
Using nanoparticle stabilised emulsions to

encapsulate low molecular weight species in a

metallic shell

Kirsty Scott Stark

School of Chemical and Process Engineering

University of Leeds

A thesis submitted for the degree of

Doctor of Philosophy

January 2018

mailto:pmkst@leeds.ac.uk
http://physics.leeds.ac.uk
http://www.leeds.ac.uk


ii



The candidate confirms that the work submitted is her own. The candidate

confirms that appropriate credit has been given within the thesis where

reference has been made to the work of others.

Experimental data collected by another user (with the author present) included

the collection of Cryo-TEM data operated by Dr Nicole Hondow and Cryo-SEM

data operated by Stuart Micklethwaite.

Experimental data for uncoated polymer capsules in Figure 7.4 used as a

comparison for the gold coated emulsion capsules was collected by Alison Tasker

while at the University of Leeds [101].

NIR irradiation and ultrasound shell fracture experiments were carried out by

Dr Hui Gao at Queen Mary University in the laboratories of Prof. Gleb

Sukhurokov.

This copy has been supplied on the understanding that it is copyright material

and that no quotation from the thesis may be published without proper

acknowledgement.

©2018 The University of Leeds and Kirsty Stark.

The right of Kirsty Stark to be identified as Author of this work has been

asserted by her in accordance with the Copyright, Designs and Patents Act

1988.

iii



Acknowledgements

I would like to start my thanking my supervisor Dr Olivier Cayre for

his support, guidance and feedback throughout my PhD. In particular

thank you for putting up with my wobbles and constantly encouraging

me to carry on despite my own doubts and providing me with many

great opportunities.

Additionally I would like to thank those at Procter & Gamble who

were involved with the project, including Dr Elaine Baxter and Alas-

tair MacGregor who provided many helpful insights and guidance. I

would also like to express my thanks to the EPSRC and Procter &

Gamble for the funding towards this project, without which it would

have not been possible.

There are a number of people I would like to thank within the School

of Chemical and process engineering, including those in the Colloids

and Polymer Engineering group and everyone at LEMAS, for their

time and expertise. In particular I would like to express my gratitude

to all the people that I have met along the way that I have become

privileged enough to call my friends, without their constant support

for the past few years I would not have made it to his stage. In

particular, frequent tag team pep talks from EJ James have motivated

me through particularly long teary days and great advice from Ian

Rosbottom and many others has kept me going. It also turns out that

an in house psychology team was required to get me through many

of the years and I am forever grateful for the support, understanding

and escape from work when I needed to vent about life, especially to

Tom Matthews for his continued support. Forming such friendships



has made this whole process worthwhile and made Leeds much more

enjoyable!

Finally I would like to thank my family for supporting me throughout

my PhD and and my undergraduate degree, especially my Mum who

has always been on the other end of the phone when I have needed

her, despite some challenging times for us all. A special thanks goes

to my long standing friends who have been there every step of the way

and had to put up with all of the highs and lows. They have provided

constant encouragement and often reminded me of the words of J.K

Rowling; ’Hard work is important but there’s something that matters

even more. Believing in yourself.’



Abstract

Encapsulation and controlled release of active ingredients in formu-

lated products can provide benefits to a number of industries such as

cosmetics, pharmaceuticals, agrochemicals, home and personal care

products and fragrances. The main roles of encapsulation are to iso-

late an active material from its surroundings so as to act as a form

of protection from exterior environments and to provide a mecha-

nism for controlled release. One of the prominent challenges of en-

capsulating small compounds, such as those found in drugs, vita-

mins, fragrance and flavour oils, arises from the fact that the perme-

ation of such species through most microcapsule membranes is fast

because current capsule shell materials (polymeric/lipid based mem-

branes/ particulate) have large diffusion coefficients. Although this

can be compensated for in some ways, the unavoidable active ingre-

dient leaching resulting from common processes occurring during the

application/storage (i.e. lifetime) of the product such as dilution or

interaction with other formulation ingredients (surfactants, polymers,

biological species) is a significant challenge. Such process often leads

to wastage of the valuable active and to side effects.

In this work, a method for preventing the loss of encapsulated actives

whereby an impermeable metallic film is deposited directly onto an

emulsion droplet, hence allowing 100 % of the emulsion core (poten-

tially corresponding to 100 % of the active material depending on con-

ditions) has been developed. A metallic nanoparticle emulsifier, sta-

bilised by a polymer, is used as a catalyst for the electroless deposition

of a secondary metal film at the emulsion droplet interface, thereby

forming an impermeable shell. In this case a platinum-catalysed gold



film electroless deposition mechanism is used as a model system to

demonstrate the feasibility of the process.

Polyvinylpyrrolidone (PVP) stabilised platinum nanoparticles (Pt-

PVP NPs) were specifically synthesised to reduce the quantity of

excess polymer in the resulting nanoparticle dispersion, in order to

reduce competition for adsorption at the oil-water interface for the

Pt nanoparticles and hence to maximise the nanoparticle packing at

the interface. Successful adsorption of the Pt nanoparticles at the

oil-water interface was confirmed by electron microscopy techniques

and energy dispersive x-ray (EDX) spectroscopy, whereby a densely

packed nanoparticle array was observed at curved interfaces. Inter-

facial rheology experiments also showed the build up of a nanoparti-

cle film over time at a planar oil-water interface, which as a result

exhibited increasing elastic properties. Cryo-transmission electron

microscopy (cryo-TEM) illustrated the importance of reducing the

amount of excess PVP in the nanoparticle dispersion as the polymer

was found to competitively adsorb at the interface. This observation

was supported by interfacial tension measurements of the nanoparti-

cles in oil, whereby dispersions on the nanoparticles took significantly

longer to reach equilibrium than those with added polymer.

The optimised Pt-PVP NP dispersions were used to stabilise hex-

adecane emulsions and key parameters in the emulsification process

were investigated to demonstrate control over the resulting emulsion.

Emulsification with excess PVP in the nanopartcle dispersion fur-

ther confirmed that the PVP was competitively adsorbing and re-

duced the density of catalytic nanoparticles at the oil-water interface.

For a given nanoparticle concentration stable emulsions could be pro-

duced with oil volume fractions between 5% and 13 % The influence

of electrolyte concentration was investigated and the significance of

screening interactions between the charged oil-water interface and the

charged nanoparticle surface for efficient nanoparticle adsorption was

highlighted.



Finally, the Pt-PVP NP stabilised emulsions were used as scaffolds

for the electroless deposition of a secondary gold film, thereby en-

capsulating the oil core. Retention of the core was demonstrated

over 35 days in an ethanol:water (4:1) environment at 40 ◦C and was

compared to the rapid release of oil from uncoated polymeric shells.

The effect of the polymeric stabiliser in the gold plating solution was

investigated, with longer chained polymers appearing to provide bet-

ter stabilisation of the microcapsules during the electroless deposition

process. The shell thickness and therefore density of the microcap-

sules was controlled by altering the concentration of gold salt in the

plating solution. Preliminary ultrasound and IR irradiation experi-

ments were also carried out to demonstrate the possibility of remotely

triggering the metallic film fracture and associated release of the cap-

sule payload. These initial tests show promise and offer potential for

applications such as controlled drug delivery.
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Chapter 1

Introduction

1.1 Scope of project

This project was originally designed to find a solution to increasing the longevity

and preserve the volatile components in fragrance oils as directed by industrial

sponsors. It would be desirable to create a perfume that would release some of the

fragrance componants over time, so that the consumer is reminded of the ’true’

smell of the perfume. Fragrances consist of a complex mixture of molecules with

variable physicochemical properties such as solvent solubility, chemical reactivity

and volatility. The controlled release of fragrances remains a challenge for indus-

tries as consumers are attracted to a perfume that provides a long lasting effect.

The problem arises from the fact that fragrances are always comprised of some

highly volatile species (the high/top notes in a perfume), which after application

can often only be perceived for a short period of time. [100] The fragrance lifetime

can also be limited due to loss by dissolution or degradation during storage. Due

to the complexity of the fragrance, the components evaporate at different rates

or dissolve to different degrees, which leads to a change in the overall fragrance

over time. In particular the rapid loss of highly volatile molecules during storage

and use has a great effect on the freshness and impact of the fragrance. There-

fore, the consumer does not perceive them, which is of course undesirable. [205]

Microencapsulation can provide protection of the fragrance, extended shelf life

and offers a way of controlled release. Thus reminding the customers of what they

are wearing ’in pulses’ over a long period of time and enhancing their experience.
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To make a perfume, fragrance oils are added to a mixture of alcohol and water.

Generally perfumes use ethanol as the continuous phase, typically 95 -96% ethanol

and 4-5% water. When the fragrance is placed in the hydroalcoholic solution an

aging process begins. The fragrance materials can often react with the ethanol

to form new compounds which is undesirable. For example, reactions between

aldehydes and alcohol to form a hemiacetal commonly occur as solutions age. [99]

Due to the small size of the ethanol molecule it is extremely challenging to keep

fragrances encapsulated successfully. Mircocapsule systems traditionally used in

industry are not suitable, hence why a new method has been developed here.

The only likely option to provide a solution to this challenge is to encapsulate

the fragrance oil using a capsule wall that can prevent the diffusion of very small

molecules such as ethanol.

Though the primary focus was on the encapsulation of fragrance oils the re-

search scope has broadened to encompass other potential applications. Microen-

capsulation of small chemical species on a more general level will be discussed as

the challenges faced by the fine fragrance industry are applicable to other fields

such as drugs, vitamins and flavour oils. For example, in the pharmaceutical

industry targeted delivery at a specific site is desirable so that only the affected

part of the body is exposed to the drug, therefore minimising potential side ef-

fects. These alternative applications have led to exploring other types of release

mechanisms other than mechanical fracture.

1.2 Current challenge

Microencapsulation is a process in which solids, liquids or even gases may be en-

closed by the formation of a shell wall around the core material. Microencapsula-

tion of functional materials and chemically or biologically active ingredients is an

area of interest due to its wide range of applications in a number of industries such

as pharmaceuticals [179], cosmetics [110], home and personal care products, food and

beverages [95], agrochemicals [244], textiles [177], printing [255], fragrances [165], [193], oil

recovery [120], nanoreactors [136], functional coatings and paints, self-healing mate-

rials [227] and electronics. [211] For example, in the agrochemical industry biocides

can be encapsulated to minimise evaporation, increase shelf life and control the
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release of the active which may increase biological efficacy. [244] Microencapsulated

eletrophoretic inks can be printed to form sheets of electronic paper and can re-

duce the sensitivity of the transistors to the environment (e.g. they were still able

to perform when submerged in various solvents). [211] Microencapsulated healing

agents can be embedded in composite polymer materials containing a catalyst

capable of polymerising the healing agent which leads to bonding of the crack

faces. [227] Microencapsulation is able to both improve and provide new function-

alities for these products.

The main roles of encapsulation are to isolate the active material from its

surroundings, act as a form of protection from exterior environments and provide

a mechanism for controlled release. Encapsulation can increase the stability and

life of the product. For example, active ingredients in the food and pharma-

ceutical industries can be protected from oxidation or moisture. Encapsulation

can facilitate the manipulation of the product during processing. Liquid active

components can be converted into a dry solid system and handling properties of

sticky materials can be improved. Incompatible components can be separated,

which can be beneficial to the food and beverage industries as loss of ingredients

during processing can be reduced or avoided and reactive compounds can be sep-

arated. [141] Volatile compounds can be encapsulated to retard the release, such

as fragrance oils which tend to evaporate quickly. [232] Pesticide formulations can

be encapsulated to make it safer for applicators to mix and apply highly toxic

materials. [257] Encapsulation can provide many added benefits to a product, how-

ever the process can be expensive so is only suitable for formulations where the

overhead for the formulation is high, the material to be encapsulated is expensive

or the safety of a product can be improved, e.g. encapsulation of some drugs can

avoid damage to healthy tissue and therefore reduce unwanted side effects.

When successful active protection and retention within the designed capsule

is obtained, the active release can be sustained over a period of time or trig-

gered by an external stimuli such as change in pH, temperature, light intensity,

pressure, chemical or biological environment, electrical or magnetic field etc. [74]

Generally there are three different release mechanisms by which the core can be

released; mechanical rupture of the shell wall, dissolution or melting and dif-

fusion through the wall. Biodegradation and slow erosion of the shell are also
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utilised. [70] The release mechanism depends on the nature of the application. For

example, triggered release can be implemented by electric field release for deliv-

ering anti-corrosive materials only when a metallic surface is compromised and

may be useful in battery materials which experience high voltages. Antiperspirant

and deodorant materials can be released when they reach a target temperature,

allowing the active to be delivered only when the person perspires. [74] The de-

tergent industry utilises the dissolution of the shell wall of powder detergents

to release enzymes which remove bloodstains from clothing. [16] Pesticides can be

encapsulated to be released over time, so that application can be carried out less

often rather than an initial highly concentrated and toxic application. The sus-

tained release of fragrance molecules in a perfume is desirable in order to prolong

the sensory experience and longevity of the perfume. [105] One important diffusion

controlled application is novel clothing fabric, which contains chemical decontam-

inants encapsulated within semi-permeable polymers. The polymer is selectively

permeable, allowing toxic chemicals to diffuse into the microcapsules where they

undergo irreversible detoxifying chemical reactions. [50] Sustained release can be

useful in pharmaceutics where it is desirable to release a drug in the body over

and extended period of time to sustain therapeutic levels. Rapid adsorption of

some drugs can be harmful, however the risk can be reduced by formulating the

drug as sustained-release, where the adsorption will be slower. [7] It can be par-

ticularly difficult to combine sustained and triggered release, i.e. a capsule that

prevents diffusion of the active and releases at a steady rate once triggered. For

example, microcapsules which can release their payload at a particular location

in the body once triggered, by either in vivo stimuli such as change in pH or the

presence of certain chemicals or external stimuli, and then release steadily would

be advantageous in drug delivery.

There are various physicochemical factors which affect the microcapsule stabil-

ity and release. For example, molecular weight of the active agent has an impact

on release; as the molecular size increases, the diffusion decreases exponentially.

The functional moiety and surface charge of the active ingredient can play a role

in reducing the rate of diffusion. Changing the ionic properties can result in a

change of solubility of the active ingredients. Thermodynamic properties such

as temperature, solubility, concentration, wettability and interfacial properties
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can all affect microcapsule stability and release. As the concentration gradient

between the inside of the microcapsule increases, compared to the outside sur-

roundings, the rate of diffusion increases. Actives in a solubilised state can be

expected to release faster than those in a dispersed state. The wettability of the

active ingredient impacts the dissolution and subsequent release rate. Release will

not occur if the aqueous media cannot wet the surface of the active ingredient.

Wettability can be quantified by the hydrophilic-lipophilic balance (HLB), which

relates to how wettable the active is with water. This is one of the parameters

often considered during microcapsule design. Temperature is the most critical

factor influencing the rate of release as diffusion is enhanced at higher tempera-

tures. As a result, capsules stored at elevated temperatures tend to be less stable

than those stored at room temperature or under refrigeration. Therefore the mi-

crocapsule materials, manufacturing process and storage conditions all must be

considered when designing a microcapsule system. [88]

The rate controlling step for diffusion depends on the choice core material,

morphology, physicochemical properties of the active and the shell material and

the system in which the microcapsule is placed. Diffusion models are typically

used and there are various kinetic release profiles to consider, however the release

rates that are achievable from a single microcapsule are generally ”zero order”,

”half order” and ”first order”. Zero order occurs in a core-shell system where the

active ingredient (core) is a pure material and releases through a microcapsule

as a pure material. The rate is independent of the concentration of the active

ingredient and the amount released can be described as directionally proportional

to time and release is slow. First order release occurs when the core is a solu-

tion. The concentration of the solute material in the solvent decreases as the

solute material is released from the capsule. First order release is concentration

dependant. [88], [166] Fickian diffusion models can be used to describe the diffusion

rates of active ingredients permeating across a membrane. In the terms of one-

dimensional spherical coordinated relating to a microsphere morphology, Fick’s

Law can be defined in Equation 1.1 as published by Gaonkar et al. [88];

J =
1

A
· dC
dt

= −DdC
dr

(1.1)
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where J is the diffusion flux (the amount transferred per unit area per unit

time or mass flow of the active under the assumption of steady state), C is the

concentration outside of the microsphere, t is time, D is the diffusion coefficient,

r is the radius of the microcapsule, and A is the surface area of the capsule.

This equation is consistent only for an isotropic homogenous medium where the

diffusion properties do not change in other spherical coordinates.

The diffusion rate from a microcapsule, dC/dt, across a capsule membrane

can also be thought of empirically by considering Equation 1.2

dC

dt
= A ·H ·Da ·

Cin − Cext
h

(1.2)

where A is the exposed shell surface area, H is the partition coefficient, Da is

the apparent diffusion coefficient, Cin is the concentration inside the microcapsule,

Cext is the concentration outside of the microcapsule and h is the thickness of the

capsule wall. In this case the apparent diffusion coefficient, Da, can be defined

by Equation 1.3

Da = D0
ε

τ
K (1.3)

where D0 is the unhindered active diffusion coefficient, ε is the shell porosity

(cross sectional area available for diffusion), τ is the tortuosity (relative trajec-

tory relative to end-to-end distance in the diffusive direction) and K is the system

constant dependent on the ratio of active size to pore size. According to Equation

1.2, the diffusion rate can be greatly reduced by minimising the relative solubil-

ity of the dispersed phase within the continuous phase or reducing the diffusion

coefficient. One of the prominent challenges of encapsulating small compounds

arises from the fact that most microcapsule membranes no not provide a suffi-

cient barrier against diffusion and current shell materials (polymeric/lipid based

membranes/ particulate) have relatively high diffusion coefficients, D. Leaching

of the encapsulated active ingredient may occur over time which is undesirable as

premature release can cause side effects and waste the active ingredient. This is

particularly prominent for small actives such as those found in drugs, vitamins,

fragrance and flavour oils.
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A large number of microcapsule synthesis methods exist, some of which will

be reviewed in the next chapter. Most will result in a core-shell structure where

the shell consists of a polymer film, which typically would result in short reten-

tion times when the capsules are dispersed in challenging environments. These

challenging environments can range from high pH or surfactant concentration

to continuous phases that can dissolve the active ingredient. As a result, ef-

forts have been made to significantly decrease the diffusion of actives from the

microcapsule shells using several methods. For example, increasing wall shell

thickness can result in slowing down the release of the active but, this option

often reduces the payload of the capsule core [188] (Figure 1.1). Furthermore, it

can lead to enhanced specific interactions between the active and the microcap-

sule shell, which can later hinder full release of the active. Other methods of

reducing diffusion such as annealing a layer of particles forming the wall of the

microcapsules have been used. For example, Thompson et al. [235] showed that

cross linked colloidosomes failed to retard dye release during tests due to inter-

stitial pores between adjacent latex particles. The colloidosomes were internally

crosslinked to provide stability to the colloidosomes. No improvement was ob-

served when annealing was conducted in an attempt to close the pores. Some

improvement was observed when the cross-linked colloidosomes were coated with

a layer of polypyrrole, with thicker coating leading to slower release. These issues

highlight that none of these methods provide a practical means of encapsulating

small molecules over relevant time scales and shows a gap in existing literature

and technology.

1.3 Approach to solution

Theoretically it would be desirable to synthesise a shell with low to no diffusion

of the active. As discussed previously this is currently challenging as employing

tactics such as increasing shell thickness are not feasible as several orders of

magnitude of difference would need to be attained to accomplish this. This is

only possible by altering diffusion coefficients and wetting properties of the shell.

Metal coated microcapsules are of particular interest as they can offer an

improved barrier to diffusion. Additionally, there is potential opportunity to
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Figure 1.1: Payload comparison at a function of shell thickness [188]

exploit electrical, mechanical, optical and magnetic properties of the metallic shell

for more capsule functionality. In particular metal shells can be remotely triggered

to release their contents by methods such as ultrasound and IR irradiation. This

offers potential for drug delivery methods in the pharmaceutical industry. Metal

encapsulated compounds can have improved shelf life, especially those that are

sensitive to water and oxygen. A continuous metal shell can also provide reduced

diffusion of the core material compared to just a polymer shell and can prevent the

escape of volatile encapsulated compounds. [191] These capabilities arise from the

greatly improved barrier properties of metals as compared to those of polymers.

The relatively rapid diffusion through polymers is governed by the size and shape

of pores available. Free volume, due to gaps created by thermally induced chain

segment rearrangement or inefficient packing of chains provides low resistance

pathway for diffusing molecules. [253] Diffusion coefficients, as described by Ficks

Law, for polymers are closer to those for liquids than those of solids, even in

crystalline polymers. These coefficients vary strongly with concentration.

The rate of diffusion of gases through metals is reduced compared to that

of polymers due to their crystalline structure and porosity. [204] Diffusion of gas

molecules through metals only occurs via interstitial hopping, grain boundary

diffusion or vacancy diffusion. Therefore, metal films are able to prevent the
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permeation of small organic molecules. [191] Diffusion for solids, such as metals

and crystals is much smaller than those of polymers (typically 10-40 orders of

magnitude lower). In fact the values are so small that it is thought that all sig-

nificant transport occurs through gaps and flaws in the solids, especially along

grain boundaries. However thin film diffusion is difficult to understand due to

problems arising with adapting the mathematics to the widely varying situations

with different chemical and physical effects. [52] With the challenge of encapsu-

lating small species in mind, a metal film provides a promising solution to our

encapsulation needs.

Metallic encapsulation has successfully been demonstrated within the group [101]

however the process uses a solvent evaporation method to form a polymeric cap-

sule on which the metal film is deposited. This process involves emulsifying an oil

phase containing a polymer, a volatile solvent and a non-volatile solvent. As the

volatile solvent evaporates the polymer is forced to precipitate at the oil-water in-

terface, creating a core shell structure. Various washing stages are involved which

is time consuming and wasteful. Some of the steps in the process may be difficult

to scale up. The solvent extraction method involves using a large proportion of

volatile solvent within the core of the emulsion template, which drastically re-

duces the encapsulation template. This method has relatively low encapsulation

efficiency, whereby encapsulation efficiency (EE) is defined as ’the percentage of

core material incorporated into the microcapsules relative to the total amount of

the core material added during encapsulation process’. [197] Indeed, the oil to be

encapsulated is only present up to 15% and is limited to a number of oils and

stabilisers due to restrictions in the methods as a result of complex wetting and

solubility requirements. As shown in Figure 1.1 it is challenging to synthesise

a polymer capsule that has a high loading volume, particularly at higher shell

thickness which would be required to significantly reduce diffusion. Therefore a

polymer shell on its own does not seem capable of preventing the release of small

compounds efficiently. Even with the addition of a metallic film on a polymer

capsule the payload of the capsule is limited, so alternative solutions have been

explored.
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1.4 This work

Here, a method where the metallic film is deposited directly onto an emulsion

droplet, hence allowing for up to 100% EE if all the oil is emulsified (poten-

tially corresponding to 100% of the active material depending on conditions)

and eliminating waste solvent from the previous method is proposed. A metallic

nanoparticle (NP) emulsifier is used as the catalyst for the growth of a secondary

metallic film directly on the droplet interface via electroless deposition. The cat-

alyst is localised at the emulsion interface allowing metallic growth to only occur

on the droplet, so that only negligible growth occurs in the bulk. This work

aims to simplify the previous fabrication process, demonstrate control over the

method, demonstrate that full retention of the oil core is possible in challenging

environments, such as mediums in which the core readily dissolves, and show the

possibility for remote triggered release of the encapsulated active. This provides

many benefits for potential future applications. Figure 1.2 details the stages of

the fabrication process.

Figure 1.2: Schematic illustrating fabrication of metal capsules using metallic

nanoparticle emulsifiers.
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1.5 Thesis structure

Chapters 1-2 cover the introduction, background theory and literature review

which sets the aims and objectives and the reasoning behind the approach taken.

Chapter 3 describes the materials and methodology used to synthesise and char-

acterise the nanoparticles, emulsions and capsules. Figure 1.2 summarises the

steps involved in the formation of the capsules, which is covered in Chapters 4-7.

Chapter 4 details the platinum nanoparticle synthesis, in particular the variables

which effect their size and designing particles suitable for our application as both

an emulsifier and catalyst. Chapter 5 investigates the viability of these particles

acting as emulsifiers and their characterisation and the oil-water interface. Chap-

ter 6 focusses on the emulsification step and optimising this for the subsequent

step. Chapter 7 examines the secondary metal coating on the emulsion template

via electroless deposition and how this coating can be optimised and controlled.

Different release mechanisms for the encapsulated oil are also introduced. Finally

Chapter 8 concludes the main findings and discusses potential future work that

could be carried out.
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Chapter 2

Background theory and review of

the relevant literature

2.1 Synopsis

As proposed previously this project aims to improve the retention capability of

microencapsulation systems for the controlled delivery of small actives by utilising

a metallic shell on an emulsion template. This chapter will review the previous

literature, which has led to the choice of encapsulation method in this work. It

will examine the advantages and drawbacks associated with other methods, their

suitability for the encapsulation of small actives and how the metallic encapsula-

tion addresses challenges with current methods. Additionally it will look at the

theory behind the properties that govern emulsion formation generally and the

chosen encapsulation process.

2.2 Background theory

There is a wide variety of both physical and chemical routes to microencapsulation

used both in industry and academia. The choice of appropriate encapsulation

technique typically depends on the end use of the product and the processing

conditions involved in making the product. For example, with some encapsulation

techniques, the product can be designed to trigger the release of the active at a
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certain point or for other applications sustained release is used where the payload

is released slowly over time. The controlled release and environmental factors

will impact the shelf life of the product which is an important consideration in

industry.

This section will focus on the different ways in which capsules can be formed

and the factors that affect and dictate their ability to encapsulate actives. Firstly,

the section will focus on non-emulsion based methods, which are unlikely to

lead to microcapsules with the ability to retain small molecules, however they

are frequently used in industry. These methods often use high temperatures,

limited materials can be used and the processes can be hard to control. Here

the drawbacks of these methods and why they are not suitable for the intended

purpose will be reviewed. Subsequently, the chapter will review in detail emulsion

based methods and how such methods have been adapted and developed to retain

small molecules.

2.2.1 Non-emulsion based methods of microcapsule pro-

duction

2.2.1.1 Spray Drying

In the spray drying process the substance to be encapsulated is dispersed in a

slurry, often referred to as the carrier material. This is followed by atomisation

and spraying of the mixture into a hot chamber. The resulting microcapsules are

then transported into a cyclone separator for recovery (Figure 2.1).
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Figure 2.1: Schematic of spray drying process. [14]

The rate of evaporation and diffusion of the solute to the interior of the drying

particles can result in different morphologies of the formed capsule (Figure 2.2). [43]

Therefore the particles produced often have porous and irregular surface due to

solvent evaporation. Another disadvantage with this method is that some low-

boiling point aromatics can be lost and the intended core material can also be on

the surface of the capsule, which could encourage oxidation (often anti-oxidants

are added), greatly affect the release rates and affect the ability of retaining

the active. [159], [254] Additionally the control of particle size and composition is

difficult and results in a broad distribution of the particle properties, including

dissolution and release rate. This is a result of differences in drying rates and

the size of the droplets produced by the nozzles. The technique also produces

a fine powder which needs further processing, such as agglomeration. However

this method is suitable for applications where a narrow size distribution and heat

sensitive materials are not required and the particles can be made on a large

scale continuously at a low cost. Microencapsulation efficiencies can exceed 90%
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in some cases. Microencapsulation efficiency can be increased by increasing the

concentration of wall material which can be related to the formation of a shell

around the core material. [14]

Figure 2.2: Schematic of particle formation via spray drying. [43]

2.2.1.2 Spray cooling/chilling

Spray cooling/chilling (Figure 2.3) offers an inexpensive method of encapsula-

tion and is often used for the encapsulation of aroma compounds to convert

liquid flavour into a powder, to improve heat stability and to delay release in

a wet environment. It is a low-cost continuous process which is easy to scale

up. These methods are similar to spray drying where the core material is dis-

persed in the liquid coating material and then atomised to disperse the droplets

from the feedstock. The incorporation of the active into the carrier material is

usually performed by either dissolving or mechanically dispersing the material.

After the atomisation of the molten material, the droplets are immediately cooled

and solidify into powder form. [95], [186] The particles produced by spray chilling

are typically matrix type particles. The atomisation of the molten mixture and

solidification process are considered to be critical steps and can greatly affect

the resulting particles. For example, disintegration of the molten mixture into

small particles can occur during the atomisation process and insufficient cooling

can lead to agglomeration of droplets and/or adhesion of these droplets to the

surface of the chamber, which in turn affects the morphology and other proper-
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ties of the particles. The main limiting factors of the active loading are process

limitations and barrier properties of the matrix. Higher solid loading in the melt

feed increases the viscosity, which is a vital parameter in the successful operation

of spray chilling to produce particles of a certain size. Loading levels of 20-30%

are common, though higher loadings can be obtained using gels. However the

disadvantage of higher loadings is a decrease in effectiveness of the barrier. All

microspheres will have a small amount of active material at or near the surface

and as loading increases the amount of matrix material protecting the active

decreases. So often loading has to be reduced in order to achieve suitable pro-

tection. [90] Other drawbacks include, poor shelf life due to the possibility of the

expulsion of the active from the matrix, limited choice in encapsulant due to

temperatures used in processing, rapid cooling rates can lead to unstable crys-

tallisation forms and hence lower barrier properties, capsules prepared from lipids

are insoluble in water and the matrix structure obtained can lead to dispersion

of the active so that it is not protected on the surface of the particle. [186]

Figure 2.3: Schematic of spray chilling equipment. [186]
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2.2.1.3 Fluid bed spray coating

Fluid bed spray coating consists of three steps. Initially the particles to be coated

are fluidised in a coating chamber by suspending particles of the core material

by an air stream under controlled temperature and humidity. Subsequently, the

coating material is sprayed through a nozzle onto the particles where film forma-

tion is initiated. Then a series of wetting and drying stages occurs. Droplets of

the sprayed liquids coalesce on the surface and the solvent or mixture is evapo-

rated off in hot air, leaving the coating material adhered to the particle (Figure

2.4). [159]

Figure 2.4: Schematic showing film formation during fluid bed coating pro-

cess. [159]

There are various methods including top, bottom and tangential-spray fluid

bed coaters, as shown in Figure 2.5. This technique offers the advantage of being

able to mix, granulate and dry ingredients in the same vessel, which reduces the

material handling and processing time. Additionally it is a low cost procedure.

However thin coatings are hard to control, a post cure is often needed, the sub-

strate must be heated above the plastic melting or fusion temperature and the

surface finish may be uneven. [146]
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Figure 2.5: Schematic showing top, bottom and tangential-spray fluidised bed

coating. [14]

2.2.1.4 Extrusion

Encapsulation by extrusion was first patented by Swisher and co-workers in

1957. [71] Simple extrusion involves the dispersion of a volatile compound in a

matrix polymer at high temperatures. The mixture is then forced through a

die and then plunged into a desiccant liquid which hardens the extruded mass

and thereby traps the active substance. There are three main processes; (i) melt

injection, (ii) melt-extrusion and (iii) centrifugal extrusion, as shown in Figure

2.6.
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Figure 2.6: Schematic of (i) melt injection, (ii) melt extrusion and (iii) centrifugal

extrusion process. [14]

The system is viewed as a dispersion of the oil phase in the form of small

inclusions in the matrix. Different morphologies are attainable, as shown in Figure

2.7.
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Figure 2.7: Schematic of possible encapsulation morphologies obtained using ex-

trusion microencapsulation. [35]

This method offers the advantage of being stable against oxidation and has

a prolonged shelf life compared to spray drying, though it is a more expensive

process. The process also offers lower energy consumption during operation and

minimal contaminated exhaust air compared to spray drying. [35] However diffu-

sion of the encapsulated material through structural defects such as thin walls,

cracks or pores formed during or after processing can be problematic. [159] Active

loading is limited and does not usually exceed 15-20%, however higher loadings

are possible. This technology typically produces fairly large capsules (typically

500 - 1000 µm, which can limit its applications, for example in the food industry

where mouth feel is a crucial factor in encapsulated flavours. There is also a

limited range shell materials available for extrusion encapsulation. [95]

20



2.2 Background theory

2.2.1.5 Co-crystallisation

This technique offers an economical and flexible approach to microencapsulation

as the method is relatively simple. A crystal structure, such as sucrose, is modified

from a perfect crystal to a conglomerate. This produces a porous structure which

can accept the addition of a second ingredient. The process involves the heating of

the crystalline substance followed by a reduction in temperature in a low moisture

environment. [159], [20] It is important to properly control the rates of nucleation,

crystallisation and the thermal balance during the process. Aroma and flavouring

compounds can be added at the time of spontaneous crystallisation. For example,

Beristain et al. [20] were able to show that co-crystallisation offered similar volatile

oil retention as spray drying and extrusion. The procedure is relatively simple

and requires an inexpensive encapsulation medium. [113] The addition of an anti-

oxidant is often required to retard oxidation during storage. This method is not

widely commercially used as it is not economically feasible. Additionally the high

temperatures required to maintain the supersaturated sucrose solution make this

technique unsuitable for encapsulating heat sensitive materials such as probiotic

bacteria. [132]

2.2.1.6 Layer-by-layer polyelectrolyte deposition

This technique utilises electrostatic attraction and complex formation between

oppositely charged polyions to form a polyelectrolyte shell to encapsulate the core

material, as illustrated in Figure 2.8. Initially, charged particles are placed in a

dilute solution of oppositely charged polyelectrolytes. Electrostatic interactions

provide the driving force for the polymer to adsorb and relax onto the particle

surface, hence inverting its apparent charge. Excess polyelectrolyte is removed

by subsequent cycles of centrifugation and washing. Deposition is then repeated

with a polyelectrolyte solution of opposite charge and the process is repeated as

many times as required to achieve the desired shell thickness. Finally the core

is dissolved to attain a hollow core. [261] In some cases the polyelectrolyte shell

is formed around a solid active, in order to reduce the dissolution of the active.

For example, crystalline vitamins and insulin can be encapsulated in this way,

and the dissolution of the shell can be triggered to deliver the active. [55] The
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technique is more common with aqueous cores due to the electrostatic driving

force. It is possible to encapsulate biological species due to the use of non-harsh

solvents and the shells can be fabricated with controlled chemical and physical

properties. Additionally different species can be incorporated into the shell, such

as catalysts, giving them unique tailorable properties. [64] The disadvantage of

this technique is the time consuming multiple deposition steps and the various

cleaning stages involved, which makes this method unsuitable for industrial-scale

manufacture. Moreover, there is also a high tendency for polyelectrolyte induced

particle flocculation, therefore low particle concentrations are used which affects

the production rate. The polyelectrolyte shells are able to maintain their shape,

even after the removal of the template however the long term stability of the

microcapsules are highly dependent on the surrounding medium.

Figure 2.8: Schematic of layer-by-layer polyelectrolyte deposition. [261]

2.2.1.7 Copolymer and lipid vesicles

Copolymer vesicles, often referred to as polymersomes, are formed by the self-

assembly of amphiphilic block copolymers around a core to form a thin molec-

ular membrane (Figure 2.9). Similarly lipid vesicles are the result of the self-

assembly of amphiphilic lipid molecules, such as phospholipids, with at least one
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bi-layer and are known as liposomes. [130] The self-assembly is mainly driven by

non-covalent interactions of the hydrophobic block, as they are normally formed

in aqueous solutions. In general they can be prepared by methods such as

film rehydration, double emulsion, direct injection, electroformation or disso-

lution. [98], [152], [215] , [62] Polymersomes and liposomes can be generated in sizes

ranging from tens of nm to µm. The size is influenced by parameters such as am-

phiphilicity of the polymers and the preparation method used to self-assemble the

polymersomes. Polymersomes offer potential as capsules for cosmetics, nutrients

and drugs. Polymersomes and liopsomes are often used in biomedical applica-

tions due to their biocompatibility, biodegradability, and can help to reduce the

toxicity of encapsulated drugs. Liposomes offer the flexibility to couple with site

specific ligands for active targeting. However they often have low solubility, a

short half-life, oxidation and hydrolysis-like reactions can occur and suffer from

leakage and fusion of encapsulated molecules. Additionally production cost is

high. Polymersomes are generally more robust than liposomes, and this can be

further enhanced by crosslinking. Despite their simple synthesis, the formed mi-

crocapsules are typically polydisperse and coexist with other ordered structures.

However they can be formed in microcapillary devices, which enables the for-

mation of uniform capsules with high encapsulation efficiencies and control over

particle size and architecture. The number of vesicles formed is limited by the

droplet frequency of the device. Another drawback of polymersomes is the slow

release due to the robust and stable nature of the bilayer membrane. [265], [2], [261]
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Figure 2.9: Schematic of a polymersome. [150]

2.2.2 Emulsion based methods of microcapsule produc-

tion

The chapter will now focus on emulsion based techniques and their potential

for encapsulating small actives. First the theory behind emulsion formation and

stability will be briefly reviewed as the characteristics of the emulsion plays a

significant role in the subsequent mechanism used for encapsulating the core.

2.2.2.1 Emulsion formation

To form an emulsion, generally an oil phase, a water phase, an emulsifier and

energy are needed. The composition of the system and the manufacturing route

have implications on the characteristics of the resulting emulsion; in particular

they control the emulsion droplet size distribution and the emulsion type (oil-

in-water or water-in-oil). The latter, is primarily determined by the behaviour

of the emulsifier at the oil-water interface and its concentration, and the volume

fraction between the two immiscible phases. [228] The energy required to expand

the interface, MAγ (where MA is the increase in interfacial area when the bulk

oil with area A1 produces a large number of droplets with area A2 ; A2 � A1,

and γ is the interfacial tension) must be considered. As γ is positive, the energy
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required to expand the interface is large and positive. The energy term cannot

be compensated by small entropy of dispersion, TMS (also positive) and the total

free energy of formation of an emulsion MG is positive (given by Equation 2.1,

from the second law or thermodynamics)

M Gform =M Aγ12 − T M Sconf (2.1)

Therefore emulsion formation is nonspontaneous and energy is required to pro-

duce the droplets. The system is thermodynamically unstable and in the absence

of a stabilisation mechanism, the emulsion will break up. [228] These destabilisation

processes will be discussed later in the chapter.

The emulsification process is very complex and involves multiple processes oc-

curring at the same time, typically on different scales. Energy input can occur at

different frequencies depending on the source of the energy input. For example,

for shear processes, such as high speed stirrers, the process is slower than for cav-

itation driven processes, such as ultrasonication. The adsorption of the emulsifier

can have different frequencies depending on their type and associated diffusion.

Generally higher energy is required for the formation of smaller droplets. The

energy required to form a droplet can be understood from the consideration of

the Laplace pressure, pL, which is defined as the difference in pressure inside and

outside of a droplet and is given by Equation 2.2

pL = γ(
1

R1

+
1

R2

) (2.2)

where γ is the interfacial tension between the oil and water phase and R1

and R2 are the principle radii of curvature of the droplet. For a spherical drop

R1= R2 = d/2, where d is the diameter. In order for droplet break up to occur,

it must be strongly deformed which requires external stress to be applied. This

implies a large pressure gradient and hence and increase in pL. [248] The stress

needed to deform a drop is higher for a small drop. The stress can be due to

a pressure difference (chaotic motion of the liquid or due to a velocity gradient

(shear stress)). In general, stress is submitted to the surrounding liquid by agi-

tation. Higher stresses need more vigorous agitation and therefore more energy.
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If the interfacial tension is low, due to the addition of a suitable surfactant, the

Laplace pressure will be lower and thus emulsification will require less energy.

The type of emulsion formed (w/o or o/w) is determined by the type of

emulsifying agent used, the concentration of emulsifying agent, the ratio of the

constituent immiscible liquids and the temperature. In particular the tempera-

ture affects the miscibility of the emulsifier into both phases and its behaviour

at the interface. Another important factor when determining the type of emul-

sion is Bancrofts rule [15] which states that the phase in which an emulsifier is

more soluble typically constitutes the continuous phase of the produced emul-

sion. Therefore water soluble emulsifiers tend to give oil in water emulsions and

oil soluble emulsifiers preferentially form water in oil emulsions.

2.2.2.2 Methods of emulsification

A number of different homogenisation devices can be employed to produce emul-

sions. Consideration needs to be taken for both scientific requirements and prac-

tical engineering limitations. On a fundamental level the desired droplet size,

physicochemical properties and type of starting materials must be considered.

From an engineering point of view the method will be dependent on the scale of

production, the equipment available and the costs involved with purchasing and

running the equipment. Several procedures with a variety of energy inputs can

be considered ranging from simple pipe flow (low agitation energy), static mixers

and general stirrers (low to medium energy), high speed mixers (medium en-

ergy), colloid mills and high pressure homogenisers (high energy) and ultrasound

generators (medium to high). The methods can also be batch-wise or continuous.

2.2.2.2.1 Comminution methods of emulsification involve the disruption of

a large volume into smaller units, which requires sufficient energy to cause one

phase to break into droplets dispersed in the second phase. In most comminu-

tion methods turbulent flow is involved. In all comminution methods, droplet

re-coalescence is occurring as well as break up. Comminution can be performed

by a variety of methods ranging in energy input. Some common types of ho-

mogenisation devices are discussed below.
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1. Static mixers consist of motionless structured inserts called elements

placed in cylindrical pipes. Complex flow is induced by redistributing fluids

in the directions transverse to the main flow. This process has advantages

such as being able to work continuously, have no moving parts, small space

requirements, little or no maintenance, enhanced heat transfer and low

power requirements. However this method is less suitable for creating fine

emulsions, blending liquids of widely different viscosities and has high pres-

sure drops. Additionally selection of static mixers is also difficult due to

the limited information on their performance in open literature. [51], [234]

2. High speed blenders are commonly employed to directly homogenise oil

and aqueous phases. The liquid phases are placed in a suitable vessel, for

which the scale of production dictates their size, and are then sheared at

high speeds (typically 20-2000 rev min−1) using a rotor stator. The rapid

rotation of the blade results in a velocity gradient which consequently dis-

rupts the interface between the water and oil phases, causing large droplets

to break up into smaller ones. The droplet size tends to decrease with in-

creased time or rotation speed of the stirrer, until a lower limit is achieved.

This is dependent on the concentration and nature of the starting materials

used. This method is useful for emulsions with low or intermediate viscosi-

ties. In general, droplets produced using this method are in the size range

of about 2 to 10 µm in diameter. [163], [3]

3. Colloid mills reduce the size of a coarse emulsion rather than homogenis-

ing two separate phases. In this case, the coarse emulsion is fed into the

homogeniser and flows through a narrow gap between two disks. [219] Colloid

mills are more suitable than most other types of homogenisation for emul-

sifying intermediate or high viscosity fluids and typically produce emulsion

with droplet diameters between 1 and 5 µm. [3], [163].

4. High pressure valve homogenisers are commonly used in industry to

produce fine emulsions. Similarly to colloid mills, they are more effective at

reducing the droplet size of an existing emulsion than creating a primary

emulsion. The coarse emulsion is pulled into a chamber by a pump on
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its back stroke and then forced through a narrow valve at the end of the

chamber on its forward stroke. [189] Smaller droplets can be produced by

decreasing the size of the orifices and therefore increasing the pressure.

However the throughput is reduced and more energy is required. This

method is suitable for a wide range of materials ranging from low viscosity

to viscoelastic pastes and can produce droplets with diameters as small as

0.1 µm. [3]

5. Ultrasonic homogenisers utilise high intensity ultrasonic waves to gen-

erate pressure gradient and shear to disrupt the droplets. A two-step mech-

anism has been proposed for the emulsification via ultrasound. Firstly, a

combination of instabilities and interfacial waves leads to the disruption of

dispersed phase droplets into the continuous phase. This is followed by the

breaking of these droplets through cavitation near the interface. [160] Liq-

uid jet generator and piezoelectric transducers are most commonly used to

create high-intensity ultrasonic waves. [222] The technique can either oper-

ate as batch or continuously by pumping the suspension through a flow

cell. Ultrasonic transducers are more commonly used in benchtop scale in

a laboratory and are ideal for preparing small volumes (few millimetres to

few hundred millimetres). Ultrasonic jet homogenisers are used mainly for

industrial applications, where a stream of fluid is made to impinge on a

sharp edge blade, which causes rapid vibrations of the blade. This gener-

ates an intense ultrasonic field which breaks up the droplets in its immediate

vicinity. This device offers the advantages of being capable of continuous

production, generation of small droplets and is more energy efficient than

high-pressure valve homogenisers (less energy is needed to create a droplet

of the same size). [3] It has been established that ultrasound is very effective

in producing fine emulsions and nano-emulsions, though it may have an ef-

fect on biochemical properties of both dispersed and continuous phases [51].

On a small scale ultrasonication may be a valid cheaper alternative to high

pressure homogenisers; however industrial applications are limited by scale

up issues concerning sonicator devices and treatment chambers.
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2.2.2.2.2 Microengineering techniques have been developed for the pro-

duction of droplets individually. Unlike traditional bulk homogenization meth-

ods, drop-by-drop emulsification results in droplets being formed by bringing into

contact at least two or more immiscible liquids. At least one of these liquids is

injected through a micro-channel or pore so that droplets are formed as they exit

the channel/pore. [228]

1. Microfluidisation brings together the oil and aqueous phase at high veloc-

ity, causing the mixing of the liquids and the disruption of the droplets. This

method allows the production of very small emulsion droplets (<0.1µm) by

recirculating the emulsion through the microfluidiser a number of times. [225]

Microfluidisation produces emulsions with narrow droplet size distributions

and can be used to make nano emulsions. Additionally lower emulsifier con-

centrations are often required. However this method can be unfavourable in

some circumstances such as higher pressures and longer emulsification times.

As a result of the high turbulence intensity in many cases re-coalescence of

newly formed droplets is inevitable, so careful optimisation of factors such

as emulsifier type and concentration is necessary. [115] Operation of a mi-

crofluidiser is not as convenient as some other techniques as there is no

easy way to establish whether the interaction chamber is contaminated or

deteriorated. Additionally scale up is not straight forward and may involve

much more expensive equipment. [158]

2. Membrane emulsification forms an emulsion by forcing of an immiscible

liquid into another through a microporous membrane which contains pores

of uniform sizes. This technique can be employed as either a batch or a

continuous process. The technique is highly energy efficient as less energy

is lost due to viscous dissipation. Droplets sizes between 0.3 and 10s of

microns can be produced in this way. Similarly to microfluidic techniques

emulsions can be created with uniformly sized droplets of a controlled size,

shape and internal morphology. One of the main limiting factors with re-

gards to industrial scale up for membrane emulsification is the low level of

dispersed phase flux through the membrane, especially for small droplets,

which results in low productivity. At higher fluxes, the average droplet size
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and distribution tend to increase due to increased droplet coalescence at the

membrane surface. [39] There is a strong dependence of emulsion uniformity

on viscosity of the dispersed phase and on size distribution of the mem-

brane pores, so often premixing is required to overcome these issues. [216]

Additionally many process parameters such as membrane type, pore size

and porosity, transmembrane pressure and crossflow velocity must be con-

sidered for successful emulsification.

The methods reviewed here have advantages and disadvantages for different

applications and material requirements as discussed above. The choice of emul-

sification method is dependent on various factors including the desired droplet

size, volume to be emulsified, nature of the sample, energy requirements, equip-

ment available and desired throughput. Here the focus will be on lab scale batch

production as a starting point, though this is not to say that the process could be

scaled up at a later point and even a different method of emulsification used, as

for the commercial viability scale up needs to be possible. For fundamental stud-

ies, often small volumes are used. There are scaled down versions of industrial

homogenisers that can be used on a laboratory scale and ultrasonic piezoelectric

transducers also only require small sample volumes so would be suitable. Small

sample volumes are also desirable when the materials used are expensive or lim-

ited in availability. When monodispersity is important, membrane emulsification

offers a suitable method. To create an emulsion with small droplets colloid mills,

high pressure valve, ultrasonic or microfluidisation homogenisers can be utilised

depending on the viscosity of the liquids.

2.2.2.3 Emulsion stability

The stability of an emulsion is paramount to the shelf life of emulsion-based prod-

ucts. Emulsions are inherently thermodynamically unstable systems, which will

inevitably lead to complete break-down of the emulsion into two separate phases.

This breakdown occurs via various physical processes as illustrated in Figure 2.10

and include sedimentation, creaming, flocculation, coalescence, Ostwald ripening

(disproportionation) and phase inversion. [228], [201]
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Figure 2.10: Emulsion destabilisation processes.

2.2.2.3.1 Creaming and sedimentation occur due to differences in density

between the emulsion droplets and the continuous phase that surrounds them. In

the creaming process, buoyant emulsion droplets rise to the top of the container.

In sedimentation, the droplets sink to the bottom. These phenomenon do not
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directly lead to phase separation, rather the emulsion separates into two, one

of which is richer in the dispersed phase. They can often act as a precursor to

coalescence. Sedimentation and creaming result from external gravitational or

centrifugal forces. When such forces exceed the thermal energy of the droplets

responsible for Brownian motion, a concentration gradient builds up, where larger

droplets move to the top (if their density is less than that of the medium) or to

the bottom (if their density is more than that of the medium) of the container. [228]

According to Archimedes, the buoyancy force FB acting on a submerged sphere

can be defined by Equation 2.3

FB =
1

6
aπd3(ρD − ρC) (2.3)

where ρD is the density of the droplet phase, ρC is the density of the continuous

phase, a is the acceleration of the sphere (due to gravity or centrifugation) and d

is the diameter of the sphere. If ρD−ρC = ∆ρ 6= 0 the droplet will move through

the liquid and will experience a drag force, FS. According to Stokes this can be

defined as Equation 2.4

FS = fv = 3πdηCv (2.4)

where f is the friction factor, η is the dynamic viscosity and v is the linear

velocity of the droplet. If both forces are equal and opposite the system will be

at equilibrium and Stokes velocity, vs, can be given as Equation 2.5

vS =
FB
f

=
a∆ρd2

18ηC
(2.5)

This equation is based on many assumptions about the droplet, the contin-

uous phase and how they interact. For example, for the equation to be valid

the droplets should be perfect, homogenous spheres, the interface of the droplet

should be immobile, Brownian motion should not disturb sedimentation, there

should be no disturbance due to convection currents, the sedimenting droplets

should be surrounded by a volume of continuous phase very much larger than the

droplet and there should be no colloidal interactions. However, in a real system

droplets are likely be affected by other droplets in the system. Further complica-

tions arise from accounting for the size distribution of the droplets. [17] Creaming
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and sedimentation can be prevented in various ways such as matching the density

of oil and aqueous phase, reduction of droplet size and use of thickeners.

2.2.2.3.2 Flocculation is a process of contact and adhesion whereby dis-

persed particles form larger sized clusters. It is a result of van der Waals at-

tractions when the repulsive interactions between approaching droplet surfaces

are not large enough to keep the droplets apart. Flocculation may be strong or

weak depending on the attractive forces involved. The presence of some addi-

tives, such as surfactants or polysaccharides can induce flocculation in emulsion

systems. [11], [59] However flocculation can be reduced with the addition of addi-

tives that stabilise the emulsion. To overcome the van der Walls attractions

emulsions can be stabilised by electrostatic stabilisation using ionic surfactants.

This results in the formation of an electric double layer that induces repulsive

energy that overcomes the attractive forces. However emulsions stabilised in this

way become flocculated at intermediate electrolyte concentrations. Alternatively

steric stabilisation can be employed, whereby non-ionic surfactants or polymers

are adsorbed to the interface. For example, if two droplets are provided with a

layer of protruding molecular chains and come into close approach, there will be

a strong steric repulsion between the droplets. [228] The use of emulsifiers will be

discussed further later in this chapter.

2.2.2.3.3 Coalescence occurs when droplets collide with each other and

form a larger droplet, therefore the average droplet size increases over time. Co-

alescence is driven by the thinning and disruption of the liquid film between the

two approaching droplets. The liquid film between the droplets undergoes fluc-

tuations when they approach each other closely. These fluctuations are due to

the interfacial tension or surfactant concentration gradient across the thin film.

When the film thickness reaches a critical value it ruptures resulting in its col-

lapse. The Laplace pressure differences then cause the droplets to rapidly fuse

into one droplet. The limiting case for coalescence is the complete separation into

layers of the two liquid phases. The coalescence process usually follows floccula-

tion. [262] To produce a stable film and therefore prevent coalescence a combination

of two mechanisms can be utilised: (i) increasing repulsion (both electrostatic and
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steric) and (ii) dampening of the fluctuations by enhancing the Gibbs elasticity.

Several methods can be applied to achieve these effects such as the use of mixed

surfactant films and formation of lamellar liquid crystalline phases at the oil-water

interface. [228]

2.2.2.3.4 Ostwald ripening is the phenomenon in which small particles/

droplets in solution dissolve and redeposit on larger particles/droplets by molec-

ular diffusion across the intervening continuous phase and occurs when the dis-

persed phase is partially soluble in the continuous phase. It is a thermodynami-

cally driven process which occurs because larger droplets are more energetically

favourable than smaller droplets due to the fact that molecules on the surface of

a particle are energetically less stable than the interior molecules. Large particles

have a lower surface to volume ratio and thus a lower energy state. The driving

force of Ostwald ripening is the difference in Laplace pressure (pressure inside the

droplet) between large and small droplets. The Laplace pressure, Π, for a droplet

with radius of curvature r can be defined in Equation 2.6 [36];

Π =
2γ

r
(2.6)

Droplet stability increases with size due to a decrease in Laplace pressure, and

therefore solubility. In smaller droplets the Laplace pressure difference is higher,

forcing the oil phase out of the small droplets to add on to larger ones.

Small emulsion droplets have larger solubility than large emulsion droplets

due to a decrease in radius of curvature. This leads to the disappearance of the

smaller droplets into the bulk and the redeposition of their constituent molecules

onto larger droplets leading to a shift of the size distribution to larger values. [228]

Equation 2.7 shows how the solubility of the material in a spherical droplet in-

creases as the size of the droplet decreases (which is related to the radius of

curvature) [163]:

S(r) = S(∞)exp

(
2γVm
RTr

)
(2.7)

where S(r) is the solubility of the solute when contained in a spherical droplet

of radius r, S(∞) is the solubility of the solute in the continuous phase for a
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droplet with infinite curvature (a planar interface), Vm is the molar volume of the

solute, γ is the interfacial tension, R is the gas constant and T is the absolute

temperature. There is a higher concentration of solubilised material around a

small droplet compared to a larger droplet. Due to this concentration gradient

the solubilised molecules therefore move from the smaller droplets to the larger

droplets.

2.2.2.3.5 Phase inversion occurs when there is an exchange between the

dispersed phase and the continuous phase. For example, with change of time

or conditions, an o/w emulsion may change to a w/o emulsion or vice versa.

Often, during phase inversion, the emulsion passes through a transition state

where multiple emulsions are produced.

2.2.2.4 Emulsifiers

An emulsifying agent can provide kinetic stability via two mechanisms; by lower-

ing the interfacial tension and by providing stability against coalescence. When

water and oil are mixed they separate into two layers, as this represents the

most thermodynamically stable state. This layer position minimises the contact

area between the two phases and minimises their free energy. In order to cre-

ate an emulsion, energy is required to be input to the system. The efficiency

of disruption of the emulsion droplets is dependent on the oil-water interfacial

tension. Droplet break up is facilitated when the interfacial tension is low. The

presence of an emulsifier may help to decrease interfacial tension and hence min-

imise the effects of interfacial forces. By adsorbing to the oil-water interface, the

emulsifier is able to act as a shield between the water and oil molecules. The

unfavourable direct contact between the oil and water molecules is replaced by

interactions between the polar segments of the emulsifier and the water molecules

and the non-polar segments of the emulsifier and the oil. Additionally, emulsifier

molecules tend to have both polar and non-polar segments, which when dispersed

in the bulk water some of the non-polar regions come into contact with the water.

This is energetically unfavourable due to the hydrophobic effect. By adsorbing

to the interface, these unfavourable interactions are minimised, whilst increasing

the number of favourable interactions between polar segments and water. The
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emulsifier may also form a protective layer around the droplets and prevent coa-

lescence. [145], [163] Surfactants, particles and polymers are often used as emulsifiers.

The nature of the emulsifier is crucial to the formation of the emulsion and its

long-term stability.

There are a variety of types of emulsifiers, with the simplest being an ion such

as OH−, which can be adsorbed to the droplet surface and thus create a charge.

The electrical double layer produced provides a route to repulsive interactions in

the system that may compensate the attractive van der Waals forces. [228]

Surfactants (surface active agents) are often more effective as they are able

to stabilise both o/w and w/o against flocculation and coagulation. Surfactants

have a characteristic molecular structure consisting of a lyophilic part, which

has an affinity for the solvent and a lyophobic group, which is poorly soluble in

the solvent (Figure 2.11). These can be classified depending on the nature of the

head group and can be anionic, cationic, zwitterionic or non-ionic. The head of an

ionic surfactant has a net charge. Anionic surfactants, such as alkylbenzene and

alkyl sulfates, have a negative charge. Cationic surfactants, such as quaternary

ammonium alkyl salts, bare a positive charge. Zwitterionic surfactants contain

both positive and negative charges; examples include long chain amino acids

and sulfobetaine. Non-ionic surfactants include polyoxyethlenated alkylphenols,

polyoxyethlenated alcohols and monoglycerides of long chain fatty acids and have

no ionic charge. [213]

Surfactant mixtures, such as ionic and non-ionic, can often be more effective

in emulsification and stabilisation of the emulsion as they can create conditions

where a tighter surfactant packing at the interface is achieved. Non-ionic poly-

mers, often referred to as polymeric surfactants, are effective emulsion stabilisers

but require a high amount of energy to produce small droplets. Polyelectrolytes

such as polymethacrylic acid can also be employed as emulsifiers. Mixtures of

surfactants and polymers are often used to achieve optimal stabilisation. [228]
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Figure 2.11: Schematic illustrating the conformation of surfactants at the oil-

water interface.

2.2.2.4.1 Polymer Emulsifiers Polymeric surfactants offer a great degree

of flexibility and diverse functionality. To effectively provide steric stabilisation

a polymeric emulsifier must have particular physicochemical properties. It must

have some segments that bind strongly to the droplet interface and other segments

(strong enough to prevent the emulsifier from desorbing from the droplet surface

as the droplets approach each other) which protrude into the surrounding liquid

to prevent the droplets coming too close together. Therefore, for an oil and water

system, the polymer must be amphiphilic, with both hydrophobic and hydrophilic

segments to meet this criterion. Secondly, the continuous phase for the dispersed

droplet must be a good solvent for the protruding segment of the polymer so

that the mixing contribution to the overall interaction energy is repulsive. The

repulsive polymeric interactions must act over a distance that is comparable (or

preferably larger) to the range of attractive van der Waals forces. Additionally,

there must be a sufficiently high concentration of polymer on the surface. If there

is an insufficient concentration of polymer then one polymer segment may adsorb

to more than one droplet, causing bridging between emulsion droplets which leads

to flocculation, and subsequently coalescence. Hydrophobic interactions can also

arise from some of the non-polar regions being exposed to the aqueous phase.

Many polymeric stabilisers are charged, so are able to stabilise emulsion droplets
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both sterically and electrostatically. [163], [47]

2.2.2.4.2 Pickering Emulsifiers Solid particles adsorbed at the interface

(See Figure 2.12) between the two phases can be used as emulsifiers and are

referred to as Pickering emulsifiers, named after S.U. Pickering who described

the phenomenon in 1907. The particles are partially wetted by the oil phase

and partially by the water phase. [198] Once sufficiently packed at the oil-water

interfaces, they provide approaching droplets with a steric (physical) barrier to

coalescence. In general the particles have a preference for one of the two liquids,

and this wettability can often determine the type of emulsion. The interface

bends in the direction of the more poorly wetting liquid as a result of the particles

assembling at the oil-water interface thereby enabling emulsification.

The size of the resulting droplets can be limited by the size of the stabilising

particles. Solid particles in the nano-size range (or sub-micron, ∼ 100 nm) allow

the stabilisation of droplets down to a few micrometers in diameter, though larger

droplets can also be stabilised. Micron size particles can stabilise larger droplets,

possibly up to a few millimetres. Adsorption is strongest, and in most instances

stability is highest, when the contact angle in 90◦. Larger particles have a larger

surface area in contact with the interface, hence have a larger absorption free

energy. However, even small nanoparticles (at the lower limit of the range) have

an adsorption energy in high excess in relation to thermal energy. There is no

lower limit of particle size according to theory. [46] Colloidal particles, and in

particular nanoparticles can add functionality at the interface which can lead

to a wider range of applications. [22]
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Figure 2.12: (Top) Position of a small spherical particle at a planar fluid-water

interface for a contact angle; less than 90◦ (left), equal to 90◦ (centre) and greater

than 90 (right). (Bottom) Position of particles at a curved fluid-water interface:

for θ < 90◦, oil-in-water emulsions may form (left), for θ > 90◦ water-in-oil emul-

sions are preferred (right). Adapted from Binks et al. [24].

2.2.2.5 Existing encapsulation techniques based on emulsification

2.2.2.6 Colloidosomes

Colloidal particles can stabilise emulsions by arranging themselves at the interface

of the two immiscible liquids. The colloidal particles on the resulting Pickering

emulsions can be joined together to form porous microcapsules termed colloido-

somes. [61] A typical fabrication process can be seen in Figure 2.13.
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Figure 2.13: Schematic illustration of self-assembly formation of colloidosomes.

a) Oil is added to aqueous solution containing colloidal particles. Oil droplets

are formed by shearing for several seconds. b) Particles adsorb to surface of oil

droplets to reduce the total surface energy. The particles are then locked together

to form an elastic shell. c) The droplet is transferred to oil by centrifugation. The

same approach can be applied to encapsulate a water droplet in an exterior oil

phase. [61]

The method was originally reported by Velev et al. [245] in 1996 but was not

coined until six years later by Dinsmore et al. [61] Cayre et al. [37], Noble et al. [180]

and Duan et al. [69] employed a gel trapping technique to create colloidosomes with

a solid-like core as a result of gelling the aqueous sub-phase and the formation of

a particle monolayer at the interface. This technique provided better support for

the shell and improved structural integrity for the colloidosomes to survive their

transfer into the aqueous phase. Permeability and rupture stress can be controlled

through particle size and postproduction treatments, such as sintering or the de-

position of a further layer of particles/polymer. Colloidosomes that can break

down in response to external stimuli such as stress, pH and temperature can also

be fabricated. This allows controlled release of the colloidosomes contents. [124]

Although this method has many advantages, a further shell stabilisation stage is

required to produce a robust structure. This is often done by heating the disper-

sion above/close to the glass temperature of the polymer/particles forming the

shell to lock them together and form a continuous shell. Alternatively, coagulants

or the adsorption of polymers can be used to lock the shell once stabilised. [261]
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Additionally there is the risk of incomplete shell formation, which can lead to

core contamination and/or leakages.

2.2.2.7 Polymer precipitation by phase separation

Hollow microsphere microcapsules can also be formed by phase separation and

precipitation of a polymer. There are two different approaches to microcapsules

formed in this way; (i) polymerisation induced phase separation and (ii) solvent

extraction and evaporation. [261]

Figure 2.14: Schematic of steps involved in solvent extraction and evapora-

tion [261] (adapted by Loxley and Vincent [154]).

1. In polymerisation induced phase separation a monomer is dissolved in pre-

cursor emulsion droplets. After initiation of the polymerisation reaction, the

propagating polymer chains become immiscible within the dispersed phase

leading to precipitation at the interface and shell formation. This most

commonly occurs in a system using an oil core and an aqueous continuous

phase.

2. In the solvent extraction method, an oil-in-water emulsion is used as a

precursor to the microcapsules. The oil phase comprises a shell forming

polymer, a volatile good solvent and a non-volatile poor solvent. As the

good solvent evaporates, the polymer is forced to precipitate and forms

small droplets of polymer rich liquid within the emulsion droplets. Under
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suitable conditions these droplets migrate to the surface and encapsulate

the droplet, forming a shell (Figure 2.14).

Though capsules with relatively thick shells and narrow size distributions can

be obtained there are many disadvantages associated with the method including

the use of an organic solvent is required, the right wetting conditions are critical

for capsule formation and there is less than 100% release of active ingredients. It

can be difficult to remove all of the organic solvent during evaporation so there

is often residual solvent in the capsules. Additionally it has been seen that thin

polymer shells can be hard to obtain using this method.

2.2.2.8 Coacervation

Coacervation was patented by the National Cash Register in the 1950s for car-

bonless paper and is often regarded as the original method of encapsulation. The

method relies on the separation from solution of colloidal particles which then

agglomerate into a separate liquid phase called coacervate. [159] The process con-

sists of three steps; (i) the formation of three immiscible phases (a liquid phase,

a core material phase and a coating material phase), (ii) deposition of the liq-

uid polymer coating on the core material and (iii) solidification of the coating

material. [179] In general the core material used must be insoluble (or scarcely sol-

uble) in the coacervation medium and compatible with the polymer [159]. Simple

coacervation involves the use of only one polymer with the addition of a strongly

hydrophilic agent to the colloidal solution; whereas complex coacervation involves

two or more types of polymer. [159] Figure 5 shows an example using gelatine and

gum Arabic.

Limitations of this method include evaporation of volatiles, oxidation of the

product due to residual core materials often adsorbing onto the exterior of the

capsule wall and dissolution of the active compound into the processing solvent.
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Figure 2.15: Principle of the complex coacervation method: Coacervation consists

of the separation from solution of colloid particles which then accumulate in a

separate liquid phase. [159]

2.2.2.9 Polycondensation interfacial polymerisation

This technique, shown in Figure 2.16, involves dissolving a monomer and initia-

tor in two incompatible phases. Subsequent emulsification of these phases allows

these components to meet at the interface, where they react to form a shell.

The reaction rate decreases as diffusion of the monomer to the interface becomes

restricted by the growing polymer shell. Both oil-in-water and water-in-oil mi-

crocapsules can be formed using this method. [261] This method offers a simple

fabrication process and ease of control over final shell thickness; however shell

formation is diffusion controlled and hence slow. [218], [205]
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Figure 2.16: Illustration of polycondensation formation of shells around emulsion

droplets. [30]

Though these methods are suitable for many applications they have draw-

backs which make them less ideal for the encapsulation of small chemical species.

This is illustrated in Table 2.1. As mentioned before side reactions, incomplete

shell formation, limited formulation parameters and use of solvents make these

methods undesirable. This highlights the gap in the current technology and the

requirement for a new method to meet the needs of encapsulating small com-

pounds. The next section will look at reviewing in more detail the challenges and

possible solutions to the problem.

2.3 Literature Review

2.3.1 Challenges with current methods

Though many of these, and other methods are used for encapsulation in industry,

few are suitable for encapsulating small actives as there are drawbacks associated

with many of the aforementioned techniques such as harsh processing conditions,

loss of active ingredients while processing and unwanted side reactions. In some

methods, such as spray drying, the processing conditions such as heating make it

an unsuitable procedure for the encapsulation of small species such as vitamins,

drugs, and flavour and fragrance oils. Drawbacks of methods such as polycon-

densation, interfacial polymerisation and coacervation include a large degree of
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Table 2.1: Pros and cons of different emulsion based encapsulation methods

Method Pros Cons

Colloidosomes Permeability and rupture

stress can be controlled.

Can break down in response to

external stimuli.

Further shell stabilisa-

tion required to produce

robust. structure.

Risk of incomplete

shell formation.

Pinhole defects are always

present.

Polymer precip-

itation by phase

separation

Thick shells and relatively nar-

row size distributions can be ob-

tained.

Organic solvents (of-

ten chlorinated) required.

Correct wetting con-

ditions are critical.

Less than 100% re-

lease of actives.

Difficult to remove all

of the organic solvent

during evaporation.

Thin shells hard to obtain.

Coacervation Simple, low cost process.

Does not require high tempera-

tures.

Evaporation of volatiles.

Oxidation of prod-

uct can often occur.

Dissolution of active compound

in processing solvent possible.

Only occurs within limited pH

ranges, colloid concentrations

and/or electrolyte concentra-

tions.

Polycondensation

interfacial poly-

merisation

Simple fabrication process.

Control over final

shell thickness.

o/w and w/o microcapsules

can be formed.

Shell formation is diffusion

controlled and hence slow.

Risk of monomer hydrolysis.
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partitioning of fragrance components between the core of the capsule and aqueous

phases during membrane formation and upon further processing or storage. This

can lead to the loss of highly volatile molecules and water-soluble species can alter

the character of a fragrance profile. The partial solubility of many essential oils

leads to instability by interfacial reactions due to change in hydrolytic stability

during the polymerisation reaction. Additionally reactive species such as aldehy-

des can take part in the polymerisation by side reactions with monomers and can

be partially lost. This can also lead to alteration of the encapsulated product.

To avoid such problems harmful phenol-formaldehydes are often used. A small

amount of monomer will always remain in the droplets and may cause odour or

toxicity problems. [218], [205] Other methods, such as layer-by-layer construction of

a polyelectrolyte shell, contain many steps and are time consuming, and hence

are not suitable for large scale production.

Most methods reviewed above produce capsules, which in the conditions men-

tioned will be unable to retain their core material efficiently. Attempts have been

made to reduce permeability of the shells. For example Dowding et al. showed

that an increase in the thickness of polymer capsule retards the release of 4-

nitroanisole, however after 20 hours over 60% was still released (Figure 2.17). [66]

They prepared the capsules via polymer phase separation and were able to con-

trol the thickness by altering the mass of polymer dissolved in the oil. They also

found that crosslinking the polymer shell after formation reduced the release rate.

There were other factors in the capsule formation method which influenced the

release rate such as the rate at which the volatile solvent was removed, as this

effected crack size.

Thompson et al. showed that cross linked colloidosomes failed to retard

dye release during tests due to interstitial pores between adjacent hydroxyl-

functionalised sterically stabilised latex particles. No improvement was observed

when annealing was conducted in an attempt to close the pores (Figure 2.18 [235]).

They also coated the cross-linked colloidosomes with a thin layer of polypyrole

which showed significant improvement with regards to release however none of

these methods were able to retain the dye over relatively long time scales and

offers more potential for retaining larger actives.
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Figure 2.17: Effect of variation in the mass (grams) of polystyrene present, and

hence the shell thickness, on the release profile of 4-nitroanisole: (©) 1.75 g; (N)

3.8 g; (�) 5 g; (�) 8 g. The lines are drawn to guide the eye. The inset shows

the release of 4-nitroanisole over a longer time scale (up to 150 h). [66]

Zieringer et al. demonstrated that a high percentage of aqueous cargo could

be retained in perfluoropolyether (PFPE)-based microcapsules for over 25 days

(Figure 2.19 a)) which were synthesised using a double emulsion template via

microfluidic fabrication. The contents of the capsules could be released via os-

motic stress. When encapsulating Nile Red, an organic dye, in different solvent

the PFPE membranes were found to be more permeable (Figure 2.19 b). How-

ever the double emulsion microfluidic fabrication utilised has a low production

rate rendering it unsuitable for many applications. [269] Lee et al. also exploited

a combination of bulk and microfluidic emulsification to encapsulate a fragrance

in a polymeric shell at a fairly high efficiency, however after 5 days over 50%

was released. They were able to exhibit control over microcapsule size and shell

properties such as crosslinking density, polarity and thickness. [133]

Shi and Caruso encapsulated a fluorescent probe, pyrene, in polyelectrolyte

multilayer capsules. Though increasing the number of polyelectrolyte layers re-

tarded release, after 300 minutes 100% of the active was lost (Figure 2.20). [223]

Further control over the permeability of the capsules was introduced by a pre-layer

being deposited onto the microcrystals. The layer-by-layer deposition method can
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Figure 2.18: Release curves obtained at pH 9 for fluorescein dye diffusing from:

sunflower oil control (closed diamonds), uncoated cross-linked colloidosomes pre-

pared with 1188 nm PGMA50-PS particles (open squares), cyclohexane an-

nealed colloidosomes (4:1 n-dodecane/cyclohexane oil phase, open triangles),

cross-linked colloidosomes after coating with 0.66 wt % polypyrrole (closed tri-

angles) and cross-linked colloidosomes after coating with 1.32 wt % polypyrrole

(closed circles). [235]

often be time consuming. These issues highlight that none of these methods are

entirely suitable for the encapsulation of small molecules and shows a gap in

existing literature and technology.

One of the most challenging requirements of this work relates to the applica-

tion for the intended microcapsules. These capsules are to be used in high-end

perfume products, in which the continuous phase is typically composed of 70%

ethanol. This means that a successful retention of the perfume oils within the

capsule cores over the shelf life of these products will involve stopping i) penetra-

tion of ethanol through the formed capsule membrane, ii) release of the fragrance

oils (that are very soluble in ethanol) in the continuous phase and iii) control

the mechanical strength of the capsules to enable shear-driven breakage of the

capsule shells and release of the perfume oils.

The sustained release of the active from the the microcapsule is determined

by its ability to diffuse through the shell. Release can also occur by erosion of
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Figure 2.19: a) Graph showing the leakage of encapsulated model compounds

in water. Percentage of Allura Red leaked over four weeks (blue diamonds).

Percentage of CaCl2 ions leaked as a function of time for capsules under osmotic

stress (black triangles) and capsules under no imposed osmotic tensile stress (red

circles). Inset: Optical image of mixed population of microcapsules either under

osmotic stress (large capsules) or ruptured (small capsules) at t = 25 days; scale

bar = 100 µm; b) Graph showing cumulative release of low MW hydrophobic

cargo molecules over three weeks. Percentage of Nile Red released in toluene and

in hexane. [269]

Figure 2.20: PYR release-time profiles for microcrystals coated with a different

number of polyelectrolyte multilayers. The solvent used was 100% ethanol.
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the shell wall. The permeation of the active through this barrier is dependent

on both kinetic and thermodynamic parameters. The mass rate of permeation

(dM/dt) of an active through a capsule wall can be describes by Fick’s law under

sink conditions (Equation 2.8);

dM

dt
=
DKACD

h
(2.8)

where D is the diffusion coefficient of the active, K is the partitioning coeffi-

cient of the active between the shell and the capsule core, A is the surface area,

CD is the concentration (if dissolved) or solubility (if solid) of the active inside

the capsule and h is the thickness of the capsule wall.

In order to compare various systems, the permeability coefficient, P is often

used as it is independent of the concentration, CD, and the surface area. For a

polymer shell permeability is described in Equation 2.9;

P =
DK

h
(2.9)

Asides from any degradation, diffusion governs the release process of an active

from a microcapsule. [10] Therefore the shell wall material is particularly important

when it comes to retarding diffusion. Diffusion coefficients for polymers are orders

of magnitude higher than those of metals as the diffusion coefficient for polymers

is closer to those of liquids, even for crystalline polymers. [52] The majority of

capsules are polymer based and due to the diffusion constraints in current systems

a sufficient barrier is required. Metallic encapsulation can offer a suitable barrier.

2.3.2 Metallic encapsulation

As discussed previously the encapsulation of small species over relevant time

scales requires an appropriate physical barrier to limit diffusion. Metal coated

microcapsules are of particular interest as they can offer improved protection. Ad-

ditionally, there is potential opportunity to exploit electrical, mechanical, optical

and magnetic properties of the metallic shell for more capsule functionality. Metal

encapsulated compounds can have improved shelf life, especially those that are

sensitive to water and oxygen. A continuous metal shell can also provide reduced

diffusion of the core material compared to just a polymer shell and can prevent
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the escape of volatile encapsulated compounds. [191] These capabilities arise from

the greatly improved barrier properties of metals compared to polymers. [204] The

diffusion of actives through polymers is governed by the size and shape of pores

available. Free volume, due to gaps created by thermally induced chain segment

rearrangement or inefficient packing of chains provides low resistance pathway

for diffusing molecules. [253] Whereas diffusion of gas molecules through metals

only occurs via interstitial hopping, grain boundary diffusion or vacancy diffu-

sion. Therefore, metal films are able to prevent the permeation of small organic

molecules. [191] Diffusion coefficients, as described by Ficks Law, for polymers are

closer to those for liquids than those of solids, even in crystalline polymers. These

coefficients vary strongly with concentration. Diffusion for other solids is much

smaller. In fact the values are so small that it is thought that all significant

transport occurs through gaps and flaws in the solids, especially along grain

boundaries. This is especially applicable to metals and crystals. However thin

film diffusion is difficult to understand due to problems arising with adapting the

mathematics to the widely varying situations with different chemical and phys-

ical effects. [52] Metallic coating of colloidal objects has been previously shown;

however these are mostly applied to solid objects and they often involve complex

methods.

Metallic encapsulation has successfully been demonstrated within the group [101]

however the process uses a solvent evaporation method to form a polymeric cap-

sule on which the metal film is deposited via electroless deposition. This process

involves emulsifying an oil phase containing a polymer, a volatile solvent and a

non-volatile solvent. As the volatile solvent evaporates the polymer is forced to

precipitate at the oil-water interface, creating a core shell structure (Figure 2.21).

Various washing stages are involved which as time consuming and wasteful. Of-

ten harmful solvent such as dichloromethane (DCM) are used. DCM is a harmful

chemical so adequate ventilation is required, which can be expensive. This tech-

nique tends to start with an oil phase mixture where the oil to be encapsulated

is only present up to 15% and is limited to a number of oils and stabilisers due

to limiting wetting characteristics. It involves several steps, some of which may

be difficult to scale up. Using an emulsion template offers a solution to some of

these problems as the metallic film is deposited directly onto an emulsion droplet,
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hence allowing 100% of the emulsion core (potentially corresponding to 100% of

the active material depending on conditions) to be encapsulated and eliminates

waste solvent from the previous method.

Figure 2.21: (a-d) Schematic diagrams and corresponding optical and (ai - di)

electron microscopy images of the different phases from emulsion droplet to metal

coated capsule: (a) emulsion droplet, (b) capsule, (c) capsule with adsorbed NPs,

(d) metal (Au) coated capsule, (ai) emulsion droplet (optical microscopy), (bi)

capsule (TEM), (ci) capsule with adsorbed NPs (TEM), and (di) metal-coated

capsule (SEM). The micrographs correspond to different samples and are chosen

to illustrate the evolution of the systems over the different steps [101].

Though there are drawbacks associated with this method it highlights the

merits of metallic encapsulation. As mentioned electroless metal plating is an

efficient way of applying a metallic layer to a substrate. The next section will

look in depth at this process.

2.3.3 Electroless metal plating

An additional metallic coating can be applied to microcapsules to reduce the

diffusion of the active through the shell and therefore retain the core for longer

periods of time. Electroless plating (ELP) is widely used due to its low cost, low
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energy and capability to deposit a thin metal film. The metal coating can be ap-

plied to non-conducting substrates such as glass, plastics and ceramics. [102] ELP

is the process of depositing a coating to a surface with the aid of a reducing agent

in solution, without the application of an electric current from an external source.

The electrochemical deposition of a metal from a solution of the salt of said metal

occurs via an electrochemical redox reaction, where electrons are transferred be-

tween the reacting chemical species. The simplest form of chemical plating is the

metal-displacement reaction. [161] Electroless deposition also offers the advantages

over electrodeposition as it allows the metallisation of non-conducting surfaces,

it has the ability to deposit on targeted sites on the substrate, complex shapes

and holes can be plated and an external current force is not required. Films

obtained from ELP tend to be denser and have improved properties for corrosion

and electronics applications. [63]

ELP has been used to deposit a broad range of metals, such as iron [60],

nickel [191], copper [176], [83], gold [102], silver, platinum [161] and palladium [183]. Elec-

troless alloy metal coatings have also been reported in a number of papers. Metal

alloy deposition allows the physicochemical properties to be tuned, thereby ex-

tending the range of possible applications [182]. There is an extensive range of

alloy combinations, for example gold alloys such as Au-Ni and Au-Co have been

successfully deposited [233]. Gao et al. studied the permeation properties of Pd-Cu

membranes synthesised via ELP. [85] Tertiary alloy coatings such as Ni-W-P have

also been documented. Du et al. were able to deposit Ni-W-P coatings onto a

metal substrate using H2PO –
2 as a reducing agent. [68]

ELP is an electrochemical process involving donor/acceptor electron reactions

whereby metal ions in an aqueous solution react with a reducing agent to form a

metallic coating. A chemical reducing agent provides electrons in solution for the

conversion of metal ions to the metal form (Equation 2.10). Chemical reducing

agents commonly used include NaH2PO2, borohydrides, formaldehyde (especially

for Cu), hydrazine, amine boranes, and some of their derivatives.

M2+ + 2e−(supplied by reducing agent)
catalytic surface−−−−−−−−−→M0 (2.10)

The catalytic surface is the only place that this reaction can occur. Once

the deposition has begun, the deposited metal must also act catalytically for the
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deposition to continue. As deposition progresses, islands are formed around the

nucleation sites and grow until they form a continuous film. The growth rate of

film thickness is linear in time once a continuous film has been reached. [220]

This study will focus predominately on the ELP of gold metallic films. Gold

has a high chemical and thermal stability, is resistant to oxidation and mechan-

ically robust. This allows for a broad range of applications including use in

biochemistry. [92]. There are many industrial processes that involve the use of

cyanide containing solutions (KAu(CN)2) and borohydride or dimethylamine bo-

rane as the reducing agent in gold film deposition, but there are issues associated

with the toxicity, plating rate, contamination with minute amounts of nickel ions,

high pH is required and stability of such solutions. [184] Efforts have been made

to improve the stability and plating rate, however these baths have certain in-

compatibilities with many current technologies and the toxicity is undesirable.

Cyanide free methods have been developed utilising other gold salts in the for-

mulation including chloroaurate (III), Au(I)-sulfate complex, Au(I)-thiosulfate

complex and Au(I)-thiomalate. One such example of a cyanide free bath uses

catalytic platinum colloids, a gold salt and hydrogen peroxide as the reducing

agent, which reduce chloroauric acid (Equation 2.11). [102] This method will be

the basis for the gold coating work in this project.

2HAuCl4 + 3H2O2
Pt−−→ 2Au+ 3O2 + 8HCl (2.11)

However as previously mentioned there are other metal combinations possible

such as silver catalysed by gold particles [44] and gold catalysed gold growth [172],

which would be particularly favourable as gold is suitable for use in biochemistry.

Though using gold and platinum is expensive, so not suitable for many applica-

tions, it provides a good model system and is known to be prepared easily. This

allows us to focus on optimising both this stage and the emulsification stage. As

stated above a nanoparticle catalyst is required for this process so the next two

sections will focus on synthesising said particles and their use as catalysts.
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2.3.4 Metal nanoparticle synthesis

There are two general approaches to colloidal nanoparticle synthesis; top down

and bottom up. The top down approach involves the subdivision of a bulk ma-

terial into nanosized material and subsequent stabilisation. These are generally

physical methods such as mechanical crushing, sputtering, pulverisation of bulk

metal, arc discharge between metal electrodes, pulse laser deposition etc. The

particles produced tend to be large in size and have a broad size distribution.

Whereas the bottom up approach relies on building up nanoclusters from zero

valent metal atoms which group together to form a stable nucleus and are then

stabilised. Chemical methods include sol-gel, co-precipitation, chemical vapour

synthesis, hydrothermal and reduction of metal ion precursors by a chemical re-

ductant (such as NaBH4). Nanoparticles prepared by chemical methods tend to

have a narrower size distribution. [170], [237]

A commonly used method is the reduction of metal salts in the presence of

a stabilising agent. It is thought that the mechanism occurs via the metal salts

being reduced to zero-valent metal atoms in the initial stage of nucleation. These

can subsequently collide with other metal ions, metal atoms or clusters to form

an irreversible seed of stable metal nucleus. The diameter of the seed nucleus

is determined by the difference in redox potentials of the reducing agent and

metal salt used and the strength of the metal-metal bonds. The relative rate of

nucleation and particle growth determines the final size of the metal colloid. [207]

A wide range of stabilisers are used such as polymers, surfactants and donor

ligands which control the growth and prevent agglomeration. There are two main

modes of stabilisation, electrostatic and steric. Electrostatic stabilisation relies

on repulsion between particles due to the electrical double layer which is formed

by ions and counterions adsorbed at the particle surface. Steric stabilisation is

provided by coordinating molecules that act as a protective shield at the surface.

They separate the nanometallic cores and hence prevent agglomeration. Some

such protective groups are polymers and block copolymers, P, S and N donors (e.g.

phosphines, thioesters, amines), long chain alcohols, surfactants, organometallics

solvents such as THF or propylene carbonate. The solubility of the stabilising

group tends to influence the solubility of the resulting colloid. So hydrophilic
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stabilisers produce water-soluble colloids and lipophilic protective agents give

colloids that are soluble in organic solvents. [208]

2.3.5 Catalytic activity of metal nanoparticles

Nanoparticles have attracted interest for their catalytic uses as there has been

reported enhanced reactivity and selectivity compared to their bulk counterpart.

Metal based catalysts are generally expensive and can often be toxic; therefore

it is desirable to reduce the amount of these compounds used. They offer the

advantage of a high surface-to-volume ratio and have better dispersion ability

due to their small size, which enhances their effectiveness compared to larger

crystals of the same mass. [212], [109] Lower loading can be equally effective dur-

ing reactions, due to the high area-to-volume ratios, making the reaction more

economical. Colloidal dispersions of metal nanoparticles are able to operate as

catalysts at low temperatures. [170] The size of the nanoparticle is pivotal in es-

tablishing its catalytic reactivity. Small particles lead to more active sites on the

surface. Surface defects of the catalyst have an effect on the catalytic activity.

Smaller particles tend to have more kinks and edges compared to larger particles

and this increased surface energy can provide lower activation energy pathways.

The size of the nanoparticles can also affect the selectivity of the catalyst. [237]

More recently work has been done into how the shape of nanoparticles effect the

catalytic activity, with some studies showing structure sensitive behaviour [212]

One of the major challenges to the performance of the NP catalyst is the ten-

dency for nanoparticles to aggregate. This can be overcome by using a medium

for dispersion or a support to maintain a high surface area. The maximum dis-

persion of the NPs is critical for catalytic behaviour. [170] Since Faraday’s [77] first

preparation of metal nanoparticles in an aqueous medium a large number of meth-

ods have been established and developed for the synthesis of metal nanoparticles

involving the use of different supporting agents such as polymers, citrate ions,

borohydride ions, gelatine and organometallic ligands. [190] Without stabilisers it

can be difficult to obtain a stable colloidal dispersion.

Metal NPs are also able to form catalytic nuclei on a variety of surfaces such

as polymers and ceramics. [268] This makes them suitable for applications in ELP.
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NPs facilitate ELP by providing active nuclei sites on the desired surface which

can catalyse the electrochemical reaction. It has been shown that metal NPs are

able to preferentially direct the growth of a metal. Horiuchi et al. [102] illustrated

that polyvinylpyrrolidone (PVP) could be used to stabilise platinum nanoparti-

cles which were then used to catalyse the growth of a polymer film (see Figure

2.22). Other polymer stabilisers such as poly(diallyldimethylammonium chloride)

(PDDA) [264], poly(N-isopropylacrylamide) (PNIPAAm) [40] and polyethylene gly-

col (PEG) [45] have been shown to stabilise platinum nanoparticles. However these

methods often require more complicated synthesis such as multiple steps, re-

flux conditions or high temperatures and high pressure, whereas PVP stabilised

nanoparticles can be prepared at room temperature in one step. Additionally

some of these polymers may not be suitable for stabilising an oil-water interface

as required.

Figure 2.22: (a) TEM micrograph showing the gold depositions on the Pt colloidal

particles on a carbon thin foil. The Pt colloidal particles were immobilized by

dipping the substrate into the colloidal solution for 10 s, and the gold deposits

were produced by ELP for 10 s. (b) shows the same position of (a) after the

removal of gold deposits by bromine/tetraethylammonium bromide/acetonitrile

solution [102].

It has also been shown that in the absence of the activated catalyst the metal

films would not adhere to the desire substrate (e.g. on the glass beaker) or the

plating reaction would not occur at all. [191] It has been found that the uniformity
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of the deposition of the NPs for electroless plating can affect the coverage of the

metallic film. A uniform and relatively dense distribution of seed nanoparticles

is necessary for good film growth. [144]

2.3.6 Electroless deposition on to colloids

There has been significant research on electroless deposition onto planar solid

substrates, however much less on colloidal particles. There has been work on the

metal coating of solid colloidal particles for applications such as processing of

metal matrix composites to improve wetting characteristics [89], improving opto-

electric properties of functional surfaces [134], providing electrical conductivity [82],

molecular sensors [125], providing magnetic properties [251], anisotropic conductive

films for surface mount technology [157], bioseparation [249] and many more. [139] The

metal coating is often applied to a polymer particle, such as polystyrene [157], [139]

or PMMA [140], or a ceramic powder [89], where the outer material provides func-

tionality. There is however, much less work on encapsulating a liquid core with

metal. Nocera et al. coated an o/w emulsion with a silver coating, however the

diffusion of the core through the shell was not tested as the silver layer was provid-

ing fluorescent properties rather than encapsulating an active. [181] Additionally

the method they described used many steps and many different chemicals were

involved. Routh and Sun successfully encapsulated Allura Red dye in a colloido-

some with a silver shell for up to 500 hours with negligible release over that time

period. However when nitric acid was added to trigger the release of the contents,

the maximum release yield was around 20% at 84 hours [226]. This exemplifiers

that there is a need for an encapsulation system that is able to encapsulate and

release with high efficiencies.

2.4 Aims and objectives

After reviewing the challenges and limitations with current techniques for encap-

sulation of small species, the aim of this work is to develop a simple emulsion-

based methodology that allows for the rapid and efficient production of metal-shell

microcapsules capable of retaining small species and of remotely delivering the
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core contents when triggered. An encapsulation system based on the electroless

deposition of gold onto platinum nanoparticles has been chosen as it is a good

model system which is known to be easily prepared at room temperature, which

will allow us to optimise the emulsification and metal plating step. The following

objectives will be set out in order to meet this aim:

1. Study the ability of synthesised platinum nanoparticles to efficiently sta-

bilise emulsion droplets

2. Simplify previous fabrication processes

3. Study the ability of directly depositing a secondary metal film at the oil

water interface

4. Demonstrate that retention of the active is not compromised

5. Study the ability of IR laser and ultrasound energy devices to induce metal

shell fracture of the microcapsules

Here, a method where the metallic film is deposited directly onto an emulsion

droplet, hence allowing 100% of the emulsion core (potentially corresponding to

100% of the active material depending on conditions) to be encapsulated and

eliminating waste solvent from the previous method is proposed.

The proposed method will be based upon electrolessly plating a metal film

(as described in Section 2.10) onto an emulsion droplet which is stabilised by

catalytic metal nanoparticles (as described in section 2.3.5). After reviewing the

literature and theory a platinum catalyst and gold as the secondary plating metal

were chosen as a model system due to the inertness and biocompatibility of gold

and the previous success of the platinum and gold combination.

Initially the synthesis of the platinum nanoparticles will be studied and opti-

mised for their use as an emulsifier. The parameters that affect the emulsification

of these nanoparticles in order to create a system where the reduction of a gold

salt can be isolated at the oil-water interface (and not in the bulk) will then be

examined. Finally, the ability of the shell to act as an efficient barrier against

diffusion of the core into the continuous phase will be tested and the methods of

rupture and release explored.
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Chapter 3

Materials and Methodology

3.1 Materials

The following chemicals were used as received: Polyvinylpyrrolidone (PVP, 40kDa,

Fluka Analytical, CAS: 9003-39-8), Sodium borohydride (NaBH4, Sigma Aldrich,

≥ 98.0% (assay (hypochlorite)), CAS: 16940-66-2), hexachloroplatinic acid hy-

drate (H2PtCl6 · xH2O), Sigma Aldrich, ≥ 99.9% trace metals basis, CAS: 26023-

84-7), Gold (III) chloride hydrate (HAuCl4 · 3H2O), Sigma Aldrich, >99.9% trace

metals basis, CAS: 16961-25-4), Hexadecane (CH3(CH2)14CH3), Sigma Aldrich,

99%, CAS: 544-76-3), Hydrochloric acid (fuming HCl, Merck, 37% HCl, CAS

(water): 7732-18-5, (HCl): 7647-01-0), Hydrogen peroxide (30.5wt% H2O2, P-

code:101152527)

Water used in the experiments was purified Millipore Milli-Q water (18.2 M Ω

cm resistivity at 25◦C). Experiments were carried out under ambient temperature.

3.2 Methodology

3.2.1 Synthesis of platinum nanoparticles

Pt nanoparticles were synthesised by the reduction of a metal salt in the presence

of a reducing agent at room temperature. H2PtCl6 · 6H2O (0.23g, 5.61 mM) was

dissolved in a 0.0067 wt% PVP solution (100 ml). Under vigorous stirring at 750

rpm ((250 ml conical flask, 2.5 cm stirrer bar) NaBH4 (2 ml, 1.1 mM) was rapidly
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added into the mixture, producing a dark brown solution. After stirring for 20

minutes the nanoparticle suspension was filtered with a 0.2 µm PTFE filter then

stored in the fridge.

3.2.1.1 Effect of varying concentration of PVP

Nanoparticles were synthesised as above with H2PtCl6 · 6H2O (0.56 mM), NaBH4

(1.11 mM) and PVP (0.2 wt % to 0.005 wt %)

3.2.1.2 Effect of varying concentration platinum salt

Nanoparticles were synthesised as above with PVP (0.0067 wt%), H2PtCl6 · 6H2O

(0.56 - 5.6 mM) and 2 x molar excess of NaBH4 (1.11 - 11.12 mM).

3.2.1.3 Effect of varying concentration of reducing agent

Nanoparticles were synthesised as above with PVP (0.0067 wt%), H2PtCl6 · 6H2O

(5.6 mM) and NaBH4 (11.12 - 27.78 mM).

3.2.2 Emulsification of platinum nanoparticles with hex-

adecane

Hexadecane and a Pt-PVP nanoparticle dispersion were homogenised using a

sonic dismembrator ultrasonic processor (Fisher Scientific) for 1 min (40% am-

plitude, 3.1 mm microtip, in 40 ml glass vial) in a water bath. The resulting

emulsion was agitated on a carousel for 30 mins and then washed with Milli-Q

water once a fully creamed emulsion was obtained.

3.2.2.1 Effect of the addition of excess PVP before emulsification

For the emulsions in Section 6.4 PVP (0.5 ml) was added to Pt-PVP NP dis-

persion (9.5 ml). PVP solutions were added from concentrations of 0.05 wt%

to 2 wt%, giving overall PVP concentrations of 0.0025 wt% to 0.1 wt%. The

resulting NP dispersion was homogenised with hexadecane (0.75 ml) using the

method above.
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3.2.2.2 Effect of oil fraction

For emulsions in Section 6.5 Pt-PVP NPs (10 ml) were homogenised with hex-

adecane using the method above. The volume of oil was varied from 0.1 ml to 4

ml, corresponding to an oil volume fraction (φ) from 0.01 to 0.29.

3.2.2.3 Effect of the addition of excess salt to system before emulsifi-

cation

In order to remove any excess salt from the system the particle were dialysed (8000

MW) with MilliQ water until the conductivity of the dialysis water was constant.

Conductivity was measured with a Mettler Toledo Seven2Go S3 conductivity

meter.

For emulsions in Section 6.6 NaCl (0.5 ml) was added to dialysed Pt-PVP

NP dispersions (9.5 ml) and subsequently emulsified with 0.75 ml of hexadecane

using the method above. NaCl solutions ranging from 5-2 x 10−4 M were added

resulting in overall concentrations of 0.25- 1 x 1015M NaCl.

3.2.3 Gold film growth at emulsion interface

3.2.3.1 Demonstrating permeability

Capsules were prepared from a hexadecane (0.75 ml) and Pt-PVP NP (10 ml)

emulsion homogenised with an ultrasonic probe at 40% amplitude for 1 minute

(40% amplitude, 3.1 mm microtip, in 40 ml glass vial). Following washing cycles

the emulsion (0.5 ml) was placed in a plating solution consisting of PVP (5 ml,

0.2 wt%), water (10 ml), gold (III) chloride hydrate (2 ml, 180 mM) and hydrogen

peroxide (1 ml, 1620 mM) as a reducing agent in a 40 ml vial. The capsules were

mixed (by inverting) for 30 minutes and subsequently washed after sedimentation

by removing the supernatant and replacing with Milli-Q water.

3.2.3.2 Effect of polymer stabiliser

A hexadecane and Pt-PVP NP emulsion was prepared as described above. The

emulsion (0.5 ml) was added to a plating solution of water (10 ml), polymer

stabiliser (10 ml, 0.05 wt%; 40 kDa PVP, 35 kDa PEG, 67 kDa PVA ), gold (III)
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chloride trihydrate (2 ml, 180 mM). Subsequently hydrogen peroxide (1 ml, 1620

mM) was added to initiate the electroless deposition process. The ratio of gold

salt and reducing agent remained constant for each sample (4.5 x molar excess

to ensure full reduction of the metal salt in the process). Upon the addition of

the H2O2 the samples were agitated for 30 minutes on a carousel and then left to

sediment.

3.2.3.3 Effect of gold salt concentration

A hexadecane and Pt-PVP NP emulsion was prepared as described above. The

emulsion (0.5 ml) was added to a plating solution of water (10 ml), PVA (10 ml,

0.05 wt%, 67 kDa), gold (III) chloride trihydrate (2 ml). Subsequently hydrogen

peroxide (1 ml) was added to initiate the electroless deposition process. The

concentration of gold (III) chloride trihydrate added was varied from 180 mM

to 12.5 mM. The ratio of gold salt and reducing agent remained constant for

each sample (4.5 x molar excess to ensure full reduction of the metal salt in the

process). Upon the addition of the H2O2 the samples were agitated for 30 minutes

on a carousel and then left to sediment or cream.

3.3 Characterisation methods

3.3.1 Characterisation of polymer and nanoparticles

3.3.1.1 Transmission electron microscopy (TEM)

Pt-PVP NP samples were analysed using a FEI Tecnai TF20 field emission trans-

mission gun electron microscope (FEGTEM) fitted with a HAADF detector and

Gatan Orius SC600A CCD camera. An Oxford Instruments INCA 350 EDX

(energy dispersive x-ray) system/80mm X-Max SDD detector was used for ele-

mental mapping. Prior to analysis, samples were dispersed on a plasma cleaned

TEM grid (holey carbon film, 400 Cu Mesh from Agar Scientific) and allowed to

dry. The TEM grids were plasma cleaned prior to sample deposition in order to

ensure the surface was suitably hydrophilic in order for the particles to adhere.
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3.3 Characterisation methods

Particle sizes were then determined using ImageJ software. This gives the size of

the nanoparticle metal core (not including polymer stabiliser.)

High resolution images for lattice spacings were recorded using an FEI Titan3

transmission electron microscope and a Gatan One-View CCD.

3.3.1.2 UV-Vis spectroscopy

Pt-PVP NP samples were analysed with a Perkin Elmer Lambda 950 UV-Vis

spectrophotometer in order to detect characteristic platinum salt peaks. Samples

were analysed from 190-800nm. The disappearance of the platinum salt peak at

257 nm indicated the reduction of the Pt (IV) to Pt(0).

3.3.2 Characterisation of oil-water interface

3.3.2.1 Pendant drop tensiometer

The pendant drop method offers a convenient way to measure the interfacial

tension (IFT) between two liquid phases. Interfacial tensions of the Pt-PVP

dispersions in hexadecane were recorded using a Theta Optical tensiometer with

a USB3 digital camera and LED based background lighting (Figure 3.1). The

surface tension measurements were taken using the pendant drop method by

injecting a droplet of the Pt-PVP dispersion into hexadecane and obtaining the

largest drop possible. The surface tension was then calculated based on the

Young-Laplace equation. The IFT for water in air and water in hexadecane was

checked before each experiment to ensure the system was clean. A 22 GA needle

was used for the measurements.
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Figure 3.1: Typical set-up for pendant drop tensiometry experiment. [21]

The shape of a drop hanging from a syringe is determined from the balance

of forces, including the surface tension of that liquid. The interfacial tension can

be related to the drop shape through Equation 3.1

γ =
M ρ · g ·R0

β
(3.1)

Where γ is the surface tension, M ρ is the difference in density between fluids

at interface, g is the gravitational constant, R0 is the radius of drop curvature at

apex and β is the shape factor.

The shape factor, β, can be determined using the Young-Laplace equation ex-

pressed through three dimensionless first order equations which are shown below

(Figure 3.2);
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3.3 Characterisation methods

Figure 3.2: Schematic of pendant drop below a needle with associated variables

used to determine the shape factor, β.

Computational methods using iterative approximations allow the analysis of

the shape of a drop and then fit it to the Young-Laplace equation to calculate

interfacial tension. Therefore if the densities of the two liquids are known the

surface tension can be calculated.

3.3.2.2 Interfacial rheology

Interfacial rheology of the oil-water interface was studied over time using a TA

Discovery HR2 Rheometer with a double wall ring geometry (DWR) (Figure 3.3).

The DWR geometry has advantages over other geometries such as the bi-cone

and Du Noüy ring for characterising thin liquid layers as it has good intrinsic

sensitivity due to small area in contact with the bulk phase compared to the

perimeter in contact with the interface. The square edge cross section shown in

Figure 3.3, provides improved ability to pin the interface. Additionally it has well

defined flow fields, enabling the bulk and surface contributions to be separated. [80]
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Figure 3.3: (a) DWR set up on TA rheometer, (b) schematic representation of

DWR configuration. [80]

The nanoparticles used here were synthesised with 5.56 mM (0.23 wt%) PtCl6H2,

0.0067 wt% PVP and 22.25 mM NaBH4 as concluded at the end of Chapter 4 to

be optimal for emulsification. The nanoparticle 2D film was prepared in situ as

follows; The aqueous nanoparticles (the dense phase) were loaded into the channel

up to the step in the wall. The DWR geometry was flame cleaned and positioned

to pin the air-water interface. Finally a layer of hexadecane was deposited on

top carefully so not to disrupt the liquid-liquid interface. The temperature of the

interface was maintained at 20.5 ◦C. Strain amplitude sweep experiments were

conducted in oscillation mode at a fixed angular frequency (ω = 0.5 rad·s−1) and

the strain was varied from low to high and correspondingly the stress was chang-

ing. The strain sweep corresponds to progressively increasing the deformation

in the system and monitoring the effect this has on the complex modulus moni-

tored in the measurement. As the experiments were done in the linear region the

structure of the film was not disturbed by the shear stress, thus droplets were not

formed at the interface. Measurements were taken over several days, and stress

was applied to the dispersion each time when the measurement was taken. The

lag between the strain measured and the stress applied is characteristic of the

storage (elastic) and loss (viscous) and moduli.
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3.3.2.3 Cryo-TEM/STEM

Cryo-TEM was conducted on a FEI Titan3 Themis G2 operating at 300 kV fitted

with 4 EDX silicon drift detectors running Bruker Esprit software, and a Gatan

One-View CCD. For cryo-STEM-EDX imaging, conditions were set at dwell time

25 µs and probe current of 40 pA.

Cryo-TEM sample preparation was carried out using a FEI Vitrobot. A con-

tinuous carbon TEM grid (EM Resolutions) was plasma cleaned and then held

within the Vitrobot before a 3.5 µl drop was pipetted on the grid. The grid was

then blotted and plunged into liquid ethane, after which it was maintained under

liquid nitrogen before being transferred to a Gatan 914 TEM cryo-holder.

Scanning transmission electron microscopy (STEM) mode combines trans-

mission electron microscopy and scanning electron microscopy. The technique

scans a very finely focussed beam across the sample, like in SEM. The resulting

interactions between the sample atoms and the beam electrons.

3.3.2.4 Cryo-SEM

Cyro-SEM was conducted on a Hitachi SU8230 cold field emission SEM with a

Quorum PP3010T cryo transfer unit at an accelerating voltage of 1.0 kv. Images

were collected using the upper secondary electron detector (SE(U)).

Cryo-SEM-EDX imaging was carried out with an Oxford Instruments XMax

80mm SDD spectrophotometer on a frozen sample.

3.3.3 Characterisation of emulsions

3.3.3.1 Benchtop C70 FlowCAM

Droplet size distribution was measured using the Benchtop C70 Series FlowCAM

imaging flow cytometry instrument which measures particle size and shape using

image analysis. The FlowCAM analyses the samples in suspension in real time,

therefore allowing information on parameters such as particle size distribution

and shape parameters to be calculated simultaneously. The sample is drawn

into the flow chamber by a syringe pump and then deposited into an outflow
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collection. A flash LED light illuminates the chamber, which is then imaged with

the objective onto the high resolution digital camera.

Experiments were recorded in AutoImage mode using a 20x objective, FC50

flow cell in a reverse flow configuration (Figure 3.4). The reverse flow set up

allows the emulsion sample (A) to flow up into the cell (B), thereby insuring larger

droplets, which would cream quickly are measured. Post capture, the particles

can be filtered using several parameters such as edge gradient, circularity and

circle fit to ensure that the particles sizes are in focus. In particular the diameter

(ABD), which is the diameter based on a circle with an area that is equivalent

to the ABD area can be determined. The ABD area is defined as the combined

area of all the pixels that are deemed part of the particle, so the ABD diameter

is the diameter of the circle obtained by arranging these pixels in a solid circle.

Figure 3.4: Reverse flow set-up for FlowCAM. Arrows indicate direct of flow. A;

sample, B; flow cell, C; syringe pump, D; outflow collection.

The advantage of using the FlowCAM for image analysis is that refractive

index properties are not required as with light scattering methods. Therefore
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assumptions do not need to be made about the refractive index of the emulsion

droplets. It also uses low flow rates so the emulsion is not subject to high shear

forces which would potentially break down the emulsion.

3.3.3.2 Optical Microscope

The emulsions were visualised using an Olympus BX51 optical microscope with

a Colorview 2 digital camera. Cell D imaging software was used to record the

image. The gold coated microcapsules were also visualised using the optical

microscope with both transmitted and reflected light. In this case a GXCAM

HiChrome-MET camera was used.

3.3.3.3 LUMiSizer

LUMiSizer Dispersion Analyser employs STEP-Technology (space and time re-

solved) which allows the intensity of the transmitted light to be measured as a

function of time and position over the full sample length simultaneously while

under centrifugation (Figure 3.5). The data is displayed as a function of radial

position, as a distance from the centre of rotation. The transmission profiles are

representative of variation in particle concentration in the sample (low transmis-

sion means high particle concentration and high transmission means low particle

concentration).
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Figure 3.5: Schematic of LUMiSizer set up. The transmitted light is passed

though the sample and picked up by thousands of detectors.

After creaming the aqueous phase of the emulsion was replaced by milliQ

water. Samples of the lower aqueous phase was subsequently centrifuged on an

Eppendorf Mini Spin plus at 10,000 rpm for 1 minute to separate any remaining

oil. Measurements on the LUMiSizer were carried out at 25 ◦C at 300 rpm using

2mm PC 110-131XX cells at 865 nm. Transmission (T) measurements were used

to analyse the concentration of Pt-PVP NPs remaining in the aqueous phase after

emulsification, and thus the amount at the oil-water interface, using a calibration

of Transmission against NP concentration (Figure 3.6). Values were obtained

from the average T across a fixed position range in the cell.
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Figure 3.6: Transmission as a function of NP dilution. 100% represents undiluted

NPs.

Experiments were also carried out under the same conditions to establish

creaming rates. In this case the emulsion was inverted to homogenise and a sample

was taken. Front tracking analysis was undertaken whereby the transmittance at

a threshold of 10% was monitored over time to determine creaming rates. Figure

3.7 shows an example of a creaming profile for an emulsion.
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Figure 3.7: Example of a creaming profile of hexadecane in oil emulsion. Experi-

ment was run at 300 rpm. Transmission measurements were taken initially every

5 s (for 1250 s) then every 25 s (for 18750 s). The purple arrow indicates the set-

tling direction (creaming) at the threshold used for front tracking measurements.

Front tracking plots position against time, from which creaming velocities can be

obtained.

3.3.4 Characterisation of metallic capsules

3.3.4.1 Gas chromatography (GC)

Release of hexadecane from the gold coated capsules was analysed using gas

chromatography. The gold coated capsule solution (2 ml) was added to absolute

ethanol (8 ml). The capsules were redispersed and 1.5 ml sample (x2) was cen-

trifuged on an Eppendorf Mini Spin plus at 7000 rpm for 1 minute to remove

the capsules. The supernatant was added to a GC sample vial for GC analysis.

The remaining sample was placed in a water bath at 40 ◦C. A 1.5 ml sample was
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taken at various time intervals and the previous sampling method repeated.

Samples were run on a Perkin Elmer Clarus 580GC using the following method

and column. GC column: Elite-1 capillary column, length 30 m, internal diameter

0.25 mm. The column temperature was programmed from 50◦C to 300◦C at

20◦C/min at a flow rate of 2 ml/min. Data was compared to a calibration curve

of the encapsulated oil to determine the concentration on oil.

3.3.4.2 SEM

Dried microcapsules were visualised using the Hitachi SU8230 high performance

cold field emission (CFE) SEM with 80mm X-Max SDD detector, operating at

2kV.

Dried microcapsules were also imaged using the TM3030 Tabletop SEM at 15

kV under normal observation conditions.

3.3.4.3 Cryo-SEM FIB

Cryo-SEM was used to visualise the metal coated emulsions in order to study the

surface morphology and shell thickness (via Focussed ion beam (FIB)). Freezing

the samples prevents the shell collapse. The FIB can directly mill the frozen

sample surface, via the sputtering of ions.

Cryo-SEM was conducted on a FEI Helios G4 CX at 2 kV and FIB was

run at 30kV. Sample preparation was carried out using a Quorum Technologies,

PP3010T Cryo-FIB preparation system. The samples was held at -140◦C with the

anticontaminator at -175◦C. Samples were plunged into slushed nitrogen instead

and transferred over under vacuum. All the samples were coated in Pt 5µA for

45s. EDX was carried out with an Oxford instruments XMax 150mm2 at 15 kV

with a 3.2 nA probe current.

3.4 Calculations

3.4.1 Number of NPs per unit volume

The number of nanoparticles per unit volume is calculated from the mass of

platinum used and average size of the nanoparticles. This calculation is based on
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the assumption that all of the platinum salt was reduced to metallic nanoparticles

in the reduction reaction. As described in section 3.2.1, 0.23 g of platinum salt

(H2PtCl6· 6 H2O) has been used in the synthesis of the nanoparticles. The mass of

platinum produced in the reaction can be calculated from the ratio of the molar

mass of platinum and that of chloroplatinic acid hydrate (Equation 3.2).

Molar mass ratio =
molar mass Pt

molar mass H2PtCl6 · 6H2O
=

195.084

409.81
= 0.476 (3.2)

The total mass of Pt produced, Mtotal, is given by Equation 3.3,

Mtotal = 0.476 x 0.23g = 0.109 g (3.3)

The total number of particles (Ntotal) in the suspension can be calculated using

Equation 3.4

Ntotal =
Mtotal

Mp

(3.4)

where the mass of one particle, Mp, (Equation 3.6) is determined using the volume

of one particle, Vp, (Equation 3.5), which is based on a Pt core diameter of 3.3

nm and the density of Pt, ρPt (2145000 g m−3)

Vp =
4

3
πr3 = 1.41 x 10−26m3 (3.5)

Mp = ρPtVp = 3.03 x 10−19g (3.6)

Therefore the total number of particles in 102 ml synthesis (2 ml of reducing

agent) is 2.71 x 1017 which gives 2.65 x 1015 NPs ml−1.
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3.4.2 Ratio of polymer chains to nanoparticles

Using the number of NPs and number polymer chains in a set volume the ratio

between the two can be established. For the nanoparticle synthesis 0.0067 wt%

PVP was used (0.0067 g in 100 ml). The number of polymer chains (NPV P ) can

be calculated from the following equation

NPV P =
MPV P

MW

·NA (3.7)

where MPV P is the mass of PVP used (g), MW is the molecular weight of PVP

(g mol−1) and NA is Avogadro’s constant which has the value of 6.022140857 x

1023 mol−1. This gives a value of 9.90 x 1014 chains ml−1.

Using the method calculated above the number of NPs can be calculated from

2.3-4.3 nm (the error associated with the NP size). The ratios are summarised in

Table 3.1.

Mean core diameter of

Pt NP (nm)

Number of NPs per ml

(x 1017)
Ratio PVP:Pt NPs

2.3 8.01 7.9

3.3 2.71 2.7

4.3 1.22 1.2

Table 3.1: Ratio of PVP molecules to Pt NPs at different Pt NP mean core

diameters

As expected the ratio decreases for a larger NP diameter. All of the values

suggest that there is no excess PVP in the system.

3.4.3 Nanoparticle density at the interface

The transmission of the aqueous phase, measured by the LUMiSizer, can be used

to determine the number of particles remaining in the bulk aqueous phase through

comparison with calibration work where the transmission of Pt NP suspensions

of a broad range of nanoparticle concentrations was measured. By using the

total oil-water interfacial area in the system and comparison between the number

of particles remaining in the emulsion continuous phase versus particles present
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before emulsification, the adsorbed Pt NP density on the oil droplet surfaces can

be estimated (NPs per area (NP m−2) or mass per area (g m−2).

A theoretical surface area that the particles can cover can be determined

by assuming hexagonal close packing and calculating the area that one (partially

wetted) particle would occupy. The area occupied theoretically by a single particle

can be expressed by the area of a hexagon including the particle (Equation 3.8) [107]

AH =

√
3

2
x (3.8)

where x is the average particle cross section area as detailed in Equation 3.9

x = πr2 (3.9)

and r (Equation 3.11) is comprised of the diameter of the core NP (as deter-

mined by TEM) and the spacing created by the polymer, z. The interparticle

spacing, sIP is the space between two particle cores and is equal to 2z (Equation

3.10), as illustrated in Figure 3.8.

sIP = 2z (3.10)

r =
sIP + dNP

2
(3.11)
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Figure 3.8: Schematic showing hexagonal close packing of particles, where dNP

is the NP core diameter, z is the spacing caused by the polymer, x is the average

particle cross section area and sIP is the interparticle spacing.

Once the area that one particle occupies is obtained this can be multiplied by

the number of particles in the system at the interface (NPinterface) to provide the

area that the particles can cover (Atotal) at a given particle diameter and spacing

(Equation 5.2).

Atotal = AH ·NPinterface (3.12)

If the number of particles adsorbed at the interface (from transmission data)

and the interfacial area of the emulsion (from size distribution data) is known,

the interparticle spacing, sIP , as shown in Figure 3.8 can be back calculated. This

is achieved using the Goal Seek function on Excel where Atotal is set to the total
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interfacial area obtained from the size distribution of the emulsion by changing

the interparticle spacing (sIP ).
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Chapter 4

Nanoparticle Synthesis

4.1 Synopsis

This chapter will focus on the synthesis and characterisation of polyvinylpyrroli-

done stabilised platinum nanoparticles (Pt-PVP NPs) which will subsequently

act as an emulsifier and a catalyst in the secondary metal plating. In particular

the parameters that influence synthesis shall be discussed and adapted to op-

timise the resulting nanoparticles for their use as efficient Pickering emulsifiers.

This chapter will lead us to understand that minimising the excess polymer in the

nanoparticle dispersion while still creating stable nanoparticles will be paramount

to achieve this objective.

4.2 Preparation of polyvinylpyrrolidone stabilised

platinum nanoparticles (PVP-Pt NPs)

Metal nanoparticles have been widely reported for their use as catalysts. They

offer the advantage of a high surface-to-volume ratio and have better dispersion

ability and long term stability due to their small size, which enhances their effec-

tiveness as catalysts compared to larger crystals of the same mass. [212], [109] Lower

loading, compared to larger particles can be equally effective during reactions,

due to the high area-to-volume ratios, making the reaction more economical.

The original approach was to use finely dispersed colloidal particles in aqueous
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or organic solutions or a solvent mixture. However these colloidal dispersions

required stabilisation from a capping agent to prevent aggregation or facilitate

recycling. One of the disadvantages of soluble metallic colloidal dispersions is

recovery from the reaction products. Often this is overcome by using immobilisa-

tion systems such as thin films of liquids on porous supports, fluorinated solvents

or using aqueous/organic biphasic condition. [214] Therefore the interfacial activity

of the nanoparticles synthesised here is both important for this project but for

their general use as catalysts.

Colloidal dispersions of metal nanoparticles are able to operate as catalysts

at low temperatures. [170] This is useful for our use as an emulsifier as high tem-

peratures would alter the behaviour of the emulsion on which the nanoparticles

will be adsorbed. Additionally, applying heat in a process increases costs. In

particular it has been shown that metal NPs are able to preferentially direct the

growth of a metal from their surface through a process known as electroless de-

position. Horiuchi et al. [102] demonstrated the growth of a gold film on platinum

nanoparticles. This is interesting for our application as when adsorbed onto a

solid (and potentially liquid droplet) surface, platinum nanoparticles can catalyse

the growth of a secondary gold film onto that surface.

It is well known that PVP acts as an effective steric stabiliser for the dispersion

of metallic nanoparticles. [87], [246], [239], [127] For example, there are several cases in

the literature of the reduction of metal salts with NaBH4 in the presence of PVP,

leading to the formation of stable nanoparticle suspensions. [190], [28] In particular,

it has been shown that platinum nanoparticles can be obtained from this method

at room temperature. [102] The platinum nanoparticles discussed in this chapter are

synthesised via this method, where reduction of the metal salt is carried out in the

presence of PVP, which stabilises the synthesised nanoparticles. By controlling

the ratio of concentrations between the PVP stabiliser and the metal ions added

into the system, one should be able to control the size of the nanoparticles and the

extent of the excess polymer in the resulting suspension. In this particular project,

excess polymer is undesirable, as it will likely compete with the nanoparticles to

adsorb at the oil-water interface, which in turn will reduce the metal nanoparticle

surface coverage on the resulting oil emulsion droplets (Figure 4.1). Gold is more
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likely to grow in Pt rich areas, as these regions promote the formation of gold

nuclei, therefore increase the deposition rate.

Figure 4.1: Schematic illustrating different packing density and subsequent sec-

ondary metal film growth; a) small separation distance between NP core, b) larger

separation distance between NP cores.

The challenge here is to find optimal conditions to subsequently use these

PVP-stabilised nanoparticles as stabilisers of oil emulsion droplets. The process

will then aim to encapsulate the droplet within a metal film. In the next sections,

the different variables influencing the final nanoparticle size and the amount of

excess polymer stabiliser in the bulk will be explored.

4.2.1 Formation of Pt PVP NPs

It has been proposed by Van Rheenen that colloidal metal nanoparticle synthesis

occurs through a two-step process; firstly the metal precursor is reduced to zero-

valent metal atoms, and then the nanoparticles grow from the metal atoms. The

chemical reduction of hexachloroplatinic acid by sodium borohydride proceeds

via the following reaction in aqueous solution (Equation 4.1) [243]

NaBH4 +H2PtCl6 + 3H2O −→ Pt+H3BO3 + 5HCl +NaCl + 2H2 (4.1)
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NaBH4 +H2O −→ H2 + boron hydrolysis products (4.2)

It can also be expressed as an ionic equation (Equation 4.3)

[Pt+IVCl6]
2− +BH−

4 + 3H2O −→ Pt0 +H2BO
−
3 + 6Cl− + 4H+ + 2H2 (4.3)

Van Rheenen claimed that the Pt NPs formed in the early stages could catal-

yse the hydrolysis of sodium borohydride (Equation 4.2) so an excess of sodium

borohydride is required to ensure the completion of Equation 4.1.

There are various theories and models to describe particle formation mecha-

nisms, though some of these are still not able to explain how synthesis parameters

influence final particle size well. Theories have developed from nucleation based

models to contrasting growth based models which states that for most synthesis

the minimal particle size is determined by colloidal rather than thermodynamic

stability, hence making nucleation irrelevant.

Nucleation describes the process of the first step in a first order phase transi-

tion and is a purely thermodynamic model. It describes the appearance of a new

phase, the nucleus, in the metastable primary phase. The majority of work is

based on classical nucleation theory (CNT) [18] however there have been adapta-

tions of this theory for growth processes of NPs such as the LaMer theory. [164] The

LaMer theory was developed in the 1950’s and transferred the concept of CNT

to NP synthesis by proposing the idea of burst nucleation. In burst nucleation

nuclei are generated at the same time due to homogenous nucleation and then

grow without additional nucleation. The NP formation concept is separate to nu-

cleation and growth. [200] However these theoretical models are unable to describe

or predict the particle evolution and size distribution. The LaMer theory only

describes the nucleation process followed by growth of the stable nuclei, but the

characteristics of the growth remain unspecific. Experimental studies by Zhang

and co-workers have found that growth rate is dependent on the equilibrium of

various interparticle interactions and not only diffusion as described by the LaMer

model. [263]

More recently approaches to illustrate the growth process based on colloidal,

rather than thermodynamic stability have been introduced. [259], [200] These growth
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mechanisms are based on aggregation and subsequent coalescence of initial clus-

ters of metal atoms forming unstable small nanoparticles, which merge with one

another until surface coverage of a stabilising species becomes large enough to pro-

vide efficient repulsion between adjacent clusters, thus forming the final nanopar-

ticles (Figure 4.2).

Figure 4.2: Schematic of generalised 3-step mechanism of nanoparticle growth due

to coalescence: (1) reduction of metal precursor, (2) formation of initial clusters

and (3) coalescence of clusters and nanoparticles. Adapted from Polte et al. [200]

Unlike the previous nucleation theories the size distribution is determined by

the increase in colloidal stability, and therefore is independent of the nucleation

process. For the reaction used here to synthesise the Pt NPs, the use of NaBH4

as a reducing agent results in a reduction much faster than growth, therefore the

reduction is separated from particle growth. [200] This growth based on colloidal

stability is described by considering the stability as a result of attractive van der

Waals and repulsive electrostatic forces between particles according to the theory

by Derjaguin, Landau, Verwey and Overbeek (known as DLVO theory). The

interaction energy between two identical spherical particles as a function of their

distance is illustrated in Figure 4.3 (a). The minimum thermal energy of two

interacting particles that is necessary to induce aggregation is represented by the

maximum of the curve (aggregation barrier) (Figure 4.3 (b)). This aggregation

barrier offers a measure of the colloidal stability and in most cases it increases

with particle size. As illustrated in Figure 4.3 (c), as long as a system provides

sufficient thermal energy, EkT , where EkT is greater than the aggregation barrier,

two particles can overcome repulsive forces and aggregate or coalesce therefore

enabling particle growth. This illustrates an increase of the aggregation barrier
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(between two identical particles) with respect to particle size. The stability curve

in Figure 4.3 (c) is separated into two sections by EkT where in section I the

thermal energy is higher than the aggregation barrier therefore particles can ag-

gregate/coalesce and hence grow. Above EkT , in section II the aggregation barrier

cannot be overcome and further particle growth is inhibited, resulting in a stable

colloidal solution. The minimal final particle radius of the particle is related to

the intersection of EkT of the stability curve. Consequently the final particle size

is dependent on the available thermal energy, EkT , and the stability curve which

is reliant on the surface charge and chemical composition of the colloidal solution.

Figure 4.3: Concept of nanoparticle growth based on colloidal stability as de-

scribed by DLVO theory; (a) Interaction potential between two spheres as a re-

sult of attractive and repulsive forces as a function of particle distance, (b) Total

interaction potential (W) between two spheres as a function of particle distance

for different particle radii, (c) Concept of nanoparticle growth with colloidally

stable particles obtained at the intersection of EkT and stability curve. Adapted

from Wuithschick et al. [259]

The use of sodium borohydride as a reducing agent leads to very fast reduc-

tion of the metal precursor. During a metastable state, residual BH−
4 is converted

to B(OH)−4 which initiates a second step of coalescence. The change in the so-

lution’s chemical composition in turn changes the surface chemistry and hence

the colloidal stability decreases. As a result the particles aggregate a second time

until reaching a stable size again. In this instance the presence of a steric stabil-

ising agent such as a polymer or lowering the temperature can help increase the
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stability and prevent further growth by increasing the distance of the stability

curve of the system and EkT . [259]

4.2.2 PVP as a stabiliser

In order for the Pt NPs to be used as emulsifiers for our application they must

posess good colloidal stability in solution in order to be able to adsorb to the oil

water interface during emulsification; this is the role of the PVP. Both the steric

effects of the PVP and the specific interaction between the PVP chains and the

metal contributes towards particle stability by preventing their agglomeration.

PVP was chosen as a stabiliser as it is known to stabilise platinum and other

nanoparticles. [102], [239], [29], [127] The PVP molecule has a hydrophilic component

(pyrrolidone moiety) and a hydrophobic component (alkyl group) as seen in Fig-

ure 4.4. Water and many other non-aqueous solvents are excellent solvents for

PVP. Additionally, PVP has biocompatibility, complexing stability, low toxicity,

is relatively inert and resistant to thermal degradation making it a favourable

candidate for the stabilisation of platinum nanoparticles. [221], [127]

To understand how PVP stabilises the NPs the interaction between the Pt NP

surface and the PVP molecules (structure can be seen in Figure 4.4) must first

be examined. The stabilising effect of PVP originates from the lone pairs on the

nitrogen and carbonyl oxygen atoms. These lone pairs can be donated to the sp

hybrid orbitals on the metal ions to form a complex. This specific bonding remains

even when the metal is reduced, which eventually provides strong attachment of

the polymer chains onto the resulting nanoparticles. [56]

Several research groups have investigated the protective mechanism of PVP

on metal nanoparticles. [239], [28], [29], [147], [266], [260] The interaction of the PVP with

metal precursors has been documented by various experimental means such as

UV-vis spectroscopy [147], [148], [56], FTIR [239], [28], [29], UV-Raman [28], [29] and X-ray

diffraction (XRD). [147], [104] For example Tu et al. used FTIR spectroscopy to

examine peak shifts on the carbonyl groups between pure PVP, PVP and metal

precursor mixtures and PVP and the metal species. [239] UV-Ramen spectroscopy

has also been utilised to show interactions between polymer functional groups and

surface metal atoms. Borodoko et al. observed selective enhancement of C=O,
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Figure 4.4: Structure of PVP, showing lone pairs on oxygen and nitrogen atoms

complexing to Pt ion.

C-N and CH2 vibrational modes as a result of interactions between surface metal

atoms and the polymer functional groups. [29] Dandapat et al. reported a shift

in the UV-vis absorbance peak of the [PtCl6]
−2 ions in the presence of PVP. [56]

Hossain et al. noted that the shifting and broadening of diffraction peaks in XRD

diffraction patterns may be a result of the PVP stabiliser, which has the ability to

donate electrons to the vacant d-orbital of the metal atoms, therefore increasing

the electron density and leading to Pt-Pt bond expansion of the surface-near

atoms. [104]

It is clear that the PVP polymer chains do adsorb through specific interactions

with the electron-donor atoms in the PVP onto the final particle surface and

provide a stabilising layer. Due to the polymer chain length, some of the polymer

extends away from the particle stabiliser and thus acts as a steric stabiliser.

Under both low and high particle surface coverage densities the polymer layers

repel each other as they approach and interact. [33]

4.2.3 Effect of varying concentration of PVP

Initially, the concentration of PVP stabiliser in the synthesis was varied to manage

the amount of excess PVP in the system and examine how this effects the resulting

Pt-NP properties. As mentioned before, varying the concentration of PVP is
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important in minimizing the amount of excess polymer in the NP dispersion

to stop competition between excess PVP and NPs for adsorption at the oil-

water interface. A system with minimal excess PVP would be preferable as this

will allow a higher packing density at the droplet interface and potentially allow

thinner, smoother coatings of the secondary metal, as illustrated in Figure 4.1. Pt

nanoparticles were synthesised in-situ by the reduction of a platinum salt using

NaBH4. The method used is based on work by Horiuchi et al. [102]

PVP stabilised platinum NP dispersions were prepared for different PVP con-

centrations in the reaction medium, from 0.2 wt% to 0.005 wt%. The concentra-

tion of platinum salt and reducing agent was kept constant throughout experi-

ments (0.56 mM (0.023 wt%) PtCl6H2, 1.11 mM NaBH4). Transmission electron

micrographs of the resulting samples in Figure 4.5 demonstrate that stable dis-

persions of particles of a few nanometres in size can be obtained for all stabiliser

concentrations.
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Figure 4.5: TEM micrographs of Pt-PVP NPs (2 weeks after synthesis) prepared

with 0.56 mM (0.023 wt%) PtCl6H2, 1.11 mM NaBH4 and different concentrations

of PVP; a) 0.005 wt%, b) 0.05 wt%, c) 0.1 wt%, d) 0.2 wt%.

The nanoparticles were sized from the transmission electron micrographs us-

ing ImageJ. This procedure involved adjusting the brightness and contrast then

applying a threshold to create a binary image. Finally the ’Analyse Particles’

tool was applied to the binary image which provided particle areas. Particle

diameters were calculated based on the equivalent circular diameter. From the

transmission electron micrographs in Figure 4.5 nanoparticles around 1-3 nm are

observed in all cases (Figure 4.6). This is similar to the 3 nm particles reported
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by Horiuchi et al. [102] The size increases with decreasing concentration of PVP

stabiliser. A coherent explanation for these results is derived from the current

understanding of such nanoparticle synthesis in the literature as follows. As the

same concentration of platinum salt is used in the synthesis, initially there will

be the same amount of nuclei present. However aggregation and coalescence of

these clusters is much faster and more efficient for lower concentrations of PVP,

which results in a larger number of clusters forming each final particle, thus a

smaller interfacial area being stabilised overall. Coalescence of initial clusters will

be inhibited by a higher concentration of PVP and hence the final particle size

will be smaller. When there is a lower ratio of PVP present there are less binding

points from PVP molecules, so a decreased total interaction of PVP to the metal

nanoparticles.

The TEM samples were taken two weeks after synthesis. Visually the disper-

sions appeared stable for months. This does not represent a quantitative proof

of stability, however gives us a good indication whether the nanoparticles have

aggregated enough to drop out of solution. As our aim is to reduce the amount

of excess PVP in the dispersion going forward a minimal amount of PVP will be

used.
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Figure 4.6: Mean core particle size obtained from ImageJ analysis at different

concentrations of PVP used in synthesis (Numbers in brackets represent the co-

efficient of variation, CV (%)): (a) 0.005 wt% (17.4), (b) 0.05 wt% (19.3), (c) 0.1

wt% (20.8), (d) 0.2 wt% (21.8). Platinum salt and reducing agent concentration

remained constant across different experiments (0.56 mM (0.023 wt%) PtCl6H2,

1.11 mM NaBH4). Error bars represent the standard deviation of the mean.

4.2.4 Effect of varying concentration of platinum salt

In order to maximise the amount of Pt-PVP NP surface coverage at the oil-

water interface the concentration of platinum salt in the nanoparticle synthesis

was investigated. In order to reduce the excess PVP in the final nanoparticle

concentration, a low concentration of PVP was used in this case. Based on the
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previous study 0.0067 wt% was used as a slight increase on the minimum used

in the previous study, to account for much higher ratios of platinum salt being

used. The concentration of the reducing agent, sodium borohydride used was

determined based on 2 x molar ratio of the platinum salt to ensure it was in

excess, despite being stoichiometrically 1:1 (Equation 4.1) to try and reduce all

of the platinum salt.

It has been previously proposed that increasing the concentration of H2PtCl6

in similar nanoparticle synthesis would result in larger nanoparticles. [230], [243] This

is due to the proximity of nuclei to unreduced H2PtCl6 molecules being greater at

higher concentrations. The probability of two particles aggregating in a collision

process will increase with a higher concentration of platinum. The experimental

results (Figure 4.7) agree with theoretical predictions and previous data from the

literature. Visually in Figure 4.8 the particles appear slightly less spherical at

higher concentrations of platinum. It is likely that with a higher ratio of platinum

the initial formation of clusters is less well controlled as there is not sufficient

PVP to well stabilise the smaller clusters, thus leading to less well controlled

agglomeration of clusters. Borohydride is a strong reducing agent so will lead to

fast reduction kinetics. In this set of experiments the ratio of reducing agent was

kept constant with regards to the platinum salt concentration so changes will be

predominantly due to the PVP: Pt-salt ratio.

As previously discussed, a low ratio of polymer to platinum core is desirable

therefore using a high concentration of platinum is preferential. The ratio of

polymer chains to Pt cores will increase for lower concentrations of platinum,

which should allow for a better packing density at the oil-water interface so 0.23

wt% will be used from here on.
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Figure 4.7: Mean core particle size obtained from ImageJ analysis of Pt NPs

synthesised with 0.0067 wt% PVP and different Pt salt concentrations (Numbers

in brackets represent the coefficient of variation, CV (%)); a) 0.023 wt% (25.7),

b) 0.0575 wt% (22.9), (c) 0.115 wt% (25.2), d) 0.175 wt% (28.3), e) 0.23 wt%

(25.5). A 2:1 molar ratio of NaBH4 to Pt salt was used throughout. The error

bars represent the standard deviation of the mean.
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Figure 4.8: TEM micrographs of Pt NPs synthesised with 0.0067 wt% PVP and

different Pt salt concentrations; a) 0.023 wt%, b) 0.0575 wt%, c) 0.115 wt%,

d) 0.175 wt%, e) 0.23 wt%. A 2:1 molar ratio of NaBH4 to Pt salt was used

throughout. Scale bar = 25 nm.
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4.2.5 Effect of varying concentration of reducing agent

It is beneficial to reduce as much of the platinum salt as possible in order to max-

imise the use of the material, which is expensive. Additionally, excess platinum

in the continuous phase may cause unwanted side reactions. In order to ensure

all of the platinum salt was reduced to platinum zero the effect of concentration

of reducing agent used in the synthesis was investigated. Some studies have sug-

gested that Pt-NPs formed in the initial stages of the reaction can catalyse the

hydrolysis of sodium borohydride ions and therefore, a large excess of NaBH4 (in

Equation 4.1 there is a 1:1 ratio) is required to completely reduce the hexachloro-

platinic acid. [243] Therefore the concentration of NaBH4 was studied to try to

maximise the amount of platinum salt being reduced to nanoparticles while still

forming a stable dispersion. The platinum salt concentration was kept constant

at 5.56 mM, as was the PVP concentration at 0.0067 wt %. The concentration of

NaBH4 was varied from 11.22 mM to 28.06 mM. This corresponds to a 1:2 ratio

of Pt salt to NaBH4 at the lowest concentration to a 1:5 ratio at the highest.

Figure 4.9: Right: platinum salt dissolved in PVP solution before the addition

of reducing agent. Left: Pt-PVP NP dispersion.

During the reduction of the platinum salt (see Equation 4.1) a colour change

from yellow to dark brown was observed (see Figure 4.9). This colour change is

characteristic of the reduction of Pt(IV) to Pt(0). UV-vis spectroscopy can be

used to study the transitions involved in the rearrangement of valence electrons
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responsible for the colour change. The colour of metal salt solutions is dependent

upon the metal, the metal oxidation state and the number of metal d-electrons.

Colour in transition metal complexes arises from transitions in incompletely filled

d-orbitals. The peak at 257 nm corresponds in this case to the absorption peak

of the Pt (IV) species. The signal is due to the ligand-to-metal charge transfer

transition of of [PtCl6]
−2 ions. It can also be noted that a shift of the absorbance

peak with the presence of PVP from ∼261 nm to ∼257 nm (Figure 4.10 (b))

confirms the interaction between the Pt ions and PVP. The ligand field splitting of

the Pt 5d orbital expands the coordination of the N and/or O atoms of the PVP to

the Pt4+ ions. This has been documented in the literature previously. [56], [147], [230]

In addition to the UV-vis data, FTIR spectra were collected for PVP, H2PtCl6

in PVP and the Pt-PVP NPs. The FTIR peak of the amide C=O of pure PVP

can be observed at 1652 cm−1. A peak shift can be observed for the C=O peak

of the polymer-salt to 1600 cm−1 suggesting that a complex is formed between

the polymer and metal salt as the environment of the C=O bond has changed.

Upon reduction of the metal salt and formation of the metallic platinum another

peak shift to 1616 cm−1 can be observed. The red shift of the carbonyl frequency

indicates the formation of a strong C=O-Pt bond. This supports the observations

from the UV-vis of an interaction of the PVP with the metal salt and is also seen

in literature. [239], [28], [29]
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Figure 4.10: (a) Percentage of platinum salt reduced with different concentrations

of reducing agent (from 11.22 mM to 28.06 mM), (b) absorption spectra for the

unreduced platinum salt in water and the unreduced platinum salt in PVP, c) UV-

vis spectra of platinum nanoparticles using different concentrations of reducing

agent in the synthesis.

It can be observed that as the concentration of sodium borohydride is in-

creased the Pt salt absorbance peak decreases and therefore a higher percentage

of the salt is being reduced (Figure 4.10). Though the Pt salt peak completely

disappears for 28.06 mM this produced an unstable dispersion as sedimentation

could be observed in the sample vial. The TEM micrographs (Figure 4.11) also

show larger, polydisperse aggregates compared to the samples where a lower con-

centration of reducing agent has been used. The TEM micrograph was taken

a few days prior to the onset of the sedimentation, hence why even larger ag-

gregates aren’t present. Whereas for the other dispersions this was not evident.

The explanation for this observation is that sodium borohydride is a very strong

reducing agent [155], which leads to a fast reaction (which is accelerated with in-

crease in concentration) where very small primary particles are produced. When
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the platinum salt concentration is high, more interfacial area is created at the

start of the process, which the PVP is unable to fully coat as its adsorption to

the created surface is diffusion limited. This leads to a less stable, polydisperse

dispersion as these primary particles have a tendency to aggregate into larger

secondary particles. Additionally with higher concentrations of NaBH4 there will

be an increase in the amount of BH−
4 converted to B(OH)−4 which may cause

destabilisation due to change in the surface chemistry of the particles. [259] In

order to establish whether the instability is due to an increase in surface area

and insufficient stabiliser or destabilisation due to change in surface chemistry

of the particles further experiments would need to be carried out with higher

concentrations of PVP.

In order to reach a compromise between stability and efficiency of the process

the work from now on uses 22.25 mM NaBH4 in the synthesis.
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Figure 4.11: TEM micrographs of NPs synthesised with 5.56 mM (0.23 wt%)

PtCl6H2, 0.0067 wt % PVP and different concentrations of NaBH4; a) 11.22 mM,

b) 16.83 mM, c) 22.35 mM, d) 28.06 mM.

4.3 In depth characterisation of optimised par-

ticles

The previous experiments have gone some way to optimise the nanoparticles

for their use as catalytic emulsifiers. This section will examine the structure of

the particles produced with the chosen synthesis conditions in more detail. The
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particles studied here are made with 0.23 wt% PtCl6H2, 0.0067 wt% PVP and

22.25 mM NaBH4. This produces particles with a Pt core diameter of 3.3 ± 1.0

nm as seen below in Figure 4.12.

Figure 4.12: TEM micrograph of PVP stabilised Pt NPs synthesised with the

following synthesis conditions: 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP

and 22.25 mM NaBH4.

4.3.1 Electron microscopy techniques

Scanning transmission electron microscopy (STEM) is a type of transmission

microscopy where unlike conventional TEM the electron beam is focussed on a

fine spot which is then scanned over the sample in a raster, making it suitable for

analytical techniques such as energy dispersive x-ray spectroscopy (EDX). EDX

spectroscopy is a method used to identify the composition of a material using

100



4.3 In depth characterisation of optimised particles

x-ray excitation. It is able to characterise materials as each element has a unique

atomic structure leading to unique electromagnetic spectrum peaks. In this case

the EDX was carried out while the samples were being imaged by HAADF-STEM

(High-angle annular dark-field scanning transmission electron microscopy)(Figure

4.13). The technique can also provide spatial distribution of elements through

mapping. STEM microscopes can raster the beam over the sample to create a

variety of transmitted electron images as well as x-ray maps. The individual

elements can be identified and assigned a colour to differentiate them (Bottom

right Figure 4.13). As can be seen in the spectrum in Figure 4.13 platinum

exhibits three peaks. The other elements present are copper, oxygen and silicon

which all originate from the TEM grid.

Figure 4.13: EDX spectrum imaged from HAADF-STEM. Top right HAADF-

STEM image, bottom right corresponding false colour image showing Pt. Par-

ticles prepared under the following synthesis conditions: 5.56mM (0.23 wt%)

PtCl6H2, 0.0067 wt% PVP and 22.25 mM NaBH4.

From high resolution TEM (HRTEM) the crystalline microstructure of the

nanoparticles can be determined. Selected area electron diffraction (SAED) pat-

terns give information on the lattice structure of the nanoparticles (Figure 4.14.
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The rings correspond to lattice parameters of platinum. Spots can be observed

which correspond to a crystalline material. The radius of the diffraction rings

is related to the miller indices that represent the crystallographic planes. The

rings correspond to the {111}, {200}, {220} and {311} planes which represent a

face-centred cubic (FCC) structure. This structure is well documented for plat-

inum. [246], [32], [42]

Figure 4.14: SAED diffraction pattern of platinum nanoparticles (NPs prepared

with 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP and 22.25 mM NaBH4.)

HRTEM allows us to measure the interplanar spacing (d-spacing). The lattice

image in Figure 4.15 (a) shows a d-spacing of 0.23 nm which corresponds to the

Pt{111} plane. In Figure 4.15 (b) an interplanar spacing of 0.20 nm can be

observed as it is orientated down a different zone axis. This corresponds to the

Pt{200} plane. These values fit well with standard literature values [42], [57], [246].

The selected area diffraction pattern is over a larger area so will contain multiple
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crystallites at different orientations, whereas these high magnification images are

showing one crystal at a particular orientation.

Figure 4.15: HRTEM micrographs of Pt-PVP NPs with insets showing lattice

spacings of (a) 0.23 nm and (b) 0.20 nm. Both NP dispersions (a) and (b) were

prepared with 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP and 22.25 mM

NaBH4.

On the high resolution TEM particles that may appear to be larger NPs are

in fact clusters of smaller NPs (Figure 4.16) as seen by the individual lattice

patterns can be observed. This could be due to the way in which the particles

dried on the TEM grid. It is also possible that the particles are aggregated in the

suspension however no sedimentation is observed over several months. If there

were aggregates present it would be likely that they would increase over time.
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4.4 Conclusion

Figure 4.16: a) Lattice image of Pt-NPs showing individual particles (NPs pre-

pared with 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP and 22.25 mM

NaBH4.)

4.4 Conclusion

PVP stabilised platinum particles were successfully stabilised via the reduction of

hexachloroplatinic acid hydrate with sodium borohydride. These particles were

chosen for their ability to act as a catalyst for metal film growth via electroless

deposition. Control over size was demonstrated by varying the ratio of stabilising

agent to metal salt in the synthesis. As the aim was to use these particles as emul-

sifiers at an oil-water interface it was important that the amount of stabiliser was

minimised in order to get a good coverage at the interface to facilitate even metal

film growth. This was achieved by obtaining a stable dispersion using a ratio

of 0.23 wt% : 0.0067 wt% of platinum salt: PVP. This is a drastically reduced

amount of PVP compared to literature values. [102], [243] The amount of reducing

agent was optimised to account for the catalytic breakdown of the sodium boro-

hydride by the platinum microcrystals to that the maximum amount of platinum

nanoparticles were produced. It was found that a 1:4 ratio (5.56 : 22.25 mM) of
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4.4 Conclusion

platinum salt to sodium borohydride was most suitable as most of the platinum

was reduced without compromising the stability. Higher amounts of NaBH4 led

to unstable dispersions. The overall method developed here has allowed us to

synthesise NPs with a low excess of PVP in the continuous phase and the fol-

lowing chapter will go on to test how well these particles adsorb at the oil water

interface.
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Chapter 5

Characteristics of nanoparticle

film at oil water interface

5.1 Synopsis

This chapter focuses on characterising the nanoparticles at the oil-water interface

and on examining their viability as nano-Pickering emulsifiers for the oil droplets.

The interfacial properties of the particles are characterised by pendant drop ten-

siometry and interfacial rheology. Additionally, techniques such as cryo-SEM

and cryo-TEM will be used to directly visualise the nanoparticles on the droplet

surface.

5.2 Interfacial tension

Interfacial tension (IFT) is a result of cohesive forces between two immiscible

liquids. It can be described as the amount of energy required to increase the

interface by one unit area of interface between two immiscible liquids, hence the

units of Newtons per meter (Energy = N·m, Area = m2 therefore Energy/Area

= N·m/m2 = N· m−1). Determination of the IFT allows us to make deductions

about the adsorption and desorption of surface active solutes as adsorbed species

will decrease the interfacial tension by reducing the number of interactions be-

tween the immiscible liquids. [21] The presence of emulsifiers, such as surfactants
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5.2 Interfacial tension

or polymers, at the oil-water interface can therefore lower the interfacial tension,

and hence lower the amount of energy required to create more surface area, as

droplet break up is facilitated when interfacial tension is low.

It is known that nanoparticles with suitable wettability and diameter will

strongly adsorb at a liquid-liquid interface as this process lowers the total sys-

tem energy. However, there is still no consensus on whether the adsorption of

nanoparticles at the interface affects the interfacial tension. [76], [162] In some cases

there is a dependence on the assembly at the interface [185] or surface chemistry of

the particles including factors such as surface charge [217] as to the resulting mea-

sured IFT. Sometimes particles are found to decrease the IFT [93], though in some

cases there is no significant impact. [247] However, when a significant reduction in

interfacial tension is observed in previously published work on particle-stabilised

interfaces, the effect is generally explained by the propensity of the particles to

adsorb at the interface and their resulting adsorption energy at the interface. [76]

In the case of the Pt nanoparticles developed in this thesis for emulsion stabil-

isation, interfacial tensions of the NP aqueous suspensions with hexadecane were

measured using a pendant drop tensiometer. The technique involves measuring

the outline of the droplet and iterative fittings of the Young-Laplace equation to

the recorded shape, as explained in the corresponding methodology in Chapter 3.

The IFT of the droplets were measured over time to ensure equilibrium had been

reached. IFTs were measured over 12,000 s in a covered cuvette, maintaining a

constant temperature and humidity. Though in the emulsion the NPs are in the

continuous phase, theoretically the IFT should be the same in both w/o drop

or o/w drop. Due to the opacity of the Pt-PVP NP dispersion, hexadecane was

used as the continuous phase for these measurements so that the drop outline

could be distinguished accurately. When carrying out the measurements it was

crucial that the droplet size was large enough to ensure that gravitational effects

were non-negligible as this can lead to false fitting of the recorded droplet shape.

Indeed the corresponding model relies on the influence of gravity forces on the

droplet to balance interfacial tension. [21]

IFT measurements of water in hexadecane were first carried out and compared

against literature values [138] to ensure that accurate readings could be obtained.

The interfacial tension of hexadecane was found to be ∼49 mN m−1 and was
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5.2 Interfacial tension

stable over a period of 30 minutes, indicating no significant polar impurities in

the water or hexadecane. Subsequently, IFT measurements for PVP solutions

in hexadecane and aqueous suspensions of the Pt-PVP nanoparticles with PVP

in hexadecane were conducted. PVP solutions were added to Pt-PVP NPs after

particle synthesis and the overall concentration compared to PVP solutions of the

same concentration in the absence of the nanoparticles. The nanoparticles used

were those described at the end of Chapter 4 (synthesised with the following

reactant concentrations: 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP and

22.25 mM NaBH4)
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5.2 Interfacial tension

Figure 5.1: Interfacial tension as a function of time for; (a) NPs in hexadecane

(inset shows last 3600 s), (b) PVP in hexadecane, (c) NPs + PVP in hexade-

cane. (d) Interfacial tension as a function of overall PVP concentration. Average

from measurements over last 3600 s. The blue line represents the interfacial ten-

sion of hexadecane in water. The value at zero for NPs + PVP (green square)

corresponds to the nanoparticles in the absence of excess PVP.

As can be seen from Figure 5.1 (d) that the presence of PVP lowers the inter-

facial tension compared to hexadecane in water as expected due to the polymer

penetrating the interface and relaxing to maximise surface contact. However, an

increase in PVP concentration does not lead to a decrease in interfacial tension

as would be expected for a polymeric emulsifier, as emulsifier concentration is

above the interface saturation concentration in this case. Literature values for
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5.2 Interfacial tension

PVP show no change in surface tension over a wide range of concentrations and

PVP molecular weights. Though there are some deviations at high concentrations

of PVP, these are above the concentrations used in these experiments. [97], [27], [84]

This cannot be directly correlated to the interfacial tension in this case, however

it is clear the PVP has a limiting effect on the extent that it can reduce the in-

terfacial tension, which is independent of PVP concentration. The nanoparticles

in the absence of any excess polymer also exhibit a decrease in interfacial tension

similar to that of the PVP. As the surface of the nanoparticles is stabilised by

PVP a similar reduction in IFT might be expected. Reduction of IFT with poly-

mer stabilised particles has been documented in literature by Alvarez et al. who

investigated 20 nm silica nanoparticles grafted with poly(2-(dimethylamino)ethyl

methacrylate) at both the xylene-water and air-water interface. They attributed

the reduction in IFT to the polymer on the particles relaxing to a flatter con-

formation and hence maximising the surface contact. [5] Isa et al. also observed

a reduction in IFT in the presence of nanoparticles with a PEG-shell at the

n-decane/water interface. [112]

The dispersions containing both nanoparticles and excess PVP have a slightly

lower IFT than the PVP in hexadecane. One possible reason for this is that

when the free PVP adsorbs at the interface it relaxes and expands, whereas the

PVP stabilising the NPs is not able to do so to as great an extent. Therefore

it is possible that the combination of the polymer and nanoparticles leads to a

denser layer at the interface. Compared to the PVP, the nanoparticles take a

much longer time to reach equilibrium, as illustrated in Figure 5.1 (a) and (b).

Additionally when PVP is added to the NP dispersion the kinetics are much

more similar to the PVP on its own (Figure 5.1 (c)). This would suggest that the

PVP is diffusing to the interface quicker. These results illustrate that any free

PVP will be competing with the Pt nanoparticles required at the interface for the

subsequent electroless deposition process, for the oil-water interface. Additionally,

the dispersions containing nanoparticles and PVP have a lower IFT in hexadecane

that the NPs on their own. Free PVP is able to rearrange more easily than the

NPs at the interface and has a poor interfacial interaction (it only decreases

the IFT by a relatively small amount compared to a surfactant). Therefore in

the dispersion with NPs and PVP, the PVP may be able to fill gaps in the NP
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5.3 Interfacial rheology

interfacial layer and hence lower the IFT. This could be further studied by SANS

and SAXS.

5.3 Interfacial rheology

Rheology is the study of flow and deformation of materials under applied forces.

Generally, rheometers measure two parameters; stress and strain, where stress is

the amount of force per unit area applied to the sample and strain is the degree to

which a material deforms after the application of stress [41]. Bulk rheology deals

with the 3D structure of materials and can for example be applied to the struc-

turing of particles in suspensions. Materials can be divided into three categories

with regards to rheological behaviour; viscous, elastic and viscoelastic. In elastic

materials, deformation reverses spontaneously when an applied force is removed.

In this case, energy is stored by the system and then released. In viscous materi-

als, deformation ceases when the applied force is removed. Here energy performs

work on the material to deform it without the material being able to regain its

original shape.

The classic theory of elasticity deals with the mechanical properties of elastic

solids in accordance with Hookes Law, where stress is directionally proportional

to strain in deformations but is not dependent on the rate of strain. The theory

of hydrodynamics deals with viscous liquids, which is in accordance to Newtons

Law, whereby the stress is directly proportional to the rate of strain but indepen-

dent of the strain itself. Viscoelastic materials exhibit both elastic and viscous

behaviour. [174], [78]

Rheology allows us to determine both the relationship between viscoelastic

properties and structure of the material and the relationship between stress, defor-

mation and time. Predicting the rheological behaviour of colloidal dispersions can

be challenging due to various factors that must be considered. Non-Newtonian

effects can be observed due to interactions between the dispersed particles. As a

result, predictive theories must consider the effect of colloidal forces on the spatial

arrangement of the particles and must also take into consideration the effect of

colloidal forces on the spatial arrangement in the externally applied flow field. [19]
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Interfacial rheology involves the study of the two-dimensional systems formed

at interfaces. Interfacial rheology (flow in two-dimensions) can be considered

analogous to rheology (flow in three-dimensions). [195] The particle structuring,

mentioned for bulk systems, which influences the response of the system to the

stress applied, also exists when the particles are at a 2D interface. The deforma-

tion at the interface and the stresses exerted on it can be studied in a similar way.

Rheometric measurements usually consist of strain or stress analysis at constant

frequency in combination with frequency analysis. Such measurements typically

give a complex shear modulus G∗(ω), where (ω) is the angular frequency, as an

output. Subsequently this can be divided into component parts corresponding to

the elastic and viscous contributions of the materials tested to their response to

applied stress. The storage modulus, G
′
(ω), is a measure of the energy stored

during a strain cycle, the real part of the complex shear modulus. It is also re-

ferred to as the elastic modulus. The loss modulus, G
′′
(ω) is a measure of the

energy lost during the strain cycle, the imaginary part of the complex shear mod-

ulus. It is also referred to as the viscous modulus. These are related by Equation

5.1. [41], [31]

G∗(ω) =
σs
ϕ0

eiδ(ω) = G
′
(ω) + iG

′′
(ω) (5.1)

Where σs is the amplitude of the applied sinusoidal stress with frequency ω

and ϕ0 is the amplitude of the resultant strain at the same frequency ω that lags

the stress by a phase angle δ(ω).

In these experiments, interfacial rheology of the system was measured over

time using a double wall ring (DWR) geometry at the oil-water interface. The

DWR geometry is specifically designed for interfacial measurements and is de-

tailed further in Chapter 3.3.2.2. The nanoparticles used here were synthesised

with 5.56 mM (0.23 wt%) PtCl6H2, 0.0067 wt% PVP and 22.25 mM NaBH4 as

concluded at the end of Chapter 4 to be optimal for emulsification. The nanopar-

ticle 2D film was prepared in situ as follows; the aqueous nanoparticles (the dense

phase) were loaded into the channel up to the step in the wall. The DWR geom-

etry was flame cleaned and positioned to pin the air-water interface. Finally a
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5.3 Interfacial rheology

layer of hexadecane was deposited on top carefully so not to disrupt the liquid-

liquid interface. The temperature of the interface was maintained at 20.5 ◦C.

Forming this oil layer allows us to study the oil-water interface, rather than the

bulk properties. This will relate to the particle adsorption at the droplet surface

during emulsification. Additionally the layer of oil on top prevents the evapora-

tion of the aqueous phase which allowed us to study the system over long periods

of time. Strain amplitude sweep experiments were conducted in oscillation mode

at a fixed angular frequency (ω = 0.5 rad·s−1) and the strain was varied from

low to high and correspondingly the stress was changing. The strain sweep corre-

sponds to progressively increasing the deformation in the system and monitoring

the effect this has on the complex modulus monitored in the measurement. As

the experiments were carried out in the linear region the structure of the film was

not disturbed by the shear stress, thus droplets were not formed at the interface.

Measurements were taken over several days, and stress was applied to the dis-

persion each time when the measurement was taken. The lag between the strain

measured and the stress applied is characteristic of the storage (elastic) and loss

(viscous) and moduli.

Figure 5.2 shows the storage modulus (a) and loss modulus (b) over a range

of oscillation strains at different times. Figure 5.3 shows the change in storage

modulus, G
′
, and loss modulus, G

′′
over time for a specific oscillation strain.

Over time an increase in both the loss and storage modulus can be observed.

An increase in the storage modulus relates to an increase in elasticity, which is a

result of film build up at the interface. G
′
dominates over G

′′
which demonstrates

that the film exhibits an elastic behaviour as the film is able to store energy

and return to it’s initial configuration to some extent after the application of

stress. The increase in elasticity may relate to an increase in Pt-PVP NPs at the

interface over time and the formation of a network of particles, possibly with an

entanglement of the polymer stabilisers in between adjacent nanoparticles. This

evidences that the particles are indeed adsorbing to the interface and forming a

robust film, as these elastic responses would not be observed otherwise.
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5.3 Interfacial rheology

Figure 5.2: (a) Storage modulus, G
′
, and (b) loss modulus, G

′′
, over changing

oscillation strain.
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Figure 5.3: Storage modulus, G
′
, and loss modulus, G

′′
, over time at oscillation

strain = 10%.

Figure 5.3 shows the storage and loss modulus over time. The initial film

(t=0) does not exhibit this elastic behaviour as G
′′

is slightly higher than G
′
.

Additionally the storage modulus in Figure 5.2 (a) is not linear across the os-

cillation strain range for t=0 and t = 2 hrs. This demonstrates that the film is

weak at this point. The particle film appears weaker at the beginning and builds

over time. An increase in elasticity results from specific interactions leading to

the particles strongly interacting with each other, in this case it is driven by in-

teractions between adjacent polymer stabilisers on the surface of neighbouring

particles. Here the solvency of the water phase for the polymer plays an impor-

tant role in this process and is influenced by the electrolyte concentration of the

suspension. Further rheological experiments would need to be carried out to de-

termine the extent of the effect of electrolyte concentration on the film formation.
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

Because the focus of this thesis was on developing a method for deposition of an

impermeable metal film on the surface of emulsions, several desired experiments

to elucidate the behaviour and interactions of these nanoparticles at the oil-water

interface were not conducted and will form the basis for future experiments in

the research group. In anticipation of these results it might be expected that the

elasticity would increase with increasing electrolyte concentration as PVP would

have a decreased solvency for the bulk and hence polymer entanglement would

be facilitated.

5.4 Visualisation of the Pt-PVP NP films at the

oil-water interface

5.4.1 Cryo-SEM

In order to ensure that the secondary metal film deposition onto the surface of

the droplets is successful, it is necessary to ensure the catalytic Pt nanoparticles

form a strong, complete film on the droplet surface. Thus, observation of the

nanoparticle film is an important step towards ensuring that an impermeable film

can be successfully built on the surface of the droplet aimed to be encapsulated.

Here, in addition to observing a drastic reduction in turbidity of the aqueous phase

during emulsification (Figure 5.4) further evidence that the particles are adsorbing

at the oil water interface can be obtained from EDX analysis on a sample observed

under cryo-scanning electron microscopy (cryo-SEM). This allows us to observe

the chemical composition of the adsorbed interfacial film without the droplets

completely collapsing in the vacuum chamber of the electron microscope (Figure

5.5). The image has been taken in secondary electron mode which provides

information on the surface and topological characteristics. Secondary electrons

are emitted by atoms near the surface which leads to high resolution.
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

Figure 5.4: (a) Pt NP dispersion with layer of hexadecane before emulsification,

(b) corresponding emulsion after homogenisation on ultrasonic processor. The

emulsion has formed a cream layer due to hexadecane having a lower density

than water.

Figure 5.5: Cyro-SEM micrograph of Pt-PVP stabilised HD emulsion.

As can be observed in Figure 5.5 there is some wrinkling apparent on the
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

frozen droplet surface, which may be due to vacuum effects or slight changes

during the freezing process. The non-spherical shapes are thought to be water

(as labelled in Figure 5.5). Figure 5.6 shows a false coloured EDX map, where

the red colour, representative of the presence of platinum is mainly situated on

the surface of the observed droplets. Analysing the EDX further, it is clear that

the oxygen in the sample appears to be present on the droplet interface, which

is likely to be due to the presence of PVP. There is also a high concentration of

carbon (Figure 5.6 (d)), which will be mainly derived from the hexadecane core.

Additionally there will be some carbon from the PVP. The nitrogen present at

the interface is due to the pyrrolidone moiety in the PVP. The high presence of O

(and lack of Pt and C) in the non-spherical shapes back up the hypothesis that

they are ice.
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Figure 5.6: Cyro-SEM micrograph with EDX mapping. EDX false colour of (a)

overlay of Pt and O, (b) Pt - red (Pt Mα map), (c) O - blue (O Kα map), (d) C

- pink (C Kα map) and (d) N - yellow (N K α map)
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

5.4.2 TEM & Cryo-TEM

Drop casts of the emulsion droplets were observed on TEM. Here the emulsion

droplets collapsed upon drying and the resulting 2D structures were imaged.

The resulting ’deflated’ droplet shapes could distinctively be observed, where

the particle film is seen to buckle and fold, demonstrating the robustness of the

particle film upon drying. This correlates observations made in the interfacial

rheology experiments about the presence of a robust, entangled particle film at

the interface. Here the particles seem closely packed, though as the droplets

are collapsed both sides of the droplet can be observed. The particles in the

background are most likely fragments of larger droplets, which are less structurally

stable than the smaller ones.
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Figure 5.7: TEM micrographs of drop cast emulsion droplets. (a) and (b) show

entire droplets, (c) and (d) show zoomed in region of droplet.

The emulsions were also observed on cryo-TEM (Figure 5.8) allowing us to

visualise the nanoparticles at the interface of droplets frozen in their true environ-

ment. Indeed, by using cryo-TEM it was possible to preserve the structure of the

droplets so that they do not collapse under the vacuum pressure. This enables

the study of the packing density of the adsorbed Pt NPs at the interface. There

are few reports in literature of Pickering emulsions produced from nanoparticles

imaged using cryo-TEM techniques. [54], [196], [153] In this instance a holey carbon

film was used, so what appears to be a hole in the droplet is in fact part of the
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grid. The droplet is likely pinned on this hole which occurs during the freezing

process. EDX mapping of the sample is possible while under STEM conditions.

It can again clearly be observed that the platinum nanoparticles are localised on

the droplet interface (red on the EDX mapping. The carbon comes from both

the TEM grid, the hexadecane and the PVP.

Figure 5.8: (a) Cryo-STEM micrograph of Pt-PVP stabilised emulsion droplet,

(b) EDX false colour map of Platinum (red) and (c) Carbon (yellow)

5.4.2.1 Excess PVP

To initially investigate the importance of excess PVP in the Pt-NP suspension

and its influence on the adsorption efficiency of these nanoparticles, an emulsion

was prepared where excess PVP was purposefully added into the Pt-PVP NP

dispersion after synthesis. This sample was compared to an emulsion sample

prepared using the particles as synthesised to evaluate the differences in adsorbed

nanoparticle density on the droplet surface using cryo-TEM. As described in the

previous chapter, efforts have been made to reduce the amount of PVP used to
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synthesise the nanoparticles in order to reduce competition of the free polymer

in the bulk for the nanoparticle interfacial adsorption. Upon emulsification, due

to the lower density of hexadecane, the emulsion creams, which allows for visual

observation of the turbidity of the emulsion continuous phase. As can be seen from

Figure 5.9 (a), where no excess PVP has been added, the aqueous phase appears

colourless, providing evidence that most of the nanoparticles have adsorbed at

the oil-water interface. Comparatively in Figure 5.9 (b), where excess PVP has

been added, the aqueous phase of the emulsion appears very dark showing that

not all of the NPs have gone to the interface and that the interface is likely

populated with polymer in majority. Additionally the cream layer in (b) appears

lighter, suggesting there are fewer Pt NPs present on the droplet surfaces. In

emulsion (b) aggregates can be observed which is unfavourable. It is possible

that aggregation is being driven by PVP diffusing to the interface first but not

stabilising the interface as efficiently as the nanoparticles and the nanoparticles

cannot easily substitute the adsorbed PVP.
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Figure 5.9: (a) Emulsion made with no excess PVP, (b) emulsion made with

excess PVP.

The NP particle density at the interface for each emulsion can be calculated

by using the size distribution (allowing for calculation of total surface area) of

the emulsion and the number of NPs adsorbed. The transmission of the aque-

ous phase, measured by the LUMiSizer, can be used to determine the number

of particles remaining in the bulk aqueous phase through comparison with cali-

bration work where the transmission of Pt NP suspensions of a broad range of

nanoparticle concentrations was measured. By using the total oil-water interfacial

area in the system and comparison between the number of particles remaining
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

in the emulsion continuous phase versus particles present before emulsification,

the adsorbed Pt NP density on the oil droplet surfaces can be estimated (in NP

m−2).

An average interparticle space, sIP , as illustrated in Figure 3.8 (in Chapter

3), can be calculated by using the theoretical surface area that a set number of

NPs can cover. This can be calculated from the area that one nanoparticle would

occupy (AH) on the assumption that the NPs form a hexagonal close packed

array monolayer and is detailed in Chapter 3.4.3. Once the area that one particle

occupies is obtained this can be multiplied by the number of particles in the

system at the interface (NPinterface) to provide the area that the particles can

cover (Atotal) at a given particle diameter and spacing (Equation 5.2).

Atotal = AH ·NPinterface (5.2)

If the number of particles adsorbed at the interface (from transmission data)

and the interfacial area of the emulsion (from size distribution data) is known,

the interparticle spacing, sIP , as shown in Figure 3.8 can be back calculated as

sIP is a component of AH . This is achieved using the Goal Seek function on Excel

where Atotal is set to the total interfacial area obtained from the size distribution

of the emulsion by changing the interparticle spacing (sIP ). In this case a value

of 3.3 nm for the core NP diameter has been used as calculated in Chapter 4.

The adsorbed Pt-NP density can also be measured using the cryo-TEM micro-

graphs by processing the micrographs, focussing on the interface (using the image

processing software ImageJ) to determine the number of particles for a given area.

Though this is a transmission technique at high magnifications the focus is on

particles likely to be on one side of the emulsion droplet due to relative height

differences. Additionally it is possible to identify individual particles, whereas in

the drop cast TEM micrographs this is more difficult as layers of the nanopar-

ticulate films are being observed. Sizing is carried out on ImageJ by maximizing

the contrast and brightness on the TEM micrograph followed by adjusting the

threshold to obtain a black and white image. A good degree of contrast is re-

quired to differentiate the particles from the background. The binary image is

then processed by the particle analyser tool, which provides information such as
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5.4 Visualisation of the Pt-PVP NP films at the oil-water interface

size, shape and count. Parameters such as size and circularity can be defined

when analysing the particles. An example of the image processing carried out for

one particular micrograph is given in Figure 5.10.

Figure 5.10: Steps involved in obtaining particle size and number from ImageJ

software.

Using these techniques the particle density can be calculated and compared

for the emulsions. Visually from Figure 5.11 a more densely packed interface for

the emulsion with no excess PVP can be observed. For emulsion (a), using the

transmission and interfacial area method described above, a value of 3.7 x 1016

NPs m−2 (1.5 x 10−2 g m−2) is obtained for the particle density at the interface.

Back calculating this gives a particle spacing of around 2.9 nm. These values fit

with the measured average density from the cryo-TEM images of 3.4 x 1016 NPs

m−2. Going forward the transmission and interfacial area data can be considered

a good representation of the density because they agree so well with each other

in this case.
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Figure 5.11: Cyro-STEM micrographs of Pt-PVP NP stabilised o/w emulsion

with no excess PVP.

For the emulsion where excess PVP has been added before the emulsification

process (Figure 5.9 (b)) the density is much lower, with a value of 5.26 x 1015 NPs

m−2 being obtained from the aqueous phase transmission data and interfacial

area. This produces a back calculated spacing of 13.0 nm. In the cryo-TEM

images (Figure 5.12) particles that are more closely packed are observed, where

some are in clusters and some are further away, therefore this number represents

the average spacing of the particles. Due to the way the water has crystallised as

it has frozen and high amount of ice (white haze on the image), the contrast on

the cryo-TEM images was not good enough to obtain quantitative density values

from the micrographs. Nonetheless, visually (Figure 5.12) the spacing values

fit. This experiment illustrates the importance in reducing the amount of PVP

in the system as excess PVP preferentially adsorbs to the interface and hence

reduces the packing density of the catalytic Pt nanoparticles. Horiuchi et al. [102]

emphasised the importance of having a high packing density in order to obtain a

uniform metal film with high deposition rates. This will be discussed further in

Chapter 6.
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Figure 5.12: Cyro-STEM micrographs of Pt-PVP NP stabilised o/w emulsion

with excess PVP added before emulsification.

5.5 Conclusion

As evidenced above via various techniques the Pt-PVP NPs are able to adsorb at

the oil-water interface successfully. The presence of platinum at the interface was

confirmed using EDX. As previously suggested excess PVP competitively adsorbs

at the interface and prevents the NPs from adsorbing. A densely packed array

of particles can be observed in the emulsions without excess PVP which suggests

that they will provide a suitable interface for the growth of a secondary metal

film.
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Chapter 6

Emulsification of Pt-PVP

nanoparticles

6.1 Synopsis

It has been previously demonstrated that the Pt-PVP NPs are able to adsorb

at the oil-water interface. This chapter will examine the emulsification process,

illustrated in Figure 6.1, and investigate some of the key parameters in order to

optimise and demonstrate the control of the emulsion system. It has already been

highlighted that PVP concentration in the aqueous phase is an important factor

in the emulsification process and this will be discussed further. Additionally the

effect on the resulting emulsion of oil fraction and electrolyte concentration of the

nanoparticle dispersion will be investigated.
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6.2 Emulsification of Pt-PVP with hexadecane

Figure 6.1: Schematic illustrating the formation of emulsion droplets stabilised

by Pt-PVP NPs.

6.2 Emulsification of Pt-PVP with hexadecane

Pt-PVP stabilised hexadecane emulsions were prepared to act as a scaffold for

metallic plating, in order to encapsulate the oil core. Hexadecane has been chosen

as a model oil in this case as it has a relatively low molecular weight, has a simple

structure so is easily identifiable on gas chromatography. The platinum NPs pro-

vide catalytic sites for the reduction of a secondary metal process to take place.

In order to achieve a continuous metal film, a high density of nanoparticles at the

interface is desirable. The particles can be considered as Pickering emulsifiers as

the particles adsorb and stabilise the interface, where the self-assembly of colloidal

particles at the liquid-liquid interface is driven by the reduction in the Helmholtz

free energy, where the fluid-fluid interface is replaced by a fluid-particle interface.

The tendency for the particles to adsorb and stay at the interface depends on

various factors including the surface chemistry which affects the particles wetta-
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6.3 Controlling limited coalescence of emulsions

bility and the particle radius. [142], [26] However, there are few reports in literature

of sub 10 nm nanoparticles being used as emulsifiers. [196], [131], [26]

In Chapter 4 Pt-PVP NPs with a low ratio of PVP to platinum were produced

in order to maximise the packing of the Pt cores at the interface and therefore

maximise the catalytic activity. This will theoretically allow smoother, thinner

coatings of the secondary metals to grow. The packing density at the droplet

interface will be discussed later in the chapter. The nanoparticles used in this

chapter are those detailed at the conclusion of Chapter 4 (5.56 mM (0.23 wt%)

PtCl6H2, 0.0067 wt% PVP and 22.25 mM NaBH4). In Chapter 5 it was evidenced

that these nanoparticles are able to adsorb at the oil-water interface on both 2D

and 3D systems.

6.3 Controlling limited coalescence of emulsions

The phenomenon of limited coalescence, whereby the droplets generated dur-

ing emulsification will coalesce until they reach a coverage limit, defined by

the emulsifier available in the system, has been documented for Pickering emul-

sions. [258], [9], [25], [175] To ascertain whether limited coalescence can be observed for

this system, emulsion droplet size was studied over time. Hexadecane was ho-

mogenised with Pt-PVP NPs (10 ml) for 1 min at 40% amplitude on an ultrasonic

processor. Oil volumes of 0.5 ml and 1 ml were used, corresponding to volume

fractions (φ) of 0.05 and 0.9. One set of emulsions were agitated for 30 minutes

(hence preventing the creaming process) then the size sampled at time intervals

by inverting so that a homogeneous sample was taken. Another set of emulsions

was left to cream immediately after emulsification and the same sampling process

was undertaken.

As can be observed in Figure 6.2 the mean droplet diameter evolves over time

and then plateaus when the emulsion is not agitated (as does the coefficient of

variation, CV). This suggests that limited coalescence is occurring as the droplet

diameter is changing until a coverage limit is reached. Whereas for the emulsions

that were agitated on the carousel, Figure 6.3, the mean diameter remains stable

over time. The CV does not change much over time and for both volumes is

lower than the emulsions without the agitation step. In this case the limited
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6.3 Controlling limited coalescence of emulsions

coalescence process is controlled during the agitation stage. Additionally, the

final mean droplet size is slightly larger and the size distribution of the emulsion

is narrower for the emulsions subject to agitation. This may be as result of

increased droplet collisions during agitation, some of which lead to coalescence

and hence larger droplets. The agitation on the carousel also allows time for

the nanoparticles to distribute themselves across the droplets more evenly. The

interfacial rheology experiments (Chapter 5) showed weaker films were formed

initially, which increased in elasticity and became more robust over time. By

preventing the emulsion from creaming immediately the particles are able to

build a film at the interface and controlling this process results in a more stable

system. The time scales for film build up are not comparable as there is no

energy input to the interfacial rheology system, whereas large amounts of energy

are input in the emulsification process. Therefore the adsorption will occur on a

faster time scale for the emulsification process.

Two different oil volume fractions were compared. For the emulsions with the

lower oil fraction the difference in mean diameter of the emulsion subject agitation

compared to that of the one that was not is smaller than the difference between

the two emulsions with a higher oil fraction (Figure 6.2 & 6.3). This may be due

to the initial droplet size being larger for the 1 ml emulsion. This experiment

demonstrates that the limited coalescence of the emulsion can be controlled and

by adding this agitation step better control of the size and stability of the emulsion

is attained. In the following work the emulsions will undergo agitation on a

carousel for 30 minutes.

Another possible explanation for the observations is the Ostwald ripening pro-

cess, where small droplets dissolve and redeposit on larger droplets as a result of

pressure differences existing between droplets of varying sizes. Due to the rela-

tively low solubility of hexadecane in water [48] it is unlikely that this is occurring.

According to Arditty et al. if the dispersed and continuous phases are immiscible

Ostwald ripening occurs at a negligible rate. [9] One of the key features of Ostwald

ripening is that average drop diameter keeps increasing. [178] Here a plateau is ob-

served, though that is not to say that this is still occurring at a very slow rate.

Additionally Pickering emulsifiers tend to adsorb at the interface with high de-

tachment energies, unlike surfactant molecules which can adsorb and desorb. [23]
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6.3 Controlling limited coalescence of emulsions

Further studies would be required to establish whether no Ostwald ripening is

occurring. This can be achieved by taking into consideration the area of the

droplet and the Laplace equation, 2dγ/dlnA > γ. If this inequality is satisfied

then the droplet should be in equilibrium and show no Ostwald ripening. The left

had side of the equation can be determined experimentally from the dilational

modulus. [231]

Figure 6.2: Diameter of the emulsion droplets as a function of time of hexadecane

in Pt-PVP emulsions (oil φ = 0.05 and 0.90) for samples not subject to agitation.

Annotated numbers represent CV (%).
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6.4 Effect of the addition of excess PVP before emulsification

Figure 6.3: Diameter of the emulsion droplets as a function of time of hexadecane

in Pt-PVP emulsions (oil φ = 0.05 and 0.90) for samples subject to agitation for

30 mins on the carousel. Annotated numbers represent CV (%).

6.4 Effect of the addition of excess PVP before

emulsification

Previously the importance in reducing the amount of PVP in the NP dispersion

to attain a high density of catalytic sites at the oil-water interface to increase the

efficiency of the subsequent electroless deposition mechanism has been stated. In

order to demonstrate the importance of the presence of free PVP in the bulk

on the emulsification process, emulsions were formed with a constant number of
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6.4 Effect of the addition of excess PVP before emulsification

nanoparticles, oil fraction and total volume, and differing amounts of excess PVP

were added to the system. For this purpose, a fixed volume of PVP solutions(0.5

ml) at different concentrations was added to the suspension of Pt-PVP NPs (9.5

ml) after particle synthesis but prior to addition of the oil phase for the emulsifi-

cation process. For the sample where no excess PVP was present, 0.5 ml of water

was added to keep the volume and nanoparticle concentration constant across all

tested samples. As mentioned in the previous chapters, the nanoparticle synthe-

sis has been designed to minimise any excess PVP in the original dispersion and

though it is possible that some free polymer chains may remain in these original

suspensions, this amount is negligible as compared to the amount of PVP added

in the other samples. Calculations of the ratio of polymer chains to Pt-NPs also

suggest that there is no excess (Chapter 3.1.) Therefore for the emulsion with

no excess PVP added the overall concentration of excess PVP is denoted as 0.00

wt%. PVP solutions were added from concentrations of 0.05 wt% to 2 wt%, giv-

ing overall PVP concentrations in the final suspensions used in the emulsification

process of 0.0025 wt% to 0.1 wt%. The resulting dispersions were homogenised

with hexadecane (0.75 ml) for 1 min at 40% amplitude with an ultrasonic proces-

sor while the sample was kept at a constant temperature (22 ◦C) in a water bath.

Subsequently the emulsions were agitated on a carousel for 30 minutes then left

to cream for 24 hours. The lower aqueous phase was removed for transmission

analysis and replaced with milliQ water. The size distribution was measured for

each of the emulsions.
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6.4 Effect of the addition of excess PVP before emulsification

Figure 6.4: Digital photographs of emulsions prepared with different concentra-

tions of PVP added to the NP dispersion before emulsification. Hexadecane (φ =

0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1 min

on an ultrasonic processor. Overall concentrations of PVP in aqueous nanopar-

ticle phase are (a) 0.00 wt %, (b) 2.5 x 10−3 wt %, (c) 1.25 x 10−2 wt %, (d) 2.5

x 10−2 wt %, (e) 5.0 x 10−2 wt %, (f) 1 x 10−1 wt %

As can be observed in Figure 6.4, which shows digital photographs of the

emulsion once creaming of the oil droplets appeared to be complete, the emul-

sions prepared with higher concentrations of excess PVP have a darker lower

aqueous phase. This observation indicates that there is a higher concentration of

nanoparticles in the bulk of the emulsions prepared in these conditions and hence

a lower concentration of NPs at the droplet interface. Additionally, a lighter

emulsion cream layer at higher concentrations of excess PVP can be observed,

suggesting that the PVP has preferentially adsorbed at the droplet interface.

Furthermore, as the amount of excess PVP added increases, smaller droplets

are created and there is an increase in the polydispersity of the emulsions as

can be seen in Figure 6.5. There is more stabiliser available at higher excess

PVP concentrations therefore more interface can be stabilised, hence resulting in

smaller droplets overall. An increase in coalescence was observed with increasing

excess PVP concentrations as some larger droplets are present in the optical

micrographs (Figure 6.6) and digital images (Figure 6.4). The initial droplet sizes

observed at high concentrations of excess PVP are lower, however as PVP is not as

good a stabiliser as the nanoparticles so they destabilise quicker, therefore leading

to coalescence of droplets. These larger droplets have a smaller contribution to
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6.4 Effect of the addition of excess PVP before emulsification

the overall interfacial area stabilised, hence why this is not reflected in the mean

droplet diameter. The measurement of the size distribution is limited by the

optical imaging measurement technique used. The ability of the imaging system

to resolve the size of the droplets is limited to 1µm. So though there may be

droplets smaller than this, they cannot reliably be measured. Due to the fast

creaming rate of the very large droplets it is possible that these will also not

be measured reliably. However, though this will skew the total interfacial area

calculations, these are small errors compared to the changes seen in the trend.

Figure 6.5: Mean droplet diameter of emulsions prepared with different concen-

trations of PVP added to the NP dispersion before emulsification. Overall PVP

concentrations ranged from 0.00 wt % to 1 x 10−1 wt %. Hexadecane (φ = 0.07)

and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1 min on

an ultrasonic processor. The error bars represent the standard deviation of the

mean. Annotated numbers represent CV (%).

137



6.4 Effect of the addition of excess PVP before emulsification

Figure 6.6: Optical micrographs of emulsions prepared with different concentra-

tions of PVP added to the NP dispersion before emulsification. Hexadecane (φ =

0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1 min

on an ultrasonic processor. Overall concentrations of PVP in aqueous nanopar-

ticle phase are (a) 0.00 wt %, (b) 2.5 x 10−3 wt %, (c) 1.25 x 10−2 wt %, (d) 2.5

x 10−2 wt %, (e) 5.0 x 10−2 wt %, (f) 1 x 10−1 wt %

In addition to measuring the transmission of the bulk nanoparticle aqueous
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6.4 Effect of the addition of excess PVP before emulsification

phase the LUMisizer can be used to study the displacement of the droplets as a

result of density differences by measuring the transmission of emulsion samples

over time. Homogenised samples of the emulsion were subject to centrifugation

at 300 rpm while the transmittance was monitored across time as the emulsions

creamed. Front tracking analysis measures the change in position across the cell

of a particular transmission percentage over time (Figure 6.7) and the initial

slope can be used to determine creaming velocities. Faster creaming velocities

are observed for emulsions with lower excess PVP added, which would suggest

larger droplets are present. This is in agreement with the larger mean diameters

observed by the FlowCAM in Figure 6.5 and by the optical microscope in Figure

6.6.
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6.4 Effect of the addition of excess PVP before emulsification

Figure 6.7: Front tracking profiles obtained from LUMIsizer emulsion creaming

profiles at a transmission threshold of 10% for emulsions prepared with different

concentrations of PVP in the NP dispersion. Experiments were carried out at

300 rpm and transmission measurements were taken over time.

The particle density at the interface was calculated by using the size distribu-

tion of the emulsions and the transmission of the aqueous phase (which related to

the number of nanoparticles adsorbed at the interface) as detailed in Chapter 3.

Again the LUMiSizer was used to obtain transmission values for the bulk aqueous

nanoparticle phase and compared to a calibration to determine the concentration

of nanoparticles remaining in the aqueous phase after emulsification. The interfa-

cial area was calculated based on the measured size distributions of the emulsions

from the FlowCAM. These resulting densities plotted against excess PVP concen-
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6.4 Effect of the addition of excess PVP before emulsification

tration clearly illustrate a decrease in particle density at the oil-water interface

following emulsification with increasing PVP concentration in the nanoparticle

suspension (Figure 6.8).

Figure 6.8: Nanoparticle density at the oil-water interface as a function of con-

centration of excess PVP in the NP dispersion. Emulsions were prepared with

different concentrations of PVP added to the NP dispersion before emulsification.

Overall PVP concentrations ranged from 0.00 wt % to 1 x 10−1 wt %. Hexade-

cane (φ = 0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude

for 1 min on an ultrasonic processor. The red line represents the interfacial area

that the amount of Pt-PVP NPs used (9.5 ml) can stabilise (based on calculations

detailed in Chapter 3 using an inter particle spacing of 2.9 nm and core diameter

of 3.3 nm.)

The density of nanoparticles at the interface is reduced at higher excess con-
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6.4 Effect of the addition of excess PVP before emulsification

centrations of PVP due to the PVP competitively diffusing and adsorbing at the

oil-water interface. As mentioned before there are errors associated with measur-

ing the size distribution and hence the interfacial area from which it is derived.

Moreover interfacial area calculations do not account for any coalesced oil layer

on top, however these errors are small compared to the changes observed in the

trend. The diffusion dynamics for spherical particles in solution can be predicted

using the Stokes-Einstein relation. For a spherical particle of radius R, in a fluid

of viscosity η, the diffusion coefficient DSE is determined by Equation 6.1.

DSE =
kBT

6πηR
(6.1)

Where kB is the Boltzmann constant, T is the absolute temperature and R is

the radius of the spherical particle. However, for nanoparticle systems this equa-

tion’s validity is questionable as it does not account for microscopic interactions

and diffusion properties are often hard to predict. Work by Almusallam and

Scholl used Brownian dynamic simulations to incorporate a term for hydrody-

namic interactions to describe diffusion properties of polymer grafted nanoparti-

cles. In this particular article, simulations performed using the corrected diffusion

equation were compared to experimental data with good agreement. [1] For small

nanoparticles dispersed in polymer solutions and melts large deviations from DSE

have been observed both experimentally [240], [117] and by molecular dynamic sim-

ulations [143] when the particle size is comparable to the correlation length of the

polymer. Dong et al. [65] argued that multiple length scales need to be taken into

account and a microscopic viscosity (which would depend on particle size) may

need to be considered when using Stokes-Einstein to establish diffusion coefficients

for nanoparticles. They found that using experimental and mode-coupling the-

ory (MCT) modelling methods that gold nanoparticle diffusion coefficients were

decreased at higher polymer (PEG) volume fractions. The study investigated

the effect of polymer concentration, polymer chain length and particle size of the

diffusion coefficient and their theories were applicable for both unentangled and

entangled polymer solutions. The size of the nanoparticles and polymers used

in the study are comparable to the system used here. The diffusion coefficients

will not be calculated here due to the aforementioned complexities but it is likely
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that the Pt-PVP NPs and free PVP will have similar diffusion properties as they

are both of a similar size and the stabilising layer of PVP on the NPs will result

in them having similar chemical interactions. However interfacial tension mea-

surements from Chapter 5 suggest that the PVP diffuses faster to the interface

as the kinetics for adsorption were faster for PVP. Though the diffusion has not

been quantified, observations would suggest that it diffuses faster. As the ratio

of PVP to NPs present in the dispersion is drastically increased, the likeliness of

a free PVP molecule reaching the interface before a nanoparticle becomes much

higher.

This highlights the importance of reducing the amount of PVP in the NP

synthesis and demonstrates control of the nanoparticle density at the interface,

which has been highlighted already as being paramount to the success of the

subsequent electroless deposition process. These observations agree with earlier

cryo-TEM experiments in Chapter 5 where a lower density of Pt NPs was directly

observed at the interface with the addition of a high excess of PVP.

6.5 Effect of oil fraction

In order to assess the volume of oil that could be emulsified by the nanoparti-

cles the oil volume fraction was varied. Maximising the oil volume fraction and

using all the nanoparticles for the bulk is more favourable from a manufacturing

perspective as the materials are used more efficiently and washing cycles could

be reduced. Pt-PVP NPs (synthesised as concluded from Chapter 4) (10 ml)

were homogenised with hexadecane using an ultrasonic processor for 1 minute

at 40% amplitude. Subsequently the emulsions were agitated to control the lim-

ited coalescence. The volume of hexadecane was changed from 0.1 ml to 4 ml,

corresponding to an oil volume fraction (φ) from 0.01 to 0.29.
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Figure 6.9: Digital photographs of emulsions prepared with different oil fractions

(φ) (top number) and resulting cream layer volume fraction (φcream) (bottom

number). Hexadecane and Pt-PVP NP dispersions (10 ml) were homogenised at

40% amplitude for 1 min on an ultrasonic processor.

As would be expected the volume fraction of the cream layer (φcream) increases

with increasing oil volume fraction (φ) as observed in Figure 6.9. From these im-

ages two distinct cream layers can also be observed at higher φ, with a visible

population of larger sized droplets (indicated by red lines on Figure 6.9). This

relates to the broader size distributions with increasing φ (Figure 6.10). Some

small oil droplets can be observed in these images (including for higher oil frac-

tions), however these droplets are typically out of focus as compared to the larger

ones and thus difficult to distinguish on the optical micrographs but could be

identified under the microscope (Figure 6.11). The mean diameter increases with

increasing φ, until φ = 0.23 and appears to decrease/plateau as the oil volume

fraction is increased further. At φ = 0.01 droplet aggregation can be observed,

possibly as a result of the presence of excess NPs in the system leading to deple-

tion flocculation. [116], [126] Additionally an increasing amount of coalescence was

observed immediately after creaming from φ = 0.17 upwards which suggests that

the emulsions are less stable.
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Figure 6.10: Mean droplet diameter of hexadecane in Pt-PVP NP emulsions at

different oil fractions (φ). Oil fractions ranged from 0.01 to 0.29. Hexadecane

and Pt-PVP NP dispersions (10 ml) were homogenised at 40% amplitude for 1

min on an ultrasonic processor. The error bars represent the standard deviation

of the mean. Annotated numbers represent CV (%).
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Figure 6.11: Optical micrographs of emulsions prepared with different oil volume

fractions; (a) 0.01, (b) 0.05, (c) 0.07, (d) 0.09, (e) 0.13, (f) 0.17, (g) 0.23, (h)

0.29. Scale bar = 100 µm. Hexadecane and Pt-PVP NP dispersions (10 ml) were

homogenised at 40% amplitude for 1 min on an ultrasonic processor.
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Figure 6.12 illustrates that with increasing φ the interfacial area created in-

creases slowly and then much more significantly beyond φ = 0.23, hence the den-

sity of NPs adsorbed at the interface decreases accordingly. The surface coverage

can be determined by considering ratio between the area that the nanoparticles in

the system are able to stabilise (based on a core diameter of 3.3 nm and an inter-

particle spacing of 2.9 nm in a hexagonally packed array), represented by the red

line on Figure 6.12, and the interfacial area created and hence stabilised by the

nanoparticles for each emulsion. Near to maximum surface packing is obtained

for φ values between 0.05 and 0.13 which supports the idea of limited coalescence

whereby the particles reach an optimal stable packing density. [210], [238] At higher

oil fractions (above φ = 0.17) nanoparticle density at the interface decreases,

which is reflected in the instability of the emulsion as the particle packing at

the oil-water interface is less efficient. For φ = 0.01 the area stabilised by the

nanoparticles is less than the maximum packing (red line) suggesting that there

is an excess of nanoparticles in the system. This could be caused by aggregation

due to depletion flocculation leading to the apparent area seeming smaller.

At high volume fractions the barrier formed by the nanoparticles to prevent

coalescence is less efficient. It is possible that during the emulsification process,

which occurs at high energies due to the ultrasonic homogenisation, droplets are

colliding with enough force to coalesce. Fan and Striolo [75] simulated the coa-

lescence of Pickering emulsions and found that as the emulsion droplets come

into contact bridging between stabilising particles may occur, which can lead to

coalescence if the film between the two droplets is not sufficient. The coales-

cence threshold is determine by the stability of the thin film formed between two

droplets as they collide. As suggested by Tambe and Sharma [229] for a less densly

packed interface it is easier for particles move laterally at the oil-water interface

rather than desorb from the interface. At higher NP packing densities this lat-

eral movement becomes harder due to crowding. Additionally for our system it

is possible that there is polymer entanglement at the interface which may inhibit

particle movement at higher densities. Coalescence behavhiour as a function of

surface coverage has been studied by Pawar et al. [192], who found that stability

against coalescence was observed when the droplets are completely covered with

147



6.5 Effect of oil fraction

particles. However some studies have found that bridging of particles led to sta-

bilisation of the droplets, whereby the particles on the emulsion droplets in the

contact region form a dense, bridging monolayer as a result of strong capillary

attraction. [103] The coalescence behaviour and dynamics of the emulsions could

be further studied using the capillary aspiration technique, whereby droplets at-

tached to the end of a capillary are bought into contact. [192], [256]

Figure 6.12: Nanoparticle density at the oil-water interface and interfacial area

of emulsion as a function of oil volume fraction. Oil fractions ranged from 0.01

to 0.29. Hexadecane and Pt-PVP NP dispersions (10 ml) were homogenised at

40% amplitude for 1 min on an ultrasonic processor. The red line represents the

interfacial area that the amount of Pt-PVP NPs (10 ml) used can stabilise (based

on calculations detailed in Chapter 3 using an inter particle spacing of 2.9 nm

and core diameter of 3.3 nm.)
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6.6 Effect of the addition of excess salt to system before emulsification

6.6 Effect of the addition of excess salt to sys-

tem before emulsification

As a result of the nanoparticle synthesis there are electrolytes present in the

nanoparticle suspension (Equation 6.2). These ions in the suspension’s continu-

ous phase are likely to impact how the NPs behave at the interface and the re-

sulting emulsions formed. [229], [238], [67], [81] Therefore, an experiment was designed

to investigate the effect that the electrolyte concentration in the aqueous contin-

uous phase of the nanoparticle suspensions has on their ability to act as efficient

emulsifiers. The nanoparticle dispersion was dialysed to remove excess salt from

the suspension using 8000 MW tubing to ensure that the particles and any poly-

mer would not be removed from the suspension. Subsequently, sodium chloride

salt was added into the Pt NP dispersions to create nanoparticles with known

electrolyte concentrations (also resulting in a change of conductivity of each sus-

pension sample). NaCl (0.5 ml) was added to Pt-PVP NP dispersions (9.5 ml)

and subsequently emulsified with hexadecane (0.75 ml) for 1 min at 40% ampli-

tude on an ultrasonic processor. NaCl solutions ranging from 5 - 2 x 10−4 M

were added resulting in overall concentrations of 0.25 - 1 x 1015M NaCl. This

was followed by agitation for 30 minutes and then washing of the aqueous phase,

which was used for analysis of the adsorption density at the droplet interface.

NaBH4 +H2PtCl6 + 3H2O −→ Pt+H3BO3 + 5HCl +NaCl + 2H2 (6.2)

Conductivity measurement were taken of each Pt-PVP NP dispersion prior

to emulsification. The resulting conductivities are listed in Table 6.1. The con-

ductivity of a solution of strong electrolyte is related to the concentration (at low

concentrations, c < 10−2 M) according to Kohlrausch’s Law. However Eslek found

that there was sometimes large errors associated with these measurements (up to

16%). [73] It is possible that there are still some residual ions from the synthesis

in the dialysed NP dispersion (Equation 6.2) so conductivity cannot be directly

correlated to the concentration of NaCl as there could be multiple electrolytes

present. Here caution should be taken when using the conductivities as a direct
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correlation of concentration, but in this case it is a useful way to differentiate the

samples.

Concentration of NaCl in

Pt-PVP dispersion (mM)
Conductivity (µS cm−1)

0 8.35

0.05 100

0.5 896

Undialysed NPs 1808

5 8090

12.5 18840

Table 6.1: Concentration of NaCl in Pt-PVP NP dispersions before emulsification

(NaCl added to dialysed NPs) and resulting conductivities of NP dispersion

With lower salt concentrations the emulsion size distribution is broader, and

a much smaller size population can be observed for the two emulsions with the

lowest aqueous phase conductivity (Figure 6.14). At higher aqueous phase con-

ductivities the size distribution is visually less polydisperse, suggesting a more

stable emulsion. There is possible aggregation at higher electrolyte concentra-

tions (Figure 6.14) which may be a result of an increase in the polymer coiling

(as described below) which reduces the steric barrier stabilising the droplets,

hence they are able to approach closer and aggregate. Furthermore, stabilising

polymer at the interface may be entangling with adjacent droplets.
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Figure 6.13: Digital photographs of emulsions prepared with different concentra-

tions of NaCl added to the NP dispersion before emulsification. Hexadecane (φ

= 0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1

min on an ultrasonic processor. The resulting conductivities of the NP disper-

sions after the addition of NaCl are; (a) 8.35 µScm−1, (b) 100.7 µScm−1, (c) 896

µScm−1, (d) 1808 µScm−1, (e) 8090 µScm−1, (f) 18840 µScm−1. Emulsion (a)

corresponds to the emulsion formed from the dialysed NPs without the addition

of salt. Emulsion (d) corresponds to the emulsion formed from the undialysed

NPs.
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Figure 6.14: Optical micrographs of emulsions prepared with different concentra-

tions of NaCl added to the NP dispersion before emulsification. Hexadecane (φ

= 0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1

min on an ultrasonic processor. The resulting conductivities of the NP disper-

sions after the addition of NaCl are; (a) 8.35 µScm−1, (b) 100.7 µScm−1, (c) 896

µScm−1, (d) 1808 µScm−1, (e) 8090 µScm−1, (f) 18840 µScm−1. Emulsion (a)

corresponds to the emulsion formed from the dialysed NPs without the addition

of salt. Emulsion (d) corresponds to the emulsion formed from the undialysed

NPs.
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It is apparent that the presence of some electrolyte is necessary to drive the

adsorption of the nanoparticles to the interface. As can be observed from Figure

6.13 and Figure 6.16, with an increase in electrolyte concentration and hence con-

ductivity the adsorption of NPs at the interface increases as a lower concentration

of nanoparticles in the continuous aqueous phase is observed. These observations

can be explained by the way in which PVP chains, which stabilise the NPs act

in water. PVP undergoes specific interactions with water. Hydrogen bonding

between protons of the solvent and cyclic tertiary amide groups of PVP, and hy-

drophobic intermolecular interactions between hydrocarbon groups, namely the

polymer backbone and cyclic methylene groups result in these interactions. The

polymer-solvent interaction via hydrogen bonding leads to swelling whereas the

aforementioned hydrophobic intermolecular interactions cause compression of the

chains into the coil and these two effects compensate for each other in solution.

The canonical resonance forms highlight the potential for a partial negative charge

to form on the oxygen in the pyrene ring as shown in Figure 6.15. The partial

charge on the nitrogen is sterically hindered by the hydrocarbon backbone and

nearby methyl groups. [169] In deionized water PVP exhibits a negative charge

as suggested by the negative zeta potential. [12] Residual borohydride ions ad-

sorbed at the interface will mainly contribute towards the negative charge on the

nanoparticles.

Figure 6.15: Resonance structures of PVP with a negative charge localised on

the oxygen atom and positive charge localised on the nitrogen atom.

The addition of salt (electrolyte dependant) to solution affects the hydrogen
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6.6 Effect of the addition of excess salt to system before emulsification

bonded structure of water and therefore the strength of hydrogen bonding be-

tween polymer and solvent. Güner found that in the presence of a salt, aqueous

solutions of PVP exhibited an decrease in Huggins constant values. Huggins con-

stants are a consequence of polymer solvent interactions. Therefore the addition

of salt leads to an increasing degree of hydrophobic interactions of the polymer

segment and subsequently the polymer coil contracts due to the increase in inter-

molecular association of the polymer coil. [94] The salts compete with the PVP for

hydration which could lead to increased polymer entanglement at the interface,

though it will mainly affect the affinity of the Pt-PVP NPs for the o/w interface

as compared to its affinity for the solvent, which will be the predominant driving

force for its adsorption at the interface. The oil-water interface may be expected

to have a slight negative charge, due to impurities and dissolved CO2, thus the

approach of the negatively charged nanoparticles will be unfavourable. There-

fore on addition of NaCl, the screening charge on the nanoparticles is increased,

hence there is less repulsion and faster adsorption to the oil water interface will

be facilitated.
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6.6 Effect of the addition of excess salt to system before emulsification

Figure 6.16: Nanoparticle density at the oil-water interface and interfacial area

of emulsion as a function conductivity of aqueous NP dispersion. Hexadecane (φ

= 0.07) and Pt-PVP NP dispersions were homogenised at 40% amplitude for 1

min on an ultrasonic processor. The red line represents the interfacial area that

the amount of Pt-PVP NPs used (9.5 ml) can stabilise (based on calculations

detailed in Chapter 3 using an inter particle spacing of 2.9 nm and core diameter

of 3.3 nm.)

At lower electrolyte concentrations a higher than expected interfacial area

is observed (Figure 6.16). This may be a result of the stabilising PVP on the

NPs not contracting to as great an extent thus occupying a larger area at the

interface. Therefore a smaller number of nanoparticles can occupy a larger area

as the packing density is reduced. However these films are likely to be less robust

as there is likely to be less polymer entanglement at the interface and thus the
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emulsion less stable.

6.7 Conclusion

This chapter demonstrates that the particles synthesised in Chapter 4 were able

to efficiently adsorb at the oil-water interface and stabilise o/w emulsions. It was

found that controlling the limited coalescence immediately after emulsification

allowed better control over the final emulsion size. As shown previously in Chap-

ter 5, the importance of minimising the excess PVP in the emulsion system was

again demonstrated in the case of the emulsions. As suggested before an increase

of PVP in the Pt NP dispersion led to a decrease in the density of adsorbed NPs

at the droplet interface, which can be detrimental for the subsequent electroless

deposition process that these emulsions are used as a template for. For a given

volume of nanoparticles the limit in stability with increasing oil fraction was ob-

tained, suggesting that for the maximum particle concentration achieved in their

synthesis a stable emulsion could be produced with an oil fraction from 0.05 to

0.13. These emulsions had near maximum surface coverages and support the idea

of limited coalescence occurring for this system. Such volume fractions are likely

to be sufficient, should these systems be eventually chosen to be manufactured.

These results again agree with the particle density at the interface as calculated

in Chapter 5. The particle concentration in the emulsion continuous phase has

been accurately measured and correlated again to visual observations made of the

emulsions and of the electron microscopy images in the previous chapter. Finally

the influence of electrolyte concentration on the emulsion system was investigated

and the importance of the presence of some salt in the system in order for the

particles to act as efficient emulsifiers was demonstrated.
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Chapter 7

Metallic coating of emulsion

droplets

7.1 Synopsis

This chapter will examine the electroless deposition of a secondary metal onto

the emulsion droplets, which will thereby encapsulate the oil core as illustrated in

Figure 7.1. Firstly, this chapter will demonstrate successful deposition of thin sec-

ondary metallic films and the full retention of the encapsulated oil. Additionally,

the components of the plating solution shall be investigated to explore control

over the quality and thickness of the deposited secondary film. Finally, different

release mechanisms will be explored including mechanical fracture, ultrasound

and infrared radiation.
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7.2 Gold coating of Pt-PVP stabilised hexadecane droplets

Figure 7.1: Schematic illustrating gold coating of emulsion droplet via electroless

deposition onto the catalytic platinum nanoparticle emulsifiers to create micro-

capsules and subsequent shell fracture to release core.

7.2 Gold coating of Pt-PVP stabilised hexade-

cane droplets

As previously mentioned platinum nanoparticles can act as a catalyst for the

growth of secondary gold films. [102] As in the previous chapter well-controlled

Pickering emulsions are produced with a dense monolayer of Pt nanoparticles

adsorbed at the droplet surface, the work in this chapter focuses on using these

nanoparticles as catalysts to grow a gold film at the droplet interface and hence

encapsulate the oil. As previously demonstrated in Chapter 6 a system where

there are no excess nanoparticles in the bulk and the catalytic particles are mostly

adsorbed at the interface is attained, therefore the subsequent electroless deposi-

tion process should grow the desired gold film solely at the oil-water interface.

Previous work on metal coating onto colloids has mainly been focused around

applications on polymer particles and ceramic substrates, with less work on liquid
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7.2 Gold coating of Pt-PVP stabilised hexadecane droplets

cores [181] and for encapsulation [226], [101] as described in Chapter 2.3.6. Conven-

tional electroless plating methods often used formaldehyde or hydroxylamine as

the reducing agent. [184] Here a simple method is implemented where HAuCl4 and

H2O2 are used to deposit the gold film, where H2O2 is used to reduce the Au3+

ions from the HAuCl4 precursor to Au0. The reaction can be explained by the

following equations and with associated standard reduction electrode potentials

(Eθ) (Equations 7.1, 7.2) [108]

2AuCl−4 + 6e− −→ 2Au+ 8Cl−(Eθ = +1.002V ) (7.1)

3H2O2 −→ 3O2 + 6H+ + 6e−(Eθ = −0.695V ) (7.2)

These equations can be combined to give the overall equation, where the

platinum nanoparticles act as a catalyst (Equation 7.3). Additionally, unlike

many other electroless deposition methods, this method offers the advantage of

not using cyanide in the plating solution, which is toxic and hazardous. [184]

2HAuCl4 + 3H2O2
Pt−−→ 2Au+ 3O2 + 8HCl (7.3)

The standard redox potential for the overall reaction is +0.307 V which shows

that H2O2 is thermodynamically capable of reducing HAuCl4 to Au0. It is thought

that in the initial stage of the reaction, gold complexes are reduced by the hydro-

gen peroxide until metallic gold precipitates. Initially this process is catalysed

by the platinum nanoparticles at the emulsion droplet interface. Subsequently a

self-catalytic process occurs where the initial gold seeds catalyse the reduction of

the precursor via hydrogen peroxide. [242] Without the presence of the platinum

catalyst on the droplet interface the reduction reaction does not occur.

A plating solution comprising hydrogen peroxide, gold (III) chloride hydrate,

polymer stabiliser and water, based upon methods by Hitchcock et al. [101] and

Horiuchi et al. [102] was used. A polymer stabiliser is required in the plating

solution to control the growth and provide steric stabilisation for the resulting

gold capsules.
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7.3 Demonstrating impermeability

7.3 Demonstrating impermeability

Capsules were prepared from a hexadecane (0.75 ml) and Pt-PVP NP (10 ml)

emulsion homogenised with an ultrasonic probe (see details in Chapter 3) at 40%

amplitude for 1 minute (Figure 7.2). Following washing cycles the emulsion was

placed in a plating solution consisting of PVP (5 ml, 0.2 wt%), water (10 ml),

gold salt (2 ml, 180 mM) and hydrogen peroxide (1 ml, 1620 mM) as a reducing

agent. The capsules were mixed for 30 minutes and subsequently washed after

sedimentation.

Figure 7.2: (a) Optical micrograph of emulsion prepared from a hexadecane (0.75

ml) and Pt-PVP NP (10 ml) emulsion homogenised at 40% amplitude for 1

minute, (b) and its corresponding size distribution measured by imaging flow

cytometry.

160



7.3 Demonstrating impermeability

Figure 7.3: Optical micrographs of gold coated emulsion; (a) dried capsules before

crushing (b) dried capsules after crushing, inset shows oil around capsule.

The capsule permeability was tested over time. The capsules were placed in

an 4:1 (volume ratio) ethanol/ water continuous phase to mimic a full perfume

formulation. The release was measured by gas chromatography (GC). Hexadecane

solubility limit in ethanol is higher than the concentration used in this experiment

so all oil can be dissolved by the continuous phase used here. Consequently, any

oil leaking from the capsules would dissolve in the ethanol continuous phase and

be detected by GC. Capsules were dispersed in ethanol in a 1:4 ratio and kept

suspended at 40◦C for periods of time up to 35 days. At different time intervals,

the gold capsules were centrifuged and the resulting supernatant was analysed by

GC.
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7.3 Demonstrating impermeability

Figure 7.4: Release of oil core from capsule over time in a 4:1 ethanol:water

continuous phase at 40◦C. Black squares represent gold coated emulsion capsules,

red circles represent uncoated PMMA shell capsules (data collected by Alison

Tasker [101]), blue triangle represents release from crushed gold coated emulsion

capsule.

Figure 7.4 demonstrates that the microcapsules (black squares) are able to

fully retain the hexadecane core for over 30 days compared to polymer capsules

(red circles) without any metal film which release most of their payload in less

than 1 hour. This demonstrates the reduced diffusion and the benefit of a metal

shell for encapsulating small species. The blue triangle illustrates the percentage

of oil obtained from a mechanically fractured metal emulsion capsules. Micro-

graphs of the dried capsules (Figure 7.3) illustrate that there is indeed oil within

the capsule core.
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7.4 Effect of polymer stabiliser

The role of the polymer in the plating solution is to provide steric stability to

the capsules as they form. It was found that using PVP at a stabiliser in the

plating solution sometimes led to rough, brittle shells that often aggregated. This

is undesirable as a uniform coating is necessary to ensure the minimum amount

of gold is used for cost-effectiveness purposes. Additionally, shell rupture can

be controlled more efficiently with smooth, unaggregated capsules. In compari-

son, an uneven coating could lead to a differential in pressure across the capsule

surface. Aggregation is undesirable as the microcapsules are unable to be dosed

effectively. One possible reason for the observations is the influence of the stabil-

ising polymer, as it is likely that PVP interacts with the gold salt ions prior to

reduction. [72] This could then hinder the deposition of the gold at the interface

and cause it to deposit in a non-uniform way. Additionally it has been found

that PVP preferentially adsorbed on the Au(111) plane which promotes growth

in a certain direction. [127] In an attempt to overcome this issue different poly-

mer stabilisers were tested as an alternative to PVP including poly vinyl alcohol

(PVA) and poly ethylene glycol (PEG)(Figure 7.5). PVA has been known to

stabilise gold [241] and is highly stable and chemically inert. Additionally it is

considered to be generally safe and biocompatible so is relatively safe when ad-

ministered orally. [173] This makes PVA a suitable candidate for the stabilisation

of the capsules in view of their potential medical applications. Different forms

of functionalised PEG have also been shown to stabilise gold growth and are

also already used in pharmaceutical products. Additionally PEG can be easily

functionalised to help aid stability and improve bioavailability. [224]
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7.4 Effect of polymer stabiliser

Figure 7.5: Chemical structures of PVA and PEG.

Microcapsules were prepared from a hexadecane (0.75 ml) and Pt-PVP NP

(10 ml) emulsion homogenised with an ultrasonic probe at 40 % amplitude for

1 minute followed by agitation on the carousel for 30 minutes and washing of

the aqueous phase to remove excess nanoparticles from the continuous phase.

The emulsion (0.5 ml) was added to a plating solution of water (10 ml), polymer

(10 ml, 0.05 wt%; 40 kDa PVP, 35 kDa PEG, 67 kDa PVA), gold (III) chloride

trihydrate (2 ml, 180 mM). Subsequently hydrogen peroxide (1 ml, 1620 mM) was

added to initiate the electroless deposition process. The ratio of gold salt and

reducing agent remained constant for each sample (4.5 x molar excess to ensure

full reduction of the metal salt in the process). Upon the addition of the H2O2

the samples were agitated for 30 minutes on a carousel and then left to sediment

or cream.

Optical micrographs of the gold microcapsules in suspension in water and

after drying were obtained. The PVP stabilised capsules in Figure 7.6 show a

good gold covering however upon drying some appear to have collapsed which

is unfavourable. These capsules all sedimented and exhibited some aggregation.

The PEG stabilised gold microcapsules (Figure 7.7 did not appear to be evenly

coated and were highly aggregated. This aggregation increased upon washing the

capsules suggesting that the PEG did not stabilise the capsules well. This may be

due to the highly hydrophilic nature of PEG, resulting in it having a low affinity

for adsorption at the interface. A PEG functionalised with a more hydrophobic

moiety may produce better results. The PVA coated microcapsules (Figure 7.8)
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7.4 Effect of polymer stabiliser

exhibited some aggregation however much less than the PEG. Additionally the

capsules appeared intact upon drying. PVA and PVP are likely to have a higher

affinity for the interface and therefore more likely to stabilise it better, however

more work is needed to understand the interaction between the metal and the

polymer and the exact mechanism of stabilisation.

Some of the capsules in Figures 7.6 - 7.8 do not appear spherical. These

observations may be attributed to the surface roughness of the capsules as the

gold films are relatively thick and is discussed further in the subsequent chapter.

Additionally the interaction of the polymer with the capsules as the gold film

is growing may contribute towards the surface roughness. For example PVP is

known to interact with certain gold planes which may direct the growth in a

particular direction. [127] Furthermore some variation in capsule shape can be ob-

served across the samples. This can be accounted for by the variation of roughness

across the samples and possible inconsistent mixing.
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7.4 Effect of polymer stabiliser

Figure 7.6: Optical micrographs of PVP stabilised gold microcapsules in suspen-

sion in water (a i) transmitted light, (a ii) reflected light and dried microcapsules

(b i) transmitted light and (b ii) reflected light.

166



7.4 Effect of polymer stabiliser

Figure 7.7: Optical micrographs of PEG stabilised gold microcapsules in suspen-

sion in water (a i) transmitted light, (a ii) reflected light and dried microcapsules

(b i) transmitted light and (b ii) reflected light.
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7.4 Effect of polymer stabiliser

Figure 7.8: Optical micrographs of PVA stabilised gold microcapsules in suspen-

sion in water (a i) transmitted light, (a ii) reflected light and dried microcapsules

(b i) transmitted light and (b ii) reflected light.

Bench top SEM micrographs were recorded for the samples to observe the

morphology of the capsules in their dried state (Figure 7.9). Most of the PVP

microcapsules (a) appear to be intact with some looking more brittle and wrin-

kled. The PEG (b) appear to have a more porous surface and there is evidence

of cracks and broken shells. The PVA microcapsules (c) appear smoother and

less collapsed. These observations corroborate the observations from the optical

microscope images.
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7.4 Effect of polymer stabiliser

Figure 7.9: Bench top Scanning Electron micrographs of gold microcapsules pre-

pared with 180 mM HAuCl4 and stabilised with (a) 40 kDa PVP, (b) 35 kDa

PEG and (c) 67 kDa PVA.

The PVA stabilised gold microcapsules appear most stable when dried and
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7.5 Effect of gold salt concentration

aggregate the least compared to the PVP and PEG stabilised capsules, therefore

67 kDa PVA will be used in the plating solution for the next experiments.

7.5 Effect of gold salt concentration

Changing the concentration of gold salt used in the metal plating stage allows

us to control the shell thickness of the secondary film on the surface of the oil

droplets. This is useful as it allows us to tailor the capsule density, optical proper-

ties and mechanical stability. It also allows us to find the limits of the permeability

of the shells. This is useful from a manufacturing perspective as it is more cost ef-

fective to reduce the amount of gold used for microencapsulation. Additionally by

changing the shell thickness there is the potential to change the optical resonance

which may be useful for optical sensors and imaging applications. [123], [249]

In this part of the work microcapsules were prepared from a hexadecane (0.75

ml) and Pt-PVP NP (10 ml) emulsion homogenised with an ultrasonic probe

at 40 % amplitude for 1 minute followed by agitation on the carousel for 30

minutes and washing of the aqueous phase to remove excess nanoparticles from

the continuous phase. The emulsion (0.5 ml) was added to a plating solution of

water (10 ml), PVA (10 ml, 0.05 wt%, 67 kDa), gold (III) chloride trihydrate (2

ml). Subsequently hydrogen peroxide (1 ml) was added to initiate the electroless

deposition process. The concentration of gold (III) chloride trihydrate added

was varied from 180 mM to 12.5 mM. The ratio of gold salt and reducing agent

remained constant for each sample (4.5 x molar excess to ensure full reduction of

the metal salt in the process). Upon the addition of the H2O2 the samples were

agitated for 30 min on a carousel and then left to sediment or cream.
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7.5 Effect of gold salt concentration

Figure 7.10: Digital photographs of the suspensions of gold microcapsules pre-

pared at different concentrations of HAuCl4; (a) 180 mM, (b) 100 mM, (c) 50

mM, (d) 25 mM, (e) 12.5 mM, and (f) 6.25 mM.

As can be observed from the digital photographs in Figure 7.10, capsules with

gold concentrations of 50 mM and higher ((a) - (c)) fully sediment, whereas below

this concentration creaming is observed for all samples with some sedimentation

also observed in the case of (d) and (e). This relates well to the theoretical

density calculations in Figure 7.11, where the microcapsule’s specific density was

calculated based on the measured size distribution of the emulsion ((via imaging

flow cytometry) and the assumption that all gold is reduced at the oil-water

interface. According to Stokes Law, the capsules with densities above the density

of water (red line on Figure 7.11) should sediment and those below should cream.

For (d) and (e) the microcapsules are close to the density of water therefore it

is likely that some will cream and some will sediment as there is a distribution

of droplet sizes and the resulting density within the same sample can depend

strongly on the individual droplet sizes.
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7.5 Effect of gold salt concentration

Figure 7.11: Theoretical microcapsule densities as a function of gold salt con-

centration added to the plating solution. The red line represents the density of

water. The value at zero represents the uncoated emulsion. The annotated num-

bers indicate the theoretical shell thickness of the microcapsules calculated on

the basis of the amount of gold salt added to the system and the total interfacial

area derived from the measured particle size distribution.

Optical micrographs of the microcapsules (Figure 7.12 & 7.13) in suspension

in water show that the emulsion droplets have been successfully plated with

gold as the capsules do not transmit light through and appear to show a light-

reflecting surface when observed in reflected light mode. With a reduction in

the concentration of gold used the shells appear thinner as the capsules in the

transmitted light micrographs (left hand side) appear less opaque. The shells
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7.5 Effect of gold salt concentration

also appear to be smoother as the gold concentration is reduced. An increase in

roughness with increase in film thickness has been observed by other members of

the research group studying metal films and in literature. [106] This may be a result

of the way in which the gold shell grows at the interface. It is thought that the

gold initially grows on the catalytic platinum sites. These initial gold seed colloids

grow until they coalesce with neighbouring gold seeds to form islands. Coalescence

continues and a continuous shell is formed. This growth mechanism was observed

by Oldenburg et al. who studied the growth of gold shells on silica particles from

gold nanoparticle nucleation sites. [187] As there is a high excess of reducing agent

the reaction will be occurring quickly, so these initial gold seeds may be larger

and hence result in less uniform growth for higher concentrations of gold salt,

leading to a less smooth shell. The more that the gold film is grown, the fewer

growing crystals that are present, which therefore accentuates the roughness and

thus non-spherical appearance. Additional experiments are required to support

this theory. Further work into changing the concentration or rate of addition of

the reducing agent may lead to smoother shells. The concentration of gold salt

here for the thickest shell is similar to that used in Section 7.4 where the polymer

stabiliser was varied therefore the non-spherical capsules observed there may be

attributed to the shell roughness too.
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7.5 Effect of gold salt concentration

Figure 7.12: Optical micrographs of gold coated microcapsules in transmitted

light (left) and reflected light (right) prepared with different concentrations of

gold salt in the synthesis; (a) 180 mM, (b) 100 mM, (c) 50 mM.
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7.5 Effect of gold salt concentration

Figure 7.13: Optical micrographs of gold coated microcapsules stabilised with

67 kDa PVA in transmitted light (left) and reflected light (right) prepared with

different concentrations of gold salt in the synthesis; (d) 25 mM, (e) 12.5 mM,

(f) 6.25 mM.

The capsules were dried by allowing the water from the sample placed onto

the microscope glass slide to evaporate at room temperature. Micrographs of
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7.5 Effect of gold salt concentration

the dried capsules can be observed in Figure 7.14. Upon drying capsules (a) to

(c) retained their 3D structure, whereas for (d) some have collapsed and some

have retained their 3D structure and for (e) and (f) they have all collapsed.

The theoretical thicknesses of the two thinnest shells are 4.4 nm (f) and 8.5 nm

(e) respectively (Figure 7.11) therefore it might be expected that their resulting

mechanical strength would be limited, which is seen to result in collapse of the

microcapsules upon drying. However the thicker shells appear to have retained

their spherical shape rather than bursting in most cases.
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7.5 Effect of gold salt concentration

Figure 7.14: Optical micrographs of dried gold coated microcapsules stabilised

with 67 kDa PVA in reflected light (inset is transmitted light) prepared with

different concentrations of gold salt in the synthesis; (a) 180 mM, (b) 100 mM,

(c) 50 mM, (d) 25 mM, (e) 12.5 mM, (f) 6.25 mM.

The microcapsules were visualised by SEM to better observe the surface mor-

phology and roughness. Two types of SEM were used as they operate at differ-
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7.5 Effect of gold salt concentration

ent vacuum pressures and can obtain different resolution images. The Hitachi

TM3030 Bench Top SEM operates at lower vacuum pressure however is more

suitable for low magnification images (Figures 7.15 & 7.16). The Hitachi SU8230

SEM operates at higher vacuum pressure and can obtain much higher resolution

images (Figures 7.17 - 7.19). Here both instruments are useful as the micro-

capsules retain their spherical shape better in the Bench top unit, whereas they

are far more likely to collapse in the Hitachi SU8230. However detailed surface

morphology is only resolvable in the Hitachi SU8230 SEM.

The SEM micrographs confirm our earlier observations that there is an in-

crease in surface roughness with an increase in gold concentration and hence shell

thickness. This is particularly apparent when comparing the highest and lowest

concentrations in Figure 7.17 and 7.18 as much larger features present on the

interface of the thicker capsules (Figure 7.17) compared to that of the thinnest

capsule (Figure 7.18). Wrinkling of some capsules is observed in most micro-

graphs. This is most likely to be as result of the vacuum pressure of the SEM,

however it is also possible that the wrinkles are formed during the electroless

deposition process. It is possible that small temperature changes are occurring

during the reaction which leads to the expansion of the hexadecane core, which

retracts upon cooling, therefore resulting in a change in surface area and as a

result the capsule may wrinkle. Alternatively the wrinkling could occur during

drying or as a result of mixing during and/or after synthesis causing the micro-

capsules to come into contact with each other of the sample vial wall and hence

denting the surface.
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7.5 Effect of gold salt concentration

Figure 7.15: Bench top Scanning Electron micrographs of gold microcapsules

stabilised with 67 kDa PVA prepared at different concentrations of gold salt in

the synthesis; (a) 180 mM, (b) 100 mM, (c) 50 mM.
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7.5 Effect of gold salt concentration

Figure 7.16: Bench top Scanning Electron micrographs of gold microcapsules

stabilised with 67 kDa PVA prepared at different concentrations of gold salt in

the synthesis; (d) 25 mM, (e) 12.5 mM, (f) 6.25 mM.
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7.5 Effect of gold salt concentration

Figure 7.17: Scanning Electron micrographs of gold microcapsules stabilised with

67 kDa PVA prepared at 180 mM gold salt in the synthesis.
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Figure 7.18: Scanning Electron micrographs of gold microcapsules stabilised with

67 kDa PVA prepared at 50 mM gold salt in the synthesis.
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7.5 Effect of gold salt concentration

Figure 7.19: Scanning Electron micrographs of gold microcapsules stabilised with

67 kDa PVA prepared at 6.25 mM gold salt in the synthesis.

SEM images were recorded in cryo conditions in order to maintain the 3D

structure of the microcapsules and allow us to study the morphology and shell

thickness (via focussed ion beam (FIB). The FIB can directly mill the frozen

sample surface, via the sputtering of ions and therefore cut through the frozen

samples to create a cross section from which the shell thickness can be measured.

After freezing, the sample is fractured, therefore exposing some of the capsules

and subsequently coated with platinum to reduce charging while in the SEM.

The resulting micrographs for three different concentrations of gold can be

observed in Figure 7.20. Wrinkling of the capsule shells is observed in these sam-

ples, however this represents only a few single capsules and not the bulk sample.

Possible explanations for shell wrinkling have been discussed previously in the

chapter. Additionally slight changes in the capsules may have occurred during
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the freezing process. The right hand images in Figure 7.20 show the capsules

where half of the capsule had been sheared off during sample preparation, re-

sulting in a cross section being exposed. The right hand images of (a) and (b)

show a FIB milled section where the sample can been milled while in the SEM

to expose a cross section, hence the smoother appearance. A decrease in shell

thickness can be observed with decreasing gold concentration, with the thinnest

shell appearing to be close to the minimum required to form a continuous film.

There also appears to be more variation in thickness/increase in roughness for

the thicker gold shell which supports our previous observations. Though shell

thickness cannot be quantitatively measured from these images due to the small

sample size, these images clearly demonstrate the difference in shell thickness.

Further work on cryo-SEM and other techniques such as thermogravimetric anal-

ysis (TGA) and atomic force microscopy (AFM) could be used to help quantify

the shell thickness. For example, TGA could be used to compare the mass of

hexadecane to gold in the sample and using a known interfacial area the thick-

ness of the shell could be calculated (the mass of platinum would be considered

negligible). Additionally methods such as x-ray photoelectron spectroscopy could

be used to determine shell wall thickness for thin capsules wall which may be a

challenge for other techniques. [203]
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7.5 Effect of gold salt concentration

Figure 7.20: CryoSEM micrograph of gold microcapsules prepared with different

concentrations of gold salt (a) 180 mM (left hand image shows a FIB section, (b)

50 mM and (c) 6.25 mM (left hand image is a FIB section)

An EDX spectrum was recorded for the capsules while under cryo-SEM con-

ditions illustrating that there was gold at the interface. Figure 7.21 shows the

false coloured EDX map where the yellow colour, representative of the presence

of gold is situated on the surface of the droplet. The carbon corresponds to the
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hexadecane core and the oxygen to the water, in which the sample is frozen.

Figure 7.21: Cryo-SEM micrograph with EDX false colour mapping. EDX false

colour of (a) overlay of Au, O and C, (b) Au - yellow (Au M map, (c) O - green

(O K map) and (d) C - red (C K map)

Though some initial work has been carried out on the morphology of the gold

film on the capsules, the segregation behaviour of the platinum and gold at the

emulsion interface is yet to be determined. It is possible that the gold film is

initially growing via a galvanic replacement reaction between Pt nanoparticles

and the AuCl−4 ions. DaSilva et al. employed EDX techniques coupled with

STEM to demonstrate significant metal segregation of AgAu particles obtained

from the galvanic reaction of AuCl−4 ions and Ag particles. They also observed

alloyed compositions depending on the Au concentration. [53] Platinum-gold al-

loys with a face-centred cubic structure have been reported in literature [236] , [38]

so in our case an alloyed structure is possible, as is a segregated structure. Fur-

ther experiments employing characterisation techniques such as STEM, EDX [53]
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and synchrotron high-energy X-ray diffraction (HE-XRD) coupled to atomic pair

distribution function (PDF) analysis [38] could provide an insight into the compo-

sition of the gold-platinum film.

Further work is necessary in order to reduce the aggregation of the capsules.

Alternative polymers or polymers of different molecular weights may offer a so-

lution to this problem.

7.6 Improving stability

In order to improve the stability and reduce the aggregation of the capsules a

higher molecular weight polymer was tested as a stabiliser in the plating solution.

Higher molecular weight polymers have the potential to provide a larger steric

layer at the interface and hence reduce aggregation. PVP (360 kDa) was tested

as its lower molecular weight counterparts was able to go some way to stabilising

the microcapsules. This is not an extensive study of longer chained polymers

but some initial work to establish whether they may benefit the stability of the

microcapsules.

Microcapsules were prepared from a hexadecane (0.75 ml) and Pt-PVP NP

(10 ml) emulsion homogenised with an ultrasonic probe at 40 % amplitude for 1

minute followed by agitation on the carousel for 30 minutes and washing of the

aqueous phase to remove excess nanoparticles from the continuous phase. The

emulsion (0.5 ml) was added to a plating solution of water (10 ml), PVP (10 ml,

0.05 wt%, 360 kDa), gold (III) chloride trihydrate (2 ml, 180 mM). Subsequently

hydrogen peroxide (1 ml, 1620 mM) was added to initiate the electroless depo-

sition process. Upon the addition of the H2O2 the samples were agitated for 30

min on a carousel and then left to sediment.

As can be observed in Figure 7.22 the 360 kDa PVP produces smoother look-

ing shells. Upon drying the microcapsules do not appear to collapse (Figure 7.22

(b)). Though there was still some aggregation observed, this is reduced compared

to the lower molecular weight PVP, possibly due to the longer chain providing a

larger steric barrier. The gold microcapsules appear smoother than other micro-

capsules synthesised with the same concentration of gold, as can be observed by

the SEM micrographs in Figure 7.23. It is possible that the longer chain polymer
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is able to better distribute itself on the microcapsule surface. Alternatively, the

polymer may be diffusing slower than shorter chained polymers and therefore

taking a longer time to reach the surface, which could allow the metal film to

grow unhindered without the polymer.

Figure 7.22: Optical micrographs of PVP (360 kDa) stabilised gold microcapsules

in suspension in water (a i) transmitted light, (a ii) reflected light and dried

microcapsules (b i) transmitted light and (b ii) reflected light.
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Figure 7.23: Bench top Scanning Electron micrographs of gold microcapsules

stabilised with 360 kDa PVP.

It may be that an increase in the concentration of the polymer would lead

to less aggregation and more stable microcapsules and this would make some

interesting future work. Other longer chained polymers need to be investigated

and their interaction with the metal capsules further probed.

7.7 Other release mechanisms

Aside from mechanical fracture, which has been shown to be suitable to release

the core content of such metal-shell microcapsules, other release mechanisms have

been investigated, particularly to suit potential medical applications. Indeed

remote triggered release provides the option for expanding applications of these
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microcapsules, for example in targeted drug delivery. In the pharmaceutical

industry targeted delivery at a specific site is desirable so that only the affected

part of the body is exposed to the drug, therefore minimising potential side

effects. Here the potential for remotely breaking these impermeable metal shells

via ultrasound and near infrared (NIR) irradiation is investigated. Capsules were

tested at Queen Mary University in the laboratories of Prof. Gleb Sukhurokov.

The preliminary experiments presented below examine the potential to further

develop these routes (with no quantitative analysis has been carried out on the

samples.)

7.7.1 Ultrasound

Ultrasound applies to sound waves with frequencies above human hearing (typi-

cally 20 kHz or higher). This type of acoustic energy has been utilised for many

applications in biomedical areas, including for targeted drug delivery. For exam-

ple, ultrasound has been employed for the delivery of therapeutic agents such as

proteins, genetic material and chemotherapeutic agents by disrupting the mem-

branes of the vesicles carrying the drugs [199].

Gold capsules were prepared from a hexadecane in Pt-PVP NP emulsion (0.5

ml) coated in a plating solution consisting of AuCl4, (2 ml, 80 mM), PVP (5 ml

0.2 wt%), water (10 ml), H2O2 (1 ml, 360 mM). Capsules were imaged by SEM

before and after ultrasound treatment (Figure 7.24.)

Figure 7.24: SEM micrographs of gold capsules subject to ultrasound treatment

after 0, 2, 5 and 10 seconds at different magnifications. Scale bar = 50 µm

As can be seen in Figure 7.24, the capsules have been successfully broken

190



7.7 Other release mechanisms

by ultrasound triggering within a few seconds. Though on drying the untreated

capsules have collapsed, it is clear that the application of ultrasound mechanically

shatters the capsule shells. Further work and imaging in a wet state would be

useful to determine the effect of shell thickness, exposure time and energy input

to optimise the system. However this initial result shows that it is a promising

method for remote shell rupture.

7.7.2 NIR irradiation

Similarly to ultrasound treatment, the capsules were subject to infrared irradia-

tion in an attempt to rupture the capsule wall. The capsules were prepared in the

same way as detailed for the ultrasound experiments. Experiments were carried

out with laser irradiation in a wet state and recorded by optical microscopy.

Figure 7.25: Optical micrographs of capsules after laser irradiation for 0, 5 and

15 seconds. The red arrow indicates the laser shooting position

Figure 7.25 illustrates that by shooting a single capsule a hole was obtained.

With an increase in radiation time the size of the hole increases.
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Figure 7.26: Optical micrographs of capsules after laser irradiation for 0, 5, 10,

15, 20 and 25 seconds. The red arrow indicates the laser shooting position

By shooting the connecting point of two capsules (Figure 7.26) with the NIR

laser, it appears that the two targeted capsules merge with one another. This

is likely a result of the leaking of oil from both capsules, which is likely to lead

to a process of coalescence between the two capsules across the damaged areas

of the capsule surfaces. This occurs from 5 s onwards and it is clear that the

two capsules are almost fully merged by 20 s. A hole is also evident in the

larger capsule. The application of NIR on the capsules may be less effective

than ultrasound for potential applications as it is only able to target individual

capsules.

7.8 Conclusion

This chapter has demonstrated the successful encapsulation of a hexadecane core

by electroless deposition of a gold film on the previously optimised emulsion

droplets. Under the conditions shown impermeability of the capsules has been

demonstrated in an ethanol environment for 35 days and subsequent release of

the oil upon mechanical fracture of the metal shell. The concentration of gold
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salt in the gold plating solution was varied leading to the successful control of the

capsule shell thickness and hence their overall density. Finally preliminary work

was carried out on remote release mechanisms for the gold microcapsules including

ultrasound and NIR irradiation. In particular the application of ultrasound shows

promise for remote triggered release and potential application for drug delivery.
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Chapter 8

Conclusions & future work

8.1 Conclusions

This work set out to develop a simple emulsion-based methodology that allows

for the rapid and efficient production of thin metal-shell microcapsules capable

of retaining small species and potentially remotely delivering the core contents

when triggered. Though there are improvements still to be made, overall these

aims have been achieved as summarised below.

In this work the synthesis of platinum nanoparticles via the reduction of hex-

achloroplatinic acid hydrate with sodium borohydride in the presence of PVP has

been demonstrated. The amount of PVP stabiliser was minimised to ensure their

efficient packing at the oil water interface where they are subsequently acting as

catalysts for the electroless deposition of gold films.

Various techniques were utilised to evidence the presence of the Pt-PVP NPs

at both 2D and 3D oil-water interfaces. A reduction in IFT was observed for

the Pt-PVP NPs in hexadecane compared to that of water in hexadecane. The

decrease was similar to that exhibited by PVP in hexadecane. The NPs took a

much longer time to reach equilibrium compared to the PVP on its own. Addi-

tionally when excess PVP is added to the NP dispersion the kinetics are much

more similar to that of PVP in hexadecane which suggests that the PVP diffuses

faster and competitively adsorbs at the oil-water interface. Interfacial rheology

experiments showed that the resulting nanoparticle film formed at the oil-water

interface exhibited an increase in elastic properties over time.
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The presence of these Pickering emulsifiers at the hexadecane-water inter-

face was confirmed by electron microscopy techniques and EDX, where a densely

packed array of nanoparticles was observed. This work is of particular interest as

there are only very few examples of sub 10 nm particles being used as Pickering

emulsifiers. [196], [131], [26] In particular cryo-TEM was used to resolve the Pickering

nanoparticles at the droplet interface. This is a difficult measurement technique

to observe sub-100 nm particles at a liquid-liquid interface and this work showed

significant progress as compared to what is available in the literature. [54], [196], [153]

It was found that free PVP molecules competitively adsorb at the interface, hence

reducing the density of nanoparticles. This was visualised by cryo-TEM and is in

agreement with the tensiometry measurements which suggested the PVP diffuses

faster. These results demonstrates that it is paramount to limit the number of

free polymer chains in the nanoparticle suspension to allow for a dense nanoparti-

cle film at the oil-water interface to be obtained upon emulsification and justified

the decision to minimise the PVP used in the nanoparticle synthesis.

The emulsification process and some key parameters were investigated in order

to demonstrate control over the resulting emulsion characteristics (such as droplet

diameter and size distribution and nanoparticle coverage). The limited coales-

cence process was investigated and optimised to facilitate as dense a nanoparticle

film on the emulsion droplets as possible. As suggested before an increase of PVP

in the Pt NP dispersion led to a decrease in the density of adsorbed NPs at the

droplet interface. The particle density calculations agree well with particle den-

sities observed and measured previously by cryo-TEM. For a given nanoparticle

concentration stable emulsions could be produced with oil fraction from 5 % to 13

%. These emulsions exhibited maximum surface packing and support the idea of

limited coalescence occurring for this system. The influence of electrolyte concen-

tration of the nanoparticle dispersion was also investigated which confirmed the

importance of screening the interactions between the charged oil-water interface

and the charged nanoparticle surface for improving the nanoparticle adsorption

efficiency.

Finally, the platinum nanoparticle stabilised oil droplets were used as scaffolds

for the electroless deposition of gold films, thereby encapsulating the oil core. The
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metal film at the interface can be produced at room temperature. Complete re-

tention of the oil core within the metal-shell microcapsules was demonstrated over

35 days in an ethanol:water (4:1) environment at 40◦C, and contrasted against

the rapid release of oil from polymer (PMMA) capsules without a metal shell.

The shell thickness and density of the capsules were varied by altering the con-

centration of gold salt in the metal plating solution. There is still improvement to

be made on the electroless deposition process in order to obtain smoother shells

and well dispersed capsules. This will hopefully lead to more robust thinner shells

therefore allowing less of the secondary metal to be used which is beneficial from

a manufacturing cost perspective. Preliminary ultrasound and IR radiation ex-

periments were carried out in order to assess their viability to trigger the release

of the capsule payload.

Overall this process meets the aims and objectives set out at the beginning

of this thesis as a suitable catalytic nanoparticle emulsifier was synthesised and

subsequently used as a scaffold for the electroless deposition of a secondary metal

film. The process is a simple two-step process, which efficiently uses the materials

and minimises waste. Emulsions are often produced industrially therefore this

process would be easy to adapt for manufacture. Preliminary work on remote

triggered release via ultrasound and IR irradiation show promise for potential

application in drug delivery.

8.2 Future work

8.2.1 Metal nanoparticle synthesis

It would be interesting to further study the nanoparticle synthesis by examining

the effect of particle size/polymer MW on the ability of the emulsifiers to adsorb

at the oil-water interface. Additionally the influence of the polymer type chosen

as the nanoparticle stabiliser could be investigated.

The method developed here produces a catalytic metal nanoparticle with a

lower excess of stabilising polymer in the bulk dispersion. A low excess of polymer

has the potential for increasing packing density of nanoparticles on a substrate for

catalysis applications and therefore potentially improving efficiency. Platinum is
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a commonly used catalyst for a broad range of applications such as hydrogenation

reactions [13], antioxidant chemical reactions in nanomedicine [194], electrocatalysts

used in fuel cells [156] and oxidation reactions. [171]

It is possible that other metal nanoparticles can be synthesised using the

method developed here, which uses a low excess of polymer stabiliser, from suit-

able metal salt precursors such as gold, silver, palladium, ruthenium and rhenium

as PVP has been shown as a viable stabiliser for these metal nanoparticles. [127]

These metal nanoparticles provide the potential to catalyse the growth of other

metals as well as other catalytic reactions. Additionally, metal nanoparticles have

found applications in electronics, biomedicine, sensing, imaging and materials sci-

ence. [168], [49]

8.2.2 Emulsifier

Here PVP was used as the stabiliser for the metal nanoparticles and subsequently

the emulsifier. There is also the possibility to utilise surface crosslinkers to alter

the structural and rheological properties of the emulsion therefore allowing more

robust microcapsules to be synthesised as it was found that capsules with very

thin shells often collapsed upon drying, which limits their applications. Both

internal and external crosslinker could be utilised, for example an oil soluble

crosslinker could be used to internally crosslink the emulsion. [79], [137], [86], [252] It

is possible to crosslink PVP to create polymer gels by reactions with certain

chemical reagents or irradiated with ultraviolet light or gamma rays. These gels

have shown potential biomedical and industrial applications. [6], [151]

To increase the flexibility of the oils that could be encapsulated a diblock

copolymer system could be utilised whereby the catalytic nanoparticles are sub-

sequently adsorbed by electrostatic interactions to the hydrophilic polymer block

after the formation of the emulsion droplets (Figure 8.1). This approach would

allow for a wide range of oils to be encapsulated as the diblock copolymers ad-

sorption properties could be designed to match specific interfaces. [209], [118]
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Figure 8.1: Schematic illustrating the formation of emulsion droplets with diblock

copolymers and the subsequent adsorption of catalytic NPs (yellow dots on the

inset of the right schematic) to the hydrophilic block.

8.2.2.1 Synthesis of diblock copolymers

Living polymerisation is a form of chain polymerisation from which chain trans-

fer and termination are absent and the rate of chain initiation is fast compared

to propagation, hence the number of kinetic chain carriers is essentially con-

stant throughout. Such polymerisation methods allow the design and synthesis

of block copolymers very precisely. Living polymerisation methods include an-

ionic living polymerisation [206], cationic living polymerisation [8], living free radical

polymerisation (including atom transfer radical polymerisation (ATRP) [135], sta-

ble free radical mediated polymerisation (SFRP) [121], nitroxide-mediated radical

polymerisation (NMP) [58] and reversible addition fragmentation chain transfer

polymerisation (RAFT). [119]

Some preliminary work has been carried out to synthesise suitable diblock

copolymers via RAFT polymerisation. RAFT is a form of living radical poly-

merisation which offers many advantages;

• it has a high functional group tolerance

• it can be performed in a wide range of solvents (including water)

• it can be used on a wide range of monomers and reaction conditions

• it is simple to implement and relatively cheap compared to other technolo-

gies

• it produces polymers with a narrow polydispersity
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• molecular weight can be predicted

The RAFT mechanism (Figure 8.2) involves a chain reaction whereby chains

are initiated by radicals from an initiator adding to a monomer. Subsequently,

propagation occurs via a degenerative chain transfer process where monomers

are added to the radicals. The chain transfer process is aided by a chain transfer

agent. [119], [167]

Figure 8.2: Schematic illustrating the RAFT polymerisation mechanism. Taken

from Keddie [119].

Amphiphilic diblock copolymers were synthesised using the the RAFT tech-

nique. The first block, poly butyl acrylate (PBA) was synthesised from a designed

reaction involving butyl acrylate monomer, 2-propionic acidyl butyl trithiocar-

bonate (PABTC) chain transfer agent and a V601 initiator in a dioxane solvent

at 65◦C for 4 hours (Figure 8.3).
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Figure 8.3: Reaction scheme for synthesis of Poly buytl acrylate

Subsequently a second block of bromoethyl acetate (PBrAc) was added to

form poly butyl acyrylate-b-bromoethyl acetate (PBA-b-BrAc) using the same

reaction conditions and a bromoacetate monomer. The second block was syn-

thesised at different chains lengths. An example of the resulting NMR and GPC

results can be found in the Appendix. Diblock copolymers were synthesised with

high conversions and polydispersity indexes close to 1 in all cases illustrating that

RAFT is a suitable technique for synthesising suitable diblock copolymers.
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Figure 8.4: Reaction scheme for synthesis of PBA-BrAc with different BrAc block

lengths

The bromoacetate group can be converted to a tertiary amine after synthesis

by reacting with trimethylamine. Due to the limits in monomer combinations

when creating diblocks via RAFT amine containing monomers cannot be directly

used in the synthesis. The formation of the tertiary amine produces a positive

charge, which can be utilised to adsorb negatively charged metal ions.
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Figure 8.5: Reaction scheme for substitution of Br with TMA

8.2.3 Interfacial studies

Further experiments could be carried out to better understand the the particle

film formed at the oil-water interface and the parameters that influence it. Inter-

facial tensiometry studies could be carried out to better understand the kinetics

of adsorption of the nanoparticles at the oil-water interface (including with the

addition of excess PVP.)

Dilational tensiometry experiments would allow us to investigate the inter-

facial rheology further by oscillation of the interface to determine the dilational

modulus. [162]. In particular the effect of electrolyte concentration on the dila-

tional elasticity modulus could be studied and compared to 2D interfacial rheol-

ogy measurements. This would give us a better understanding of the particle film

formation at the oil-water interface and optimise the electrolyte concentration in

the emulsion system.

8.2.4 Secondary metal plating

More work is needed to improve the electroless deposition process to enable a

smoother metal coating at the interface. Alternative stabilisers, concentration

and rate of addition of reducing agent, reaction temperature and type of gold

salt used could all be investigated as means for improving this step. In industry

additives are sometimes added to improve the crystallinity of deposited layer in
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electroless deposition baths so these could be incorporated in the plating solu-

tion. It would be interesting to test the mechanical strength of these capsules to

determine their capability in relation to certain applications. For example, for a

perfume application the capsules must be able to be broken by a reasonable shear

force when applied to the body. Micromanipulation techniques could be utilised

to determine the force required to rupture the microcapsule. [149], [96]

8.2.5 Microcapsule applications

There is still work required to optimise the final metal-shell microcapsule system

in order to maximise the efficiency of the process, in particular for consistently

producing thinner impermeable shells. This project’s original aim was to encap-

sulate fine fragrance oils, however the technology implicated here could be utilised

for other applications. For example this capsule system could be employed for

drug delivery or flavour encapsulation. Further applications can be considered by

the materials and conditions required of the final product as discussed below.

8.2.5.1 Alternative metal combinations

This work has focussed on the combination of a platinum catalyst catalysing the

growth of gold because of the suitability of this metal combination as a model

system to optimise the synthesis procedure - as described in the literature. [102], [4]

These metals are expensive so may not be suitable for all applications, though

often when encapsulating an expensive active ingredient the product profit mar-

gins are higher and the advantages of encapsulation outweigh the cost. A gold

metal shell is useful for many applications due to its electrical, catalytic and

optical properties, chemical stability, photonic energy adsorption and good bio-

compatibility. [122] For example, this provides potential for gold capsules to act as

non-toxic carriers for drug and gene delivery applications. [91] In particular a com-

bination such as gold and silver is favourable for applications such as fragrance

encapsulation and drug delivery due to aforementioned advantages of gold and

the antibacterial effects and lower cost of silver compared to platinum.

However there are many other metallic combinations possible which may be

applied for different applications such as gold films deposited using palladium cat-
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alysts [123], copper films deposited using cobalt catalysts [176], nickel films deposited

using palladium catalysts [191], silver films deposited using gold catalysts [44], cop-

per films deposited using silver catalysts [83], gold films deposited using gold cata-

lysts [108], platinum films deposited using charged tin porphyrin catalysts [250] and

gold, palladium and platinum films deposited using germanium catalyst. [202] One

of the limiting factors in the choice of suitable metal combinations will be the

application of the capsules as some metals may be unsuitable for particular uses.

For example, metal for use within the body must be non-toxic and biocompatible,

which would rule out the use of nickel or copper for instance.

In addition to protecting an active ingredient metal shells can impart other

functionality such as optical, magnetic and electric properties. For example gold

coated microcapsules have the potential to operate as optical sensors. [123] Sil-

ica core, gold shell nanoparticles, exhibited a change in optical resonance with

changing gold shell thickness. This variation of light adsorption spanning across

the visible and near infrared spectral regions is known as surface plasmon reso-

nance (SPR) and has applications in biomedical imaging, optical materials and

cancer treatments. [122] Magnetic capsules have the potential for application in

bioseparation and biomedicine and offer the advantage of ease of separation and

manipulation and potential to provide automation of devices [249]. Magnetic silica

core particles coated in silver possess promising applications such as magnetic

field targeted photothermal therapy agent and multimodal molecular probes by

utilising the optical properties of Ag and magnetic properties of the core. [44] By

using suitable magnetic nanoparticles a magnetic response can be imparted to

the Pickering emulsion alone [69] and subsequently the metal-shell capsules.

8.2.5.2 Encapsulated core

Hexadecane is not an ideal encapsulant for a practical use however it was effi-

ciently used in this thesis as a model system. Depending on the wettability of

the oil phase with the emulsifier various oils can be encapsulated. For example

dodecane and hexylsalysilate have been encapsulated in this way by other group

members. A study of different oil cores would be useful, in particular oils that

can carry bioactive substances.
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It is also possible, if a suitable emulsifier was used to create water-in-oil emul-

sions so that an aqueous active ingredient could be encapsulated. This may prove

challenging as there are less available metal salts that dissolve in the oil phase

for the secondary metal shell deposition. Alternatively double emulsions could

be created such as w-o-w emulsions again providing more possibilities for other

encapsulated species. Double emulsions, in which droplets of the dispersed phase

contain one or more types of smaller dispersed droplets have the potential to

encapsulate both hydrophobic and hydrophilic molecules. [111]

Colloidal dispersions of gelled lipid nanoparticles (GLN) provide another po-

tential scaffold for metal capsules. GLNs comprise organogels which are semi-solid

systems in which a three-dimensional network of crosslinked fibres immobilises an

organic liquid. Colloidal dispersions of GLNs can be prepared from organogels

by combining an organic liquid and organic gelator and subsequent dispersion

in a water phase with a suitable emulsifier or stabilising agent. In particular

they offer a possible route to encapsulate compounds with poor water solubility

used in pharmaceuticals, dermatology or cosmetics. [34] By incorporating a cat-

alytic species into the stabiliser used to create the droplets a metal shell could be

subsequently grown.

Phase change materials (PCMs) can be utilised for energy storage, thermal

protection systems and passive cooling of electronic devices. Both inorganic and

organic materials can be used as PCMs. Inorganic PCMs include metals, al-

loys, salts and salt hydrates, whereas organic PCMs are often paraffin or fatty

acids/esters. Paraffin waxes offer favourable characteristics for comfort cooling

and thermal storage applications such as high latent heat of fusion, negligible

super-cooling, chemically inertness and stable low vapour pressure in the melt,

however one of the main disadvantages is that they exhibit very low thermal con-

ductvity. [129], [128], [267] The encapsulating shell is often polymer based and exhibits

low thermal conductivity and stability. Additionally inorganic shells, such as sil-

icon dioxide are often porous. These issues could be addressed by encapsulating

the organic phase in a metallic shell that offers thermal conductive properties and

thereby increasing the heat transfer rate. [114].
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8.2.5.3 Release mechanisms

As shown in Chapter 7, some preliminary work has been carried out on remote

release systems. Further systematic studies on ultrasound and IR irradiation as

release mechanisms would allow us to optimise parameters such as energy input

and exposure times as a function of shell thickness and microcapsule size. The

ability to use these techniques to break the metal shells offers potential for use

in biomedicine as drug delivery vehicles. [199] In addition to providing an inert

surface that is easily modified chemically with bio-relevant species, a gold shell is

useful for drug delivery due to the SPR response of the metal and the ability of

certain wavelengths of light to penetrate human tissue, allowing the capsules to

be triggered remotely. [122] Further studies on the SPR response as a function of

shell thickness would be useful.

Other mechanisms can be employed to trigger the release of the payload such

as electrical triggering, magnetically induced release, thermally induced release

and chemical triggers. Magnetically responsive capsules can be manipulated and

payload release triggered in the presence of a magnetic field. It may be possible by

placing a chemically responsive trigger in the shell wall which results in change on

porosity of the shell to release the payload upon appropriate stimulation. Changes

in temperature could lead to the initiation of a reaction within the capsules core

and initiate release at a potentially controlled rate. [74]
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Appendix A

Supplementary data

A.1 RAFT synthesis of diblock copolymers

Figure A.1: NMR of PBA19 after precipitation
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Figure A.2: GPC of PBA19 after precipitation
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Figure A.3: NMR of PBA19-b-PBrAc47 after precipitation
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Figure A.4: NMR of PBA19-b-PBrAc47 after precipitation
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