, and the sample was scanned to obtain the spectrum. The sample's 

capacity to absorb particular IR light wavelengths is correlated with the intensity of the IR light 

that passes through the sample. Functional groups of the sample are then determined from the 

spectrum (Ismail et al., 1997). 

 

2.2.2 Melting point  

Stuart Melting point SMP10 was used for the analysis of the melting point of the intermediates. 

An electrothermal melting point apparatus is a laboratory instrument used to determine the melting 

point of a solid substance. This temperature is a fundamental physical property of the substance 

that can provide important information about its nature, purity, and composition (Sharma 2021). 
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Figure 2.2. Melting point apparatus 

 

To determine the melting point of a substance, a small amount of intermediates was placed in a 

capillary tube and inserted into the melting point apparatus the substance was then heated at a 

controlled rate as shown in Figure 2.2. The temperature was continuously monitored until the 

substance begins to melt. The temperature at which the substance completely melts is recorded as 

its melting point.  

 

2.2.3 Rotary Evaporator 

Rotavapor R-210 was used for the extraction of Intermediate #2. A rotary evaporator is an 

instrument generally used to separate the solvent from the sample by continuous distillation, in 

addition to the continuous distillation of volatile solvents it is used for concentration, 

crystallisation, drying, separation, and solvent recovery. They have applications in various fields 

such as pharmaceuticals, chemicals and biotechnology-based industries. Various components are 

involved in the working of the rotary evaporator (Elgie, 2022). 

The schematic representation of the Rotary Evaporator is shown in Figure 2.3. The rotary 

evaporator utilises this principle to evaporate/ remove and recover organic solvents from a sample 

by applying mild heat (40 – 600C) to the sample in a water bath while simultaneously creating a 

vacuum in the system to lower the pressure. The vapours produced from the sample are then 

condensed back into a liquid form in a cooled condenser and collected in a flask for further analysis 

or use (Elgie, 2022). 
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Figure 2.3. Instrumentation of the rotary evaporator 

 

Rotary evaporator is used for the extraction of Intermediate #2 using the conventional method and 

Intermediate #1 using the green method. 

 

2.2.4 Thin layer chromatography TLC 

Thin layer chromatography (TLC) was performed on Merk silicagel plates using mixtures of 

dichloromethane: methanol as an eluent system. This simple chromatographic method was used to 

check the progress of the reaction carried out to obtain Intermediate #1, Intermediate #2, and the 

ligand, by monitoring the emergence of a product or the elimination of a reactant (Thin Layer 

Chromatography, n.d.). The schematic representation of the TLC is shown in Figure 2.4. 

A small amount of the solution of Intermediate #1 and Intermediate #2 and ligand is transferred 

into one end of the TLC plate using a micropipette the spotting sample evaporates very quickly 

and leaves behind a spot on the plate. The TLC plate is placed in a shallow pool of the 90:10 of 

DCM and methanol solution and the solvent moves up the plate by capillary rise. Reactants and 

products with different polarities within the first spot will migrate to different positions away from 

the original spot. Once the separation was completed, the TLC plate was dried and placed in the 
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glass containing iodine. After a short period of the time dark brown spots corresponding to the 

reactants and the products were observed. 

 

 

 

 

 

 

 

 

 

Figure 2.4. Schematic representation of TLC (Sathya, 2017) 

 

2.2.5 Transmission Electron Microscope (TEM) 

The Jeol 2100F Field Emission Gun Transmission Electron Microscope was used for the 

characterisation of the samples synthesised by both conventional and green synthetic methods and 

to obtain information about their size.  

In general, a microscope consists of several parts which include a source for illumination, a 

condenser lens to converge the beam from the source to the sample, an objective lens to magnify 

the image, and a projector lens to project the image onto an image plane. The wave nature of the 

electron is used to obtain the image of the sample in an electron microscope. The lenses used in 

electron microscopes are electromagnetic in nature. TEM is a powerful tool for investigating the 

morphology and properties of materials at the atomic and molecular levels (Zuo and Spence, 

2016). The working of a TEM involves a beam of high-energy electrons passing through a very 

thin sample, interacting with the atoms in the sample, and producing an image on a detector.  

Figure 2.5. shows the schematic diagram of the Transmission electron microscope (TEM). The 

electron beam is generated by an electron gun, which accelerates electrons towards the sample. An 

array of electromagnetic lenses that operate as microscope lenses focus and shape the electron 

beam in a manner similar to an optical microscope. As the electron beam passes through the 

sample, which then interacts with the electrons in the atoms and the crystal structure of the sample 
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that causes scattering and absorption of the electrons. The scattered electrons and transmitted 

electrons from the sample are then collected by the detector, which then converts the electron 

signal into an image (Zuo and Spence, 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic representation of TEM (PeakD, n.d.) 

Sample preparation for TEM analysis, involves dilution of the AuNPs colloidal solution. These 

were performed by adding 1 µl of the AuNPs solution to 100 µl of DI water. This ensures that the 

concentration of the AuNPs is appropriate for the subsequent sample preparation. After dilution, 

the AuNPs were centrifuged to remove any large aggregates or debris. The supernatant was 

deposited onto the carbon-coated copper grid. The sample is then allowed to dry, once dried the 

copper grid was placed under a magnifying glass in order to remove large fibres and other 

contaminants as these may interfere with the imaging. Finally, the TEM grid is loaded onto the 

TEM column and imaging parameters are optimised to obtain clear and detailed images of the 

nanoparticles. The imaging conditions were optimised for the sample by adjusting the electron 

beam current, focus, and aperture to get a clear image. For the analysis of the particle size, two 

TEM images of each sample were analysed by counting 150 particles corresponding to each 

samples using the ImageJ software and are plotted using the Origin 2023 software. 
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2.2.6 UV-Visible spectroscopy 

A Perkin-Elmer 25 UV-Vis spectrophotometer was used for the characterisation of the 

functionalised AuNPs prepared using both conventional and green synthetic methods. Samples 

were analysed in the wavelength range from 400 to 700nm, with a resolution of 1 nm.  

UV-Visible spectroscopy is a type of absorption spectroscopy in which a molecule absorbs light 

in the ultra-violet range. Surface Plasmon resonance (SPR) is a phenomenon that occurs when 

light interacts with a metal surface, such as gold and excites the collective oscillation of free 

electrons, known as surface plasmons. Gold nanoparticles can exhibit SPR, which is commonly 

used for sensing and detection applications. In the case of gold nanoparticles, the SPR occurs at a 

specific wavelength and is dependent on the size, shape, and composition of the nanoparticle. 

When the wavelength of incident light matches the SPR wavelength of the gold nanoparticles, the 

intensity of the scattered light is greatly enhanced, making them visible under a microscope or 

other imaging techniques (Amendola et al., 2017). On absorption of the light by the molecule, 

electrons are excited from their ground state to a higher energy state. Molecules containing 

electrons or non-bonding electrons (n-electrons) can absorb energy in the form of ultraviolet light 

to excite these electrons to higher anti-bonding molecular orbitals. The more easily excited the 

electrons are, the longer the wavelength of light they can absorb. The amount of light absorbed by 

the sample depends on the chemical composition of the sample and the wavelength of light used. 

Different molecules have different energy levels and absorb light at different wavelengths, which 

allows for the identification and quantification of the components of a sample. The UV-Vis 

spectrophotometer can also be used to measure the concentration of a particular component in a 

sample, as the amount of light absorbed is directly proportional to the concentration of the 

component (Skoog et al., 2023).  
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Figure 2.6. Perkin-Elmer 25 UV-Vis spectrophotometer was used for the analysis of the 

colloidal gold nanoparticles 

The principle of UV-visible spectroscopy is based on the Beer-Lambert law, which states that the 

absorbance of a solution is directly proportional to the concentration of the absorbing species and 

the path length of the sample. Figure 2.6. depicts the UV-Vis spectrophotometer used for the 

analysis of the colloidal AuNPs. For the characterisation of the samples, different dilutions of the 

synthesised samples were used. The colloidal gold nanoparticles were diluted with 1ml in 9ml of 

solvent, for the green synthesis different ratios of the DMF and DI water were used, and for the 

conventional method, 100 % DI water is used as the solvent. 

For the data collection process, specific parameters were specified, including the wavelength range 

(400-700nm), the number of scans (64), and the type of spectrum (absorption). The subsequent 

step involved selecting the appropriate reference sample, depending on the method of synthesis 

employed, whether conventional or green. For the conventional method, 100% of DI water was 

chosen as the reference/ blank, while for the green synthesis, various ratios of DMF and DI water 

(1:5 and 1:2) were used. Prior to the analysis, background scanning was performed by placing the 

reference/ blank in one sample holder and leaving the other sample holder empty. This step ensures 

that any signals arising from the instrument or the environment are subtracted from the final 

spectrum. After the background scanning, the synthesised colloidal gold nanoparticle solution was 

placed in one sample holder, while the reference/ blank was kept in the sample holder. The analysis 

was then carried out to acquire the UV-Vis spectrum. 
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2.2.7 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) measurements were made on a KRATOS SUPRA 

Photoelectron Spectrometer at 10 KV and 20 mA using a monochromatic Al Kα X-ray source 

(1486.6 eV). The take-off angle was fixed at 90º. Three drops of AuNP sample were deposited on 

a clean Al foil surface and let to dry at room temperature, and then mounted on a standard sample 

stud employing double sided adhesive tape. On each sample, the data were collected from three 

randomly selected locations, and the area corresponding to each acquisition was 400 µm in 

diameter. Each analysis consisted of a wide survey scan (pass energy 160 eV, 1.0 eV step size) 

and a high-resolution scan (pass energy 20 eV, 0.1 eV step size) for component speciation. All 

experiments were conducted in triplicate. The binding energies of the peaks were determined using 

the C 1s peak at 284.6 eV. The software CasaXPS 2.3.17 (Fairley, 2014) was used to fit the XPS 

spectra peaks. 

                                     

Figure 2.7.  X-ray Photoelectron Spectroscopic technique (West Campus Materials 

Characterisation Core, n.d.) 
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Chapter 3 

Green synthesis of phosphonioalkylthiosulfate ligand - 

Aspen modelling to experimental trials 
 

3.1 Introduction  

Phosphonioalkylthiosulfate ligands, such as triphenylphosphoniopropylthiosulfate zwitterion, can 

be used as capping agents to functionalise AuNP as reported in the literature (Ju-Nam et al., 2012; 

Ju-Nam et al., 2016). The triphenylphosphoniopropylthiosulfate zwitterion synthetic route is based 

on a three-stage process as shown in the in Figure 3.1. This procedure is referred to the 

Conventional Route in this thesis. In the first stage, hydroxylpropyltriphenylphosphonium salt 

(from now on referred as Intermediate #1) is synthesised by reacting TPP with bromopropanol in 

ACN under reflux conditions. In the second stage, Intermediate #1 crystals, obtained from the first 

stage, are reacted with hydrobromic acid also under reflux conditions for several hours to produce 

ω-bromopropyltriphenylphosphoniumbromide (Intermediate #2). Purification of the latter is 

normally carried out using organic solvents such as DCM. In the third and final stage, Intermediate 

#2 is reacted with sodium thiosulfate in a 1:1 ratio of ethanol:water. This mixture is left under 

reflux conditions for several hours to obtain final product triphenylphosphoniopropylthiosulfate 

zwitterion (Ligand). 

The main aim of this part of the project was to incorporate green chemistry principles in the organic 

synthesis of both intermediates and Ligand. However, due to the time constrains, this concept was 

only applied to Reaction # 1 (Figure 3.1). Prior attempting a green synthesis of Intermediate #1 in 

the laboratory, Aspen Plus software was used to check whether Reaction #1 can occur in greener 

solvents and duration (reaction time). The approach of modelling Reaction #1 first to predict and 

obtain reaction conditions could potentially save time spent in the laboratory, reduce the number 

of experimental attempts and more importantly reduce the wastage of chemicals.  

Aspen Plus is a powerful and widely used process simulation software in the fields of chemical 

engineering and process chemistry. This software provides chemical engineers with a 

comprehensive toolkit to model and optimise chemical processes, from the early stages of process 
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design. Users can create process flowsheets, compute thermodynamic and transport parameters, 

simulate unit operations, and improve process performance using the software (Haydary, 2019).  

 

Figure 3.1. Conventional Route (three-stage process) to produce Intermediate #1, Intermediate 

#2 and Ligand (triphenylphosphoniopropylthiosulfate zwitterion). 

 

Aspen Plus users can develop, execute, and analyse complex process simulations due to its user-

friendly interface. Creating informed decisions about components such as equipment selection, 

process design, and operating conditions is one of the main advantages of adopting Aspen Plus. 

This approach can help to cut costs, increase efficiency, guarantee safety and reliability, and 

discover possible bottlenecks by modelling a chemical process. They can also assess various 

scenarios and enhance process performance. This simulation tool also aids engineers in evaluating 

a process financial viability, including capital and operational expenses, by offering thorough cost 

estimates and financial evaluations. Aspen Plus has a variety of uses, including process synthesis, 

optimisation, and precise engineering. A broad variety of process types, including distillation, 

absorption, evaporation, reaction, heat transfer, and many more, may be handled by the programme 

(Al-Malah, 2017; Haydary, 2019). 

Aspen Plus allows users to create their own process model, beginning with the flow sheet and 

specifying the chemicals involved in the reaction and operating condition. During the simulation, 

all the necessary calculations to solve a reaction, and predict its behaviour can be obtained. Once 

Triphenylphosphine Bromopropanol Intermediate #1

Intermediate #1

Intermediate #2

Intermediate #2

LigandR = phenyl groups
n = 3

Reaction #1

Reaction #2

Reaction #3



40 
 

the calculations are completed, Aspen Plus software will display the result stream by stream and 

also unit by unit, making the analysis of reactions easy to follow. 

Before starting the Aspen Plus work for this project, synthesis of both Intermediate #1 and #2, and 

Ligand was carried out following the Conventional Route reported by Ju-Nam and co-workers (Ju-

Nam, et al., 2016), with the aim to obtain the Ligand to produce functionalised AuNPs using 

greener methods (Chapter 4), and deeper understanding of the Conventional Route, to aid the 

simulation work and design of a greener protocol to obtain the intermediates and Ligand. 

Experimental results from the Conventional Route, simulation work and its corresponding 

experimental attempt to obtain Intermediate #1, using a newly designed greener route, are outlined 

in this Chapter 3.  The latter also includes the materials and methods, a detailed explanation of the 

modelling approach and a discussion of corresponding experimental work carried out in the 

laboratory. 

3.2 Materials and methodology  

3.2.1 Chemicals 

Triphenylphosphine (P(C6H5)3, TPP), bromopropanol (C6H7BrO), acetonitrile (ACN), 

sodiumthiosulfate (Na2S2O3), ethanol, dichloromethane (DCM) were bought from Sigma-Aldrich 

and hydrobromic acid from Fisher. All chemicals and reagents used in the entire study were of 

analytical grade. All the chemicals were used without further purification. Finally, deionised water 

(DI water) was obtained from the Millipore Direct-Q Water Purification system (resistivity 18.2 

MΩ·cm at 25 °C; total organic carbon (TOC) ≤ 5 ppb). 

3.2.2 Synthesis of triphenylphosphoniopropylthiosulfate zwitterion (Ligand) 

using the Conventional Route 

3.2.2.1 Synthesis of hydroxylpropylphosphonium salt (Intermediate #1) 
The synthesis of Intermediate #1 was done accordingly to the previously published study by Ju-

Nam et al., 2016). In order to synthesise Intermediate #1, 1g (3.8 mmol) of TPP and 3ml (30.2 

mmol) of bromopropanol were mixed with 15ml of ACN in a round bottom flask. A few amounts 

of anti/bump granules were added to the mixture, which was then placed in a reflux condenser 

setup for five hours. The solution was transferred into a conical flask and sealed with paraffin tape. 

The flask was then kept overnight to allow the crystal formation. The crystals were filtered and 
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washed with DCM to remove any impurities. The filtered crystals were then dried overnight in an 

oven at 60°C. 

 

 

 

 

 

 

 

Figure 3.2. Reaction #1 for the synthesis of Intermediate #1 (Ju-Nam et al., 2016) 

 

Figure 3.3. Flowchart representation for the synthesis of Intermediate #1. 

 



42 
 

3.2.2.2 Synthesis of ω-bromopropyltriphenylphosphoniumbromide 

(Intermediate #2) 
In order to synthesise Intermediate #2 (Ju-Nam et al., 2016), 1g of hydroxylpropylphosphonium 

salt (Intermediate #1) was weighed and mixed with 15ml of hydrobromic acid in a conical flask, 

the mixture was kept for reflux for five hours. The solution was then left overnight to cool down. 

After cooling, the solution was transferred to a separating funnel, and 20 ml of DCM was added, 

followed by thorough shaking to generate two layers of the solution. The DCM layer was separated 

from the bottom aqueous layer, and this process was repeated three times with the addition of 20 

ml of DCM to the aqueous layer after each separation step. 1g of magnesium sulfate was then 

added to the top layer of the separated DCM mixture until it becomes a clear solution to remove 

the moisture from the mixture. The solution was filtered and washed with DCM, and the resulting 

solution was connected to a rotary evaporator to remove the solvent. The rotary evaporator works 

on the principle of distillation under reduced pressure, as described in the previous chapter. 

Crystals formed at the bottom of the round bottom flask were scrubbed and dried in the oven at 

60°C. 

 

 

 

 

 

 

 

 

Figure 3.4. Reaction #2 for the synthesis of Intermediate #2 (Ju-Nam et al., 2016) 
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Figure 3.5. Flowchart representation for the synthesis of Intermediate #2 

 

3.2.2.3 Synthesis of triphenylphosphoniopropylthiosulfate zwitterion (Ligand) 
In order to synthesise the Ligand (Ju-Nam et al., 2016), about 1g of ω-

bromopropyltriphenylphosphoniumbromide (Intermediate #2) was taken and mixed with 5ml of 

ethanol in a vial. Approximately 0.8g of sodium thiosulfate was taken in a separate beaker, and 

mixed with 5ml of deionised water, and sonicated to form a clear solution. The solution thus 

formed was mixed with Intermediate #2 in ethanol and was refluxed for five hours. The solution 

was then transferred into a conical flask and left undisturbed overnight to allow the crystal 

formation. In order to promote more crystal growth, 10ml of hot deionised water was added into 

the conical flask and was kept in an ice bath for a few minutes. The crystals were then washed 
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with a mixture of cold ethanol and deionised water in a 1:1 ratio and the crystals were filtered and 

kept overnight in the oven at 60°C. 

 

 

 

 

 

 

Figure 3.6. Reaction #3 for the synthesis of Ligand (Ju-Nam et al., 2016) 

 

 

Figure 3.7. Flowchart representation for the synthesis of Ligand 
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3.2.3 Aspen Plus simulation of Reaction #1 

A process simulation model for the green synthesis of Intermediate #1 was developed using Aspen 

Plus version 9.0. The primary objective was to check whether Reaction #1 occurs or not when 

100% water is used as the main solvent. The non-random two-liquid (NRTL) thermodynamic 

model was chosen as it is recommended for chemical systems that include both polar and non-

polar components. This NRTL model is suitable for a process involving multiple solvents. 

Simulation model for Reaction #1 using the Conventional Route was developed before modelling 

the green route. The conventional components, including ACN and bromo-propanol, were 

specified for the simulation of Reaction #1. Since the Aspen component databases did not include 

phosphonium salts, these compounds had to be user-defined and entered using a combination of 

chemical property calculations, estimations, and assumptions, in order to ensure the simulation 

runs effectively. In the literature or chemical databases, not all of the critical properties for TPP 

are available. The critical properties of the compounds were found using the Joback Method as 

cited in the literature (Jha et al., 2016). The Conventional and Green reaction routes for 

Intermediate #1 were simulated in continuous and in batch modes. The simulation environment 

included one CSTR unit in steady-state mode for continuous, and a batch flowsheet was generated 

to create a batch version of the process.  

In order to run the simulations for Reaction #1, for both Conventional and Green routes, the Joback 

method approach was used in this project. Several equations were used in order to find the 

following parameters for some of the chemicals involved in Reaction #1: normal boiling point, 

critical temperature, critical pressure, critical volume, critical compressibility, acentric factor, 

freezing point, heat of formation, Gibbs energy of formation, heat of vaporisation, heat of fusion, 

and heat capacity. 

Joback method is a group contribution method that uses basic structural information of the 

chemicals such as a list of simple functional groups, adds parameters to these functional groups, 

and calculates the thermos-physical and transport properties (Fernández et al., 2022). The Joback 

method is a technique used to determine the typical boiling point of a chemical compound. This 

property is predicated based on the idea that a typical boiling point of a compound may be 

estimated using information from its molecular structure, molecular weight, carbon number, and 

functional group composition. The Joback technique is frequently used in the field of Chemical 
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Engineering as it is a quick and effective approach to calculate the typical boiling point of a 

chemical compound without the requirement of experimental data. The normal boiling point is a 

crucial design factor for heat exchangers, distillation columns, and other process unit operations. 

Therefore, this knowledge is helpful for process design and optimisation (Fernández et al., 2022). 

The Joback approach is based on statistical correlations found in a vast database of substances, 

and the quality and quantity of the data affect the method's accuracy (Csemány et al., 2021). The 

explanation of the Joback method applied for this project is outlined below.  

3.2.3.1 Joback method  
As previously mentioned, Joback method available in CheCalc.com was used to find the following 

parameters for some of the chemicals involved in Reaction #1, for both Conventional and Green 

routes: normal boiling point, critical temperature, critical pressure, critical volume, critical 

compressibility, acentric factor, freezing point, heat of formation, Gibbs energy of formation, heat 

of vaporisation, heat of fusion, and heat capacity. The equations that the program use are outlined 

below. 

Normal boiling point: 

The normal boiling point (TNBP) is defined as "the temperature at which the vapour pressure of the 

liquid is equal to the standard atmospheric pressure of 1atm, where boiling occurs and it is the 

temperature at which the liquid changes into a vapour state and begins to boil under the standard 

conditions of pressure" (Chang, 2019). This temperature is a characteristic property of a substance 

and can be used to identify and distinguish it from other substances. 

 

                                                  TNBP (K) = 198+∑ Tb,i                                                  (3.1) 

 

where Tb,i is the boiling point of each component.  

Critical temperature: 

The critical temperature (Tc) is the highest temperature at which the substance can exist as a 

liquid, regardless of the pressure applied to it. At this temperature, the substance vapour pressure 

is equal to the pressure of the substance and then the substance is said to be at its critical point 

(Laidler, et al., 2019). The equation is as follows: 
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                                         Tc (K) = TNBP  (0.584 + 0.965  ∑Tc,i  − (∑ Tc,i)
2)                           (3.2) 

where TNBP and Tc,i is the normal boiling point and critical temperature of each component. 

Critical pressure: 

The critical pressure (Pc) is the maximum pressure at which a substance can exist in a state between 

liquid and gas, known as the critical point. Beyond this pressure, the substance will not condense 

into a liquid regardless of the temperature. Critical pressure is a characteristic property of a 

substance and depends on its molecular structure and interactions (Laidler et al., 2019). The 

equation is as follows: 

                                             Pc (bar) = (0.113 + 0.0032  NA − ∑ Pc,i)
−2                                    (3.3) 

where NA is number of atoms in the molecular structure, Pc,i  is the critical pressure of each 

component. 

Critical volume: 

The critical volume (Vc) is the volume occupied by a substance at its critical point. The critical 

point is the temperature and pressure at which a substance can exist in a state between liquid and 

gas, and beyond this point, the substance will not condense into a liquid regardless of the 

temperature and pressure. The critical volume is a characteristic property of a substance and 

depends on its molecular structure and interactions. It is used in various fields, including 

thermodynamics, phase diagrams, and engineering, to study and understand the behaviour of 

materials (Cengel and Boles, 2014). 

                                                     Vc (cm3/mol) = 17.5 + ∑ Vc,i                                                  (3.4) 

where Vc,i is the critical volume of each component. 

Critical compressibility: 

Critical compressibility (Zc) is a measure of the change in volume of a substance as a function of 

pressure at its critical point. It is defined as the fractional change in volume per unit pressure at the 

critical point and is a fundamental property of a substance. The critical compressibility of a 

substance is related to its molecular structure and interactions and is an important parameter in 
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thermodynamics and phase diagrams. It provides information about the behaviour of a substance 

at high pressure (Cengel and Boles, 2014). The equation is as follows, 

        Zc = (Pc  Vc)/(R  Tc)                                                         (3.5) 

where R is the gas constant, Pc is the critical pressure and Vc is the critical volume. 

Acentric factor: 

The acentric factor (ω) is defined as the ratio of the deviation of a substance's vapour pressure from 

that of an ideal gas to the vapour pressure of the ideal gas at a given temperature. It is a measure 

of the deviation from ideal behaviour and is related to the shape, size, and intermolecular 

interactions of the substance's molecules. The acentric factor ranges from 0 for an ideal gas to 1 

for a highly non-ideal substance (Cengel and Boles, 2014). The Lee-Kesler method can be used to 

estimate the acentric factor. 

                                                                  ω = α/β                                                                      (3.6)                        

                      α = −ln(Pc) − 5.92714 + 6.09648/θ + 1.28862  ln(θ) − 0.169347  θ6               (3.7) 

                              β = 15.2518 − 15.6875/θ − 13.4721  ln(θ) + 0.43577  θ6                         (3.8) 

The factor θ can be obtained by using the following equation: 

                                                               θ = TNBP/ Tc                                                                  (3.9) 

where TNBP is the normal boiling point, Tc is the critical temperature and Pc is the critical pressure. 

Freezing point: 

The freezing point (Tm) is the temperature at which a liquid changes into a solid due to the loss of 

thermal energy. At the freezing point, the heat absorbed by the substance is used to overcome the 

attractive forces between the molecules, causing the liquid to transition into a solid state. The 

freezing point of a substance is a characteristic property that depends on the type of substance and 

its molecular structure. For a pure substance, the freezing point is a constant value at a given 

pressure. However, for solutions, the freezing point can be depressed or raised relative to the pure 

solvent due to the presence of solute particles, which interfere with the formation of a solid crystal 

structure (Cengel and Boles, 2014). 
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                                                   Tm (K) = 122.5 + ∑ Tm,i                                                          (3.10) 

where Tm,i is the freezing point of each component. 

Heat of formation (ideal gas, 298 K):  

The heat of formation (Hformation) of an ideal gas is the amount of energy required to form the gas 

from its constituent elements in their standard states. For an ideal gas, the heat of formation is 

equal to zero as the ideal gas is considered to be composed of point-like particles with no 

intermolecular interactions, and therefore, no energy is required to bring the particles together to 

form the gas (Cengel and Boles, 2014). 

                                              Hformation (kJ/mol) = 68.29 + ∑ Hform,i                                         (3.11) 

where Hformation,i is the heat of formation of each component. 

 

Gibbs energy of formation (ideal gas, 298 K): 

The Gibbs energy of formation (Gformation) of an ideal gas is the change in Gibbs energy that occurs 

when a substance is formed from its constituent elements in their standard states. For an ideal gas, 

the Gibbs energy of formation is equal to zero as the ideal gas is considered to be composed of 

point-like particles with no intermolecular interactions, and therefore, no energy is required to 

bring the particles together to form the gas (Cengel and Boles, 2014). 

                                          Gformation (kJ/mol)=53.58 + ∑ Gform,i  Hform,i                                    (3.12) 

where Gformation,i is the Gibbs energy of formation of each component and Hformation,i is the heat of 

formation of each component. 

Heat of vaporisation (at normal boiling point): 

The heat of vaporisation (△Hv), (also known as the enthalpy of vaporisation) at the normal boiling 

point is the amount of energy required to convert a given amount of a liquid into a gas at the normal 

boiling point, usually measured in units of joules per mole (J/mol). The normal boiling point (TNBP) 

is the temperature at which the vapour pressure of a liquid is equal to one atmosphere (101.325 

kPa). The heat of vaporisation is an important physical property of a substance and is closely 

related to its molecular structure, size, and intermolecular interactions. In general, substances with 

strong intermolecular forces, such as hydrogen bonding or dipole-dipole interactions, have higher 
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heat of vaporisation values compared to substances with weaker intermolecular forces (Cengel and 

Boles, 2014). Reidel's equation can be used to estimate a liquid's heat of vaporisation at its normal 

boiling point. 

                     △Hv (kJ/mol) = 1.092  R  TNBP  (ln(Pc) − 1.013)/0.930 − TNBP/Tc                   (3.13) 

where R is the gas constant, TNBP is the normal boiling point, Pc is the critical pressure and Tc is 

the critical temperature. 

Heat of fusion: 

The heat of fusion (△Hfusion), also known as the enthalpy of fusion, is the amount of energy 

required to convert a given amount of a solid into a liquid at its melting point, usually measured in 

units of joules per mole (J/mol). The heat of fusion is an important physical property of a substance 

and is closely related to its molecular structure, size, and intermolecular interactions. In general, 

substances with strong intermolecular forces, such as hydrogen bonding or dipole-dipole 

interactions, have higher heat of fusion values compared to substances with weaker intermolecular 

forces (Cengel and Boles, 2014). 

                                                    △Hfusion (kJ/mol) = −0.88 + ∑ Hfus,i                                            (3.14) 

where Hfus,i is the enthalpy of fusion of each component. 

Heat capacity: 

The heat capacity of an ideal gas (Cp) is the amount of heat required to raise the temperature of a 

given quantity of the gas by a certain amount, usually measured in units of Joules per Kelvin per 

mole (J/K/mol). For an ideal gas, the heat capacity can be calculated using the ideal gas law. The 

heat capacity of an ideal gas is temperature-independent, which means it does not change with 

temperature. This is in contrast to real gases, which deviate from ideal gas behaviour due to 

intermolecular interactions, and due to a temperature-dependent heat capacity (CheGuide and 

Dash; Property Estimation Joback Method, n.d.). 

 

                     Cp(J/mol.K)=A + BT + CT2 + DT3 + ET4 + FT5 + GT6                          (3.15) 

where A, B, C, D, E, F, G are the regression coefficients and T is the temperature.  
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3.2.3.1.1 Critical properties required for Reaction #1 simulation 
In the modelling of Reaction #1 using Aspen Plus software, it was noted that some important 

properties of the TPP and the product (Intermediate #1) were not found in the software database. 

This made it difficult for the software to accurately predict the reaction. Despite some available 

data in the database, it was not sufficient to run the simulation successfully. Therefore, the TPP 

and Intermediate #1 were defined as user-defined compounds and the physical and chemical 

properties were entered manually. The counterion Br- was also separately entered manually. To 

estimate the missing properties of the TPP and Intermediate #1, the Joback method follows similar 

works reported in the literature (Jha et al., 2016). The Joback method was used to estimate the 

properties of these compounds, and the results were tabulated for reference. Specific heat 

capacities of TPP and Intermediate #1 were calculated using the equation (3.15) and the regression 

coefficients found in the Knovel online library.  

 

3.2.3.2 Continuous mode simulation 
A continuous Stirred Tank Reactor (CSTR) is one type of reactor used for the continuous mode 

simulation of Reaction #1 using Aspen Plus in this thesis. CSTR is a type of chemical reactor that 

is used for continuous processing. Reagents, reactants, and solvents are continuously fed into the 

reactor, while the products of the reaction exit simultaneously. The reactor is designed with 

effective mixing capabilities and operates under steady-state conditions with uniform properties. 

Ideally, the output composition is equal to the composition of the material within the reactor, which 

is determined by the reaction rate and the residence time. In instances where the reaction is slow 

or when immiscible or viscous liquids are present which require high agitation, multiple CSTR 

units can be connected together to form a cascade (Mettler-Toledo International Inc. all rights 

reserved, 2022). 

 

 

 

Figure 3.8. Representation of the CSTR reactor 
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3.2.3.3 Batch mode simulation 
The Batch Reactor is the other type of reactor used for the simulation of Reaction #1 Using the 

Aspen Plus in this thesis. The batch reactor is a sophisticated model that simulates batch or semi-

batch reactions. These types of reactors are used when the reaction kinetics are known to continue 

until a specified stop criterion is met (Soroush and Kravaris, 1993). A semi-batch reactor, on the 

other hand, can have a combination of a vent product stream and continuous feed streams. The 

vent product stream exits through a vent accumulator, which continuously captures the vapour 

vent produced over time (Soroush and Kravaris, 1993). The continuous feed streams maintain a 

constant composition, temperature, and flow rate until a time profile for the flow rate is specified. 

Unlike steady-state processes, batch operations are dynamic, with variables such as temperature, 

composition, and flow rate changing over time (Soroush and Kravaris, 1993). To integrate the 

Batch Reactor with steady-state flow sheets, it is necessary to use time-averaged streams. 

 

 

 

 

 

Figure 3.9. Representation of the Batch reactor 

 

3.2.3.4 Simulation of Reaction #1 using the CSTR and the Batch reactors 

(Conventional Route) 
Simulation of Reaction #1 in continuous mode (using CSTR reactor) was performed by setting the 

temperature of the feed as 250C and the total flow rate was fixed to be 600 mol/hr which includes 

564 mol/hr of ACN, 30 mol/hr of bromopropanol, and 6 mol/hr of TPP. After setting the initial 

condition of the feed the next step was to set the conditions for the reactor. Initial operating 

conditions were set for the reactor were 80°C at 1 bar. The valid phase was set to be a vapour-

liquid phase and the volume of the reactor taken was 40 litres. After setting the required parameters 

for the reactor the next step was to set the parameters of Reaction #1 for the synthesis of the 
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Intermediate #1. Simulation of Reaction #1 in batch mode (using a Batch reactor) was performed 

by setting the temperature of the feed as 250C and the total flow rate was fixed to be 600 mol/batch 

which includes 564 mol/batch of ACN, 30 mol/batch of bromopropanol, and 6 mol/batch of TPP. 

The initial operating conditions and reactor volume used for the simulation in batch mode were 

the same ones used for continuous mode. 

3.2.3.5 Simulation of Reaction #1 using CSTR reactor (Green Route) 
The approach shown in section 3.2.3.4. was followed to obtain feasible reaction conditions from 

the Aspen simulation and develop a greener route for Reaction #1. For the Green Route simulation, 

a water stream was included in the Aspen model. Reaction #1 simulation was done in continuous 

mode only.  

3.2.4 Synthesis of Intermediate #1 in the laboratory using 100% water (Green 

Route): 
Reaction #1 was performed in the laboratory using 100% water and other reaction conditions from 

Aspen Plus simulation. Green synthesis of the Intermediate #1 was carried out by mixing 1g (3.8 

mmol) of TPP and 3ml (30.2 mmol) of bromopropanol in a 10 ml water in a round-bottomed flask. 

The reaction time was 5 hours. To promote uniform boiling to the reaction, a small quantity of 

anti/bump granules was added to the mixture, which was then refluxed for a period of five hours. 

The resulting solution was transferred to a conical flask and sealed with paraffin tape and kept 

undisturbed overnight. The solution was transferred to a separating funnel, and 20 ml of DCM was 

added, followed by thorough shaking to generate two layers of the solution and purify Intermediate 

#1. The DCM layer was separated from the bottom aqueous layer, and this extraction process was 

repeated three times. To obtain a clear solution, magnesium sulfate was added to the DCM 

solution, and it was filtered and washed using DCM into a round-bottomed flask. The solution was 

subjected to a rotary evaporator to obtain the product as crystals. These were gently scraped out 

using a spatula and dried in an oven at 600C.  
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3.3 Results and Discussions 

3.3.1 Characterisation of the Intermediate #1, Intermediate #2 and Ligand 

obtained following Conventional Route 

As previously mentioned, Ligand was synthesised following the Conventional Route to be able to 

design a greener approach for Ligand production. The conventional synthetic method involves 

three chemical reactions, the production of two intermediates and the Ligand. After carrying out 

all three reactions and corresponding purification steps, crystals of Intermediates #1 and #2 and 

Ligand was obtained as shown in Figure 3.10.  The synthesis of the Ligand using the Conventional 

Route not only help to understand the reactions involved and the reagents used for the Aspen 

simulation work but also help design a greener synthetic route. However, due to the time 

constrains, Reaction #1 was the only one considered in the design of a greener approach. The 

Ligand synthesised in this part of the project was also used in the work carried out in the synthesis 

of cationic lipophilic AuNPs using a green method (Chapter 4).  

Both intermediates and Ligand were characterised using ATR-FTIR spectroscopy technique.  

 

Figure 3.10. Crystals of (a) Intermediate #1, (b) Intermediate #2, (c) Ligand obtained using the 

Conventional Route of synthesis. 

(a) Intermediate #1 (b) Intermediate #2

(c) Ligand
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3.3.1.1 ATR-FTIR spectroscopy analyses of Intermediates #1 and #2 and 

Ligand 
Attenuated Total Reflectance-Fourier-transformed Infrared Spectroscopy (ATR-FTIR) is a 

technique used to identify and analyse chemical compounds by measuring the infrared absorption 

or emission spectra of a sample (Kalmodia et al., 2015). This technique is based on the interaction 

of infrared light with the chemical bonds in a substance, which causes vibrations in the bonds and 

results in the absorption or emission of specific frequencies of infrared radiation (Kalmodia et al., 

2015). 

Analysis of the ATR-FTIR was made for both intermediates and the Ligand to confirm the 

presence of their characteristic functional groups.  Each recorded spectrum is the average of 64 

scans with a spectral resolution of 4 cm−1 from 400 to 4000 cm−1 on a dried sample, with a 

background spectrum recorded before each analysis. Spectra were measured and analysed and 

fitted using Origin 2023 software. The infrared (IR) spectrum of a chemical compound can provide 

valuable information about the functional groups and chemical bonds present in the molecule. 

Peaks in the infrared spectrum corresponding to Intermediate #1 provide information about the 

chemical structure of the molecule (Figure 3.11. (a)). The peak at 3322 cm-1 is characteristic of the 

O-H stretching vibration of an alcohol (-OH) functional group. This indicates the presence of an 

alcohol group in the molecule. The peak at 2885cm-1 corresponds to the C-H stretching in the alkyl 

chain of the molecule. This suggests the presence of an alkyl chain. The peak at 1436cm-1 is 

indicative of the C=C stretching of an alkene or aromatic ring. The peak at 1115cm-1 corresponds 

to the P-C stretching vibration (Ju-Nam et al., 2012). This suggests the presence of a phosphine 

functional group in the molecule. For Intermediate #2 (Figure 3.11. (b)) the peak observed at 

690cm-1 corresponds to the stretching vibration of the C-Br bond, while the peak at 1105 cm-1 is 

indicative of the P-C bond. Furthermore, the peak observed at 1435cm-1 is associated with the 

presence of the C=C bond in the molecule. Finally, the peak observed at 2890cm-1 is attributed to 

the stretching of the C-H bond (Ju-Nam et al., 2016). Infrared spectrum of the Ligand shows 

various characteristic peaks that provide information about the chemical structure of the molecule 

(Figure 3.11. (c)). The peak at 1440 cm-1 indicates the presence of C-H groups in the alkyl chains 

of the zwitterion. The peak at 1230 cm-1 is associated with the C-S bond, while the peak at 1210 

cm-1 is indicative of the S=O bond. In addition, the presence of aromatic C-H bonds is evident in 

the range of 2900-3100 cm-1 (Sigma Aldrich, ir-spectrum-table). All the infrared results obtained 
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in this project, correspond well with those reported by Ju-Nam and co-workers in their work on 

the synthesis of triphenylphosphinealkylthiosulfate zwitterions (Ju-Nam et al., 2012; Ju-Nam et 

al., 2016). 

 

Figure 3.11. Infrared spectra of (a) Intermediate #1, (b) Intermediate #2, (c) Ligand obtained 

using ATR-FTIR technique. 

 

As mentioned before, one of the main aims of this MSc project was to design a greener method 
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 for conventional organic reactions by replacing conventional organic solvents with more 

environmentally friendly solvents, such as water. In order to showcase this, the strategy used was 

to employ simulation tools, like the one used for this study, Aspen Plus before planning any 

experimental work in the laboratory. The results from the Aspen modelling on Reaction #1 are 

outlined in the following sections.  

3.3.2 Aspen simulation of Reaction #1: estimated properties for TPP and 

Intermediate #1 (Conventional Route) using Joback method 

The properties of TPP and Intermediate #1 required for the Aspen Plus simulation of Reaction #1 

were estimated by using the Joback method. For this, the chemical structures of Intermediate #1 

and TPP were used to obtain element counts for carbon and hydrogen atoms. This data was 

inputted to the Joback method (CheCalc.com), which uses the equations mentioned in section 

3.2.2.1., to obtain the estimated properties for both compounds. This approach is used in similar 

works reported in the literature (Jha et al., 2016). The results are shown in Table 3.1. and Table 

3.2. All these critical properties of both Intermediate #1 and TPP were further utilised for the 

simulation of Reaction #1.  

Table 3.1. Estimated properties for TPP using the Joback method (CheCalc.com) 

SI no. PROPERTIES OF TPP 

1 Molecular Weight g/mol 231.31 

2 Normal Boiling Point, Tnbp K 691.98 

3 Critical Temperature, Tc K 1109.73 

4 Critical Pressure, Pc bar 25.08 

5 Critical Volume, Vc cm³/mol 728.50 

6 Critical Compressibility, Zc  0.1980 

7 Acentric Factor, ω  -0.0064 

8 Freezing Point K 355.5 

9 Heat of Formation, (Ideal Gas 298 K) kJ/mol 238.93 

10 Gibbs Energy of Formation kJ/mol 385.53 

11 Heat of Vaporisation at Tnbp kJ/mol 45.29 

12 Heat of Fusion kJ/mol 22.82 
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Table 3.2. Estimated properties for Intermediate #1 using the Joback method (CheCalc.com) 

 

SI no. PROPERTIES OF INTERMEDIATE #1 

1 Molecular Weight g/mol 290.4 

2 Normal Boiling Point, Tnbp K 853.50 

3 Critical Temperature, Tc K 1183.04 

4 Critical Pressure, Pc bar 19.98 

5 Critical Volume, Vc cm³/mol 924.50 

6 Critical Compressibility, Zc  0.1878 

7 Acentric Factor, ω  0.4443 

8 Freezing Point K 433.77 

9 Heat of Formation, (Ideal Gas 298 K) kJ/mol -31.03 

10 Gibbs Energy of Formation kJ/mol 221.59 

11 Heat of Vaporisation at Tnbp kJ/mol 73.64 

12 Heat of Fusion kJ/mol 32.99 

 

These critical properties are shown in Table 3.1. and 3.2. were estimated and used as inputs to the 

Aspen for the simulation of Reaction#1. In particular, data for Intermediate #1, such as acentric 

factor, freezing point, and critical pressure among others were predicted and obtained from the 

Joback method as there were not available in the Aspen database. Some of the data corresponding 

to TTP were found in the mentioned database. The estimated properties were crucial to 

successfully run the simulation of Reaction #1. 

3.3.3 Specific heat capacity of TPP and Intermediate #1  

Specific heat capacities of TPP at different temperatures (150-500 K) were calculated using the 

corresponding regression coefficients (A, B, C, D, E, F, G) found in the Knovel online library 

(Table 3.3), and the Cp equation shown below (Valderrama and Rojas 2009).  

Cp (J/mol.K) = A + BT + CT2 + DT3 + ET4 + FT5 + GT6 

Here A, B, C, D, E, F, G are the regression coefficients. 
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Table 3.3. Regression coefficients for TPP from Knovel library. 

 

Table 3.4. Specific heat capacity obtained for TPP, temperature range: 150 - 500 K. 

Temperature in K Heat capacity 

[J/(mol K)] 

150 182 

160 183 

170 185 

180 188 

190 192 

200 196 

220 206 

240 218 

260 231 

280 245 

300 259 

320 274 

340 289 

360 303 

380 317 

400 330 

420 342 

440 353 

460 364 

480 373 

500 381 

 

A B C D E F G 

324.0535 -2.4343 0.01328 -2.6E-05 2.47E-08 -1.2E-11 2.24E-15 
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The specific heat capacities for Intermediate #1 were assumed to be the same as the ones calculated 

for TPP (Table 3.4). The reason for this was that no regression coefficients corresponding to 

Intermediate #1 were available in the literature. This assumption seemed sensible as both 

compounds have similarities in their chemical structure. Specific heat capacities for TPP and 

Intermediate #1 were crucial inputs for the Aspen simulation of Reaction #1. 

3.3.4 Aspen simulation of Reaction #1 using CSTR reactor (Conventional- 

Route) 

Reaction #1 following the Conventional Route was successfully simulated using CSTR reactor. 

For thermodynamic modelling of the experimental data, the built-in NRTL model was used. The 

approach followed in this part of the study was similar to the modelling carried out for 

dibenzothiophene using phosphonium-based ionic liquid, reported in the literature (Jha et al., 

2016). According to the results obtained from the Aspen simulation shown in Table 3.5. The 

reaction of 30 moles/hr of bromopropanol and 6 moles of TPP in the presence of 564 moles/hr of 

ACN solvent, yields 0.64 moles/hr of Intermediate #1 (approximately 208 grams) and 0.64 

moles/hr of Br- counterion. The initial conditions of the first reactor were set at 850C and 1 bar. 

The reaction was assumed to occur only in the liquid phase (reagents are completely dissolved 

when the reaction reaches 850C). The simulation did not show errors when Reaction #1 was run 

under a CSTR model. The stream results are shown in Table 3.5. below. 

Table 3.5. Stream results of Reaction #1 using CSTR reactor 

Parameters 

R1in R1out R1in R1out 

Mole Flow 

kmol/hr 
Mole Flow 

kmol/hr 

 

Mass Flow 

kg/hr 
Mass Flow 

kg/hr 

ACN 0.564 0.564 23.1536 23.153 

Bromo-

propanol 
0.03 0.0293 4.1697 4.0797 

Br- 

counterion 
0 0.00064 0 0.0517 

INTER#1 0 0.00064 0 0.2082 

TPP 0.006 0.00535 1.5738 1.4039 

Total 0.6 0.6 28.8972 28.897 
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3.3.5 Aspen simulation of Reaction #1 using Batch reactor (Conventional-

Route) 

Conventional Route for the synthesis of Intermediate #1 was modelled in Aspen using Batch 

reactor and at different stop times. Based on the results from Table 3.6, it is evident that both mole 

and mass of Intermediate #1 and Br- counterion increase for every batch as the stop time of the 

reactor increases. At a stop time of 5 hours, a significant portion of TPP has reacted to form the 

desired product (Intermediate #1). Moreover, from the results obtained from the batch mode 

simulation, the amount of Intermediate #1 remains constant after 4 hours. In addition, the stream 

result for Reaction #1 indicates that 1.7 moles per batch of Intermediate #1 are produced along 

with an equivalent amount of Br- counterion for the stop time of 1 hour. Furthermore, by increasing 

the stop time to 4 hours, the simulation predicts an increase in product yield (4.27 moles per batch). 

Approximately 546.4 grams per batch of Intermediate #1 is obtained for Reaction #1 for the stop 

time of 1 hour, according to the simulation results. A considerable amount of Intermediate #1, 

1372.9 grams per batch, was achieved when the stop time was 5 hours (reaction time). 

Table 3.6. Comparison of Reaction #1 using batch reactor at different stop times (ST), 1-5hrs. 

Parameters               Units  R1 In 

R1out 

Batch 

(ST:1) 

R1out 

Batch 

(ST:2) 

R1out 

Batch 

(ST:3) 

R1out 

Batch 

(ST:4) 

R1out 

Batch 

(ST:5) 

Mole Flow kmol/batc

h 

0.6 0.6 0.6 0.6 0.6 0.6 

ACN kmol/batch 0.564 0.564 0.564 0.564 0.564 0.564 

Bromo-

propanol 

kmol/batch 0.03 0.02829 0.0271 0.02632 0.02572 0.02573 

Br-counterion kmol/batch 0 0.00170 0.00286 0.00368 0.00427 0.00427 

INTR #1 kmol/batch 0 0.00170 0.00286 0.00368 0.00427 0.00427 

TPP kmol/batch 0.006 0.00429 0.00314 0.00232 0.00173 0.00173 

Mass Flow kg/batch 28.8972 38.5007 38.5007 38.5007 38.5007 38.5007 

ACN kg/batch 23.1536 32.7571 32.7571 32.7571 32.7571 32.7571 

Brono-

propanol 

kg/batch 4.1697 3.93346 3.77178 3.65802 3.5760 3.5760 

Br- counterion kg/batch 0 0.13584 0.22879 0.29419 0.34132 0.34132 

INTR #1 kg/batch 0 0.54640 0.92028 1.18333 1.37290 1.37290 

TPP kg/batch 1.5738 1.12787 0.82275 0.60806 0.45335 0.45335 

Total kg/batch 28.8971 

 

38.50067 

 

38.5007 

 

38.5007 

 

38.50067 

 

38.5006 
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3.3.6 Comparison of simulations carried out in continuous and batch modes 

(Conventional Route) 

Aspen simulations were done for Reaction #1 following the Conventional Route, and results are 

presented in Tables 3.5. and 3.6. indicate that the Batch reactor generated more amount of 

Intermediate #1 in 5 hours under the same experimental conditions when compared to the CSTR. 

According to the batch mode simulation, the amount of product generated in 5 hours stop time or 

reaction time is 1.3729 kg, whereas when looking at the result obtained in the continuous mode 

simulation, the amount of Intermediate #1 generated in 5 hours is approximately 1 kg (0.2082 

kg/hr multiplied by 5 hours). However, in both simulations, the amounts of bromopropanol in mass 

that remain unreacted (see corresponding outputs in Tables 3.5. and 3.6.) are quite significant. The 

Aspen simulations were carried out using a scale-up of the molar ratios used in laboratory scale 

reactions to produce Intermediate #1. Analysing the results obtained from Reaction #1 modelling 

following the Conventional Route, the amounts of reactants that are normally used could be re-

assessed even for Reaction #1 carried on small scale. The reaction is typically carried out with 1:2 

TPP:bromopropanol molar ratio. It might be worth trying to simulate Reaction #1 with a molar 

ratio of 1:1, and try to replicate it if better results are obtained in the simulation. More encouraging 

results were obtained for Reaction #1 modelled in batch mode. Event though, the amount of 

bromopropanol consumed after 5 hours of reaction time is small (IN 4.1697 kg, OUT 3.5760 kg, 

Table 3.6) and similar to the results obtained from the continuous mode simulation, it can be 

observed that the TPP amount consumed is more significant in batch (IN 1.5738 kg, OUT 0.4335 

kg) than in continuous mode simulation (IN 1.5738 kg/hr, OUT 1.4039 kg/hr). From these 

findings, batch mode simulation of Reaction #1 following the Conventional Route could 

potentially generate more realistic results.  

3.3.7 Aspen simulation of Reaction #1 using CSTR reactor (Green Route) 

Water is often considered the greenest and safest solvent option for chemical processes, especially 

when the goal is green synthesis. To investigate the potential for using water as a solvent in the 

synthesis of Intermediate #1 (Reaction #1), the effect of replacing organic solvent ACN with water 

was studied by using the Aspen Plus simulation tool.  Specifically, different concentrations or 

ratios of ACN and water were used for this work. Changes in reaction output were observed as the 

water concentration increased from 0 to 100%, as shown in Table 3.7. An additional stream of 
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water was introduced to the simulation and CSTR, in order to compare the reaction kinetics of 

Reaction #1 at different concentrations of water and ACN. The simulation was carried out using 

pure ACN and 100% water. The results from Table 3.7. indicates that both the mole flow and mass 

flow of Intermediate #1 were higher for the 100% water mixture compared to the other reactions 

modelled. This suggests that water could potentially have a more significant impact on the reaction 

kinetics than ACN for the synthesis of the Intermediate #1. 

Table 3.7. Reaction #1 using CSTR reactor with different concentrations of Water and 

Acetonitrile (ACN) 

 

Parameters 

 

Units 

100%ACN 

R1 In 

100%ACN 

R1 out 

100% water 

R1 In 

100% water 

R1 out 

Mole Flow kmol/hr 0.6 0.6 0.6 0.6 

ACN kmol/hr 0.564 0.564 0 0 

Bromo-

propanol 

kmol/hr 0.03 0.029352 0.03 0.02772 

Br- 

counterion 

kmol/hr 0 0.000647 0 0.00228 

INTR#1 kmol/hr 0 0.000647 0 0.00228 

TPP kmol/hr 0.006 0.005352 0.006 0.00372 

WATER kmol/hr 0 0 0.564 0.564 

 

Mass Flow  kg/hr 28.8972 28.8972 28.8972 15.9042 

ACN kg/hr 23.1536 23.1536 0 0 

Bromo-

propanol 

kg/hr 4.169 4.07973 4.169 3.85311 

Br- 

counterion 

kg/hr 0 0.05175 0 0.18204 

INTR#1 kg/hr 0 0.20817 0 0.73221 

TPP kg/hr 1.5738 1.40391 1.5738 0.97623 

WATER kg/hr 0 0 10.152 10.1606 

Total kg/hr 28.8964 28.89716 15.8948 15.9040 
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3.3.8 Green synthesis of Reaction #1 using Aspen simulation outputs 

In the current study, the green synthesis of Intermediate #1 was investigated by replacing 100% 

ACN with 100% water as the main reaction solvent. The Aspen Plus simulation results indicated 

that this green synthetic method was feasible. Due to the encouraging results are shown in Table 

3.7. synthesis of Intermediate #1 was carried out in the laboratory (small scale) using 100% water, 

at 850C and atmospheric pressure to replicate operating conditions from the Aspen simulation. As 

the Green Route simulation for Reaction #1 was only done in continuous mode, the reaction times 

were trialled, 5 and 10 hours. Even though the main aim of this experimental work was to show 

that some organic synthesis can be done in 100% water, DCM extractions were carried out to 

purify the product after the reaction was completed. The author of this thesis understands that this 

purification approach is not the greenest. However, the synthesis of Intermediate #1 using the 

greenest solvent possible, 100% water was achieved. Crystals of Intermediate #1 were obtained 

following the Green Route and are shown in Figure 3.12. 

 

Figure 3.12. Crystals obtained for the Intermediate #1 using the Green Route. 

 

To further confirm the successful synthesis of Intermediate #1 using the Green Route, the ATR-

FTIR spectra was taken for Intermediate #1 obtained in 5 and 10 hours. The infrared spectra were 

exactly the same. The key comparison, however, was done when the spectrum of Intermediate #1 

produced following the Green Route was contrasted with the spectrum of Intermediate #1 
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produced following the Conventional Route (Figure 3.13). The comparison of the infrared spectra 

of the two Intermediates #1 indicated that the peaks were in perfect match, which confirmed that 

Intermediate #1 was successfully synthesised using 100% water as the solvent. The spectrum 

corresponding to Intermediate #1 produced from the Green Route, showed peaks of functional 

groups characteristics from Intermediate #1 chemical structure. The peak corresponding to O-H 

stretching vibration can be observed at 3322 cm-1. This indicates the presence of an alcohol group 

in the molecule. The peak at 2885cm-1 corresponds to the C-H stretching in the alkyl chain of the 

molecule. This suggests the presence of an alkyl chain. The peak at 1436cm-1 is indicative of the 

C=C stretching of an alkene or aromatic ring. The peak at 1115cm-1 corresponds to the P-C 

stretching vibration (Ju-Nam et al., 2012; Ju-Nam et al., 2016).  

This result is significant as it shows that the green synthetic method is viable in certain organic 

syntheses like the one showcased in this thesis. The use of water as the solvent in conventional 

organic reactions could potentially have several advantages, such as the reduction of chemical use 

and toxic chemical waste. The latter is a significant environmental concern associated to 

conventional chemical processes. 

 

Figure 3.13. FTIR spectrum of the synthesised Intermediate #1 with 100 % water 
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Chapter 4 

Green synthesis of the cationic lipophilic AuNPs 

4.1 Introduction 
In this chapter, the green synthesis of AuNPs functionalised with triphenylphosphoniothiosulfate 

zwitterion (Ligand) is outlined. All bottom-up approaches and colloidal AuNP synthesis reported 

in the literature involves the reduction of Au3+ to Au0 and subsequent functionalization (Barrow, 

2013). The latter can occur through the sulfur-Au bonding, sulfur coming from the coating agent 

or ligand based on thiolate containing compounds, also known as "sulfido-ligands". Gold is a 

highly unreactive metal and is not typically known to form chemical bonds with sulfur (Barrow, 

2013). However, it is possible to form gold-sulfur bonds, when gold is in one of its reduced forms 

(gold (I)) (Barrow, 2013).  

Previously reported green methods for AuNP synthesis mainly begin with the preparation of a gold 

precursor solution, which either contains gold chloride or another gold salt that is dissolved in a 

solvent generally water. Then the mixture is heated to a particular temperature and the reducing 

agent is added to the solution. The most common reducing agents used for green synthesis of 

AuNPs in their colloidal form is sodium borohydride (NaBH4) (Hammami et al., 2021), glutathione 

(GSH) (Mao et al., 2010), ascorbic acid (Sun et al., 2009), sodium citrate (Ji et al., 2007), 

dimethylformamide (DMF) (Pastoriza-Santos and Liz-Marzán, 2009b). The latter is a polar aprotic 

solvent with a high boiling point, the C=O and C-N bonds make the molecule polar, and it is 

aprotic as it does not have O-H or N-H bonds in its chemical structure. DMF can act as a reducing 

agent by providing electrons to reduce the gold ions to metallic gold (Pastoriza-Santos and Liz-

Marzán, 2009b).  

The size and shape of the AuNPs can be controlled by adjusting the reaction conditions such as 

the concentration of the gold ions and reducing agent, temperature and reaction time (Amina and 

Guo, 2020). AuNPs can have different shape distributions depending on the temperature (25 - 

90°C): triangular, pentagonal, hexagonal, and spherical (Shankar et al., 2004; Starnes et al., 2010). 

An increase in the temperature and salt concentration can trigger the development of nanoparticles. 

The colour change is caused primarily by a shape difference represented by the absorbance peak 

in the visible spectral (Bhaskaran et al., 2019). By using higher concentrations of the gold ions and 
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the reducing agent, AuNPs of uniform and small size can be obtained. In contrast, by using lower 

concentrations of the gold ions and the reducing agent, larger and more irregular AuNPs can be 

obtained (Hammami et al., 2021). Additionally, by increasing the reaction temperature, the rate of 

the reduction reaction increases, resulting in smaller and more uniform AuNPs (Hammami et al., 

2021). 

As part of this MSc by Research project, a green synthetic method was developed to produce 

functionalised AuNPs using water as the main solvent, DMF as the reducing agent and the Ligand 

for the coating, and varying reaction temperatures. The challenge of this method development was 

to design a green approach to manufacture AuNPs functionalised with a hydrophobic ligand, like 

the one synthesised for this project and explained in Chapter 3 (Ligand). AuNPs functionalised 

with the Ligand using the method previously reported by Ju-Nam and co-workers (Ju-Nam et al., 

2012) were produced for comparison purposes. This synthesis uses dichloromethane as the main 

solvent to obtain the colloidal gold. This method is referred to as the conventional method from 

this point onwards and for clarity. This chapter outlines all experimental details and results 

obtained from the green method development.  

4.2 Materials and Methods 

4.2.1 Chemicals 

Potassium gold (III) chloride (KAuCl4), N,N‐dimethylformamide (DMF), dichloromethane 

(DCM), and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. Ligand 

triphenylphosphoniopropylthiosulfate zwitterion was synthesised in-house (as described in 

Chapter 3). All chemicals and reagents used in the entire study were of analytical grade. All the 

chemicals were used without further purification. Finally, deionised water (DI water) was obtained 

from the Millipore Direct-Q Water Purification system (resistivity 18.2 MΩ·cm at 25°C; total 

organic carbon (TOC) ≤ 5 ppb). 

4.2.2 Synthesis of cationic lipophilic AuNPs 

4.2.2.1 Conventional Method 
In order to prepare cationic lipophilic AuNPs following the Conventional Method, protocols 

previously reported by (Ju-Nam et al., 2006; Ju-Nam et al., 2012) were followed. 0.1041g 

(0.25mmol) of Ligand, 0.04534g (0.12mmol) of KAuCl4 were weighed and mixed with 20ml of 
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dichloromethane (DCM) in a conical flask. The solution was kept stirring overnight at room 

temperature. The reduction of gold (III) to gold (0) in the presence of phosphonium Ligand was 

carried out, as shown in Figure 4.1. by adding drop by drop a freshly prepared NaBH4 solution 

(0.054g of NaBH4 was added to 3ml DI water). After a few minutes of reaction, 20 ml of DI water 

was added to the mixture to promote the transfer of cationic lipophilic AuNPs from the organic 

phase (DCM) to the aqueous phase. Three samples were produced following the Conventional 

Method.  

 

 

 

 

 

 

 

Figure 4.1. Synthesis of cationic lipophilic AuNPs using the conventional method (Ju-Nam et 

al., 2006). 

4.2.2.2 Green Methods 
In order to develop a green synthesis method, two ways of chemical mixing were trialled in the 

laboratory. These are outlined below in Green Method #1 and Green Method #2 subsections. Six 

samples were prepared (three replicates were produced for each sample) following these two 

methods. Additional to the mixing of chemicals, reaction temperature, and DMF concentration 

were varied.  

Green Method #1: In this method, 0.0416g (0.1mmol) of the Ligand was mixed with 20 ml of DI 

water in a three-neck round bottom flask. The mixture was sonicated until a clear solution was 

obtained. The flask was then connected to a condenser in the reflux setup. Some samples were 

heated at 80°C and others at 100°C for a period of 5 hours, and the temperature was maintained 

constant throughout the reaction. Next, a mixture of 0.0128g (0.034mmol) of KAuCl4 in 5ml of 

DI water was prepared and was sonicated to dissolve lumps of the KAuCl4 salt. After 1 hour, this 
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mixture was added drop by drop to the boiling solution of Ligand and DI water. After another 

hour, 10 ml of DMF was added drop by drop to the mixture, and the solution was maintained under 

reflux for another 2 hours. A deep purple colour solution was the indication of reaction completion.  

Green Method #2:  In this method, 0.0416 g (0.1mmol) Ligand and 0.0128 g (0.034mmol) of 

KAuCl4 were added and mixed in 30 ml of solution of DMF:DI water (ratios of 1:5 and 1:2) in a 

three-neck round bottom flask. The mixture was then sonicated until a uniform clear pale yellow 

solution was obtained. The flask was then connected to a reflux condenser setup and heated. Some 

samples were heated at 80°C and others at 100°C for a period of 5 hours. During this time, the 

temperature was maintained constant. Colour change at each stage of the reaction was noted. The 

reaction was stopped when a deep purple solution was obtained. 

Samples: 

As previously mentioned, six samples were produced using Green Method #1 and Green Method 

#2. Preparation and differences between samples are outlined below. 

Samples 1, 2, 3 and 4 were synthesised using Green Method #1. Samples 1 and 2 were prepared 

at a temperature of 100°C, and Samples 3 and 4 at 80°C. The ratio of DMF:DI water was varied 

for each sample. For Samples 1 and 3, the ratio used was 1:2 (DMF:DI water), while for Samples 

2 and 4, the ratio used was 1:5 (DMF:DI Water). The amounts of Ligand and KAuCl4 salt used in 

all syntheses were kept the same as mentioned in Green Method #2. The main aim of varying the 

ratio of DMF:DI water and temperature, was to investigate the effect of these parameters on the 

AuNP size and shape. 

Sample 5 and Sample 6  

Both Samples 5 and 6 were synthesised using the Green Method #2. Both samples were prepared 

using DMF:DI water ratio of 1:2. However, the temperature of the syntheses was varied between 

the two samples. Sample 5 was prepared at the temperature of 800C and Sample 6 at 1000C. The 

amounts of the Ligand and KAuCl4 salt used were kept the same as specified in Green Method #1. 

All reaction conditions for all six samples are summarised in Table 4.1. 
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Table 4.1. Temperatures and DMF:DI water ratio used for all six samples of AuNPs. 

SI 

No. 

Sample Total volume 30ml  Temperature 

(0C) 

Green Method 

used DMF (ml) H2O (ml) 

1 Sample 1 10 20 100 1 

2 Sample 2 5 25 100 1 

3 Sample 3 10 20 80 1 

4 Sample 4 5 25 80 1 

5 Sample 5 10 20 80 2 

6 Sample 6 10 20 100 2 

 

Samples 1, 2, 3, 4 and 5 were characterised using techniques described in Chapter 2, UV-Vis 

spectroscopy, XPS, and TEM. Whereas Sample 6 was only analysed using UV-Vis spectroscopy 

technique. 

4.3 Results and Discussions 

4.3.1 UV-Visible spectroscopy analysis 
UV-Vis absorption spectroscopy has been employed to study the optical characteristics of 

nanoparticles. In the present study, all cationic lipophilic AuNPs prepared using the Conventional 

as well as Green synthetic methods were analysed using a Perkin-Elmer 25 UV-Vis spectrometer, 

as described in Chapter 2. The wavelength range used for the analysis was 400-700 nm, with a 

resolution of 1 nm. UV-Vis absorption spectroscopy is a powerful tool for characterising the 

optical properties of nanoparticles. For all AuNP samples prepared in this project, absorption bands 

were observed in the visible region, around 520 nm, indicating the successful formation of AuNPs 

and suggesting that the cationic lipophilic AuNPs could be between 2-10 nm in diameter, 

according to the literature (Daniel and Astruc, 2004). It is important to note that there are slight 

differences between AuNPs prepared using Green Method #1 and Green Method #2. This could 

be due to variations in the reaction conditions, such as temperature, and DMF concentration, which 

could also affect the size, shape, and stability of the nanoparticles.  
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4.3.1.1 UV-Vis spectroscopy analysis of cationic lipophilic AuNP solutions 

obtained using the Conventional Method 
The initial step in characterising AuNPs involves observing a colour change in the solution, which 

is visible to the naked eye. This colour change is attributed to the surface plasmon resonance (SPR) 

band of the particles (Ramalingam, 2019) in the UV spectrum of the solution. In the Conventional 

Method, the addition of NaBH4 to the mixture causes a color change from cloudy white to wine 

red, as shown in Figure 4.2.  

 

 

 

 

 

 

Figure 4.2. Cationic lipophilic AuNP solution prepared following the Conventional Method 

using NaBH4 as the reducing agent. 

Results from the UV-visible analysis provide evidence of the AuNP formation. The colloidal 

solutions containing the functionalised AuNPs (cationic lipophilic AuNPs) were dark purple in 

colour. The UV-Vis spectrum is shown in Figure 4.3. the absorption band is centred at 

the wavelength of 525 nm. According to the relation between the absorption and the particle size 

of the AuNPs published in the literature, the particle sizes can be between 3 and 5 nm in diameter 

(Ju-Nam et al., 2006; Zuber et al., 2016). The UV-visible absorption band of AuNPs is controlled 

by a number of factors such as the shape and size of the metal nanoparticles. AuNPs exhibit a 

distinct optical property referred to as localised surface plasmon resonance (LSPR) in which light 

is incident on a metal surface. The excited electrons on the metal nanoparticle surface create an 

electromagnetic field that can interact with the incident light, leading to the absorption of certain 

wavelengths of light. The absorption band, also known as the SPR band is typically observed in 

the visible region of the spectrum. Spherical AuNPs will typically have an SPR peak at around 520 

nm, while anisotropic nanoparticles such as rods or triangles will have a peak at a different 

wavelength ranging from 520 to 550 nm (Chen et al., 2010). The particle size and shape of the 
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cationic lipophilic AuNPs obtained following the Conventional method have been reported in 

previous works found in the literature (Ju-Nam et al., 2006; Ju-Nam et al., 2012). The authors 

reported that these nanoparticles were 3.0  1.2 nm in size, and spherical in shape from the TEM 

analyses.  

 

 

 

 

 

 

 

 

Figure 4.3. Absorption spectra of the functionalised AuNPs via Conventional Method. 

The stability of the cationic lipophilic AuNPs was also monitored using the UV-Vis technique. 

Figure 4.4. shows the UV-visible spectra of the same AuNP colloidal solution prepared following 

the Conventional Method, over a period of four months. The absence of any observable changes 

in the position of the absorption peaks, centered at 525 nm indicates that the functionalised or 

cationic lipophilic AuNPs were able to maintain their stability over the four-month period. This 

finding suggests that the functionalised AuNPs can be reliably used over an extended period 

without any significant changes in their optical properties. As per earlier research, organic 

disulfides and alkylthiosulfates S-S bonds may be cleaved in solution in the presence of a reducing 

agent, releasing organic thiolates that subsequently attach to the surface of the particle (Lukkari et 

al., 1999). Therefore, it can be assumed that the S-S bond of the Ligand 

(triphenylphosphoniopropylthiosulfate zwitterion) would be cleaved under the reductive 

conditions employed in the Conventional Method. The gold salt and Ligand were reduced in the 

presence of NaBH4 for the formation of cationic lipophilic AuNPs.  
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Figure 4.4. UV-visible spectra of functionalised AuNPs with after 1, 2, 3, and 4 months 

(solutions made using same dilution) 

 

4.3.1.2 UV-Vis spectroscopy analysis of cationic lipophilic AuNP solutions 

obtained using the Green Methods 
Absorption spectra of the functionalised AuNPs synthesised via two green synthetic methods 

(Green Method #1 and Green Method #2) are shown in Figure 4.5. During the synthesis, a 

visible colour change was observed during the progression of the reaction from pale yellow to 

colourless when the temperature reached 50°C, in all six samples. A further colour change was 

observed after 2 hours of reaction with a colour change from colourless to pale purple. At the 

completion of the 5-hour reaction, the colour deepened from pale to dark purple, which indicated 

that the reduction of Au3+ to Au0 took place, and hence, the formation of cationic lipophilic AuNPs. 
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Figure 4.5. UV-Vis Spectra of Sample 1 (1000C, 1:2 DMF:DI water), Sample 2 (1000C, 1:5 

DMF:DI water), Sample 3 (800C 1:2 DMF:DI water), Sample 4 (800C, 1:5 DMF: DI water) and 

Sample 5 (800C, 1:2 DMF:DI water), Sample 6 (1000C, 1:2 DMF:DI water). 
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Samples 1, 2, 3 and 4 were prepared following Green Method #1. Sample 1 and Sample 2 were 

prepared at 1000C, and higher DMF concentration in Sample 1. SPR bands can be observed at 513 

nm in both cases. Sample 3 and Sample 4 were synthesised at 800C and higher concentration of 

DMF in Sample 3. The SPR bands for Samples 3 and 4 appear at 517 nm. A shift in the absorption 

bands were observed when the reaction temperature was lower (800C). This shift observed between 

samples could be attributed to the concentration of DMF, which can act as the reducing agent 

(Pastoriza-Santos and Liz-Marzán, 2009). However, this theory can be discarded when only 

looking at the results from the UV-Vis spectroscopy analysis, as Sample 1 and Sample 2 are 

prepared at 1000C and different DMF concentrations. The corresponding SPR bands appear at 513 

nm in both cases. Similar results were obtained in the case of Sample 3 and Sample 4. Figure 4.5. 

also shows UV spectrum of Sample 5 sample 6 and the SPR bands appeared at 525 nm. A small 

shift of the SPR band can be noted in this case. This may be due to the mixing order of the reactants 

(Green Method #2). To assess the potential effect of different concentrations of DMF used in this 

study, results from TEM work were analysed and discussed in detail in the following sections of 

this Chapter 4.   

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Comparison of the absorption spectra corresponding to different synthesis 

temperatures Sample #1 1000C and Sample #3 800C. 
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The shift in SPR bands observed in spectra from Samples 1 and 2, and Samples 3 and 4, can be 

attributed to the faster reduction of the AuNPs themselves at higher reaction temperatures (1000C), 

which can lead to changes in their shape, size, and SPR peak position (Bondarchuk et al, 2013). 

According to He and co-workers (He et al., 2005), the absorption band of AuNPs shifts to lower 

wavelengths with an increase in reaction temperature. This can be observed when comparing 

Sample 1 and Sample 3 as shown in Figure 4.6. 

 

Figure 4.7. UV-visible spectra of functionalised AuNPs (Sample 1) produced following Green 

Method #1 (red line – time 0, blue line – time 6 months) 

 

Stability study was conducted by monitoring Sample 1. Figure 4.7. shows the UV spectra taken at 

time 0 and after 6 months. The SPR peak remained the same (513 nm).  
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4.3.2 TEM analysis of cationic lipophilic AuNPs synthesised following Green 

Methods 

As previously mentioned, TEM is a widely used microscopic technique for the characterisation of 

nanoparticles, as it provides high-resolution images for particle size and morphology analysis. In 

this project, TEM was used to characterise the cationic lipophilic AuNPs produced following the 

Conventional Method and the Green Method (explained in Section 4.2.2.2, using different 

experimental conditions, such as chemical mixing, DMF concentration and temperature), in order 

to determine their size and shape. TEM micrographs were obtained using a Jeol 2100F Field 

Emission Gun Transmission Electron Microscope, from the Experimental Techniques Centre 

(ETC) at Brunel University. All samples were diluted first (1:100 AuNP:DI water) and then 

centrifuged prior TEM analysis. From the centrifuged solution, one drop of the reaction mixture 

was deposited on a 1000-mesh carbon-coated copper grid. The latter was then dried for 

approximately 1 hour (air drying) before TEM imaging. Particle size analysis was conducted by 

examining a minimum of 100 particles per sample from the TEM images using ImageJ software.  

4.3.2.1 TEM analysis of the cationic lipophilic AuNPs synthesised using 

Conventional Method 
From Figure 4.8.(a), it is clear that AuNPs functionalised with the Ligand following the 

Conventional Method (biphasic DCM:water method) are spherical in shape. Most particles 

examined for this sample were within a distribution range of 2.75 - 4.75 nm (Figure 4.8. (b)). This 

confirms the observations made when analysing the corresponding UV-Vis spectrum (SPR band 

525 nm, Figure 4.3.). After examining the diameter of 100 particles (taken from several images), 

the calculated mean diameter was 3.33 ± 0.45 nm in diameter. There is evidence of particles of < 

2.5 nm and circa 5 nm diameters present in the colloidal AuNP sample when looking at the particle 

size distribution shown in Figure 4.8.(b). This may be due to the type of method used to produce 

the cationic lipophilic AuNPs. The Conventional Method is based on a biphasic or two-phase 

solvent method. The solvent system used was DCM:water. The functionalised AuNPs are 

synthesised at room temperature. This may affect the particle size distribution of the sample, but 

also the addition and amount of NaBH4 (reducing agent). The results obtained in this part of the 

study aligned well with the ones reported in the literature on the Conventional Method (Ju-Nam et 

al., 2006, Ju-Nam et al., 2012).  
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                           (a)                                                                                        (b) 

Figure 4.8. (a) TEM image of cationic lipophilic AuNPs (image scale: 10 nm), (b) particle size 

distribution of the functionalised AuNPs via Conventional Method 

 

4.3.2.2 TEM analysis of the cationic lipophilic AuNPs synthesised via Green 

Methods 
TEM studies showed that all the samples are spherical in shape (Figure 4.9. - 4.13.), the particle 

size of all the samples reveals that AuNPs prepared from different DMF concentrations at different 

temperatures produces particle of different size and distribution. The images showed that the 

AuNPs were well-dispersed and spherical in shape, with a narrow size distribution. The size of the 

particles was determined by measuring the diameter of the core, which was found to be in the 

range of 2-10 nm, consistent with the results obtained from UV-Vis absorption spectroscopy. In 

contrast, different passivation kinetics of the ligands corresponding to different temperatures can 

be used to explain variations in particle size distribution for the different Samples (Lohse et al., 

2010; Fealy et al., 2011; Singh et al., 2010; Zhang et al., 2009). From Table 4.3 AuNPs prepared 

at 1000C produces particle of smaller size and at 800C produce particles of larger size.  
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Sample 1 

 

 

 

 

 

                      

 

                                   (a)                                                                               (b) 

 

 

 

 

 

 

 

 

                                                                                                                   

                                                                          (c)         

Figure 4.9. (a), (b) TEM micrographs (images scale: 20 nm) of Sample #1 (1000C, 33%DMF), 

and (c) particle size histograms of AuNPs synthesised by Green Method #1. Mean particle size 

3.13 ± 0.5nm, in each histogram 200 nanoparticles were counted  
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Sample 2 

 

   

  

 

 

 

                   

                                       (a)                                                                             (b) 

 

 

 

         

 

 

 

 

 

                                                                     (c) 

Figure 4.10. (a), (b) TEM micrographs (image (a) scale: 20 nm, image (b) scale: 50 nm) of 

Sample #2 (1000C, 16% DMF), and (c) particle size histograms of AuNPs synthesised by Green 

Method #1. Mean particle size 3.74 ± 0.6nm, in each histogram 200 nanoparticles were counted. 
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Sample 3 

 

 

 

 

                 

                     

 

                                       (a)                                                                             (b) 

 

 

 

 

 

 

 

 

 

                                                 (c) 

Figure 4.11. (a), (b) TEM micrographs (image (a) scale: 50 nm, image (b) scale: 20 nm) of 

Sample #3 (800C 33% DMF), and (c) particle size histograms of AuNPs synthesised by Green 

Method #1. Mean particle size 3.45 ± 0.5nm, in each histogram 200 nanoparticles were counted. 
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Sample 4 
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                                                                             (c) 

Figure 4.12. (a), (b) TEM micrographs (images scale: 25 nm) of Sample #4 (800C, 16% DMF), 

and (c) particle size histograms of AuNPs synthesised by Green Method #1. Mean particle size 

7.52 ± 0.97nm, in each histogram 200 nanoparticles were counted. 
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Sample 5 
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                                                                           (c) 

Figure 4.13. (a), (b) TEM micrographs (image (a) scale: 15 nm, and image (b) scale: 20nm) of 

Sample #5 (800C, 33% DMF) and (c) particle size histograms of AuNPs synthesised by Green 

Method #2. Mean particle size 8.01 ± 1.1nm, in each histogram 200 nanoparticles were counted. 
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Table 4.2. Average particle size of AuNPs sythesised at different temperatures and various 

concentrations of DMF. 

Sample Temperature (0C) 

Green Method (GM) 

DMF:DI water Mean particle 

size (nm) 

1 100 (GM #1) 1:2 3.13 ± 0.5 

2 100 (GM #1) 1:5 3.74 ± 0.6 

3 80 (GM #1) 1:2 3.45 ± 0.5 

4 80 (GM #1) 1:5 7.52 ± 0.97 

5 80 (GM #2) 1:2 8.01 ± 1.1  

 

 

The temperature of the synthesis of the AuNPs has a high impact on the size of the AuNPs. As the 

temperature increases the particle size decreases (Mountrichas et al., 2014). Higher temperature 

results in fast reaction rates and more rapid nucleation leading to small particle size (Tran et al., 

2016b). Higher concentrations of reducing agent (DMF) can lead to the formation of smaller 

nanoparticles when comparing Sample 1 (3.13 ± 0.5 nm) and Sample 2 (3.74 ± 0.6 nm). However, 

a more significant difference can be noted when comparting Sample 3 (3.45 ± 0.5 nm) and Sample 

4 (7.52 ± 0.97 nm), which were produced following the same Green Method #1 at 800C (Table 

4.3). More reductive ions will be available in the solution to reduce the gold ions, resulting in small 

particle sizes (Tran et al., 2016b). According to the results gathered in Table 4.2. when the reaction 

temperature is kept at 1000C as in the case of Samples 1 and 2, the particle sizes seem to be 

determined by the temperature more than the reducing agent concentration. On the contrary, when 

the reaction temperature is reduced to 800C (Samples 3 and 4), the particle sizes may be more 

influenced by the DMF concentration. Similar results were reported by Tran and co-workers when 

they studied the effect of sodium citrate concentration in AuNP synthesis (Tran et al., 2016b). 

When analysing the data from Sample 3 (3.45 ± 0.5 nm) and Sample 5 (8.01 ± 1.1 nm), particle 

size differences may be attributed to the mixing order of the reactants, and not so much to the 

temperature and DMF concentration, which are kept the same in both cases.  

The initial step in the procedure for the synthesis of functionalised AuNPs should be the 

adsorption of the ligand on the surface of the growing particles then the thiosulphate is transformed 

into thiolate. Research on the production of monolayers on gold surfaces using alkylthiosulfates 
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demonstrates the significance of the hydrolysis by trace amounts of water present in the solvent 

(Fealy et al., 2011; Pillai and Freund., 2011). The cationic lipophilic AuNPs described were 

synthesised using an excess amount of water in a two-phase water/dimethyl formamide 

combination. On the growth of AuNPs, the cleavage of the thiosulfate S–S bonds by the addition 

of the reducing agent (Ju-Nam et al, 2012), and this process is fast at higher temperatures and this 

leads to the formation of the small size particle distribution (Tran et al., 2016b). 

 

4.3.3 XPS analysis of the cationic lipophilic AuNPs produced following Green 

Method #1 

In order to determine the elemental composition of the cationic lipophilic AuNPs (Sample 1 

produced following Green Method #1, 1:2 DMF:DI water, at 1000C) and probe the nature of Au-

S bonds, the AuNPs were studied by XPS spectroscopy. Wide survey spectra of AuNPs showed 

signals due to Au4d, and Au4f, C1s, S2s and S2p, and weaker signals due to P2p, Cl2s, K2s, Cl2p and 

Al2p, as can be seen in Figure 4.14. The presence of Aluminium is due to the Sample holder where 

the Samples were deposited, whereas the presence of Potassium and Chlorine are due to the initial 

potassium tetrachloroaurate used for the synthesis of the AuNPs. 

 

Figure 4.14. XPS survey spectrum of the cationic lipophilic AuNPs (from Sample 1). 
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The Au4f XPS signal is a doublet for Au (4f7/2) and Au (4f5/2), with binding energies circa 84.0 and 

87.6 eV, respectively (Wagner et al., 1979). The high resolution Au4f spectrum of the 

phosphonium-AuNP is shown in Figure 4.15.   

 

Figure 4.15. XPS high resolution spectrum for Au4f of the AuNPs, with corresponding peak 

deconvolution to assess the local chemical environment of this element. 

The Au4f XPS spectrum of the nanoparticles showed the contribution of two different Au4f 

doublets, with values of Au(4f7/2) at 83.7 and 84.7 eV respectively (Figure 4.15.).   The binding 

energy of the first peak observed at 83.7 eV tends toward the value seen for a surface layer of bare 

Au (83.6 eV (van der Putten et al., 1996).  The value at 84.7 eV is close to the value reported by 

Yee et al. at 84.2 eV (Yee et al., 2003), for AuNPs capped with dodecane thiol. AuNPs containing 

surface atoms in the Au(I) oxidation state show a 4f XPS peak at 84.9 eV (McNeillie et al., 1980). 

The presence of these two peaks in the phosphonium-AuNPs indicates that the bulk of the gold 

atoms is in the Au(0) oxidation state (peak at 83.7 eV) and the surface Au atoms are bound to 

sulphur (Au-S) and have an oxidation state of +1 (peak at 84.7 eV). 

The XPS S2p peak is a doublet from the closely spaced spin-orbit components S(2p3/2) and S(2p1/2) 

(Δ = 1.16eV, intensity ratio = 0.511), with binding energies circa 164.0 eV for the peak of S(2p3/2) 
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from elemental sulphur (Lindberg et al., 1970; NIST 2000).  The high resolution S2p spectrum of 

the phosphonium-AuNP is shown in Figure 4.16.   

 

         

Figure 4.16. XPS high resolution spectrum for S2p of the AuNPs, with corresponding peak 

deconvolution to assess the local chemical environment of this element. 

 

For the AuNPs, the high-resolution spectrum of S2p suggested the presence of at least three S 

species. As can be seen from Figure 4.16. the binding energies of the S(2p3/2) component of each 

doublet are 162.5 eV, 163.9 eV and 168.1 eV.   

For thiol compounds attached to Au nanoparticles, Au-S-C, the S(2p3/2) has been previously 

reported at 162.6 eV (Gobbo et al., 2013). This correlates very well with the observed S(2p3/2) 

peak at 162.5 eV in the synthesised cationic lipophilic AuNPs, indicating the alkylthiolate bond to 

gold. The peak observed at 163.9 eV has been assigned to the bond R-S (thiol). This value is in 

agreement with binding energies previously reported for R-S bonds at 168.8 eV (Beamson and 

Briggs, 1992; NIST 2000). These results confirm the cleavage of the sulfur-sulfur bond in the 

phosphonioalkylthiosulfate zwitterions during the synthesis following Green Method #1, with the 

 

S 2p

34

36

38

40

42

44

46

48

50

C
P

S
 x

 1
0

-2

172 170 168 166 164 162 160
Binding Energy (eV)

162.5 eV

Au-S

163.9 eV

R-S (thiol)
168.1 eV

SO3



88 
 

concomitant expulsion of SO3
- (or some other sulfur species derived from it), at the ligand/Au 

interface. 

The observed S(2p3/2) peak with the binding energy of 168.1 eV is likely to be due to both 

remaining traces of the original ligand, and surface-bound sulfonate species, RSO3
-, formed by air 

oxidation of the alkylthiolate bound to gold (Ju-Nam et al., 2012).  
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Chapter 5  

Conclusions and Recommendations 

The development of a greener method to produce cationic lipophilic AuNPs and a greener reaction 

route to synthesise organic compounds such as hydroxylpropyltripheylphosphonium salt 

(Intermediate #1) was achieved by replacing organic solvents, such as DCM and ACN with a more 

environmentally friendly solvent like water.  

For the green synthesis of Intermediate #1, a novel approach for method development was 

employed, which consisted of the use of Aspen Plus simulation software to model Reaction #1, 

prior to planning experimental work in the laboratory. First, a process simulation model for the 

Conventional Route to produce Intermediate #1 (Reaction #1: TPP and bromopropanol are mixed 

in 15 mL of ACN, and subjected to reflux conditions for 5 hours). Subsequently, the resulting 

solution was left undisturbed overnight, facilitating the formation of hydroxylpropyltriphenyl 

phosphonium salt.) was developed using Aspen Plus version 9.0. 

The model for Reaction #1 was carried out as a scaled-up reaction by using different reactors such 

as CSTR and Batch. In the case of the latter, different stop times were evaluated and more 

encouraging results were obtained for Reaction #1 modelled in batch mode. These results showed 

that batch mode simulation of Reaction #1 following the Conventional Route could potentially 

generate more realistic results closer to the ones normally obtained at the laboratory scale. The 

final objective of this simulation work was to check whether Reaction #1 could occur or not when 

100% water was used as the main solvent for the reaction. For that, an Aspen Simulation of 

Reaction #1 using 100% water was performed using the CSTR reactor (continuous mode). The 

results indicated that the mass flow of Intermediate #1 was higher for 100% water (0.73221 kg/hr) 

compared to the ones modelled with 100% ACN (0.20817 kg/hr). This suggests that water could 

potentially have a more significant impact on the reaction kinetics than ACN for the synthesis of 

Intermediate #1.  

Reaction #1 was performed in the laboratory using 100% water and the product crystals were 

characterised using ATR-FTIR spectroscopy technique. The peaks corresponding to the 

Intermediate #1 synthesised using 100% of water as the solvent is in perfect agreement with the 
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one synthesised using 100% ACN. This confirms the formation of Intermediate #1 using the green 

solvent (water). 

In order to obtain more concrete and realistic operating conditions to be used and replicated in the 

laboratory experiments, a simulation model in batch mode for Reaction #1 can be created as part 

of future potential work. Also, rather than using online tools such as CheCal, the Joback method 

work and calculations of critical parameters are recommended to be carried out using the 

corresponding equations. The author of this thesis also recommends improving the purification 

step for Intermediate #1 synthesised following Green Route. One of the options to remove the 

water and make this process greener to obtain the product crystals could be the use of a freeze-

drying technique. 

For the second part of the project, cationic lipophilic AuNPs were synthesised using two routes, 

Conventional Method and the Green Method. No simulation work was carried out in this case. 

Laboratory work was planned from the start. Functionalised AuNPs synthesised in-house were 

characterised using different techniques such as UV-Visible spectroscopy, TEM and XPS. 

Cationic lipophilic AuNPs were obtained by capping AuNPs using phosphoniopropylthiosulfate 

zwitterion (Ligand). Firstly, the Ligand,  capping agent for the nanoparticles, was synthesised in a 

3-step process. Crystals were obtained at the end of each stage. The formation of the intermediates 

and the Ligand was confirmed using the ATR-FTIR spectroscopic technique. The colloidal 

solution of cationic lipophilic AuNPs synthesised via the Conventional Method remained stable 

over a period of four months (525 nm), with no wavelength shift in the spectra obtained from the 

UV-Vis analyses, and no other signs of aggregation. Previously documented data by Ju-Nam et al. 

2012 shows that nanoparticles synthesised through this process can remain stable for long periods 

of time, up to 6 months. The particle sizes of the cationic lipophilic AuNPs were determined using 

the TEM analysis. The obtained particles were spherical in shape with a mean particle size of 3.33 

± 0.45 nm in diameter. The Conventional Method for nanoparticle synthesis was used to aid the 

development of the Green Method to produce cationic lipophilic AuNPs. 

Functionalised AuNPs are synthesised following two routes, Green Method #1 and Green Method 

#2. The difference between the methods was in the mixing order of the reactants. For Green 

Method #1, ligand was mixed with 20 ml of DI water heated under reflux conditions (80 and 
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1000C). After 1 hour, a solution containing KAuCl4 dissolved in 5 ml of DI water was added drop 

by drop into the boiling mixture. After another hour, 10 ml of DMF was gradually added dropwise 

to the reaction mixture. The solution continued to undergo reflux for an additional 2 hours, 

ensuring the completion of the reaction. In Green Method #2 ligand and KAuCl4 were mixed in 

30 ml of solution of DMF:DI water (ratios of 1:5 and 1:2) and heated under reflux conditions (80 

and 1000C). The temperature was maintained constant throughout the reaction of 5hrs. Six samples 

were prepared by following two green methods. The formation of the AuNPs was confirmed with 

the SPR peaks, with values between 513-525 nm. The wavelengths of the maximum absorbance 

peak values decrease when the reaction temperature increases (from 80 to 1000C). This can be 

attributed to the decrease in the particle size and rapid nucleation at higher temperatures. The 

results from TEM analyses showed that: (i) the mixing order of the reactants were affecting the 

particle sizes at the reaction temperature of 800C, (ii) temperature determines the size of the 

particles when the reaction is carried out at 1000C, (iii) the concentration of DMF affects this 

particle feature when the reaction is kept at 800C. Finally, Sample 1 prepared following Green 

Method #1 (1000C, 1:2 DMF:DI water) showed to be stable over a period of 6 months. 

In order to determine the elemental composition of the cationic lipophilic AuNPs (Sample 1 

produced following Green Method #1, 1:2 DMF:DI water, at 1000C) and probe the nature of Au-

S bonds, the AuNPs were studied by XPS spectroscopy. Typical binding energies corresponding 

to gold atoms were found, Au(0) (peak at 83.7 eV) and Au(+1)  atoms at the surface (peak at 84.7 

eV). Evidence of thiol compounds attached to AuNPs was observed with a binding energy of 162.5 

eV, corresponding to S(2p3/2). This was a clear indication the alkylthiolate bond to gold Au-S-C 

was present in functionalised AuNPs produced following the newly developed green method. 

Synthesis of cationic lipophilic AuNPs using greener routes was demonstrated in this thesis. 

However, greener alternatives to DMF must be found, as this solvent and reducing agent is a toxic 

chemical. Especially, if these nanoparticles are aimed to be used in biomedical applications. 

Alternatives of greener reducing agents that could be used in future works are ascorbic acid and 

glutathione.   
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Appendices 
Appendix A 

ATR-FTIR spectra obtained during the synthesis of the ligand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1 ATR-FTIR spectra of two different batches of the Intermediate #1 using 

Conventional Route   
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Figure A2 ATR-FTIR spectra of two different batches of the Intermediate #2 using 

Conventional Route   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1 Two batches of the Intermediate #1 obtained for the Reaction 

#1 during the synthesis of the Ligand
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Figure A3 ATR-FTIR spectra of two different batches of the Ligand 
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Melting Point studies  

• Melting point of the Intermediate #1 – 2280C 

• Melting point of the Intermediate #2 – 2290C 

• Melting point of the Ligand – 2450C 

Appendix B 

TEM IMAGES (Green Route) 

 

       

 Figure B1: Sample 1, Resolution (a) 10nm and (b) 20nm 

 

         

Figure B2: Sample 2. Resolution (a) 50nm and (b) 10nm 
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Figure B3: Sample 3, Resolution (a) 50nm and (b) 20nm 

 

     

Figure B4: Sample 4, Resolution (a) 50nm and (b) 20nm 

 

            

Figure B5: Sample 5, Resolution (a) 50nm and (b) 50nm 
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Glossary 

SPR: Surface plasmon resonance (SPR) is a method used to study the interaction between 

molecules. It is based on a characteristic of surface plasmons, basically, electromagnetic waves 

that move over the surface of a conductor, like gold or silver (Bakhtiar, 2013). 

Green synthesis: Green synthesis is a technique for creating substances, compounds, or chemicals 

without the use of harmful or toxic chemicals and using environmentally friendly techniques. It 

uses natural resources and biological processes to produce a process that is sustainable and eco-

friendly (Shreyash et al., 2021). 

Zwitterion: A zwitterion is a form of molecule that includes both positive and negative charges 

inside the same molecule, resulting in a neutral overall charge. These substances are also referred 

to as "dipolar ions" or "inner salts." The building blocks of proteins, amino acids, frequently 

contain zwitterions. An amine group (-NH2) and a carboxyl group (-COOH) are both present in 

the amino acid molecule, and they are capable of reacting with one another to create an 

intermediary molecule known as a zwitterion (Ichikawa, 2017). 

Joback method: Empirical technique for determining the physical and thermodynamic 

characteristics of organic molecules is the Joback method. It is based on the concept of group 

contribution, which states that a molecule's attributes may be calculated by adding the 

contributions made by each of its chemical groups. The Joback technique may be used to estimate 

a wide range of parameters such as boiling point, critical temperature, heat capacity, and viscosity 

for pure liquids and liquid mixes. It entails locating the functional groups or molecular pieces that 

are present in a molecule and giving each one of them a preset set of group characteristics (Kleiber 

and Joh, 2010). 
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