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Summary 

The attachment of nanoparticles to each other has a wide variety of applications in areas including 

superhydrophobic coatings, drug delivery, synthetic opals, antifouling, and catalysis.  

As the properties of nanoparticles are dictated by both their chemical composition and their size, the 

development of new methods to attach particles of different sizes and materials to each other is an 

important field of study. In particular, the use of raspberry particles in the development of 

superhydrophobic, catalytic, and photonic materials was of particular interest in this thesis. 

This thesis focuses on the characterisation of silica nanoparticles and the development of attachment 

reactions to produce silica-on-silica and gold-on-silica raspberry particles. 

The effect of synthesis method, cleaning method, ammonia concentration, ethanol concentration, and 

atmospheric oxygen on the oxidation of thiols to disulphides during MPTMS particle synthesis was 

studied via Raman Microscopy and Ellman’s reagent assays. These results were used to propose a 

mechanism for the formation of disulphides during particle synthesis. A method was also developed 

for the post-synthesis reduction of disulphides to thiols at the particle surface, which also confirmed 

the presence of disulphides on the surface of the particle. 

Larger particles were synthesised from GPTMS via an emulsion method and were then used in the 

development of an attachment reaction of MPTMS particles to GPTMS particles to form raspberry 

particles. This reaction utilised the base-catalysed thiol-epoxy click reaction to form covalent bonds 

between the two types of particles. During the development of this reaction, the effect of particle 

concentration and the use of thiol-functionalised MPTMS particles vs disulphide-functionalised 

MPTMS particles on the final attachment density was determined. SEM and zeta potential 

measurements were used in the development and characterisation of the attachment reaction and 

the final raspberry particles. 

These raspberry particles enabled a combinatorial approach to the production of multiscale 

superhydrophobic coatings with PDMS. The effect of particle:polymer mass ratio and small:large 

particle size ratio on the wettability of the final coatings was investigated through contact and sliding 

angle experiments, and SEM. A superhydrophobic coating with a water contact angle of 157.5o and a 

sliding angle of 6.8o was produced using this method. 

Citrate-stabilised gold particles were synthesised via the Turkevich method. The affinity of citrate-

stabilised gold for thiols, disulphides, and amines was investigated through small molecule ligand 

exchange reactions, attachments to functionalised flat surfaces, and attachments to thiol- and 

disulphide-functionalised MPTMS particles. These reactions were analysed through a combination of 
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FTIR, UV-Vis, DLS, and SEM techniques. It was found that amines were the most suitable for 

attachment to citrate-gold particles. 

This information was then used to develop an attachment reaction for citrate-gold particles onto a 

larger GPTMS silica particle core via the use of ethylene diamine as a linker. The effect of gold particle 

excess on the attachment density was explored via SEM analysis. This attachment reaction resulted in 

gold-silica raspberry particles with high attachment density 
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Chapter 1: Introduction 

Complex micro and nano structures have a wide variety of applications such as superhydrophobic 

coatings,3-27 drug delivery,28 photonic crystals,29-55 antifouling,56,57 and catalysis,58-61 among others. As 

such, the development of new materials that contain features of different scales or chemical 

composition is an important field of research. 

These complex structures can be fabricated via a wide variety of techniques, including templating,62 

lithography,63-66 soft lithography,62,67,68 and chemical vapour deposition.69,70 However, many of these 

methods have strict operating conditions, expensive instruments and/or chemicals, and are not easily 

scalable to large-scale use. 

The use and manipulation of colloidal particle solutions has become a growing area of research owing 

to their versatility in the materials that can be used, their cost effectiveness, and the potential for the 

production of materials at a relatively large scale. Two of the ways in which nanoparticles can be 

manipulated to form more complex structures include self-assembly and attachment of particles to 

each other. For instance, colloidal suspensions of monodispersed nanoparticles can be used in the 

production of synthetic opal structures,29,32,33,35-37,39,41-44,46,48-55,71-73 while particle-on-particle 

attachments have been used in the production of superhydrophobic, self-cleaning coatings7,9,13,14,18-

20,22,24,26,27,74-78 and catalytic enhancement.59,60,79-81 In addition, the combination of nanoparticles of 

different materials can give rise to a number of interesting photonic properties.41,82-86 

The driving force behind both self-assembly and attachment of these nanoparticles is the interaction 

of the surface chemistry of the particles. As such, understanding of particle surface chemistry and the 

subsequent development of new attachment methods is essential in the formation of new materials. 

The goals of this thesis are to form complex particle structures in which gold and silica particles are 

combined to create novel optical and topological properties. As background, in this chapter the 

synthesis of colloidal particles is explored, with an emphasis on silica and gold, and the reaction 

conditions that can be used to manipulate their physical and chemical properties. Particle packing 

structures and attachments that have been reported in literature are then presented and their 

possible photonic and superhydrophobic properties are explained. Finally, the chemical strategies that 

will be used in this thesis to synthesise and attach particles together into raspberry macrostructures, 

as well as analysing their resultant properties are investigated.  
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1.1 Self Assembly 

One of the most common examples of self-assembly is the formation of self-assembled monolayers 

(SAMs) of bifunctional molecules on a surface as shown in Figure 1 below.87-93  Surfactant molecules 

are able to form a very ordered structure, with the key aspects being the “head” has significantly 

different interaction with the surface than the “tail”, a uniform size, and even distribution across the 

surface.87-93 This attachment can completely change the properties of the surface87-93 depending on 

the attached compound, making it a very useful technique in wide variety of research areas including 

hydrophobic or hydrophilic coatings,90,94,95 anti-biofouling,96,97 or biosensing.93,98 

In order for a SAM to be produced, the attached 

molecule must form relatively strong bonds with the 

surface; otherwise, the molecules would be too 

easily removed during subsequent processes and 

analysis. Consequently, a more in-depth 

investigation into the properties of surfaces 

compared to the bulk material is required. The atoms 

at the surface of a material tend to be more reactive 

due to them having fewer neighbouring atoms and 

thus having ‘dangling bonds’.99-101 In addition, the purity and cleanliness of the surface is a major 

determining factor of the quality of the final SAM. 

The understanding of SAMs has led to the attachment of small molecules to surfaces that are not 

flat,102,103 for example the inside of tubes104 or onto the surface of nanoparticles.105,106 Nanoparticles 

have increased surface area to volume ratios compared to bulk materials. Thus, their properties are 

dominated by the surface, often resulting in very interesting optical, electronic, catalytic, etc. 

properties that are directly controlled by their size.107-109 This increased surface area also allows for 

increased rates of reaction with less material required, as more surface is available for reactions to 

occur on nanoparticles compared to an equivalent amount of bulk material. 

1.2 Self-Assembly of Particles 

As an extension of attachment of macromolecules to surfaces, nanoparticles have also been attached 

to flat surfaces for a variety of applications. For example, catalytic nanoparticles have been attached 

to a flat substrate in order to increase the stability of the system.110,111 The particle attachment 

prevents the particles from aggregating in solution and either reducing their reactivity or completely 

changing the properties.110,111 These sort of attachments often have a secondary benefit in that they 

allow for continuous flow processes without the need for nanoparticle removal post-reaction.112,113 

Substrate
Figure 1: Schematic of a basic SAM, showing the head
group in green and the tail in grey. 
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Ordered arrays of nanoparticles on flat surfaces can be used in the preparation of synthetic 

opals,30,32,33,35-37,39,41-44,46,48,50,54,55,71-73,114,115 dust-repellent coatings,116,117 and investigation of surface 

wettability,118 among others. In particular, surface enhanced Raman spectroscopy (SERS) requires the 

use of a roughened substrate in order to magnify the Raman signal by up to 108. 119,120 

1.2.1 Synthetic Approaches to Self-Assembly of Particles 

There have been many methods used to produce highly ordered, packed siliica particles to mimic the 

structures found in opals.121 In an opal, monodispersed silica spheres are packed into a highly ordered 

lattice stucture as shown in Figure 2 below.122,123 

These range from more simple methods such as vertical deposition, gravity deposition, and moving 

meniscus methods to more complicated methods that incorporate the use of surfactants and shear 

force.36,37,50,55,115 Despite their specific differences most of the reported procedures follow the same 

basic technique: A dispersion of monodispersed silica spheres (<10% polydispersity50) is made in an 

aqueous, alcoholic, etc. solvent. This solution is then left to evaporate allowing the particles to pack 

on the suspension vessel or on a substrate previously placed in the vessel.36,124 The rate of 

sedimentation (V) of a simple gravitational deposition at atmospheric pressure can be described by 

Equation 1 below.55 In this equation particle diameter, particle density, solvent density, gravitational 

acceleration, and solvent viscosity are represented by d, ρp, ρs, g, and η respectively. 

Equation 1: Rate of Sedimentation 

𝑉𝑉 =
𝑑𝑑2(𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤)𝑎𝑎

18𝜂𝜂

Typical variations on this simple gravimetric method include introducing surfactants to prevent 

premature destabilisation of the particle suspension,46,50,115,125 changes in the inclination angle of the 

substrate to be coated,36 or the introduction of vacuum55 or shear forces.37 These changes can reduce 

defects in the final packed structure and improve mechanical properties.46 

Figure 2: a) A colour photograph of opals found in nature1. b) A TEM shadowed replica image of the packing of silica 
spheres in an opal (modified from Darragh (1966)2  

Removed Due to Copyright Restriction
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These methods tend to be very easy to accomplish and produce high quality packed 

structures.29,30,32,36,37,41-44,46,48,50,54,55,72,115 However, the drying time can make them very time 

consuming (taking days or weeks to dry) and the final photonic crystals tend to be very fragile as the 

particles are only adsorbed onto the substrate.36,37 

Inverse opal films have been developed in order to overcome these limitations.31,35,37 There are again 

several different specific methods for the production of inverse opal films but the overall concept 

remains the same. Particles are used to make a photonic crystal as described above before a polymer 

is cast through the structure. The particles are then removed via a selective etching process, leaving 

behind a polymer film with periodic holes in it where the particles were.31,123,126 The use of polymers 

makes a structure that is typically more mechanically durable and, depending on the polymer used, 

interesting properties can be achieved such as self-healing,31 stimuli responsive colours,126 and 

composite colours from stacking.37 An alternative method for the production of inverse opal films is 

through the use of lithography. In this method e-beam lithography and reactive ion etching were used 

to bore an array of nano-holes into a silicon substrate.67 

1.3 Optical Properties of Self-Assembled Particles 

1.3.1 Photonic Crystals 

Highly ordered structures with alternating refractive indices, such as the opal and inverse opal films 

discussed above, are referred to as photonic crystals.37,123,127 Depending on whether the refractive 

index is periodic in 1, 2, or 3 dimensions, the photonic crystal can be referred to as 1D, 2D, or 3D.123,127 

Photonic crystals are able to induce coherent scattering122 and as such they are responsible for 

structural colour seen in nature such as the Morpho butterfly wing,128-135 opals,2 and several plants.136-

138 This periodic variation in refractive index reflects certain wavelengths of light, called the photonic 

band gap, while allowing others to propagate through.37,50 In general, structural colour tends to be 

more remarkable and is more resistant to fading then pigments and dyes.67,122,131,137,138 It is also the 

cause of iridescence, i.e. where the observed colour changes with change in the angle of 

observation.122,131,138 

1.3.2 Particle Packing and 3D Photonic Crystals 

As previously mentioned, opals are formed when amorphous silica particles arrange into a highly 

ordered FCC lattice where water fills the voids between the particles.122,123 This is likely the most 

famous example of a 3D photonic crystal in nature and has been the subject of many studies and 

replication attempts.  
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A 3D photonic crystal interacts with light via diffraction, resulting in constructive and destructive 

interference which gives colour51,123,139 and the wavelength of maximum reflected intensity of the 

crystal can be calculated using a variation on the Bragg equation.  The Bragg equation has angular 

dependence which gives rise to the observation of iridescence. However, it does not take into account 

the refractive index of the materials used as it was originally used for modelling light interactions with 

atomic crystal lattices.  

In order to overcome this, modified Bragg equations like the ones shown in Equation 2,50,51,126,139 

Equation 3,37,123,140 and Equation 4124 are used, although there is inconsistencies in the literature as to 

which equation to use. Each of these equations describes some relationship between a combination 

of the wavelength of maximum reflection (λ), the angle of incidence of the light (θ), the interplanar 

spacing of the 111 plane (d), and the particle diameter (D). The effective refractive index (neff) can be 

calculated from the refractive indices (n1 and n2) and volume filling fractions (ϕ1 and ϕ2) of two 

different materials as shown in Equation 5. For a FCC lattice of spheres, the volume filling fraction of 

the particles is ϕ1=0.74 while the surrounding matrix has a volume filling fraction of ϕ1=0.26. 44 

Equation 2: Modified Bragg equation with angular dependence and interplanar distance terms 124 

𝑚𝑚𝑚𝑚 = 2𝑑𝑑111�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 − sin2 𝜃𝜃�
1
2 

Equation 3: Modified Bragg equation with no angular dependence 37,123,140 

𝑚𝑚 = 2𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 

Equation 4: Modified Bragg equation with no angular dependence, spacing based on particle diameter rather than 

interplanar distance 37,50,126,139 

𝑚𝑚 = �
8
3
�
1
2
𝐷𝐷𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 

Equation 5: Effective Refractive index of a FCC photonic crystal of packing spheres 37,44,50,125,126,139 

 

𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑛𝑛1𝜙𝜙1 + 𝑛𝑛2𝜙𝜙2  

 

1.4 Photonic Single Particles 

As previously discussed, the production of 3D photonic structures using particle packing has been 

extensively investigated but they have many limitations, driven by the need to maintain a high level 

of order over a large area. 
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A newer field of research is the production of single particles that can act as a photonic crystal by 

making multilayer particles where the refractive index varies within the particle structure. These types 

of particles will henceforth be referred to as photonic particles. The production of core-shell particles 

is not necessarily new and their use in close-packed FCC, 3D photonic crystals has been explored,139,141-

146 but it is very rare that any photonic properties are reported for the particles in solution. Insofar as 

I am aware, there are three existing papers that show the production of photonic particles.124,125,147 

In 2006, Nakamura et al reported silica-titania core-shell nanoparticles with a very uniform titania 

coating.124 Before this, most literature surrounding the production of 3D photonic crystals was focused 

on the use of plain silica or polystyrene nanoparticles and separately, the production of core-shell 

particles such as silica-gold, silica/polystyrene-zinc sulphide, or latex spheres with dyes or 

semiconductors in their shells. Nakamura et al124 focused more on the use of the core-shell silica-

titania particles in a packed FCC, 3D photonic crystal structure. However, there is a brief mention of 

the particles having a diffraction peak in solution, which then disappeared after the particles were 

sintered. It is believed that this diffraction peak is the result of the alternating titania-electrolyte layers 

acting as a 1D multilayer structure.124 

In 2013, Huang et al125 published a paper which focuses exclusively on silica-titania core-shell particles 

that were found to produce structural colour while still in solution. The method by which these 

particles were made was very similar to Nakamura’s method, however, instead of titania nanosheets 

the titania was produced via a hydrolysis-condensation reaction of (NH4)2TiF6 solution and H3BO3. The 

overall particle size was found to be 1360 nm while the titania layer was 170-200 nm thick. The plain 

silica spheres did not show any colour, however with the addition of a titania shell the dispersion was 

yellow in colour and a clear peak was seen in the UV/vis transmission spectra125. It was found that an 

increase in the titania layer thickness resulted in an increase in the wavelength of the transmission 

peak, corresponding to a red-shift of the colour in the solution125. This colour is believed to be the 

second order interference; the first-order interference was not observed, potentially because the 

titania layer was not perfectly smooth125.  

Tao et al (2016)147 has a completely different approach in the production of photonic particles by using 

top-down methods. It also uses latitudinal material asymmetry to create structural colour, rather than 

a concentric, multilayered particle147. This was achieved by fabricating a macro-scale preform from 

pre-shaped segments. This preform was then coated in an amorphous cladding before being drawn in 

to a fibre with a diameter equal to the desired particle size. The surface energy at the interface 

between the cladding and the core is then exploited to initiate Plateau-Rayleigh capillary instability, 

which in turn creates a type of pearl necklace structure through thermally induced emulsification of 
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the core. The cladding is then selectively dissolved to produce the final photonic particles. The 

latitudinal refractive index variation results in polarization of the scattered light147. 

1.5 Particle-on-Particle Attachments 

A progression of the attachments of particles to flat surfaces is the attachment of particles to other 

particles. This approach has been gaining interest and has a wide range of applications. In particular, 

this synthetic approach to materials can allow for the production of more complex structures than 

traditional materials processing or materials that can utilise the unique properties of different types 

of nanoparticles. 

Of the complex geometries possible with particle-particle attachments, perhaps the most common is 

the so-called ‘raspberry particle’. These are produced when a ‘shell’ of small nanoparticles are 

attached to a larger core particle to form a structure with hierarchal roughness as shown in Figure 3. 

The attached particles can be made from the same or different materials depending on the desired 

end use.  

There have been several reported methods for the synthesis of these raspberry particles, with two 

major synthesis approaches. In the first approach, the core particles are produced and the shell 

particles are then grown directly on the core particle surface. Some example of this method are 

reported by Zhao et al (2016)148 and Liu (2015)10 where fluorinated shell particles were grown directly 

onto a silica core. Other reports have also used seeded emulsion polymerisation25,149 or co-

condensation150 where phase separation is manipulated to produce the desired raspberry structure. 

In one example, Fu et al (2022)5 synthesised crosslinked polyurethane/polyvinylpyrrolidone 

copolymer particles that were crosslinked with thiol and isocyanate monomers to improve their 

mechanical and chemical durability. Due to the swelling and subsequent shrinking of monomers 

during this synthesis reaction, raspberry-like protrusions are formed on the particles which were then 

fluorinated. However, most of these methods provide very little control over the size of the shell 

particles and as such the dependence of certain properties on the core-shell size ratio cannot be 

investigated. 

The more common approach involves making the core and shell particles separately and then 

attaching them together5,8,13,17,20,25,151-153 as shown in Figure 3. This attachment can be achieved in a 

myriad of different ways including electrostatic adsorption,25,154 physical adsorption,17,153,155 

heteroflocculation,152 usage of linker molecules,20 thiol click chemistry,5,8 etc. These methods often 

allow for greater flexibility in particle materials than a one-pot method with reported materials used 

including various polymers such as polystyrene,17,20,25,149,151-153 poly(glycidyl acrylate),8 poly(vinyl 
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propylene),153 Silica,10,13,17,25,150,151,153,154,156 gold,59,80,81,85,156-160 calcium carbonate,155 or a combination 

of materials. 

In one example, Xu et al (2021)25 made positively charged polystyrene/ methacryloxyethyltrimethyl 

ammonium chloride copolymer particles via dispersion polymerisation. These were then able to be 

attached to pre-purchased silica particles through electrostatic interactions between the positively 

charged polystyrene particle cores and the negatively charged silica particle shells. While this 

attachment method is experimentally simple, the resultant raspberry particles did not appear to have 

high attachment densities of the smaller shell particles onto the larger cores. 

Many of the methods mentioned above fail to achieve high attachment densities, require post-

synthesis particle functionalisation, have complicated synthesis methods, or provide very little control 

over the size ratios of the core to the shell particles which could have dramatic effects on their 

corresponding wetting or photonic properties and applications. 

 

A use for raspberry particles was reported by Behme et al (2022)161 who used them as a template for 

the production of microsieves. The raspberry particles were made by attaching silica shell particles to 

a larger glass core. These raspberries were then spread over water in a monolayer when a 

PMMA/toluene mixture was poured over the particle monolayer and left to dry. The raspberry 

particles were then etched away from the resulting PMMA/raspberry particle composite, leaving 

behind a PMMA matrix with hierarchal pore features that can be used as a microsieve. 

Another interesting use for raspberry particles was reported by Zhang et al (2019).162 In this paper, 

dithiothreitol-gold nanoclusters were able to interact with DNA in such a way that raspberry-like 

structures were formed. It was found that these raspberry structures were able to protect the 

incorporated DNA from hydrolysis via enzymatic attack from DNase I and showed high 

Figure 3: Simple diagram of raspberry particle synthsis via particle attachment reactions. 
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biocompatibility, thus making them good contenders for gene delivery.Shirman et al (2018)79 used 

evaporation-induced self-assembly to drive the assembly of raspberry particles from metal (gold, 

silver, platinum, etc.) shell particles and thiol-modified polystyrene core particles. These raspberry 

particles were then used as templates to create porous catalytic structures. 

Raspberry particles can also be used in the production of core-shell particles. Core-shell particles 

consist of a thin shell of a material that fully coats a larger core particle; often this is metallic coatings 

on non-metallic substrates.59,80,82-86,157-159,163-171 The production of these thin coatings can often be 

quite difficult, with many processes resulting in uneven coverage or coatings thicker than desired.80,83-

86,121 Raspberry particles have been used to help improve shell growth by providing very small seed 

particles on the larger core which act as nucleation points for deposition of further shell material, as 

shown in Figure 4.59,80,82-86,121,157-159,163-171 

Kim et al (2012)167 produced Fe3O4-gold core-shell nanoparticles by first attaching gold seed 

nanoparticles to the iron oxide core via an APTMS layer. These composite particles retained the 

magnetic nature of the iron oxide core while gaining the photonic resonance of the gold shell. When 

a dispersion of these particles was placed in a magnetic field, the particles would arrange in 1D chains 

along the magnetic field lines due to the magnetic core while the gold shells prevented aggregation. 

This combination of a magnetic core with a gold coating in such defined arrays could have potential 

use in area of nanoscale electronics. 

1.5.1 Superhydrophobic Coatings 

One of the applications for raspberry particles is in the production of biomimetic lotus leaf coatings.4-

13,15,18,19,22,24-27 Although single-sized particle coatings have been shown to make hydrophobic coatings 

with high contact angles,118,172 the true super hydrophobicity of the lotus leaf, with high contact angles 

(>150o) and low sliding angles (<10o)173-177 can only be reliably achieved through coatings with two 

scales of roughness8,178,179. The hierarchal roughness of raspberry particles makes them a perfect 

Figure 4: Schematic for the production of a core-shell particle using raspberry particles decorated with seeds. 
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candidate for incorporation into these coatings.25 This application is more thoroughly explored in 

Chapter 4: Thiol-Epoxy silica particle attachment. 

1.5.1.1 Measuring Wettability  

The hydrophobicity or hydrophilicity (also referred to as wettability) of a surface is normally 

determined by the water contact angle (WCA).175,180 In these measurements, a water drop is placed 

on the surface of interest and the angle between the surface-liquid interface and the liquid-air 

interface is measured as shown in Figure 5 below.175,180 Surfaces are said to be hydrophobic if θ>90o
 

and vice versa.175 Another important measurement when determining the wettability of the surface 

is the sliding angle (α). This is the angle at which a water drop will slide off the surface without sticking 

as shown in Figure 5.174  

On a flat surface, the contact angle can be predicted by Young’s equation (Equation 6)174,175,180,181 

where γSA, γSL, and γLA and are the surface energies of the solid-air, solid-liquid, and liquid-air interfaces 

respectively. Though this equation can be useful for simple modelling of water-surface-air 

interactions, it does not account for contact angle hysteresis, which is a result of inconsistencies in the 

surface chemistry or structure.175,180 

Equation 6: Young's Equation 

cos𝜃𝜃 =
𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

1.5.1.2 Cassie and Wenzel Wetting 

The wettability of surfaces with a single scale of roughness is greatly dependent on the morphology 

of the surface features. The Cassie and Wenzel states are the most commonly used models to predict 

how a drop will behave on a roughened surface.174,178,180,181 

In the Wenzel state, the drop sinks down into the surface features as shown in Figure 6.178,180 This 

increases the contact area between the drop and the surface substantially from an equivalent flat 

Figure 5: Diagrams of contact angle and sliding angle measurements 
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surface which in turn results in high adhesion forces.175 These high adhesion forces pin the water drop 

in place, resulting in high sliding angles.178,180 The equation that relates the contact angle of a flat 

surface (θ) to a roughened surface (θ*) as given by the Wenzel method is shown in Equation 7 

below,178,180,181 where rf is the surface roughness factor. When the original, flat surface is made of a 

hydrophobic material (i.e. θ>90o), the increased contact area between the drop and a rough surface 

of the same material results in an increase in the contact angle and vice versa. In other words, when 

θ>90o then θ*>θ, and when θ<90o then θ*<θ for all physically possible angles.174,178,180 

Equation 7: Wenzel state contact angle of a rough surface 

cos(𝜃𝜃∗) = 𝑟𝑟𝑒𝑒 cos(𝜃𝜃) 

In contrast, the Cassie state has the water drop sitting on top of the surface features rather than within 

them.174,180 This results in the trapping of air bubbles between the grooves of the surface and the 

underside of the drop as seen in Figure 6. This results in a reduced contact area between the drop and 

the surface, which results in lowered adhesion forces. These lower adhesion forces allow the drop to 

slide off the rough surface at lower tilt angles than the equivalent flat surface.172,174,180 The equation 

that relates θ* to θ for the Cassie Wetting state is given in Equation 8 below,174,178,180 where fs is the 

fraction of the surface in contact with the drop. From this equation it can be seen that θ*>θ for all 

possible θ.174 Thus an increase in contact angle can be seen regardless of whether the original material 

is hydrophobic or hydrophilic. 

Equation 8: Cassie state contact angle of a rough surface 

cos(𝜃𝜃∗) = −1 + 𝑓𝑓𝑠𝑠(cos(𝜃𝜃) + 1) 

The above models allow for the formation of very high contact angles from both the Wenzel and Cassie 

wetting states,174 however only the Cassie state allows for the low sliding angles that are required for 

a truly superhydrophobic surface.174,178,180 

Both the Cassie and Wenzel models are idealised extremes of the interaction between a drop and a 

rough surface and as such are not always able to explain experimental observations.178,180 As such 

Figure 6: Behaviour of a drop on a rough surface as dictated by the Wenzel, Cassie, and Mixed Cassie-Wenzel states 
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Marmur (2003)178 has proposed a mixed wetting state model where the drop partially sinks into the 

surface features while still trapping some air between the surface and the drop as shown in Figure 6.  

When a surface has hierarchal roughness, there are two different scales of surface features that could 

interact with the drop almost independently. Either scale may be in the Cassie, Wenzel, or mixed 

Cassie-Wenzel states, which adds further complexity into the behaviour of water on these surfaces. 

1.6 Nanoparticle Growth 

Nanoparticles can be achieved through two broad approaches; top-down and bottom up.108,121,182 In 

top down methods, a bulk material is broken down through a mechanical process such as milling, 

etching, blasting, etc. until nanomaterials are obtained.121,182 This approach is usually quite simple, 

however the resultant nanoparticles are typically non-uniform with very little control over size or 

morphology.182  

Bottom-up approaches offer more control over final particle size and morphology and are often simple 

to undertake.108,182 However, the mechanism of particle growth can change depending on the desired 

chemical composition. Two major avenues are nucleation and emulsion growth.108,182,183 

1.6.1 Nucleation-Growth  

Classical Nucleation and Growth theory is a mathematical model that was first developed in order to 

model the Gibbs free energy of forming liquid droplets from a vapour phase.183,184 However, this model 

has been adapted for the production of solid nanoparticles from liquid phases.108,185 

The LaMer mechanism121,184-189 is based on Classical Nucleation and Growth Theory, and was one of 

the first mechanisms proposed for the formation of nanoparticles.108,184 It, along with its modifications, 

is one of the only widely accepted nanoparticle growth mechanisms.108 In this mechanism, nucleation 

and growth are separated into two different stages,108,184,190 with a total of three reaction phases.184,191 

In phase 1, the monomer is added to a reaction medium, which results in a sharp increase in monomer 

concentration.108,184,190,191 In phase 2, when this concentration reaches a critical number through either 

supersaturation or change in temperature, the monomers undergo ‘burst nucleation’ to form 

nuclei.108,184,185,190,191 This nucleation occurs very rapidly and dramatically reduces the concentration of 

monomer in solution, preventing further nucleation after this point.108,184,185,190,191 The third phase is 

the growth phase where monomers from solution are added to the nuclei through a reaction of some 

sort.108,184,190 This growth process is usually limited/controlled by the rate of monomer diffusion 

through the reaction medium.108,184 These three phases are illustrated via monomer concentration 

over time in Figure 7 below. 
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There are several other proposed nucleation and growth mechanisms, including two-step mechanisms 

(where nucleation and growth occur concurrently),183,184 Ostwald ripening,184,191,192 digestive 

ripening,184 intraparticle growth,184 coalescence,184 oriented attachment,184 and pre-nucleation 

clusters.183 More detailed explanations of these mechanisms, and others can be found in Thanh 

(2014)184 and Wu (2022)183. 

1.6.2 Emulsion Particle Synthesis 

In an emulsion nanoparticle synthesis reaction, the particle monomer is dispersed in an immiscible 

solvent, forming an emulsion of monomer droplets in the solvent.108 The monomers, which are held 

in close proximity in the droplets, then rapidly coalesce into particles.108  

Unfortunately, most emulsions are thermodynamically unstable192 and as such, the Gibbs free energy 

of the system is decreased by coalescence of the monomer droplets.192 If the emulsion is too unstable 

then this coalescence occurs before the monomers can polymerise to form a nanoparticle. In these 

cases, a surfactant or some other type of stabiliser is used to stabilise the emulsion to allow for the 

formation of nanoparticles.192,193 Thus, the size and shape of the produced nanoparticles is mostly 

determined by the size of the emulsified droplets before they coalesce into particles, which is highly 

dependent on the presence, concentration, and composition of the stabilising agent.192,193 This is 

unlike nucleation-growth mechanisms where the particle monomer is dissolved in an appropriate 

solvent, and the size and shape is more directly controlled by the monomer concentration.194-198 

Figure 7: Particle nucleation and growth as described by the LaMer Mechanism. The curve represents the monomer 
concentration over time while the yellow represents the growing nanoparticles. Ccrit is the critical concentration beyond 
which particle nucleation occurs. Csol is the concentration below which the monomers are entirely soluble and no particle 
growth occurs. 
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The most widely used application of emulsion particle synthesis is for the production of polymeric 

nanoparticles, more specifically called emulsion polymerisation.192,193,199,200 In this method, 

hydrophobic monomers are dispersed in an aqueous medium (often with the assistance of 

surfactants) to form particles with average sizes in the range of 50-500 nm.193,201 However, inverse 

emulsion polymerisation can also be used, where the monomers are polar and the solvent non-

polar.193,202 

Other methods of emulsion particle synthesis include microemulsion polymerisation, miniemulsion 

polymerisation, and emulsion-solvent evaporation. In microemulsion polymerisation, the monomer 

droplets are usually below 100 nm.193,203-205 In miniemulsion polymerisation, the monomer droplets 

are formed through the application of high shear.193,206-210 In emulsion-solvent evaporation, polymers 

(not monomers) in solvent are dispersed into a liquid medium before the droplet solvent is 

evaporated, leaving behind solid particles.193,211-213 

A major downfall of emulsion methods is the presence of the surfactant at the surface of the final 

particles, which can be detrimental to further particle attachments or biocompatibility.193,203,204,214 

1.6.3 Silica Nanoparticle Synthesis 

Silica nanoparticles are of particular interest in a wide variety of fields due to their ease of synthesis, 

effective control over particle size, high monodispersity, and biocompatibility.121 Silica particles can be 

produced from silane precursors by both nucleation-growth121,195,198,215-217 and emulsion 

mechanisms,115,121,215,218,219 though nucleation-growth is the most common. 

1.6.3.1 Stöber Synthesis 

The Stöber process is the one of the most predominant methods by which silica particles are 

synthesised. This method was first reported in 1968217 and can produce monodispersed, spherical 

particles that range in size from nanoscale to microscale.154,216,217,220-223 

In the Stöber process, the tetra-substituted silane precursor tetraethyl orthosilicate (TEOS) undergoes 

a series of hydrolysis and condensation reactions, eventually resulting in a large amorphous 

network.121,216,217,224 Initially, the TEOS reacts with water in a hydrolysis reaction in which the ethoxy 

groups are replaced with hydroxyl groups.121,216,224-226 These hydroxyl groups are then able to undergo 

condensation reactions with another hydrolysed molecule in order to form a Si-O-Si chain and water 

as a by-product.121,216,224-226 These hydrolysis and condensation steps then continue until a large 

amorphous network is formed.121,216,224-226 

The morphology of this network is controlled by a variety of factors including pH and 

temperature.224,225 At high pH, the mechanism of the condensation reactions switches to a nucleophilic 
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attack mechanism wherein the hydroxyl group preferentially attacks the most electrophilic Si 

atoms.121,224,225 It has been found that the electrophilicity of the Si atoms in these types of systems 

increases in the trend: Si-OH<Si-OEt<Si-O-Si, therefore the “internal” Si atoms are more likely to be 

attacked. 121,224 Consequently, the reaction mechanism under basic conditions favours the formation 

of a tetrahedral network, resulting in a spherical shape.224 This reaction scheme is illustrated in Figure 

8. However, this illustration is very simplified and does not show alternate pathways such as the 

occurrence multiple hydrolysis events before condensation. 

 
Figure 8: Simple Stöber process reaction schematic. 

The Stöber process allows particle size to be easily controlled in the nano- and micro-size ranges 

through variations in TEOS concentration, ammonia concentration, and water 

content.121,216,217,220,221,227,228 The effects of these variables on the final particle size can be modelled 

using Equation 9,228 although this is a simplified model that doesn’t take into account the interactions 

that may occur between reagents.220 

Equation 9: Proposed model for Stöber process silica nanoparticle diameters (d) and the dependence on experimental 

conditions. 

𝑑𝑑 = [𝐻𝐻2𝑂𝑂]2𝑒𝑒−𝐵𝐵[𝐻𝐻2𝑂𝑂]
1
2 

𝐴𝐴 = [𝑇𝑇𝑇𝑇𝑂𝑂𝑇𝑇]
1
2(82 + 151[𝑁𝑁𝐻𝐻3] + 1200[𝑁𝑁𝐻𝐻3]2 − 366[𝑁𝑁𝐻𝐻3]3) 

𝐵𝐵 = 1.05 + 0.523[𝑁𝑁𝐻𝐻3]− 0.128[𝑁𝑁𝐻𝐻3]2 
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In order to increase the range of chemical reactions that can be done off the particle surfaces,121 TEOS 

silica particles are often modified post-synthesis with a number of different silane molecules with 

different functional groups in the monomer structure, such as MPTMS, APTMS, and GPTMS.80-

82,84,85,121,150,158,164,171,229-231 These modifications are achieved by mixing the TEOS particles with the new 

silane in very similar (or the same) conditions as the original particle synthesis, resulting in addition of 

the new silane to the existing particle surfaces via a series of hydrolysis and condensation reactions.80-

82,84,85,121,158,164,171,230 

An alternative approach to post-synthesis modification is to use the functional silanes as the starting 

monomer in a modified Stöber process.194-196,198,231,232 This produces silica particles with the desired 

functionality without the need for further reactions. Some examples of silica particles that have been 

achieved in this way have thiol,194-196,198,231 epoxy,197 and alkene196 functional groups on their surfaces. 

These types of particles have also been shown to have good control over the final size through starting 

silane concentration.195,198 

1.6.3.2 Surfactant Growth 

Another method for the growth of silica particles is the incorporation of surfactants as templating 

agents.115,117,121,214,215,218,219,233,234 In the presence of a surfactant, the hydrolysed silica precursor 

molecules form a micelle structure in which the condensation reactions occur to form the final 

particle.218,234 The size of this micelle, and by extension the final particle size, can be altered by the 

type and concentration of the surfactant.218,219,233,234 Ionic surfactants experience electrostatic 

interactions with the hydrolysed silica precursor molecules which in turn increases or decreases the 

size of the formed micelles for cationic and anionic surfactants respectively.218 The use of surfactants 

results in the production of very monodispersed particles in much less time than the Stöber process, 

however there is less research into the effect of surfactants on the morphology of the final 

particles.115,117,218,219 Additionally, the surfactant can be hard to remove from the particle 

surface,115,214,219 resulting in interference with any particle surface attachment reactions. 

1.6.4 Gold Nanoparticle synthesis 

The most common method for the synthesis of gold nanoparticles is the Turkevich 

method.81,157,164,165,171,235-244 This method was developed in 1951 by Turkervich236 and modified in 1973 

by Frens.245 In this method chloroauric acid is reduced to metallic gold by the use of citric acid as both 

the reducing agent and stabilising ligand.235,236 The ratio of the gold(III) ions to citric acid in the solution 

determines the final size of the gold particles, with an increasing gold:citrate ratio resulting in 

increased particle sizes and vice versa.235 If the concentration of citrate becomes too low, there is not 

enough of the ligand to effectively stabilise the gold particles resulting in aggregation of the small 
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nanoparticles to larger particles overall. Gold particles ≤20 nm in diameter tend to be monodispersed, 

however particles >20 nm are usually not, as they form due to aggregation of smaller particles which 

is a less controlled growth method.235 A modified Turkevich method can be used to produce 

monodispersed gold particles >20 nm via a two-step synthesis. In the first step, small gold particles 

are made. These particles are then used in the second step as seeds and are mixed with a solution 

containing more monomer and reducing agent, but in the correct ratio so that no new nucleation 

events occur and the gold is only deposited on the pre-existing seeds.235,246 

The exact mechanism of gold particle growth in the Turkevich method is dependent on the pH of the 

solution. At low pH (approximately 3.7-6.5) the reduction reaction proceeds through a [AuCl3(OH)]- 

intermediate and follows the LaMer burst nucleation mechanism, with nucleation only lasting 

approximately 10 seconds.184 Once nucleation has occurred, there is a random rapid addition of 

monomers before the low concentration of monomer in solution switches the growth mechanism to 

intraparticle ripening and/or Ostwald growth.184 At high pH (approximately 6.5-7.7) the intermediates 

are [AuCl2(OH)]2
- and [AuCl(OH)]3

- and the nucleation occurs more slowly (approximately 60 seconds) 

before a slow addition of monomers from solution is observed. In both cases however, it is unclear 

whether the gold atoms are reducing first and then bonding together, or if the gold ions are bonding 

before reduction.184 

Other reducing agents have been used in the production of gold particles from chloroauric acid, 

including sodium borohydride (NaBH4)247,248 and tetrakishydroxymethylphosphonium chloride 

(THPC),82,85,158,163,166,167,169,170,238,249-251 however the mechanism of particle formation is less clear in the 

case of NaBH4 as the reduction reaction occurs too rapidly to isolate any intermediate transition 

states.235 

Of more interest in research is the use of different stabilising ligands, as the ligand can be used to 

control the final shape, size, solubility, assembly, and electronic transfer efficiency.235 There are two 

general approaches to stability via ligands, charged and steric. Charged stability is achieved through 

use of charged ligands such as citric acid, where the ligand complexes to the gold particle in such a 

way that the outer surface is charged. This charged surface then results in electrostatic repulsion 

between particles to provide the desired stability.235  However, charged stability is sensitive to changes 

in pH or addition of salts and may not be suitable to every application. Steric stability is achieved 

through the use of bulky molecules as stabilising ligands, preventing the gold particles from 

approaching each other and aggregating.235 Alkanethiols are very commonly used as steric 

stabilisation ligands, where the thiol bonds to the surface of the gold while the long alkane chain 

extends out from the particle surface. Another commonly used ligand is THPC, which is also able to 
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act as a reducing agent for the gold chloride. THPC appears to be most commonly used when gold 

particles <5 nm are required.82,85,158,163,166,167,169,170,238,249-251 Polymers, alcohols, ethers, amines, silanes, 

phosphines, disulphides, and surfactants can also be used as stabilising ligands.168,235,252 These 

different ligands can either be incorporated into the gold particle production reaction, or they can be 

changed post-synthesis by ligand exchange reactions.235,253,254 

1.7 Surface Modification 

The surface properties of a material can be tailored through the modification of surface chemistry. 

This modification can be achieved on flat or particle surfaces through direct modification of the surface 

groups (i.e. by reduction or oxidation), or by attachment of another molecule with a different 

functionality. Examples of surface modification via attachment include the previously mentioned 

attachment of functional silanes to silica particles, 80-82,84,85,121,150,158,164,171,229-231 or the formation of self-

assembled monolayers.87-93 

In general, surface modification should be easy to achieve, be non-destructive to the original material, 

and be irreversible, in order to allow for their subsequent use. 

1.7.1 Thiol Click chemistry  

The term click chemistry is used to refer to reactions that are selective, insensitive to water and 

oxygen, have simplistic reaction conditions, and produce stereospecific products with high yields and 

purities.255-257 

Thiol groups are of specific interest in click chemistry as they undergo reactions with a number of 

different functional groups such as alkenes, alkynes, isocyanates, epoxides, and halides256-259 as 

illustrated in Figure 9. These reactions have been used frequently in materials and polymer science in 

the past.255,256,260-262 
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Figure 9: Variations of thiol click chemistry reactions 
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These thiol reactions generally use radical or nucleophilic attack mechanisms.255-257,260-265 For instance 

thiol and epoxy functional groups react in a nucleophilic ring opening reaction to form a β-

(hydroxyl)thioether256,261,264,265 as illustrated in Figure 10. This reaction is self-propagating and 

effectively irreversible, making it ideal for the attachment or surface functionalisation of 

nanoparticles. 
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Figure 10: Thiol-epoxide base catalysed reaction schematic 

1.8 Theory of Analytical Techniques 

1.8.1 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a form of electron microscopy that is able to give high 

resolution imaging of nanoscale features.266,267 In this technique, a beam of electrons with an energy 

of 2-40 keV is produced by an electron gun.266,267 This beam is focused onto the sample surface through 

the use of electromagnetic lenses in a raster pattern, resulting in surface-electron interactions.266,267 

These interactions can give rise to secondary electrons, backscattered electrons, Auger electrons, and 

x-rays, all of which can be detected and used to give different types of information about the 

surface.267 In particular secondary electrons can be used to give high resolution images in the x and y 

direction, as well as some information in the z direction due to the good depth of field.267 This depth 

of field is able to be achieved as surface features that are closer to the detector (i.e. higher) will give 



20 
 

a stronger secondary electron signal.267 However no actual analysis or quantitative information can be 

obtained for the z direction.267  

1.8.2 Dynamic Light Scattering 

In dynamic light scattering (DLS), a laser is shone through a suspension of nanoparticles and is 

scattered by the particles.268-271 As particles in suspension will move due to Brownian motion, the 

scattered light will fluctuate and these fluctuations are detected to give the diffusion coefficient (D).268-

270 D can then be related to the hydrodynamic radius (Rh) of the particles via the Stokes-Einstein 

equation (Equation 10) where n is the dispersant viscosity, K is the Boltzmann constant, and T is the 

measurement temperature.268-270 This relationship allows DLS to be used to measure nanoparticle size 

and distribution.  

Equation 10: Stokes-Einstein Equation 

𝐷𝐷 =
𝐾𝐾𝑇𝑇

6𝜋𝜋𝑛𝑛𝑅𝑅ℎ
 

1.8.3 Zeta Potential 

When a charged particle is dispersed in a suspension, the counter ions in the surrounding solution will 

form an electric double layer.269,272,273 The innermost of these layers (the Stern layer) has the counter 

ions tightly bound to the surface of the particle while the more mobile ions further from the particle 

surface exist within the diffuse region.269,272,273 In the diffuse region there is a boundary that 

distinguishes the ions that will move with the particle as it moves, and the ions that will remain in the 

bulk solvent.269,272,273 The term zeta potential refers to the electric potential at this boundary, which 

can be calculated from the electrophoretic mobility (measured by DLS) via the Henry or Smolochuski 

approximations.269,272,273  

Zeta potential is used as a measure of colloidal stability269,272,273 and can also be used as an 

approximation of the surface charge of the particle as they are approximately congruent.273 

1.8.4 Ellman’s Reagent 

Ellman’s reagent, also known by its chemical name as 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB), is an 

organic molecule with a disulphide group connecting two functionalised aromatic rings.274-276 This 

disulphide is able to participate in thiol-exchange reactions with thiol groups as shown in Figure 11 

below.274-276 The resultant thiolate anion has a bright yellow colour, which enables it to be detected 

via UV-Vis spectroscopy.274-276 This reaction is specific to thiol groups and allows for the quantitative 

detection of these thiol groups through the Beer-Lambert law via a calibration curve or the molar 

absorptivity.274-276 This reaction is most commonly used in biological applications where it can be used 
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for determination of cysteine in proteins; as such it has standardised procedures and the molar 

absorptivity is well known.274-276 

 

Figure 11: Mechanism for Ellman's reagent attachment to thiol-functionalised silica particles 

1.8.5 UV-Vis Spectroscopy 

In UV-Vis Spectroscopy, light of specific visible wavelengths is shone through a sample and the 

absorbance of this light is measured.277 This measurement is able to then be repeated for a series of 

different wavelengths which enables the production of an absorption spectrum across the entire 

visible spectrum.277 As colour is a result of absorption and reflectance of light of specific wavelengths, 

UV-Vis spectroscopy is very useful in the characterisation of coloured compounds.277 

1.8.6 Attenuated Total Reflectance-Fourier Transform Infra-Red Spectroscopy 

Infra-Red (IR) spectroscopy samples are able to absorb IR radiation at specific wavenumbers due to 

the vibration of bonds within the sample, provided that these vibrations result in a change in the 

dipole moment of the bond.278,279 As the specific energy absorbed is dependent on the type of bond 

present this can be a powerful tool in chemical analysis.278 

A specific form of IR spectroscopy is attenuated total reflectance-Fourier Transform Infra-Red (ATR-

FTIR). In this set up, the sample is placed on a crystal with a high refractive index. An IR beam is then 

passed through the crystal at such an angle that total internal reflectance occurs at the sample-crystal 

interface.278 This internal reflectance results in the formation of an evanescent wave that extends into 

the sample where it can be absorbed by the sample, depending on the bonds present.278 The 

attenuated energy of the evanescent wave is then passed back to the IR beam where it can be 

detected and used to generate an IR spectrum.278 
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1.8.7 Raman Microscopy 

Raman spectroscopy is an analytical technique that, like IR spectroscopy, is based on the interactions 

of light with the chemical bonds within a sample. Raman is considered a complimentary technique to 

IR, as most bonds or molecules that are Raman active are not IR active and vice versa.279-283 In Raman 

spectroscopy, laser light is incident on a sample where it induces a change in polarizability in certain 

types of bonds.279-283 This change in polarizability is monitored through measurement of the scattering 

of the incident light.279-283 

The vast majority of scattering is elastic (i.e. there is no change in energy between the incident and 

scattered photons) and as such provides no information about the sample. This is known as Rayleigh 

scattering.279,282 In some cases, the incident photon will promote the molecule to a virtual energy state 

before the molecule relaxes back to a vibrational state that is different to its original, unexcited 

state.279-283 This relaxation results in the emission of a photon with a different energy than the incident 

photon. This shift in energy (and correlated shift in frequency) can be measured and relates to the 

vibrational or rotational state of the molecule, which in turn gives information about the bonds within 

the molecule, and the way it interacts with other molecules around it.279-283  

In Raman microscopy, a microscope lens is used to focus the laser onto the sample.280,282,283 This focus 

results in a high spatial resolution of a few micrometres or less.282 This spatial resolution allows for the 

use of Raman mapping where Raman spectra can be measured at many different points across a 

sample or spot analysis where there is only a small area of interest.280,282,283 

1.9 Research Aims 

The main research aims of this thesis are to: 

1. Gain a deeper understanding of the nature of the sulphur group contained within silica 

particles made from MPTMS, particularly the sulphur oxidation state. This includes a 

systematic analysis of how this oxidation state is affected by both the particle reaction method 

and the concentrations of reagents used. 

2. Use silica particles synthesised from MPTMS and GPTMS to produce raspberry particles via 

thiol-epoxy click chemistry. This reaction method allows for an investigation into how the 

ratios of the nano- and micro-scale roughness affects surface wettability due to its 

combinatorial nature. 

3. Use citrate-stabilised gold particles and both MPTMS and GPTMS silica particles to develop a 

new method of gold-silica particle-particle attachment with higher attachment densities than 

those previously achieved. Through development of this method a deeper understanding of 

the relative strengths of thiol-gold and disulphide-gold interactions was achieved, as well as 
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an understanding of the attachment efficiency of citrate-gold to amine-, to thiol-, and to 

disulphide-functionalised silica particles.  
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Chapter 2 Materials and Methods 

2.1 Chemicals 

All reagents are listed in Table 1 and were used as received. 

Table 1: Chemicals used in this thesis 

Chemical Abbreviation Purity/Grade Supplier 

(3-mercaptopropyl)trimethoxysilane MPTMS 95% Sigma Aldrich 

(3-glycidoxypropyl)trimethoxysilane GPTMS ≥98% Sigma Aldrich 

Acetonitrile ACN ≥99.9% Sigma Aldrich 

Tetrahydrofuran (stabilised with BHT) THF 99.6% Chem Supply Australia 

Ammonia Solution (25% in H2O) NH4OH 25% Chem Supply Australia 

Chloroauric Acid HAuCl4 99.995% Sigma Aldrich 

Sodium citrate tribasic dihydrate  ≥99.0% Sigma Aldrich 

Tributylphosphine Bu3P 97% Sigma Aldrich 

(3-aminopropyl)trimethoxysilane APTMS 97% Sigma Aldrich 

Ethylene diamine  ≥99% Sigma Aldrich 

3-methyl-1-butanethiol  ≥97% Sigma Aldrich 

Diisoamyl disulphide  ≥98% Sigma Aldrich 

Sodium Chloride NaCl 99.7 % Chem Supply Australia 

Sodium dodecylbenzenesulfonate SDBS Technical grade Sigma Aldrich 

Sylgard 184 silicone elastomer base  8 g/L Dow Corning 

Sylgard 184 silicone elastomer curing 

agent 

 86 g/L Dow Corning 

Methanol MeOH 99.9 % Chem Supply Australia 

Ethanol EtOH 99.9% Chem Supply Australia 

Elemental Sulphur S8 Unknown Industry Waste 

Toluene  100% Ace Chemical Company 

Disuodium hydrogen phosphate Na2HPO4 ≥99.0% Sigma Aldrich 

Sodium phosphate monobasic NaH2PO4 ≥99.0% Sigma Aldrich 

5,5’-Dithiobis(2-nitrobenzoic acid) DTNB ≥98% Sigma Aldrich 
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2.2 MPTMS particle synthesis 

2.2.1 MPTMS Modified Stöber Method 

2.2.1.1 Method A 

Silica particles were grown from MPTMS using a previously reported modified Stöber process.194,195,198 

Water (800 mL, 44 mol, 80%v/v), ethanol (100 mL, 1.7 mol, 10%v/v) and ammonium hydroxide 

solution (25% NH3, 100 mL, 1.03 mol NH3, 10%v/v) were combined in a large container and left to stir 

gently so that not vortex was formed by stirring. MPTMS (2 mL, 10.7 mmol, 0.2 %v/v) was added to 

the stirring water/ethanol/ammonia mix and left to stir gently for approximately 45 minutes. After 

this time, the stirring speed was increased and the mixture was left to react for 3 days until it was 

cloudy. 

The same method was also used to make smaller batches of MPTMS particles in a 50 mL centrifuge 

tube with the same proportions of reagents. 

2.2.1.2 Method B 

Silica particles were grown from MPTMS using a previously reported modified Stöber process.196 

 Water (800 mL, 44 mol, 80%v/v) and ammonium hydroxide solution (25% NH3, 100 mL, 1.3 mol NH3, 

10%v/v) were combined in a large plastic container and left to stir at a moderate speed. A separate 

mixture of MPTMS (1 mL, 5.4 mmol, 0.1%v/v) and ethanol (100 mL, 1.7 mol, 10%v/v) was made and 

shaken to combine. The MPTMS/ethanol solution was then added to the stirring water/ammonia 

solution and left to stir rapidly for 3 days. 

2.2.2 SDBS Surfactant Method 

Silica particles were grown from MPTMS using a surfactant method.117 

Ethanol (5 mL, 85.6 mmol, 35.5 %v/v) and Ammonium hydroxide solution (25% NH3, 6.6 mL, 87.8 mmol 

NH3, 46.8 %v/v) were mixed with SDBS (175 mg, 0.502 mmol) and left to stir at a high speed so that a 

large vortex is formed. MPTMS (2.5 mL, 13.5 mmol, 17.7%v/v) was added to this stirring solution and 

was left to react for 3 hours. After 10 minutes the solution was an opaque blue/white colour. 

2.2.3 Synthesis of Particles with Different Diameters 

The modified Stöber Process described in 2.2.1.1 Method A was repeated with varying concentrations 

of the MPTMS precursor to make particles with varied diameters. The specific reagent quantities used 

in the synthesis of each particle diameter are shown in Table 2 below. 
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Table 2: Reactant concentrations and resultant thiol-terminated silica particle diameters 

Average 

particle 

diameter (nm) 

MPTMS H2O Ethanol Ammonia 

solution (25%)  

mL mM L L L 

38 0.4 2.15 0.800 0.1 0.1 

98 1.0 5.38 0.800 0.1 0.1 

143 2.0 10.75 0.800 0.1 0.1 

220 4.0 21.45 0.800 0.1 0.1 

235 6.0 32.1 0.800 0.1 0.1 

 

2.2.4 Effect of Ammonia Concentration on MPTMS Particle Growth 

The modified Stöber processes described in 2.2.1.1 Method A  and 2.2.1.2 Method B were repeated 

with varying concentrations of the ammonium hydroxide solution. The final quantities used are shown 

in Table 3 below. 

Table 3: Reaction solutions with varying Ammonia Quantities. 

MPTMS (mL) 25% Ammonium 

Hydroxide (mL) 

Ethanol (mL) Water (mL) 

0.02 0.5 1 8.5 

0.02 1 1 8 

0.02 1.5 1 7.5 

0.02 2 1 7 

2 100 100 800 
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2.2.5 Effect of Ethanol Concentration on MPTMS Particle Growth 

The modified Stöber processes described in 2.2.1.1 Method A  and 2.2.1.2 Method B were repeated 

with varying quantities of ethanol. The final quantities used are shown in Table 4 below. 

Table 4: Reaction solutions with varying Ethanol Quantities. 

MPTMS (mL) 25% Ammonium 

Hydroxide (mL) 

Ethanol (mL) Water (mL) 

0.02 1 0.5 8.5 

0.02 1 1 8 

0.02 1 1.5 7.5 

0.02 1 2 7 

 

2.2.6 Particle Cleaning Methods 

2.2.6.1 Centrifuge 

MPTMS silica particle suspensions were cleaned by first centrifuging at 4500 rpm (3984 g) for 2 hours 

using a Sigma 3-16 PK centrifuge. The resultant supernatant was discarded and the pellets were 

redispersed in 2 mL of water. This dispersion was then centrifuged at 13400 rpm (12100 g) for 30 

minutes using an Eppendorf Minispin before the resultant supernatant was discarded. These 

redispersion and centrifuge steps were then repeated a minimum of three times in either water, 

ethanol, or acetonitrile depending on the subsequent use of the particles, with the solvents matching. 

2.2.6.2 Salt 

The particles were isolated by adding NaCl salt to the reaction mix to cause agglomeration of the 

particles, no specific quantities of salt were used and it was just added until agglomeration occurred. 

The agglomerated particles were then collected via ultra-vacuum filtration using Millipore S-PAK 0.45 

μm membrane filters. While the particles were sitting on the filter, they were rinsed with water to 

remove residual NaCl before the particles were redispersed in H2O. 

2.2.6.3 Bubbled with Air 

The MPTMS particle reaction mixture was bubbled with compressed air for 1 day to remove the NH3 

from the mixture and cause the particles to destabilise. The particles were then collected via ultra-

vacuum filtration using Millipore S-PAK 0.45 μm membrane filters. While the particles were sitting on 

the filter, they were rinsed with water before the particles were redispersed in H2O. 

2.2.7 Effect of Atmospheric Oxygen on MPTMS Particle Synthesis 

The modified Stöber Process described in 2.2.1.1 Method A was repeated with the following changes. 
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Water (8 mL, 0.444 mol, 80%v/v) and ethanol (1 mL, 17.1 mmol, 10%v/v) were bubbled with N2 for 3 

hours to remove atmospheric oxygen. The ammonium hydroxide solution (25% NH3, 1 mL, 13.3 mmol 

NH3 10%v/v) was then added to the water/ethanol mixture and was left to stir slowly without the 

formation of a vortex. MPTMS (20 μL, 0.108 mmol, 0.2%v/v) was then added to the stirring 

water/ethanol/ammonia solution which was left to stir slowly for approximately 45 minutes. The 

stirring speed was then increased and the solution was left to stir for 3 days until cloudy. 

2.3 Reduction of disulphides at MPTMS Particle Surface 

Previously prepared MPTMS particles were reacted with tributylphospene to reduce the surface 
dithiol groups to thiols. This reaction method was adapted from small molecule chemistry284,285 but 
has not, to the best of my knowledge, been applied to particle surfaces. 

A suspension of MPTMS particles in water (0.5 mL, 141.6 mg/mL, 70.8 mg particles) was added to a 

50 mL 2-necked round bottom flask. Water (10 mL) and ethanol (5 mL) were added to the flask and 

the mixture was bubbled with nitrogen for 70 minutes while stirring. Tributylphosphine (0.1 mL, 0.405 

mmol) was added to the stirring solution under a N2 atmosphere. This was then left to react at room 

temperature for approximately 1.5 hours. A solution of elemental sulphur (S8) in toluene (10 mL) was 

added to the solution to quench the reaction which was left to stir for 30 minutes. The flask was then 

opened to the air and the solution was moved to a separating funnel. The cloudy white layer was 

isolated and centrifuged at 13400 rpm for 30 minutes using an Eppendorf minspin to collect the 

particles. The supernatant was disposed and the pellet was redispersed in ethanol. This cleaning step 

was repeated a total of three times before the particles were analysed via an Ellman’s reagent assay 

and Raman microscopy. 

2.4 Ellman’s Reagent Assay 

2.4.1 Phosphate Buffer Preparation 

Na2HPO4 (1.41723 g, 10.0 mmol) and NaH2PO4 (0.19206 g, 1.60 mmol) were dissolved in water (0.100 

L) to make a phosphate buffer with a pH of 8 and a concentration of 0.1 M. 

2.4.2 DTNB solution Preparation 

DTNB (39.88 mg, 0.1006 mmol) was dissolved in the previously prepared phosphate buffer (100 mL) 

to make a 1.01 mM solution. This was then diluted to 0.101 mM for further use. 

2.4.3 MPTMS particle Solution Preparation 

Dried MPTMS particles (0.5-3.0 mg) were redispersed the previously prepared phosphate buffer (0.5 

mL, 0.1 M, pH 8) via sonication.  
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2.4.4 Ellman’s Reagent Assay 

The redispersed particle solutions (0.1 mL) were combined with the Ellman’s Reagent solution (2 mL, 

1.01 mM, 2.02 μmol) and left to react for 30 minutes in a dark room. The reaction solutions were 

centrifuged at 13400 rpm for 30 minutes using an Eppendorf Minispin and the resultant supernatant 

was analysed via UV-Vis analysis. 

2.5 Effect of pH on MPTMS Particle Surface Charge 

A pH 14 solution was made by mixing ammonium hydroxide (25% NH3, 3.846 mL) in an aqueous NaCl 

solution (4 mM NaCl, 1.154 mL). This solution was then used for a series of 1:10 dilutions to create pH 

solutions of pH 13-8. A pH 1 solution of HCl (0.1 M) was also made in the aqueous salt solution (4 mM 

NaCl). This solution was then used for a series of 1:10 dilutions to create pH solutions of pH 2-6. Water 

was used as a pH 7 solution.  

A drop of MPTMS particle suspension (150.0 mg/mL) in water was added to each pH solution and the 

zeta potential of each sample was measured. 

2.6 GPTMS Particle Synthesis 

2.6.1 GPTMS Modified Stöber Method 

 Silica particles were grown from GPTMS using a previously reported process.197 

Epoxide-functionalised silica particles were synthesised by adding GPTMS (10.0 mL, 45.3 mmol, 

2.0%v/v) to a mixture of 25% ammonia solution (10.0 mL, 0.133 mol NH3, 2.0%v/v) and Milli-Q water 

(490.0 mL, 27.21 mol, 96%v/v). This mixture was shaken and then left to sit for 18 hours. These 

particles were found to have an average diameter of 2.174 ±0.265 μm 

2.6.2 Cleaning Method 

The resultant particles were collected via ultravacuum filtration using a Millipore S-PAK 0.45 μm 

membrane filter and dispersed in 10 mL of water. 

The particles were cleaned by centrifuging at 4500 rpm (3984 g) for 30 minutes using a Sigma 3-16 PK 

centrifuge before redispersing in 10 mL of water. The cleaning step was repeated three times. 

2.7 GPTMS Particle Amine Functionalisation 

A previously prepared ethylene diamine solution (14 mL, 16.41 mM, 23.0 μmol) was added to a 

suspension of GPTMS particles in water (0.1 mL, 8.96 mg particles, 89.6 mg/mL) in a centrifuge tube. 

This mixture was left to stir at room temperature overnight. The resultant reaction mixture was 

centrifuged at 4500 (3984 g) rpm for 30 minutes using a Sigma 3-16 PK centrifuge before the 
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supernatant was discarded. The pellet was redispersed in water (2 mL) and centrifuged at 13400 rpm 

(12100 g) for 30 minutes using an Eppendorf Minispin; this was repeated two times. 

2.8 MPTMS-GPTMS Raspberry Particle Attachment 

2.8.1 Raspberry attachment Reaction 

A pH 14 acetonitrile solution was made by combining ammonium hydroxide solution (25% NH3, 7.692 

mL) and acetonitrile (2.308 mL). The pH 14 solution was then diluted to pH 11 via serial dilution with 

acetonitrile as the solvent. 

GPTMS particles (20 mg) and MPTMS particles (50 mg) were dispersed in the pH 11 acetonitrile 

solution (0.8 mL) via sonication. This reaction mixture was then left to stir for approximately 40 hours 

to allow the reaction to occur. 

The reacted particles were centrifuged at 13000 rpm (12100 g) for 30 minutes using an Eppendorf 

Minispin and the supernatant discarded to remove the triethylamine. They were then centrifuged 3 

times at 13000 rpm (12100 g) for 30 seconds and 3 times at 5000 rpm (1683 g) for 30 seconds in order 

to remove the unreacted thiol particles. After each centrifuge step the resultant pellet was 

redispersed in acetonitrile. 

2.8.2 Effect of Particle Concentration on Attachment Density 

The method described in 2.8.1 Raspberry attachment Reaction above was repeated with varied 

amounts of pH 11 acetonitrile solution added to produce different particle concentrations. These 

concentrations were 0.58%w, 2.87%w, 7.07%w, 10.09%w, and 13.3%w. 

2.8.3 Attachment of Different Sized MPTMS Particles 

 The method described in 2.8.1 Raspberry attachment Reaction above was repeated with MPTMS 

particles of different diameters. A summary of the particle sizes and reaction mixtures used are shown 

in Table 5 below. All GPTMS particles used in this experiment were from the same batch. 

Table 5: Particle dispersions used for attachment reactions of MPTMS particle with different diameters. 

Average thiol-

terminated 

particle 

diameter (nm) 

Thiol-

terminated 

particles (mg) 

Epoxide-

terminated 

particles (mg) 

pH 11 

Acetonitrile 

solution 

(mL) 

Final solids 

concentration 

(%w/w) 

38 50.5 42.1 0.823 11.3 

98 115 23.5 1.618 9.06 

143 184 40 1.701 13.3 
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220 340 53 1.776 20.7 

235 468 61.6 1.808 25.6 

 

2.9 Raspberry Particle Coatings 

2.9.1 General Coating Method 

Dried raspberry particles were dispersed in THF via sonication for a final particle concentration of 100 

mg/mL (10.1%w). 

A solution of PDMS in THF was made by combining the Dowsil Silicone elastomer base (1158.94 g) and 

curing agent (120.56 g) in THF (10.0 mL) and leaving it to stir for 3 hours, resulting in a final solids 

concentration of 127.95 mg/mL (12.6%w). 

The particle solution (50.0 μL, 5 mg particles) was mixed with the PDMS solution (16.6 μL, 2.12 mg 

PDMS). An additional aliquot of THF (85 μL) was added to make a solution with a final total solids 

concentration of 47.0 mg/mL or 5.02%w (33.0 mg particles, 3.52%w particles, 14.0 mg PDMS, 1.50%w 

PDMS). 

A glass microscope slide was cleaned by sonicating it in methanol for 30 minutes before it was dried 

with nitrogen. A coating area of c.a. 2.5 cm2 was then created on the slide by placing two pieces of 

scotch tape crosswise across the slide, parallel to each other at approximately 1 cm apart. 

A sample of the particle/PDMS/THF solution (0.1 mL) was dropped onto the top edge of the coating 

area and a razor blade was used to draw the solution down over the entire coating area. This draw 

casted solution was then left to dry at room temperature for 30 minutes before it was placed in a 65oC 

oven overnight to cure. 

2.9.2 Effect of Particle:Polymer Mass Ratio 

The method described in 2.9.1 General Coating Method was repeated with varied particle:polymer 

mass ratios; as shown in Table 6 below. 
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Table 6: Composition of coating solutions with varied particle:PDMS ratios. 

Total 

Volume THF 

Raspberry Particles PDMS Total Solids 

Concentration 

Particle:PDMS 

mass ratio 

μL mg mg/mL %w mg mg/mL %w mg/mL %w 

150 0 0 0 7.05 47.0 5.02 47.0 5.02 0:1 

213 5 15.7 2.51 10 31.3 3.34 47.0 5.02 0.5:1 

319 5 23.5 1.67 5 23.5 2.51 47.0 5.02 1:1 

88.7 2.5 28.2 3.01 1.67 18.8 2.01 47.0 5.02 1.5:1 

151.6 5 33.0 3.52 2.12 14.0 1.50 47.0 5.02 2.4:1 

142 5 35.2 3.77 1.67 11.8 1.26 47.0 5.02 3:1 

 

2.9.3 Effect of Particle Size Ratio 

The method described in 2.9.1 General Coating Method was repeated with raspberry particles with 

differently sized MPTMS particles (as made in 2.8.3 Attachment of Different Sized MPTMS Particles). 

2.10 Gold Particle Synthesis 

Citrate stabilised gold nanoparticles were made using the Turkevich method236 as follows. 

Chloroauric acid (400.75 mg, 1.179 mmol) was dissolved in water (1.00 L) before being heated until 

boiling while stirring. Sodium citrate tribasic dihydrate (1.225 g, 4.166 mmol) was dissolved in water 

(100.0 mL) before it was added to the boiling chloroauric acid solution. This mixture was left to boil 

and stir for approximately 15 minutes, until the solution changed colour from yellow to a deep red.  

2.11 Gold Particle Ligand Swap 

2.11.1 Citric Acid to 3-Methyl Butanethiol 

A sample of the gold reaction solution (200 mL) was concentrated to 50x the reaction mix by 

centrifuging the particles at 13400 rpm (12100 g) for 30 minutes using an Eppendorf Minispin and 

redispersing the pellet in water (2 mL). 

The concentrated gold particle solution (0.200 mL) was added to a solution of 3-methyl butanethiol in 

ethanol (2.00 mL, 10.8 mM, 22 μmol). This mixture was left to react for 2 hours before the solution 

was centrifuged at 13400 rpm (12100 g) for 30 minutes using an Eppendorf Minispin. The supernatant 

was discarded and the pellet redispersed in ethanol. This centrifuge step was repeated another 2 

times. 
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2.11.2 Citric Acid to Diisoamyl Disulphide 

The method described in 2.11.1 Citric Acid to 3-Methyl Butanethiol was repeated using diisoamyl 

disulphide instead of 3-methyl butane thiol. 

2.11.3 Citric Acid to Ethylene Diamine 

The concentrated gold particle solution made in section 2.11.1 Citric Acid to 3-Methyl Butanethiol was 

added to a solution of ethylene diamine in water (2.00 mL, 1.641 mM, 3.282 μmol). This mixture was 

left to react for 2 hours before the solution was centrifuged at 13400 rpm (12100 g) for 30 minutes 

using an Eppendorf Minispin. The supernatant was discarded and the pellet redispersed in water. This 

centrifuge step was repeated another 2 times. 

2.12 Glass Functionalisation 

1%v solutions of APTMS and MPTMS were made in methanol. 

The glass slides were cleaned by sonicating in methanol for 15 minutes before they were placed in the 

MPTMS or APTMS solutions for 1 hour. The functionalised slides were then rinsed with methanol and 

water before being stored in water for future use. 

2.13 Gold Particle Attachments 

2.13.1 Gold-Glass Attachment 

Functionalised glass slides were left to sit in the aqueous gold particle solutions for at least 30 minutes 

at room temperature before rinsing with water to remove unattached gold particles. The slides were 

then stored in water-filled cuvettes for UV-Vis analysis. 

The above method was repeated with reaction times of 1, 2, 4, 24, and 48 hours. The 1 hour and 2 

hour reactions were then also repeated at 60oC and 80oC by suspending the reaction vessels in water 

baths set to the appropriate temperatures. 

A sample of the concentrated gold solution made in 2.11.1 Citric Acid to 3-Methyl Butanethiol was 

dropped onto glass slides which were heated to 60oC on a hotplate. The water was left to evaporate 

and a film of gold particles was left on the glass slide. 

2.13.2 Gold-Epoxy Attachment 

2.13.2.1 Scheme 1 

The diethylene amine functionalised gold particles (1.00 mL) from 2.11.3 Citric Acid to Ethylene 

Diamine were added to a suspension of GPTMS particles (0.020 mL, 1.19 mg particles). This mixture 

was left to stir overnight at room temperature. 
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The reacted particles were centrifuged at 13000 rpm (12100 g) for 30 minutes using an Eppendorf 

Minispin and the supernatant discarded. They were then centrifuged 3 times at 2000 rpm (269 g) for 

30 seconds in order to remove the unreacted gold particles. After each centrifuge step, the resultant 

pellet was redispersed in water. 

2.13.2.2 Scheme 2 

A suspension of GPTMS particles (8.96 mg) in water was added to the ethylene diamine solution (14 

mL, 16 mM, 0.224 mmol) made in 2.11.3 Citric Acid to Ethylene Diamine. This mixture was left to stir 

overnight at room temperature overnight. The particles were cleaned by centrifuging at 4500 rpm 

(3984 g) for 30 minutes using a Sigma 3-16 PK centrifuge before redispersing in 2 mL of water. The 

cleaning step was repeated three times. 

The concentrated gold particles (1.00 mL) from 2.11.1 Citric Acid to 3-Methyl Butanethiol were added 

to a suspension of the ethylene diamine functionalised GPTMS particles (0.025 mL, 4.50 mg particles) 

in water. This mixture was left to stir overnight at room temperature. 

The reacted particles were centrifuged at 13000 rpm (12100 g) for 30 minutes using an Eppendorf 

Minispin and the supernatant discarded. They were then centrifuged 3 times at 2000 rpm (269 g) for 

30 seconds in order to remove the unreacted gold particles. After each centrifuge step the resultant 

pellet was redispersed in water. 

2.14 Characterisation and Instrumentation 

2.14.1 Sputter Coating 

A drop of MPTMS or GPTMS silica particle solution was left to dry on a small silicon wafer overnight 

before analysis. This sample was then coated with 5 nm Pt via an EmiTech K575X sputter coater. A 

sputter current of 25 mA and a tool factor of 8.5 were used. 

Gold particles were also dropped onto a small silicon wafer and left to dry for analysis. However, they 

were not sputter coated as gold is already conductive. All particle-polymer coatings were coated with 

25 nm of Pt using the same instrumentation as described above. 

2.14.2 SEM Imaging 

An Inspect FEI SEM accelerating voltage of 5 kV and a spot size of 3 was used to take SEM images of 

the samples at varying magnifications. 

2.14.3 Characterisation of Particle-on-Particle Attachment Density 

The attachment density was characterised as the number of small-attached particles per unit area of 

the larger core particle. The attachment density was also compared to a calculated “theoretical 
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maximum” attachment density based on the sizes of the thiol- and epoxide-functionalised silica 

particles. 

2.14.4 Raman Microscopy 

Particle samples were dried 0.5mL of solution was dried in the 60o overnight. A sample of the dried 

particle powder was then deposited onto a glass microscope slide for analysis with a Witec Raman 

microscope. Each spectrum was taken with a 532 nm laser, a 600t grating, 30 second acquisition time, 

10 accumulations, a spectrum range of 100-3750 nm, a laser filter of 50%, a slit of 100, and a hole of 

100. 

2.14.5 FTIR Spectroscopy 

FTIR spectra of dried samples of gold nanoparticles were taken using a Perkin Elmer Frontier 

Spectrometer. The range was set to 600-3600 cm-1 and the resolution was 1 cm-1. 

2.14.6 UV-Vis Spectroscopy 

A Varian Cary 50 Scan UV Visible Spectrophotometer was used for UV-Vis spectra collection in with a 

wavelength range of 200-800 nm at a scan rate of 4800 nm/min and a scan interval of 1 nm.  

For analysis of the Ellman’s Reagent assays, a sample of the phosphate buffer was used as a blank and 

a sample of the 1.01 mM DTNB solution was used as a control. 

For gold particle solution analysis, water or ethanol were used as a blank depending on the solvent of 

the dispersion. 

For coating analysis, a clean glass slide was used as a blank. 

2.14.7 Zeta Potential 

The Zeta potential of particle solutions was measured using a Malvern Zetasizer. The Smoluchowski 

model was used with a F(ka) value of 1.5. The temperature was set to 25oC with an equilibration time 

of 120 seconds. The dispersant was set as water or ethanol depending on the solvent of the sample. 

The measurement duration was set to automatic with a range of 10-100 runs, with 3 measurements 

total. 

2.14.8 Dynamic Light Scattering 

The DLS of particle solutions was measured using a Malvern Zetasizer. The Mark-Houwink used were 

A=0.428 and K= 7.67 x 10-5 cm2/s. The temperature was set to 25oC with an equilibration time of 120 

seconds. The dispersant was set as water or ethanol depending on the solvent of the sample. The 

measurement duration was set to automatic with a range of 10-100 runs, with 3 measurements total. 
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2.14.9 Water Contact Angle Measurement 

Water droplets of approximately 40 μL were placed at three different locations on each coating and 

the resultant contact angles were measured using a Basler CCD camera and Basler Microscopy 

Software.  

2.14.10 Sliding Angle Measurement 

A 40 μL drop of water was placed on the coated surface, at which point the stage was tilted until the 

droplet slid off. The change in height of the lifted side of the stage from flat to tilt was then used in 

conjunction with the width of the stage to calculate the sliding angle using right angles triangle 

trigonometry. 
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Chapter 3: MPTMS particle surface chemistry 

3.1 Summary 

In this chapter, the sulphur state of silica particles grown from MPTMS via a modified Stöber method 

was examined. The particles were analysed for thiols and disulphide groups both through the bulk of 

the particle and at the surface via Raman spectroscopy, Ellman’s reagent assays, and UV-Vis 

spectroscopy. 

The effect of different reaction methods and reagent concentrations on the relative concentrations of 

thiols and disulphides in the particles was systematically investigated and this information was used 

to assign a mechanism to the formation of the disulphide groups during the particle synthesis reaction. 

A method was also developed for the reduction of disulphide groups at the particle surface to thiols, 

for use in further reactions. 

3.2 Introduction 

Over the last decade, the development of thiol-functionalised silica particles has become an important 

part of research in fields such as medical research286 and wastewater remediation.231,287-289  These 

particles offer the potential benefit of providing a wide range of chemical reactions from the relatively 

easy to react thiol groups on the surface, particularly in the use of thiol click chemistry.255-265  

There are several different methods for the synthesis of these “thiol-functionalised silica” particles 

from MPTMS, which can broadly be categorised by the following general synthetic approaches: 

(i) Making silica particles grown from the tetraethylorthosilicate (TEOS) precursor via traditional 

or modified Stöber processes. These particles are then coated with a layer of MPTMS to 

introduce the sulphur groups at and near the surface of the particles.121,287,289-292 This method 

can often result in non-uniform surface coatings of the particles.80 

(ii) The co-condensation of TEOS and MPTMS in a reaction mixture, where the two precursors are 

added simultaneously.121,288,293-298 

(iii) The self-condensation of MPTMS without the presence of any other 

silanes.195,198,217,227,232,286,299 This method is attractive as it incorporates functional groups at the 

surface, which are much more reactive than the OH groups of a regular Stöber method.194 

While it is reasonable to assume that particles made using these approaches will deliver particles with 

free thiol groups, there are reports of the formation of disulphides either inside or on the surface of 

these particles.286,288,298,300  
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Often, the resultant particles are analysed by FTIR and/or EDAX, which can confirm the presence of 

thiol groups and sulphur respectively.287,289-292,295,297 However, neither of these methods are capable 

of determining whether or not disulphides have been formed and it is often assumed that no such 

oxidation has taken place. 

The distinction between thiol or disulphide groups, particularly at the surface of the particles, can be 

very important for a number of different applications such as heavy metal ion capture, which is more 

efficient in the presence of thiols that can utilise ion exchange mechanisms.289,298  

Some authors have observed the presence of disulphides in MPTMS particles.288,293,294,296,298,299,301 

However, the ratio of thiols to disulphides on the surface of the particles varies from publication to 

publication as both the general method (post-, co-, or self-condensation) and the more specific 

reaction conditions change. As these papers are usually independent studies looking at one sample of 

these modified silica particles, there has been no systematic analysis of the relationship between 

synthesis conditions, post synthesis cleaning, and particle chemical composition. 

Al Mahrooqi (2018) reported a semi-systematic investigation of thiol/disulphide presence with 

different specific reaction conditions using a self-condensation method via Ellman’s reagent assays.299 

However, The primary focus of the study was on size control and not all of the samples appear to have 

been analysed in this way. They also made the assumption that all disulphide bridges would be internal 

and that all sulphur present at the surface would be thiol groups. In addition to these limitations, they 

utilised organic solvents (predominantly DMSO) instead of the vastly more popular aqueous/alcohol 

mixtures. 

In this chapter, we present a systematic study of the changes in sulphur oxidation state with changing 

reaction conditions during an aqueous self-condensation synthesis method, and investigate the 

validity of a mechanism previously proposed for disulphide formation in small molecules. 

3.3 Methods 

The methods relevant to this chapter are described in the following sections: 

 

2.2 MPTMS particle synthesis, 2.3 Reduction of disulphides at MPTMS Particle Surface, 2.4 Ellman’s 

Reagent Assay, 2.14.1 Sputter Coating, 2.14.2 SEM Imaging, 2.14.4 Raman Microscopy, and 2.14.6 UV-

Vis Spectroscopy  
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3.4 Results/Discussion 

3.4.1 Established that disulphides are present 

3.4.1.1 Raman spectroscopy  

In order to test how the thiol group is present once the MPTMS has been made into a particle, Raman 

spectra were taken of MPTMS particles, the MPTMS monomer, TEOS particles that have a plain SiO2 

matrix after hydrolysis and condensation, and VTES particles that have a SiO1.5 matrix with a propylene 

side chain. Figure 12 a) shows a low-resolution full Raman spectrum while Figure 12 b) shows a higher 

resolution spectrum from 450 cm-1 to 700 cm-1. The thiol group at approx. 2500cm-1 302 was present in 

the MPTMS sample, but was non-existent in the spectrum of the particles made from MPTMS. When 

taking a higher resolution spectrum at 450-750 cm-1, a major peak can be seen at 508 and 519cm-1 

that are not present in any other samples (and as such is not due to the silica matrix which can show 

peaks in this area303) and are consistent with literature values for disulphide bonds.302,304 There are 

also some peaks at 634 cm-1 and 693 cm-1 that were assigned to C-S-C bonds and a peak at 650 cm-1 

that appears to be due to the SiO1.5 matrix. This is strong evidence that the MPTMS does not form 

disulphide groups  when left exposed to air, but this is instead a result of the particle synthesis 

reaction. In addition, the lack of thiol peak in the MPTMS particle spectrum implies that the reduction 

of thiols to disulphides has occurred throughout the entire particle and is not restricted to the particle 

surface. This in turn implies that the thiol reduction and particle synthesis reactions are occurring 

simultaneously. It is also important to note that the disulphide bonds do not appear to form between 

particles, as no agglomeration of particles was observed during synthesis or cleaning procedures. 
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3.4.1.2 Ellman’s Reagent 

Raman is able to differentiate between thiol and disulphide groups; however, it is not a surface 

sensitive technique. Thus, Ellman’s reagent was used as a complimentary analytical technique as it is 

thiol-specific, requires no catalyst, is surface specific, and has easy analysis via UV-Vis spectroscopy. 

Ellman’s reagent (DTNB) is a disulphide molecule with UV-Vis absorption below 410 nm in solution. 

When it reacts with a thiol, it undergoes a thiol-disulphide exchange where the DTNB breaks in half, 

with one side remaining attached to the original thiol and the other half remaining as a TNB anion in 

solution.274-276 This TNB anion has a bright yellow colour and a UV-Vis peak at approximately 420 nm, 

as shown in Figure 14. 

When DTNB was reacted with MPTMS particles, the particles were centrifuged and the supernatant 

was collected and analysed via UV-Vis (Figure 14). This UV-Vis spectrum has the same absorbance 

profile as the unreacted DTNB, indicating either that no thiols are at the surface of the particles, or 

that the amounts are so low as to be below the limits of detection. 
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To test if the disulphide groups at the surface can be reduced back into thiols, the same batch of 

MPTMS particles were reacted with tributylphosphine and water in ethanol under a nitrogen 

atmosphere as shown in Figure 13 below. This reaction method has been used for the reduction of 

disulphides to thiols in small molecule chemistry284,285 but has not, to the best of my knowledge, been 

applied to particle surfaces. These reduced particles were then cleaned and reacted with DTNB 

reagent, the subsequent UV-Vis analysis of the supernatant is shown in Figure 14. This sample had a 

bright yellow colour and the UV-Vis spectrum is a combination of the excess unreacted DTNB and 

reacted TNB, implying that thiols were present at the particle surface after reduction with 

tributylphosphine. The density of thiol groups at the surface was calculated to be 0.48 thiols/nm2 using 

the molecular absorptivity of TNB, which is well below the theoretical maximum of 5.194,195 This could 

be due to steric hindrance of the bulky tributylphosphine molecule as it approaches the surface for 

the reduction reaction, or the bulky TNB that remains attached to the surface, preventing reactions 

with further DTNB molecules. 

The stability of the post-synthesis thiol-groups on the particle surface was monitored over two weeks 

by periodically drying a sample of the reduced particles and measuring the Raman spectrum of the 
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dried samples. The particles were also stored in three different solutions to test thiol stability in 

different conditions: distilled water, a pH 5 HCl solution, and a pH 9 ammonium hydroxide solution. 

The ratios of the resultant disulphide peaks to thiol peaks were calculated and are displayed in Figure 

15 below. The water sample showed the most consistent disulphide to thiol Raman peak ratio over 

time, implying that this was the most stable suspension. However, the thiol groups appeared to remain 

relatively stable over the two-week period as there is no clear increasing or decreasing correlation 

between disulphide to thiol Raman peak ratio and time. 

 

Figure 15: Post-reduction thiol stability over time in different pH conditions. 

3.4.2 Effect of Cleaning Procedure 

Four different cleaning methods were used on particles from the same batch in order to determine 

whether cleaning method can change the oxidation state of the sulphur of the final particles. These 

cleaning methods were: 

(i) Using NaCl to destabilise the particle suspension before collection and rinsing via vacuum 

filtration (s). 

(ii) Bubbling the particle suspension with air to evaporate the ammonia and cause destabilisation 

before collecting and rinsing via vacuum filtration (b). 

(iii) Centrifuging from reaction mix (c).  

(iv) Dried straight from the reaction mixture (d).  

The Raman spectra for these samples is shown in Figure 16 below. All spectra were normalised to the 

SS peak at 504 cm-1.  

The ratio of the disulphide peak at 504 cm-1 and the thiol peak at 2560 cm-1 remains unchanged across 

all measured samples, indicating that the cleaning method has no effect on the sulphur oxidation. This 
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is especially significant as it implies that the sulphur state is decided during the synthesis reaction and 

cannot be easily changed post-synthesis, even for samples that are bubbled with air for over 24 hours. 

Another interesting observation; even though the same synthesis methods were used for samples 

measured in both Figure 12 and Figure 16, Figure 16 shows a thiol peak at 2560 cm-1 while Figure 12 

does not. This indicates that very subtle variations in synthesis method could result in different levels 

of sulphur oxidation. 

 

Figure 16: Raman spectra of MPTMS particles cleaned using different techniques. All spectra are normalised to the ss peak 

at 504 cm-1. 

3.4.3 Reaction Method 

As mentioned in the introduction, different synthesis methods appear to produce particles with 

differing sulphur chemistry. However, as these studies are conducted by independent research groups 

there is apparently no research into how to control the sulphur state in the final particles. 

In order to systematically compare and determine how changing reaction conditions can affect the 

final particle chemistry, three different particle synthesis methods were utilised. 

Methods A and B are very similar, with the only change being order of addition. Both methods are 

modified Stöber process and as such progress via nucleation-growth mechanism. In method A, the 

MPTMS was added neat to a stirring mixture of water, ethanol, and ammonia and left to stir slowly 

for 45 minutes before increasing the stirring speed for the rest of the reaction. Method B involved 

mixing the MPTMS with the ethanol prior to the addition to the stirring water/ammonia solution. 

Mixing the MPTMS with ethanol first negates the need for the initial period of slow stirring. The 
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differences in these two approaches was predominantly thought to effect MPTMS solubility and as 

such would have a small effect on the exact synthesis mechanism. Thus, it was previously assumed 

that the resultant particles would have the same chemical composition. Method C uses SDBS (an 

anionic surfactant) as a stabilising agent that remains complexed to the final particle surface. The use 

of a surfactant also switches the reaction mechanism from nucleation-growth to an emulsion.  

Through comparison of the Raman spectra shown in Figure 17, it can be seen that the order of addition 

does appear to affect the final sulphur oxidation state of the particle. 

Method C shows a large thiol peak with a relatively low disulphide peak, implying that the thiol groups 

present in MPTMS remain mostly untouched during the particle synthesis. In contrast both methods 

A and B show a much larger disulphide peak than thiol peak, with method A not having a thiol peak at 

all. This suggests that the nucleation-growth process is more likely to oxidise thiol groups to 

disulphides, and that a subtle change to reaction method (such as order of addition) can result in 

changes to the final sulphur composition of the particle. As this project is looking at attaching particles 

together and the SDBS can be very hard to remove properly from the particle surface, the remainder 

of this study will focus on methods A and B. 

 

 

Figure 17: Raman spectra of particles made using methods A, B and C 
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normalised to the disulphide peak at 505 cm-1 and are shown in Figure 18 below. By taking a ratio of 

the disulphide peak to the thiol peak at 2565 cm-1, the relative extent of thiol oxidation could be 

monitored across these different reaction conditions. 

 

Figure 18: Raman spectra of MPTMS particles with varied ammonia concentration synthesised using method A 

Figure 19 shows that as the concentration of ammonium hydroxide in the reaction mixture was 

increased, the ratio of disulphides to thiols in method A also increased in a linear fashion. These results 

indicate that ammonia has an active role in the oxidation of thiol groups to disulphides during particle 

synthesis. Method B initially follows the same trend as method A until the ammonia concentration 

was increased to 15 %v/v where the ratio of disulphides to thiols plateaus into a more logarithmic 

trend. Thus, mixing MPTMS with ethanol prior to addition to the reaction mix appears to somewhat 

inhibit the oxidation of thiols to disulphides. However, it is not clear why this phenomenon only effects 

reactions with higher ammonia concentration. 

As Raman is not a surface specific technique, the presence of disulphide groups at the surface of the 

particles is not inherently known. However, this rate of disulphide increase is much larger than the 

change in the volume to surface area ratio (shown in the Appendix), which implies that the increase 

in disulphides is not due to an equivalent increase in the volume. This further implies that the 

disulphide and thiol groups are not restricted to the inside and surface of the particles respectively. If 

the surface was entirely thiols and the volume was entirely disulphides, the expectation is that the 

rate of change of these two trend lines would be equivalent. The samples were also tested with 
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Ellman’s reagent assays, however all UV-Vis results were below the limits of detection. As such, this 

method could not be used to confirm this surface or volume hypothesis. 

 

Figure 19: Dependence of disulphide to thiol Raman peak ratio on ammonia concentration 

3.4.5 Effect of Ethanol Concentration on Sulphur Oxidation State 

The same test was then done with ethanol rather than ammonia and the resultant disulphide/thiol 

peak ratios are shown in Figure 20. When the concentration of ethanol was increased, the disulphide 

to thiol ratio decreased for both method A and B at approximately the same rate, although the 

absolute values of method A were larger than method B. This implies both that ethanol seems to 

inhibit the formation of the disulphides and that mixing the MPTMS with ethanol first further prevents 

oxidation.  

Again, the change in the disulphide to thiol ratios is not on the same scale as the change in size 

(Appendix), implying that the decreasing thiol concentration is not a direct correlation with the 

decreasing surface area to volume ratio. This again implies that the surface is not entirely thiols while 

the bulk is disulphides. All Ellman’s reagent tests for these samples were below the limits of detection 

and as such could not be used to confirm this hypothesis. 
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Figure 20: Dependence of disulphide to thiol Raman peak ratio on Ethanol concentration (Batch 1). Method A is shown in 

blue while Method B is shown in orange. 

3.4.6 Nitrogen atmosphere 

As the conversion of thiol to disulphide groups is an oxidation reaction, the role of atmospheric oxygen 

as the oxidising agent was investigated. Method A was repeated under a nitrogen atmosphere and 

the subsequent disulphide to thiol Raman peak ratio was investigated. This was achieved by bubbling 

the water/ethanol mix with N2 before adding the ammonia solution and MPTMS in that order. The 

ammonia solution could not be bubbled in the same way, as the ammonia would evaporate. 

Consequently, not all atmospheric oxygen could be removed from the reaction mixture. This sample 

was found to have significantly less formation of disulphide groups than the equivalent made-in-air 

sample. This implies that atmospheric oxygen does act as the oxidising agent. A comparison of the 

disulphide to thiol Raman peak ratios for each of the different synthesis methods (method A, method 

B, method C, method A reduced, and method A in N2) is shown in Figure 21 below. 
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Figure 21: Summary of Raman results from different reaction methods. Dark blue is method A, orange is method B, grey 

is method C, yellow is method A under a N2 atmosphere, and light blue is method A after reduction with tributyl 

phosphine. 

3.4.7 Mechanism of Disulphide Formation 

In the previous sections, it was found that ammonia and oxygen have a positive effect on the 

formation of disulphide groups while ethanol has a negative effect, and that atmospheric oxygen 

appears to be the oxidising agent. Using this information, a reaction mechanism was found to explain 

the conversion of thiols to disulphides under these conditions as shown in Figure 22 below.305,306 In 

this mechanism a base (in this case ammonia) deprotonates the thiol to form a thiolate anion, which 

then reacts with oxygen (which is a di-radical) to form an oxyanion and a sulphur radical species. When 

two of these sulphur radicals combine, they form the disulphide in a combination reaction. As the 

sulphur groups in this case are held in close proximity by the by the forming silica network (particularly 

at the particle surface) the probability of sulphur radical recombination events is greatly increased, 

which would explain why there appears to be far more disulphides than thiols in most of the reaction 

methods tested. In method C, the particle synthesis is micellar, with SDBS acting as a surfactant. This 

phase separation of the MPTMS and the aqueous ammonia solution would drastically reduce the 
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formation of thiolate anions, resulting in the very low rates of oxidation observed in the previous 

sections. 

 

In this mechanism, increasing the concentration of ammonia would in turn increase the concentration 

of thiolate anions, resulting in more oxidation. This explains the directly proportional relationship 

shown in Figure 19. Similarly, increasing the amount of oxygen results in increased sulphur radical 

formation and thus increased thiol oxidation.  

Ethanol is used in the synthesis of MPTMS particles to control the rate of hydrolysis, with increasing 

ethanol concentration slowing down the reaction by shifting the equilibrium to the left. This slower 

reaction rate prevents uncontrolled reactions, resulting in the final uniform spherical shape of the 

particles. However, the role of ethanol in the oxidation of thiols remains unclear; it does not prevent 

oxygen dissolution (oxygen is more soluble in ethanol than water307), so there would be no inhibition 

of the oxidising agent. It could be that the ammonia is slightly less soluble in the ethanol than the 

water while the MPTMS is more soluble, resulting in slightly decreased formation of thiolate anions. 

3.5 Conclusion 

A systematic study into the oxidation state of sulphur in MPTMS silica particles was undertaken. 

Through Raman microscopy and Ellman’s reagent assays it was found that silica particles grown from 

MPTMS via a modified Stöber process have a greater proportion of disulphide groups than thiols. In 

contrast, silica particles grown from MPTMS via a surfactant method were found to have more thiol 

groups than disulphides. Once formed, disulphide groups at the surface of the particles could be 

reduced to thiols via a reaction with tributylphosphine. 

The ratio of disulphides to thiols was found to increase with increasing ammonia concentration and 

decrease with increasing ethanol concentration during the particle synthesis reaction. Atmospheric 
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Figure 22: Thiol Oxidation Mechanism 
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oxygen was found to be the oxidising agent for the conversion of thiol groups to disulphides during 

particle synthesis. These factors were used to assign a mechanism to the formation of disulphides and 

can be used to tune the sulphur state of the final particles. 

Whether or not the presence of thiols or disulphides at the particle surface is important for further 

reactions is investigated more in the next two chapters of this thesis. 
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Chapter 4: Thiol-Epoxy silica particle attachment 

4.1 Summary 

This chapter presents a novel synthesis method for raspberry particles from MPTMS and GPTMS silica 

particles as the attached and core particles respectively. This reaction utilises base-catalysed click 

chemistry between the thiol- and disulphide-groups of the MPTMS particles and the epoxy groups of 

the GPTMS particles. This reaction allows for a combinatorial approach to control the ratio of the small 

particles to the larger ones, with high-density attachment (≥90%) seen for all MPTMS particles greater 

than 90 nm in size.  

The thiol oxidation state of the MPTMS particles was found to have negligible effects on the 

attachment density of the final particles. Zeta potential measurements showed that high pH can be 

used to create thiolate anions on the surface of MPTMS particles with both thiol and disulphide 

surface functionality. 

These particles were then used in the production of superhydrophobic coatings with water contact 

angles of >150o and sliding angles of <10o in conjunction with PDMS. The effect of particle:polymer 

and small:large particle size ratios on the wettability of the final coatings was investigated. 

4.2 Introduction 

The production of so-called raspberry particles has gained increasing interest since approximately 

2005, when it was shown that they could be incorporated into films that mimic the superhydrophobic 

and self-cleaning properties of the lotus leaf.13 In order to truly mimic the surface of the lotus leaf, and 

a variety of other natural surfaces, the produced surface must have multiple scales of roughness.178,179 

Prior to the use of raspberry particles, methods such as lithography, soft lithography, electrochemical 

deposition, electrospinning, and chemical deposition were used to produce these roughened 

surfaces,25,38,174 however many of these methods have several processing steps or instrumentation 

that require strict experimental conditions or expensive materials.25,38 

A common alternative method for the production of hierarchal roughened surfaces is the synthesis of 

so-called raspberry particles.5,8-13,15,17,19,20,24-27,74-79,148,154,155,161,162,173,308-312 In essence, raspberry 

particles are composed of a large core particle that has been covered with smaller shell particles, 

which allows these particles to mimic the dual-scale roughness of the lotus leaf. There have been many 

methods developed for the synthesis of raspberry particles, however these particles are usually either 

difficult to synthesise or give poor control over the size ratios of the dual-scale roughness. 
5,79,148,154,155,161,162,173,308,309 As scale has found to play a large role in the wettability of single-scale 

roughened surfaces,118,178 it is reasonable to assume that scale and size ratio of the dual-scale 
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roughened surfaces will be equally important. However, there is few studies into the practical impact 

that size ratio has on the wettability of the surface.15,25 

In most of the above examples, ether the core or shell (or both) particles are silica. In all of these cases 

the silica particles are grown from tetraethylorthosilicate (TEOS) using the Stöber method which gives 

monodispersed particles with good control over the produced size at both the micro- and 

nanoscale.121,216,217,220,221,227,228,148,154,161,216,217,221,222 However, this method produces silica spheres with 

hydroxyl functional groups instead of the amines, epoxies, and other functional groups that are 

required for many of the attachment reactions in literature. This leads to an additional 

functionalization step, which can be time consuming and requires extra materials.80-

82,84,85,121,150,158,164,171,229-231 

In order to avoid this post-growth functionalisation step, there has been development of modified 

Stöber processes that use silane precursors that already have the desired functional group in their 

structure.194-196,198,231,232 Some examples of silica particle functionalisation that have been achieved in 

this way are thiols, epoxies, and alkenes.194-198,231,232 

In this Chapter, we present a facile, combinatorial approach to the synthesis of raspberry particles 

using large epoxy-terminated silica particles as the core and smaller thiol-terminated silica particles 

as the shell. These silica particles were grown using a modified Stöber process that allows for the 

production of the desired functional groups without the need for post-synthesis functionalization. 

Additionally, this method allows for good control over the size ratio of the hierarchal roughness of the 

produced raspberry particles. These raspberry particles were then incorporated into 

superhydrophobic coatings with PDMS where the role of both the particle:polymer and raspberry size 

ratios on the final coating wettability was explored. 

4.3 Methods 

The methods relevant to this chapter are described in the following sections: 

2.2.1.1 Method A, 2.2.3 Synthesis of Particles with Different Diameters, 2.2.6.1 Centrifuge, 2.3 

Reduction of disulphides at MPTMS Particle Surface, 2.5 Effect of pH on MPTMS Particle Surface 

Charge, 2.6 GPTMS Particle Synthesis, 2.8 MPTMS-GPTMS Raspberry Particle Attachment, 2.9 

Raspberry Particle Coatings, 2.14.1 Sputter Coating, 2.14.2 SEM Imaging, 2.14.3 Characterisation of 

Particle-on-Particle Attachment Density, 2.14.7 Zeta Potential, 2.14.9 Water Contact Angle 

Measurement, and 2.14.10 Sliding Angle Measurement. 
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4.4 Results/Discussion 

4.4.1 Attachment Reaction Thiol-epoxy click reactions are used extensively in materials science, 

particularly in the area of polymer cross-linking and modification.255,256,260-262 Thiol and epoxy 

functional groups are able to react together in a typical epoxy ring-opening reaction to form a β-

(hydroxyl)thioether256,261,264,265 as illustrated in Figure 23. These reactions are typically catalysed with 

bases, which generate a thiolate anion, which is able to attack the epoxy ring in a nucleophilic reaction, 

forming an oxyanion.256,261,264,265 This oxyanion is then able to deprotonate a thiol group, producing a 

secondary hydroxyl group and a thiolate anion, which is in turn able to propagate the 

reaction.256,261,264,265 Bases have also been used to break sulphur-sulphur bonds,313,314 which should 

allow them to form thiolate anions and react in much the same way as thiol groups. As the MPTMS 

particles were found to have predominantly disulphide groups at their surfaces this is an important 

consideration in the development of the attachment reaction. 
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Figure 23: Mechanism of the base catalysed thiol-epoxy reaction 

4.4.2 Zeta Potential 

As this is a nucleophilic attack reaction, maximum reaction efficiency occurs when the sulphur groups 

have been completely reacted to form thiolate anions. In order to determine at which pH this 

deprotonation or disulphide bond breaking event occurs, a series of zeta potential measurements 

were taken of MPTMS particles with disulphide groups at the surface in suspensions with varying pH 

and are shown in Figure 24. At low pH, the particle suspension was immediately rendered unstable, 

causing the particles to aggregate and crash out of solution. As these particles could not remain in 

suspension, an accurate zeta potential could not be measured and 0 mV is used as a placeholder. 

Between pH 4-9, there is a plateau region in which the particle suspension is relatively stable with an 

average zeta potential of ca. -25 mV. In this range, the disulphide groups would be undergoing a 

constant equilibrium between the neutral and thiolate states, resulting in a partially negatively 

charged surface. The combination of the electrostatic repulsion between these thiolate anions and 
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the attractive forces between the polar particle surface groups and the surrounding aqueous medium 

results in a stable particle suspension. The sharp decrease in zeta potential at pH≥10 indicates that 

the magnitude of the surface charge is increasing and the equilibrium of the disulphide bond breaking 

reaction is shifted towards the thiolate species. This increase in negative surface charge would result 

in increased stability of the suspension due to the increase in electrostatic repulsion between the 

charged surfaces, preventing aggregation. However, at pH 13 and higher, the highly basic conditions 

catalyse the hydrolysis of the silanol groups, causing the particles to start to dissolve after a few hours. 

Thus, the disulphide terminated silica particles are likely only able to react effectively with the 

epoxide-terminated silica particles between pH 10-13. A comparison of MPTMS (disulphide) particles 

and reduced MPTMS (thiol) particles was then undertaken at pH 7-13. As can be seen in Figure 25 

below. The thiol particles were found to have a similar trend to the disulphide particles with a 

deprotonation event occurring at pH 10, resulting in a more negatively charged surface due to more 

thiolate anion presence. The similarities between the zeta potential trends of both the thiol and 

disulphide trends indicates that despite the different sulphur oxidation states both particles should be 

available for attachment reactions with the epoxy particles. The thiol particles have a slightly higher 

surface charge magnitude than the disulphides, which would indicate that they should give rise to a 

higher attachment density on the core GPTMS particles, as they appear to have more thiolate anions 

at their surface. 

 

Figure 24: Deprotonation of thiol-terminated silica particles 
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Figure 25: Zeta potential comparisons of disulphide particles in yellow and thiol particles blue 

The raspberry particles were synthesised by combining the 2 µm  GPTMS particles (to act as the core) 

and 143 nm MPTMS particles (to act as the shell particles) in acetonitrile as shown in Figure 26 below. 

Ammonia solution (25%) was then added in order to create a pH of 10-11 for the reaction to take 

place. The reaction mixture was left stirring for 2 days before the unattached MPTMS particles were 

removed via centrifugation and the raspberry particles were imaged using SEM. The attachment 

density was characterised as the number of MPTMS silica particles per unit area of the core GPTMS 

particle. The attachment density was also compared to a calculated “theoretical maximum” 

attachment density (example calculation shown in the Appendix) based on the sizes of the MPTMS 

and GPTMS silica particles. 

 

Figure 26: Raspberry particle attachment reaction schematic. 
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4.4.3 Particle Concentration 

While optimising the attachment reaction, varying amounts of acetonitrile were added to the reaction 

mixture in order to test the effect of particle concentration on the attachment density (actual reaction 

conditions are shown in Table 7, as are the particle attachment densities measured as both 

particles/µm2 and as a percentage of the theoretical maximum). While the overall trend (Figure 27) 

shows the expected increase in attachment density (displayed as a percentage of the theoretical 

maximum) as the particle concentration increases, at very low particle concentrations (<1%) the 

attachment density was found to be relatively high at 72%. This is highly unusual, as at low particle 

concentrations collisions between the MPTMS and GPTMS silica particles become less likely, which 

should in turn result in a lower attachment density. Above particle concentrations of approximately 

10%w/w, there is no significant change in attachment density with increasing particle concentration, 

implying that a maximum has already been reached. 

 

Table 7: Attachment densities of produced raspberry particles from different particle concentrations. 

Particle concentration 

(%w/w) 

Attachment density 

(particles/µm2) 

Attachment relative to 

theoretical maximum (%) 

0.58 60.5 ± 11 72 

2.87 28.9 ± 5.7 34 

7.07 34.1 ± 9.1 41 

10.09 85.3 ± 15 102 

13.34 55.6 ± 10 95 
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Figure 27: Effect of particle concentration on the resultant attachment relative to the theoretical maximum. 

From these results, the maximum attachment density for the 143 nm MPTMS particles occurred at a 

pH of 10 and a particle concentration of 10.09 %w/w. Using these conditions, attachment reactions 

were undertaken with MPTMS particles with average diameters of 38 nm, 98 nm, 143 nm, 220 nm, 

and 235 nm. The resultant raspberry particles from these reactions are shown in Figure 28 below. The 

attachment densities of these reactions were found to be 45%, 121%, 95%, 99% and 89% of their 

theoretical maximums respectively. With the exception of the 38 nm particles, these attachment 

densities are consistently ≥90%. The calculated theoretical maximum is not a perfect depiction of the 
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Figure 28: Resultant raspberry particles from the thiol-epoxy attachment reaction between SiP-Ep (1.7 μm) and SiNP-
SH of a) 38 nm, attachment density of 45%; b) 98 nm, attachment density of 121%; c) 143 nm, attachment density of 
95%; d) 220 nm, attachment density 
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actual conditions, namely because the calculation assumes that the particles are all perfectly 

monodispersed. This assumption is especially evident in the case of the 98 nm attachment reaction 

where the resultant attachment density was found to be >100% of the theoretical maximum. Despite 

this, the visibly high coverage of the GPTMS particles confirms that the final raspberry particles do 

have high density attachment. The lower attachment density of the smaller 38 nm particles could be 

a result of decreased Van der Waals interactions between particles as the particle size decreases171 (in 

much the same way that molecules experience less Van der Waals attraction as they become smaller). 

These decreased attractive forces are likely to be unable to overcome the electrostatic repulsion 

between the negatively charged MPTMS particle surfaces to attach at higher densities.171 

4.4.4 Reduced vs Non-reduced particles 

In order to investigate the effect of thiols vs disulphides on the attachment of MPTMS particles to 

GPTMS particles, separate attachment reactions were undertaken with reduced thiol-MPTMS 

particles and regular disulphide-MPTMS particles. The resultant raspberry particles are shown in 

Figure 29 below, and the attachment densities were calculated as 78.1 ± 19.9 % and 87.5 ± 13.3% of 

the theoretical maximum for the thiol-MPTMS and disulphide-MPTMS particles respectively. From 

this, it can be seen that the thiol functional group has slightly lower attachment density than the 

equivalent disulphide particles, but this is well within the standard deviation and as such is not 

statistically significant. This is consistent with the zeta potential results (Figure 25), which showed that 

the thiol particles had less overall surface charge at the same pH than the disulphide particles. This 

implies that there is somewhat less thiolate anions that can undertake the epoxy-click attachment 

reaction. However, there does not need to be many attachment reactions per MPTMS particles in 

order for them to attach which could explain the lack of statistical significance. 

 

Figure 29: Attachment of a) thiol and b) disulphide particles to epoxy particles. 
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4.4.5 Incorporation of Raspberry Particles into Hydrophobic Coatings 

When incorporating raspberry particles into a coating, there are three scales of roughness that must 

be considered. The first scale is the size of the smaller attached shell particles, the second scale is the 

size of the core particles and the third scale is the greater arrangement of the particles on the coated 

surface. These three scales may be very important to the hydrophobicity of the final coating and can 

be controlled in several ways. The two controls explored here are the ratio of particles to polymer and 

the ratio of the small particle size to the large particle size. 

4.4.6 Effect of Particle:Polymer Ratio on Coating Wettability 

When the ratio of raspberry particles to PDMS in coating solutions is altered, the morphology is also 

changed. In order to test how this would affect the wettability of the final raspberry particle coated 

surfaces, coatings were made with particle:polymer ratios of 0:1, 0.5:1, 1:1, 1.5:1, 2.4:1, and 3:1. The 

subsequent water contact angles were measured as 89.5o ± 5.1o, 99.6o ± 9.6o, 115.6o ± 7.4o, 128.9o ± 

10.2o, 134.5o ± 4.7o, and 137.94o ± 7.8o respectively. This increase in water contact angle with 

increasing particle:polymer ratio can be seen in Figure 30 below. The sliding angle of all of these 

coatings was found to be extremely high, with an angle of 90o unable to induce a sliding motion in any 

water droplets on the surface (Appendix). This combination of high contact angles and high sliding 

angles is characteristic of the Wenzel wetting state. In the Wenzel state, the water droplet has a very 

high contact area with the surface as it sits within the groves of the surface features. This high contact 

area increases the adhesion forces between the surface and the droplet while the contact angle 

decreases due to the hydrophobic nature of the PDMS.174,178,180 

80

90

100

110

120

130

140

150

160

0 0.5 1 1.5 2 2.5 3 3.5

W
at

er
 C

on
ta

ct
 A

ng
le

 (o )

Particle:Polymer mass ratio

Cured

Anealed @100oC

Figure 30: Effect of Particle:Polymer Mass Ratio on final coating water contact angle. 
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From Figure 30 it can also be seen that annealing the coatings at 100oC for 1 hour after they have been 

cured also results in an increase in contact angle, with a corresponding decrease in the sliding angle 

to 60o<θ<90o (accurate measurements could not be performed due to instrumental limitations). This 

implies that during the annealing process the PDMS or particles move or settle in such a way to switch 

the wetting state from Wenzel to a mixed Cassie-Wenzel state. In the mixed Cassie-Wenzel state, the 

water droplet is partially sunken into the surface features, with some trapped air bubbles. In a similar 

way to the Wenzel state, this mixed state results in increased contact angles due to the increased 

contact area between the droplet and the surface. However, the presence of the trapped air reduces 

the contact area compared to the equivalent Wenzel state, which would in turn decrease the sliding 

angle somewhat, though there are still more adhesive forces than the ideal Cassie state. 

From SEM images of these coatings (Figure 31), the coatings with more polymer than particle have a 

less distinct raspberry morphology, with the first two scales of roughness almost completely smoothed 

over in the 0.5:1 sample as the excess polymer fills in the gaps between both the small particles on 

top of the core and between the overall raspberry particles. This reduction in roughness would result 

in a lower aspect ratio, thus favouring either the Wenzel or Mixed wetting states over Cassie.178,179 At 

a ratio of 1:1, the second scale of roughness becomes more pronounced, while the first scale remains 

relatively undefined as there is less excess polymer to fill in any gaps and create a smoother surface. 

The coating with a 1.5:1 ratio has a very well defined second scale of roughness with increasing 

definition for the first scale of roughness. The subsequent 2.4:1 and 3:1 coatings have roughly the 

same definition in their second-scale roughness as the 1.5:1 coating, however the first scale of 

roughness becomes more pronounced with increasing particle:polymer ratio. It is likely that if the 

particle:polymer ratio were to continue to increase further, there would no longer be enough PDMS 

to properly coat the raspberry particles, thus exposing their hydrophilic surface to the water droplet 

which could in turn reduce the contact angle again.197  However, this was not reached during this 

project. 

The third scale of roughness also appears to be affected by the particle:polymer ratio, with increasing 

particle proportions generally resulting in more dense arrangements of raspberry particles on the 

surface. The only exception to this is the 3:1 coating which had very similar particle densities to the 

1:1 coating. As the particle packing becomes denser, the coating becomes more uniform across the 

surface. This would in turn reduce the likelihood that the water droplet would be touching uncoated 

glass thus lowering the contact angle. However, this change in the third scale of roughness may not 

be as critical as the first scale in terms of wettability. As mentioned, the 3:1 and 1:1 coatings appeared 

to have similar third-scale roughness from their SEM images, but the water contact angle increased 

from 115.6o for the 1:1 coating to 137.9o for the 3:1 coating. This increase of 22.3o cannot come from 
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the third scale of roughness as this remains relatively unchanged between these samples. As such this 

change is attributed to the large increase in definition of the first and second scales of roughness. 

However, as both the first and second scales of roughness have changed between these two samples 

this cannot provide any insight into how either one of these scales alone can affect wettability of the 

coating. 
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Figure 31: SEM images of raspberry PDMS coatings. Each column is a different magnification while each row has different particle:polymer ratios as 
follows: a1-4) 0.5:1, b1-4) 1:1, c1-4) 1.5:1, d1-4) 2.4:1, e1-4) 3:1 
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4.4.7 Effect of Raspberry Particle Size Ratio on Coating Wettability 

Raspberry particles with small:large particle ratios of 0.045, 0.066, 0.101, and 0.108 were incorporated 

into coatings with particle:polymer ratios of 3:1. The water contact angles of these coatings were 

measured to be 155.5o ± 3.3o, 137.9o ± 4.7o, 154.9o ± 3.2o, and 157.5o ± 7.8o respectively. The sliding 

angles of most of these coatings were also found to be very low, with water droplets sliding off the 

surfaces as they are sitting flat for the 0.045, 0.101, and 0.108 coatings. Note that the 0.108 coating 

was least likely to have drops slide off the flat surface while the 0.101 coating was the most likely 

(Videos of sliding angles are presented in the supplementary information). In the instance that the 

water droplets would remain on the surface, these drops were used to measure the sliding angles as 

12.0o, >60o, 6.82o, and 16.7o respectively. The relationships between particle size ratio, water contact 

angle, and sliding angle are shown in Figure 32 below. The SEM images for each of these coatings are 

shown in Figure 33. 

Aside from the 0.066 coating there is no significant change in water contact angles across these 

samples, which implies that size ratio of small to large particles does not have a significant impact on 

wettability of the surface. However, the sliding angles do change from 16.7o to 6.8o with only a change 

in the size ratio of the small to the large particles from 0.108 to 0.101. From the SEM images, the third 

and second scales of roughness remain relatively unchanged from the 0.101 and 0.108 coatings with 

both samples having a very uniform distribution of raspberry particles with the same core size across 

the coated surface. Thus, the only significant change in the coating morphology is to the first scale of 

roughness with the decrease in small particle diameter (from 220.9 nm to 235.4 nm) resulting in a 

decrease in the observed sliding angle. The exact reason for this decrease is unclear and more research 

into the effect of size ratio on the sliding angle should be undertaken. 
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The 0.066 coating appears to be an outlier in both the water contact angle and sliding angle 

measurements. This could be due to the vast differences in the third scale of roughness in the 

produced coatings, with the 0.066 coating having a much sparser distribution of raspberry particles 

across the surface than the other coatings. The reason for this morphology difference is unclear as all 

coatings were made using the same method. 

The 0.045, 0.101, and 0.108 coatings had contact angles >150oC and low sliding angles of 

approximately 0o (or 12.0o, 6.82o, and 16.7o for pinned drops) which makes them superhydrophobic. 

These low sliding angles are very characteristic of the Cassie wetting state as the droplet sits on top of 

Figure 33: SEM images of raspberry PDMS coatings. Each column is a different magnification while each row has different small:large particle size ratio 
as follows: a1-4) 0.0452:1, b1-4) 0.0660:1, c1-4) 0.101:1, d1-4) 0.108:1, 



65 
 

the surface features trapping air bubbles in the roughened features. This drastically reduces the 

contact area between the drop and the surface, which in turn reduces the adhesion forces and allows 

the drop to slide off the surface at very low sliding angles. When considering the sliding angles of 

pinned drops, only the 0.101 coating can be considered superhydrophobic with a sliding angle of <10o. 

This could be due to the subtle changes in both the third and first scales of roughness but further 

research is required to investigate these scales as independent from one another. 

4.5 Conclusion 

In this chapter, we have presented a novel synthesis method for raspberry particles via the base-

catalysed reaction of MPTMS and GPTMS based silica nanoparticles. This reaction results in high-

density attachment (≥90%) of the thiol-terminated silica particles onto the larger epoxide-terminated 

silica particles with MPTMS particles greater than 90 nm in size. The lower attachment densities of the 

smaller particles (38 nm) may be due to reduced Van der Waals attractive forces being unable to 

overcome electrostatic repulsion. The sulphur state of the MPTMS particles was found to have 

negligible effects on the attachment density of the final particles. Zeta potential measurements 

showed that high pH can be used to create thiolate anions on the surface of MPTMS particles with 

both thiol and disulphide surface functionality. 

Finally, these raspberry particles were incorporated into PDMS coatings and the hydrophobicity of the 

resultant coatings was investigated. The final coatings were found to have three scales of roughness: 

the size of the attached small particles, the size of the larger core particle, and the overall arrangement 

of raspberry particles on the surface. These scales of roughness were affected drastically by the mass 

ratio of particles to polymer in the coating solution, with increasing particle:polymer mass ratio 

resulting in an increase of the water contact angle from 103 ± 9.8o to 149 ± 4.0o for coatings with 0.5:1 

and 3:1 ratios respectively. However, this ratio seemed to have little effect on the sliding angle with 

all samples having sliding angles of approximately 90o. 

When raspberry particles with different size ratios were incorporated into PDMS coatings with a 

particle:polymer ratio of 3:1, the size ratio was found not to have a significant effect on water contact 

angle, with all coatings having contact angles of >150o. The sliding angles were dramatically decreased 

to <20o. The coating with a size ratio of 0.101 was very likely to allow drops to slide off the surface 

while flat and any drops that remained sitting on the surface had a sliding angle of 6.82o, making it the 

only true superhydrophobic coating produced. 

Further investigation is necessary to determine the individual effects that each of these three scales 

of roughness have on the final properties of the coating.  
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Chapter 5: Thiol-Gold particle attachment 

5.1 Summary 

This chapter focuses on the development of a reaction for the attachment of gold nanoparticles onto 

the surface of silica particles. 

Firstly, the relative affinity of gold particles for thiols and disulphides was tested via a small molecule 

model reaction with 3-methyl butanethiol and diisoamyl disulphide. This was then further confirmed 

by attaching the citrate-stabilised gold particles to both disulphide and thiol functionalised MPTMS 

particles. 

Model attachment reactions were then conducted by attaching citrate-gold particles to glass 

functionalised with MPTMS and APTMS to determine whether amines or thiols would be more 

appropriate for gold particle attachment. 

Lastly, the gold particles were attached to GPTMS silica particles at relatively high density via the use 

of a diamine linker molecule. 

5.2 Introduction 

Silica-Gold core-shell particles have been of interest since the late 1990s due to their potential 

applications in SERS,86,237,240,241,315 biomedicine,86,164,168 and laser perforation,316 among others.59,60,82,86 

The production of these thin gold shells is often achieved by attaching small gold particles to use as 

seeds for further deposition or reduction of gold onto the particle surface to form a ‘smooth’ gold 

shell. 59,80,82-86,121,157-159,163-171 However, low initial seed attachment density tends to lead to uneven shell 

growth.80,86 In addition, the idea of high-density attachment of gold particles leads to the question of 

whether gold particles in close proximity will behave as nanoparticles or as the bulk material, or have 

properties of both. 

Westcott et al251 reported the first attachment of gold nanoparticles onto a silica particle surface in 

1998. In this paper, gold nanoparticles with a diameter of 2-3 nm were synthesised via reduction of 

cholorauric acid using THPC as a stabilising ligand. Silica particles with amine functional groups at the 

surface were synthesised by using TEOS and the Stöber process to grow the base particles at 

approximately 100 nm in diameter. These were then functionalised via the condensation of APTMS 

onto the particle surface before the particles were cleaned and redispersed in ethanol. By using this 

method, gold attachment densities of ≤30% were achieved.251 This has since become the standard for 

the production of gold@silica core-shell structures. 
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There have been some modifications to this method,121 including using citrate-stabilised gold 

particles,81,156,157,164,171,237,239-243 testing of different TEOS particle surface functionality,60,171 and 

growing gold particles directly onto the silica surface.317,318 

However, this method has some limitations. The highest attachment density of seed gold 

nanoparticles achieved using this method appears to be 30% and the gold particles are often not very 

stable and have to be used within 1 week , or otherwise aged.80 In addition, the ratio of gold particles 

to silica particles in the reaction mix is not often investigated, neither is the concentration of particle 

solids in the reaction solution. Both of which were found to be critical in high-density attachment of 

raspberry particles in Chapter 4: Thiol-Epoxy silica particle attachment. 

In this chapter, a new method for the attachment of gold particles to silica particles was developed, 

and high gold to silica ratios and total particle concentrations were used to achieve higher attachment 

densities than reported in literature for other gold-silica attachments. 

5.3 Methods 

The methods relevant to this chapter are described in the following sections: 

2.2.1.1 Method A, 2.3 Reduction of disulphides at MPTMS Particle Surface, 2.6 GPTMS Particle 

Synthesis, 2.10 Gold Particle Synthesis, 2.11 Gold Particle Ligand Swap, 2.12 Glass Functionalisation, 

2.13 Gold Particle Attachments, 2.14.1 Sputter Coating, 2.14.2 SEM Imaging, 2.14.3 Characterisation 

of Particle-on-Particle Attachment Density, 2.14.5 FTIR Spectroscopy, 2.14.6 UV-Vis Spectroscopy, and 

2.14.8 Dynamic Light Scattering. 
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5.4 Results and discussion 

5.4.1 AuNp Synthesis 

Citrate stabilised gold (citrate-gold) nanoparticles with an average diameter of 26 ± 7.5 nm were made 

using the Turkevich method and the resultant particles are shown in Figure 34. 

5.4.2 Small molecule model reaction 

Following the discovery that 

MPTMS particles have 

predominantly disulphide 

groups at the surface rather than 

thiols (Chapter 3: MPTMS 

particle surface chemistry), 

ligand-exchange reactions were 

performed in order to test the 

citrate-gold particle’s relative 

affinity for thiol and disulphide 

groups. The citrate-gold 

particles were mixed with 

solutions of 3-methyl butanethiol and diisoamyl disulphide as illustrated in Figure 35. The extent of 

ligand exchange was measured using FTIR, UV-Vis and DLS spectrometry. 

The gold ligand exchange samples were analysed via ATR-FTIR as shown in Figure 36 below. The 

carbonyl peaks for citrate can be seen at 1570 cm-1 and 1740 cm-1.319 As no C=O bonds are present in 

3-methyl butanethiol or diisoamyl disulphide, the extent of the ligand exchange can be monitored by 

the reduction in these peaks. As can be seen in Figure 36b, the alkanethiol-gold sample still had some 
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Figure 35: Gold nanoparticle ligand swap schematic 
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Figure 34: SEM images of citrate-gold particles 



69 
 

residual carbonyl peaks in its FTIR spectrum, while the alkanedisulphide-gold does not. This implies 

that the gold is better able to bond to disulphides rather than thiols.  

A comparison of the UV-Vis spectra of the citrate-gold, the alkanethiol-gold and the alkanedisulphide-

gold is shown in Figure 37a below. From this, it can be seen that citrate-gold has higher relative 

absorbance in the 400-550 nm range compared to both ligand swap samples. It also has lower relative 

absorbance at 650 nm and 725 nm compared to both ligand swap samples. The increase of absorption 

at higher wavelengths implies aggregation has occurred as the citrate is exchanged for the alkane 

thiol/disulphide molecules, which is to be expected as the alkane end groups are less miscible in water 
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Figure 36: FTIR of gold ligand swap reactions. a) full spectrum b) region of interest around 1600cm-1. Yellow is citrate-
gold, blue is alkanethiol-gold, and green is alkanedisulphide gold. 
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than citrate and has lower electrostatic repulsion, both of which can lead to colloid destabilisation and 

aggregation. However, there is no discernible difference in the spectra for the alkanethiol- and 

alkanedisulphide-gold samples and as such no preference of gold particles for either the thiol or 

disulphide groups can be ascertained from UV-Vis analysis. 

DLS was used as a more direct measure of particle aggregation than Uv-Vis analysis and is shown in 

Figure 37b below. From this, it can clearly be seen that the alkanedisulphide-gold has agglomerated 

more than the alkanethiol-gold sample, which implies that the ligand swap was more extensive for 
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Figure 37: a) UV-Vis and b) DLS data for gold ligand swap reactions. Yellow is citrate-gold, blue is alkanethiol-gold, and 
green is alkanedisulphide gold. 
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the disulphide than the thiol. This in turn suggests that the gold is more likely to bond with disulphides 

than thiols, which supports the FTIR results. 

5.4.3 Attachment of gold particles to MPTMS particles 

In order to attach the citrate-gold particles to a larger silica-core particle and to investigate the effect 

of the sulphur oxidation state in the efficiency of the reaction, MPTMS particles were made and 

reduced as described in Chapter 3: MPTMS particle surface chemistry . The citrate-gold was then 

mixed with both the disulphide-silica particles (non-reduced MPTMS) and thiol-silica particles 

(reduced MPTMS) at the same conditions to see if the differences in gold-disulphide and gold-thiol 

attachments seen in the ligand swap reactions would persist in a significant way when trying to 

achieve particle-on-particle attachment. SEM images were taken of the gold-disulphide particles and 

gold-thiol particles and are shown in Figure 38a and Figure 38b respectively. 

The attachment density was characterised as the number of gold nanoparticles per unit area of the 

core silica particle. The attachment density was also compared to a calculated “theoretical maximum” 

attachment density based on the sizes of the gold and silica particles. The thiol-particles had an 

attachment density of 118 ± 196 particles/um2 (5.3 ± 5.5% theoretical max) while the disulphide-

particles had an attachment density of 459 ± 270 particles/um2 (13 ± 8% of the theoretical max). From 

this, it can be seen that the disulphide-particles had a higher average attachment density than the 

thiol-particles, which was expected from the previous gold ligand exchange reactions. However, both 

samples had very low attachment densities, much lower than were expected from the completeness 

of the ligand swap reactions. This is most likely due to electrostatic repulsion between the negatively 

charged citrate ligand and the negative surface charge of the silica particles. The zeta potentials of 

both the thiol- and disulphide-silica particles was measured across a range of pH values and is shown 

in Figure 25 in Chapter 4: Thiol-Epoxy silica particle attachment. These measurements show that both 

types of MPTMS particles have negative surface charges at a neutral pH, though the thiol-silica 

particles had a more negatively charged surface than the disulphide-silica particles. This would result 
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in more electrostatic repulsion and subsequently less attachment onto the thiol-silica particles 

compared to the disulphide-silica particles, which supports the experimental attachment densities. 

5.4.4 Flat surface trials 

In order to find an alternative functional group to overcome electrostatic repulsion during gold-silica 

particle attachments, test reactions were done on flat surfaces. In these reactions, citrate-gold 

nanoparticles were attached to glass slides that had been functionalised with MPTMS and APTMS. 

From the SEM images (Figure 39), the attachment densities of citrate-gold particles on the MPTMS 

and APTMS surfaces after 2 hours were calculated to be 79 ± 18 particles/μm2 and 1265 ± 139 

particles/μm2 respectively. Thus the APTMS was found to be 16 times more effective for citrate-gold 

particle attachment than MPTMS. From this, we can infer that amine functional groups are better 

suited to gold-particle attachment than thiols, despite the sulphur-gold covalent bond being much 

a) b) 

400 nm 500 nm 
Figure 38: Attachment of citrate-gold nanoparticles to a) disulphide-silica particles and b) thiol-silica particles 

100 nm 100 nm 

a) b) 

Figure 39: SEM images of citrate-gold particle attachment to a) MPTMS and b) GPTMS functionalised glass slides 
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stronger than the amine-gold electrostatic interactions. This could be due to electrostatic repulsion 

between the negatively charged thiol surface and the negatively charged citrate-gold particles that 

prevents the gold particles approaching the surface in a way where sulphur-gold bonds can be formed, 

while the positively charged amine surface would attract the gold particles. 

The effect of reaction time and temperature on citrate-gold particle attachment for both APTMS and 

MPTMS surfaces was also investigated. UV-Vis spectrophotometry was used as a measure for relative 

attachment density by looking at the absorption of each sample at λmax (529 nm). 

The effect of reaction time on gold particle attachment to APTMS and MPTMS surfaces are shown in 

Figure 40a and Figure 40b below. From this, it can be seen that the APTMS samples achieved maximum 

attachment after 1 hour, with increasing reaction time having no effect. This is consistent with results 

found in literature.241 However, the MPTMS samples were found to have increasing attachment with 

increasing reaction time up to 20 hours, which is contrary to reports by Vakarelski et al (2007)320 and 

Chumanov et al (1995)237. Increasing temperature had a very small effect on attachment of citrate-

gold particles to APTMS surfaces Figure 40c) with an increase of approximately 60oC only resulting in 

a 25% increase in attachment. The effect of temperature on MPTMS attachment Figure 40d) was 

found to be much more significant with a 60oC increase in reaction temperature resulting in a 685% 

increase in attachment. 

 Figure 40: Effect of reaction time and temperature on the attachment of citrate-stabilised gold particles to functionalised glass surfaces. a) APTMS-
functionalised, reaction time. b) MPTMS functionalised, reaction time. c) APTMS-functionalised, reaction temperature. d) MPTMS-functionalised, 
reaction temperature. 
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Increasing reaction time and temperature may fail to have a significant impact on attachment density 

on APTMS surfaces due to the surface becoming more negatively charged as citrate-gold particles are 

deposited which would in turn prevent gold particles from solution approaching the surface. In 

essence, the APTMS surface has already reached a saturation point. MPTMS on the other hand forms 

bonds with the gold particles that are stronger than the electrostatic repulsion between the surface 

and the particles. As such, though the particles have to overcome electrostatic repulsion to approach 

the surface, once there they would be far less likely to be removed from the MPTMS than the APTMS. 

In addition, the gold particle attachment on the MPTMS samples, even at high temperature and 

reaction time, remained lower than the APTMS samples so it is possible that the MPTMS sample had 

just not reached saturation with the given conditions and a similar plateau could be seen if longer 

reaction times and/or higher temperatures were tested. 

When a highly concentrated solution of gold particles was left to dry on an APTMS-functionalised glass 

slide at 80oC, the resultant film changes colour depending on the viewing angle. At reflected angles, 

the film appeared to have a shiny ‘yellow’ gold sheen like that of bulk gold. However when held up to 

the light, the film appeared blue, like that of aggregated gold particles in solution. This phenomenon 

was investigated via transmission and reflectance UV-Vis spectroscopy and is shown in Figure 41 

below. From this, it can be seen that the transmission spectrum has a higher absorbance in the 525 – 

750 nm region than the reflectance spectra and vice versa for the 300 – 525 nm region. This difference 

in transmission and reflection spectra is characteristic of gold particles, with the Lycurgus Cup being 

one of the most famous examples.321 

When comparing these spectra to that of bulk gold322 the transmission spectrum of the gold particle 

film shares several characteristic with that of bulk gold. In particular, they both have a local minimum 

in absorbance at approximately 500 nm.  However, the spectra are not identical as the gold film 

absorbance starts to decrease above 670 nm while the provided spectrum of bulk gold continues to 

increase until at least 1000 nm. The gold particle film also has a lower relative absorption below 450 

nm than the bulk gold.  The reflectance spectrum bears very little resemblance to both the particle 

films made at lower particle concentrations/temperatures (which had a peak at 529 nm). 
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Figure 41: Transmission and Reflectance UV-Vis spectra for gold particle film attached to an APTMS surface at high 

concentration and temperature. 

The combination of the observed bulk-gold like colour and the different reflection and transmission 

spectra implies that the particles are close enough together on the surface to give some of the 

properties of bulk gold while still being separate particles to give a nanoparticle effect. This brings up 

the question of where exactly and at what size a material switched from bulk to nano, and what 

properties can be achieved at the boundary between these two regimes. This also gives proof of 

concept that holding gold particles in close proximity can give interesting optical properties. Both of 

these ideas require further research. 

5.4.5 Attachment of gold to epoxy-silica particles 

Given that amines were found to be more effective than thiols for citrate-gold particle immobilisation 

on flat surfaces, a reaction scheme was devised to attach gold particles to GPTMS particles via a 

diamine-linking group. This was achieved by exchanging the citrate ligand on the gold particles for 

ethylene diamine. These amine-gold particles were then mixed with the epoxy-silica particles (from 

Chapter 4: Thiol-Epoxy silica particle attachment) where an amine-epoxy reaction would occur to bond 

the gold particles to the silica particles. This reaction scheme is shown in Figure 42 below. 
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Figure 42: Gold-amine particle attachment scheme 1. Gold particles are first functionalised with an amine group before 

they are reacted with GPTMS particles. 

In the first step, citrate-gold was mixed with an aqueous solution of ethylene diamine to exchange the 

citrate for the ethylene diamine. The resultant particles were analysed via SEM, and UV-Vis. In the 

SEM images (Figure 43), large agglomerates of gold particles can be seen that were not present in the 

citrate-gold particles shown in Figure 34. This is accompanied by a large shift in the UV-Vis spectrum 

(Figure 44) from a peak at 540 nm for a normal citrate-gold colloid to a consistently high absorbance 

across the visible spectrum. This agglomeration indicates that the citric acid has been switched for the 

ethylene diamine, which has fewer polar groups and would be somewhat less dispersible in water. 

However, the extent of the agglomeration is surprising given that if the ethylene diamine had attached 

in a highly ordered SAM, the molecule would be positioned such that there is an amine group 

protruding into the water. The agglomeration could be the result of either both ends of the ethylene 

diamine ‘bridging’ between gold particles or ‘curling up’ so that both ends of the amine are on the 

gold, leaving the hydrophobic middle section is exposed to the solvent.  
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Both ends of the ethylene diamine attaching to the same particle would be the less probable option 

as the reaction takes place in water and it would be unlikely that the ethylene diamine would arrange 

in such a way to expose the hydrophobic part of the molecule while hiding the hydrophilic ends. 

Especially considering the interactions between the gold and amine are electrostatic in nature, which 

are reversible and should allow room for molecular rearrangement post attachment. However, if the 

ethylene diamine was acting as a linking agent between the particles, large agglomerates would be 

expected as the gold particles are held in close proximity. Adding a large amount of ethylene diamine 

excess was done in an attempt to avoid this issue by increasing the probability of particle-solution 

amine interactions while reducing the probability of particle-particle interactions. Nevertheless, it 

appears to be the most likely occurrence, given the appearance of large agglomerates in the SEM 

images and the extent of the colour shift in the UV-Vis spectra from citrate-stabilised gold to amine-

gold. 

Figure 43: Gold particles after ethylene diamine ligand swap. Sample was prepared by drying a drop of particle 
suspension on a silicon wafer. 
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Figure 44: UV-Vis of citrate-amine gold ligand swap. Black is amine-gold ligand swap. Red is normal citrate-gold.  
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The amine-gold particles were mixed with epoxy-silica particles in water and allowed to react 

overnight with 100 times excess of gold particles (with 1 time excess being the amount of gold particles 

needed to form a monolayer on the silica particle surface). The final gold-silica particles were analysed 

via SEM (Figure 45). The resultant attachment of gold onto the silica was very low and inconsistent, 

with an attachment density of 13 ± 16 particles/μm2 or 0.8 ± 1.0 % of the theoretical maximum. 

Interestingly at the solvent edge of the drop-casted SEM sample, higher gold attachment was seen. 

However, the gold particles had aggregated/coalesced to form “noodle” like shapes on the surface of 

the silica particles. These strange formations could be due to the aggregation of the amine-gold 

particles prior to the epoxy-silica attachment. 

In order to avoid the gold particle agglomeration an alternative reaction scheme was devised. The 

ethylene diamine was first reacted with the epoxy-silica particles via an amine-epoxy nucleophilic ring-

opening reaction. This results in the surface functional group conversion from an epoxy to an amine. 

The citrate-gold particles were then mixed with the amine-silica particles at 100x excess of gold 

particles. This reaction scheme is shown in Figure 46 below. The resultant gold-silica particles were 

analysed via SEM and UV-Vis. 

a) 

1 μm 500 nm 200 nm 

b) c) 

100 nm 500 nm 1 μm 

d) e) f) 

Figure 45: Gold-silica particles resulting from the attachment of amine-gold particles to silca-epoxy particles. a-c) particles at the centre 
pf the dried drop. d-f) particles from the solvent front of the dried sample. 
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The SEM images in Figure 47 below show a high and uniform attachment of the citrate-gold particles 

onto the silica particles, with an average attachment density of 852  particles/μm2 or 39 ± 16% of the 

theoretical maximum. These high attachment densities are accompanied with a substantial shift in the 

UV-Vis spectrum (Figure 48). The normal citrate-gold colloid has a peak at approximately 540 nm 

whereas the gold-silica particles have a high absorption across the entire visible spectrum, 

corresponding with a colour change from red to blue/black. This UV-Vis spectrum is very similar to 

that of the aggregated gold particles seen in Figure 44 above, however the SEM shows no gold 

aggregates. Instead, individual gold particles are attached to the surface of the epoxy particles.  

1 
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Figure 47: Gold-silica particles resulting from the attachment of citrate-gold particles to amine-functionalised epoxy particles 
at different magnifications. 
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The close proximity of these gold particles could be causing coupling of their plasmon resonances in 

such a way that the UV-Vis spectrum appears like that of aggregated gold particles. 

This attachment density of 39 ± 16% is higher than any other gold-silica particle attachment densities 

reported in literature where the highest attachment density appears to be approximately 30%.80 This 

high attachment density could be the result of having a higher gold particle concentration and excess 

than usually used in literature. Westcott et al (1998)251 achieved attachment densities of ≤30% by 

using only 1x excess of small particles. In order to test the effect of gold particle excess on the resultant 

gold-silica attachment density, the attachment reaction was repeated with 1, 50, and 100 times excess 

of gold particles. The SEM images for the resultant gold-silica particles are shown in Figure 49 below. 

The  attachment densities of the 1, 50, and 100 times excess reaction were found to be 3.7 ± 1.9%, 23 

± 15%, and 41 ± 12% respectively. This is a strongly linear trend, as shown in Figure 50 below.  

a) 

500 nm 

b) 

1 μm 

c) 

1 μm 

Figure 49: SEM images of gold-silica particle attachment conducted with a) 1 time, b) 50 times, and c) 100 times particle excess. 
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Figure 48: Uv-Vis comparison of citrate-gold (red) and gold-silica raspberries (black) 
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From this it can be seen that high attachment densities of >30% can only be achieved with a large gold 

particle excess. This is unsurprising as it has been found that when attaching small molecules onto 

particle surfaces high attachment densities are only achieved at very high molecule excess.195 

5.5 Conclusion 

In this chapter, it has been shown that citrate-stabilised gold nanoparticles are more effectively able 

to attach to and ligand exchange with disulphide groups rather than thiols. Similarly, unreduced 

(disulphide-functionalised) silica particles were found to have higher gold particle attachment 

densities than the corresponding reduced (thiol-functionalised) silica particles. However, neither thiol- 

or disulphide-functionalised MPTMS particles are capable of achieving high citrate–gold particle 

attachment due to electrostatic repulsion between the negatively charged surfaces. To this end, 

amines appear to be a more effective attachment group for citrate-stabilised gold particles than 

sulphur-containing groups, despite the differences in final bond strength. This is likely due to the 

positively charged amine having attractive electrostatic interactions with the negatively charged 

citrate-gold particle. 

In addition, when attaching gold particles to the GPTMS particles, the order of operations in is 

important. The ethylene diamine should first be attached to the epoxy rather than to the gold in order 

to prevent aggregation of gold before the subsequent attachment reaction can be conducted. This 

order results in much higher attachment density. It was also found that large gold particle excess and 

higher total particle concentrations are required for high attachment densities to be achieved. 

Once attached to the silica core particle, the plasmon resonance peak of the gold particles broadens 

substantially and appears blue/black instead of red. This implies that the gold particles are close 
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enough that the plasmon resonances can couple in much the same way as when gold particles 

aggregate. 

Chapter 6: Conclusions and Future Work 

6.1 Conclusion 

The development of new materials with complex microstructures has a wide variety of applications 

including superhydrophobic coatings, drug delivery, synthetic opals, antifouling, and catalysis.  

One way in which these types of materials can be obtained is through the attachment of nanoparticles 

to one another, particularly nanoparticles of different sizes and materials. As such, the development 

of new methods to attach particles of different sizes and materials to each other is an important field 

of study. In particular, the use of silica-on-silica and gold-on-silica raspberry particles in the 

development of superhydrophobic, and photonic materials was investigated in this work. 

In Chapter 3, the disulphide to thiol ratio of silica particles grown from MPTMS was systematically 

investigated using Raman Microscopy and Ellman’s Reagent assays. It was initially found that the 

oxidation of the thiol groups in MPTMS to disulphides was a by-product of the particle synthesis 

reaction. In addition, particles made via modified Stöber processes with MPTMS as the sole precursor 

were found to have significantly more disulphide groups than thiols, in contrast to the surfactant 

method, where significantly more thiols than disulphides were observed. This indicates that the 

synthesis method has a very significant impact on the state of the final sulphur-containing groups. It 

was also found that the disulphide groups were at the surface of the particle, not just the interior, as 

reaction with tributylphosphine increased the thiols present. 

The effect of different reagent concentrations on thiol oxidation during the modified Stöber process 

showed that increasing ammonia concentration resulted in an increased ratio of disulphides to thiols 

while increasing ethanol concentration resulted in decreased thiol oxidation. Atmospheric oxygen was 

also found to participate in the formation of disulphides leading to a proposed reaction mechanism 

for the formation of disulphides. 

In Chapter 4, a new synthesis reaction was presented for the formation of raspberry particles via the 

base-catalysed reaction of MPTMS and GPTMS based silica nanoparticles. This reaction results in high-

density attachment (≥90%) of with a variety of MPTMS particle sizes. The thiol oxidation state of the 

MPTMS particles was found to have negligible effects on the attachment density of the final particles. 

This reaction method enables a combinatorial approach to the formation of multiscale coatings using 

PDMS as the binder. This investigation showed the effect of particle:polymer mass ratio and 
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small:large particle size ratio on the wettability and sliding angle of the final coatings. The 

particle:polymer ratio of 3:1 and a small:large ratio of 0.101:1 was found to give a superhydrophobic 

coating, with a contact angle of 157o, a sliding angle of 6.82o, and a high probability of sliding at 0o. 

Lastly, in chapter 5 a new synthesis method was developed for the attachment of citrate-stabilised 

gold particles to silica particles. Disulphide groups were found to be a more effective ligand exchange 

agent for the citrate-stabilised gold particles than thiol groups. However, both thiols and disulphides 

were consistently found to underperform amine groups in terms of gold attachment, despite the 

differences in the final gold-sulphur and gold-amine bond strengths. From this, it can be concluded 

that the citrate stabilising ligand plays a highly significant role in the attachment of gold particles. 

In the final method developed, GPTMS silica particles were modified with ethylene diamine before a 

suspension of citrate-gold particles was added. It was found that large gold particle excess and higher 

total particle concentrations are required for high attachment densities to be achieved. This method 

resulted in attachment densities of ≥40%, which is higher than similar attachments in literature. The 

high attachment density allowed for plasmon resonance coupling between the gold particles, resulting 

in a broadening of the plasmon peak. 

6.2 Future Work 

There are several ideas brought up in this work that require further investigation. These include: 

(i) Modelling the formation of disulphides during MPTMS particle synthesis to gain a deeper 

understanding of the particle growth mechanism. 

(ii) Increasing the durability of the superhydrophobic raspberry particle coatings. 

(iii) The role of size ratio in the wettability of the raspberry particle/PDMS coatings. 

(iv) Increasing the attachment density of the gold-on-silica raspberry particles 

(v) Preparation of high-density gold nanoparticle materials and exploration of their potential 

optical properties. 
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Chapter 7: Appendix 

A1: Raman Spectra for MPTMS Particles made from different ammonia and ethanol 

concentrations. 

 

Figure 51: Raman Spectra for MPTMS particles made using different ammonia concentrations. a) Method A, b) Method B. 
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Figure 52: Raman Spectra for MPTMS particles made using different Ethanol concentrations. a) Method A, b) Method B. 
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A2: Comparisons of volume:surface area and disulphide:thiol ratios for different 

ethanol and ammonia concentrations. 

 

Figure 53: Comparisons of volume to surface area ratio (V:SA, in blue) and Disulphide:Thiol Raman peak ratio (SS:SH, in 

orange) for Method A with changes in a)ammonia concentration, b) ethanol concentration. All data points are normalised 

to the 5 %v/v data point. 
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Figure 54: Comparisons of volume to surface area ratio (V:SA, in blue) and Disulphide:Thiol Raman peak ratio (SS:SH, in 

orange) for Method B with changes in a)ammonia concentration, b) ethanol concentration. All data points are normalised 

to the 5 %v/v data point.  
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A3: Example Theoretical Maximum Attachment Density Calculation 

𝑇𝑇𝑆𝑆𝑟𝑟𝑓𝑓𝑎𝑎𝑆𝑆𝑒𝑒 𝐴𝐴𝑟𝑟𝑒𝑒𝑎𝑎 𝑜𝑜𝑓𝑓 𝑙𝑙𝑎𝑎𝑟𝑟𝑙𝑙𝑒𝑒 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒 = 𝑇𝑇𝐴𝐴 = 4𝜋𝜋𝑟𝑟𝑙𝑙2  

𝑟𝑟𝑙𝑙 = 850 𝑛𝑛𝑚𝑚 

𝑇𝑇𝐴𝐴 = 4𝜋𝜋(850 𝑛𝑛𝑚𝑚)2  

𝑇𝑇𝐴𝐴 = 9.08 × 106 𝑛𝑛𝑚𝑚2 = 9.08 𝜇𝜇𝑚𝑚2  

𝐶𝐶𝑟𝑟𝑜𝑜𝐶𝐶𝐶𝐶 𝐶𝐶𝑒𝑒𝑆𝑆𝑝𝑝𝑝𝑝𝑜𝑜𝑛𝑛𝑎𝑎𝑙𝑙 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎 𝑜𝑜𝑓𝑓 𝐶𝐶𝑚𝑚𝑎𝑎𝑙𝑙𝑙𝑙 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒 = 𝐴𝐴 = 𝜋𝜋𝑟𝑟𝑠𝑠2  

 𝑟𝑟𝑠𝑠 = 99 𝑛𝑛𝑚𝑚 

 𝐴𝐴 = 𝜋𝜋(99 𝑛𝑛𝑚𝑚)2  

𝐴𝐴 = 3.08 × 104 𝑛𝑛𝑚𝑚2 

𝐻𝐻𝑝𝑝𝑙𝑙ℎ𝑒𝑒𝐶𝐶𝑝𝑝 𝑝𝑝𝑜𝑜𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑙𝑙𝑒𝑒 𝑝𝑝𝑎𝑎𝑆𝑆𝑝𝑝𝑝𝑝𝑛𝑛𝑙𝑙 𝑑𝑑𝑒𝑒𝑛𝑛𝐶𝐶𝑝𝑝𝑝𝑝𝑑𝑑 𝑜𝑜𝑓𝑓 𝑆𝑆𝑝𝑝𝑟𝑟𝑆𝑆𝑙𝑙𝑒𝑒𝐶𝐶 = 𝜂𝜂 = 0.907 

𝑀𝑀𝑎𝑎𝑀𝑀𝑝𝑝𝑚𝑚𝑆𝑆𝑚𝑚 𝐶𝐶𝑆𝑆𝑟𝑟𝑓𝑓𝑎𝑎𝑆𝑆𝑒𝑒 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎 𝑜𝑜𝑓𝑓 𝑝𝑝ℎ𝑒𝑒 𝑙𝑙𝑎𝑎𝑟𝑟𝑙𝑙𝑒𝑒 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑒𝑒 𝑤𝑤ℎ𝑝𝑝𝑆𝑆ℎ 𝑆𝑆𝑎𝑎𝑛𝑛 𝑝𝑝𝑒𝑒 𝑆𝑆𝑜𝑜𝑐𝑐𝑒𝑒𝑟𝑟𝑒𝑒𝑑𝑑 = 𝑇𝑇𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚  = 𝜂𝜂𝑇𝑇𝐴𝐴 

𝑇𝑇𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚  = (0.907)(9.08 × 106 𝑛𝑛𝑚𝑚2) 

𝑇𝑇𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 8.23 × 106 𝑛𝑛𝑚𝑚2 

𝑁𝑁𝑆𝑆𝑚𝑚𝑝𝑝𝑒𝑒𝑟𝑟 𝑜𝑜𝑓𝑓 𝐶𝐶𝑚𝑚𝑎𝑎𝑙𝑙𝑙𝑙 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒𝐶𝐶 𝑝𝑝𝑜𝑜 𝑙𝑙𝑝𝑝𝑐𝑐𝑒𝑒 𝑚𝑚𝑎𝑎𝑚𝑚𝑝𝑝𝑚𝑚𝑆𝑆𝑚𝑚 𝑝𝑝𝑎𝑎𝑆𝑆𝑝𝑝𝑝𝑝𝑛𝑛𝑙𝑙 = 𝑁𝑁 =
𝑇𝑇𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴

 

𝑁𝑁 =
8.23 × 106 𝑛𝑛𝑚𝑚2

3.08 × 104 𝑛𝑛𝑚𝑚2 

𝑁𝑁 = 267 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒𝐶𝐶 

𝑇𝑇ℎ𝑒𝑒𝑜𝑜𝑟𝑟𝑒𝑒𝑝𝑝𝑝𝑝𝑆𝑆𝑎𝑎𝑙𝑙 𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑆𝑆ℎ𝑚𝑚𝑒𝑒𝑛𝑛𝑝𝑝 𝑑𝑑𝑒𝑒𝑛𝑛𝐶𝐶𝑝𝑝𝑝𝑝𝑑𝑑 = 𝜌𝜌𝑆𝑆 =
𝑁𝑁
𝑇𝑇𝐴𝐴

 

𝜌𝜌𝑆𝑆 =
267 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒𝐶𝐶

9.08 𝜇𝜇𝑚𝑚2  

𝜌𝜌𝑆𝑆 = 29.5 𝑝𝑝𝑎𝑎𝑟𝑟𝑝𝑝𝑝𝑝𝑆𝑆𝑙𝑙𝑒𝑒𝐶𝐶/𝜇𝜇𝑚𝑚2 
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A4: Water Contact Angle Images 

 

Figure 55: Water contact angle of raspberry/PDMS coatings with particle:polymer ratios of a)0:1, b) 0.5:1, c) 1:1, d) 1.5:1, 

e) 2.4:1, f) 3:1. 
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Figure 56: Water contact angle images for raspberry/PDMS coatings with small:large particle size ratios of a) 0.45:1, b) 

0.066:1, c) 0.101:1, d) 0.108:1. 
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