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Abstract

This study aims to achieve long-term retention of the volatile, small molecular
fragrance oil molecules by focusing on the preparation of silver shell fragrance oil
core microcapsules. A three-step method of preparing such microcapsules was
developed in this study. Firstly the polymer shell oil core microcapsules were
prepared. Then the negatively charged Au NPs were adsorbed on the polymer
capsule surface via electrostatic attraction as the catalyst. Finally, the silver shell

was grown on the polymer capsule surface via the electroless plating method.

The morphologies of the microcapsules and Au NPs were observed using
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM), respectively. The retention/release of the oil core was analysed using Gas
Chromatography (GC). The factors which influenced the morphology of the
polymer capsules and the polymer shell thickness, including interfacial tensions
between oil, polymer and aqueous phases and core/shell ratio, were discussed.
The adsorption density of Au NPs on the polymer capsule surface was studied by
looking into the surfactant concentration and Au NPs concentration. Variables
that affected the silver shell thickness, such as Au NPs adsorption density and the

silver salt concentration, were also investigated.

The mechanical strength of the microcapsules was analysed using the
micromanipulation technique. The relationship between the shell thickness and

the capsules’ mechanical strength was explored.



Table of Contents

Chpater 1 Introduction ... s 1
1.1 Overview and motivation .............cceiiiiiiiiiiiiiiieeee e 1
1.2 Aims and ObJECtiVES .......cccoeiiiiiiiiicee e 5
1.3 Outline and the structure of the thesis........ccccccovvviein. 6

Chpater 2 Literature review ..........cccvveeeeccciiniinimnseeessssssss s sssnssnnns 9
2.1 MICrOCAPSUIES .....ccoveeeeeeeeeeeee e 9

2.1.1APPHCatioNS ....oeecee e 9
2.1.2Preparation methods ........ccooeoevvieiiiiiiiiiiee e, 10
2.1.2.1 Interfacial polymerisation for
microencapsulation ... 11
2.1.2.2 In-situ polymerisation for
microencapsulation .............ccccoooeiiiiiin. 12
2.1.2.3 Coacervation and phase separation for
microencapsulation ..., 13
2.1.2.4 Layer by layer (L-b-L) assembly for
microencapsulation ... 14
2.1.2.5 Solvent extraction/evaporation for
microencapsulation .............ccccoooeiiiiiiin. 15
2.1.3Release mechaniSm..........cccooooviiiiiiiiiiiee e, 17
2.2 Metal coating on microcapsules using electroless plating
(= R 20
2.2.1Electroless metal plating .........cccooeeeviiiiiiiiiiieeeeeen, 20
2.2.2Mechanism of electroless metal plating................... 21

2.2.3Modification of surface for electroless metal plating 22
2.2.4Plating solutions for electroless metal deposition....23

2.2.5Catalysts in electroless metal plating ...................... 24
2.2.5.1 The various pairing of NPs catalyst and
metal coating........coovvvviiiiiiii 26
2.2.5.2 Au NPs as catalyst in electroless silver
PIAtiNG...o e, 26
2.3 Parameters that have an influence upon size, morphology
and shell thickness of microcapsules .............ccceeevevinnnnn. 27
2.3.1Solvent evaporation time.........ccccccoovvieeeiiiiiieeeennn. 27
2.3.2Initial core-shell ratio .............coovveeiiiiiiiiieeee, 28
2.3.3Catalyst l0ading.......cccooeeeeiieeeeeeeeen 29

2.3.4Metal salt loading ........ccovvviiiiiiiii e, 33



2.3.5Reducing agent loading..........cccccooveeviiiiiiiiiiieeeeee, 34

2.3.6Plating time .....ccoooeeeieee 35
2.4 Characterisation of mechanical strength ......................... 36
2.4.1Characterisation techniques of mechanical strength
36
2.4.1.1 Shear force breakage..........ccccevvvvveeeee..n. 36
2.4.1.2 Osmotic pressure test.........ccccoevvrnneee..n. 37
2.4.1.3 Optical trapping/laser tweezers................. 37
2.4.1.4 Micropipette aspiration..............cccvvueeeene. 38
2.4.1.5 Atomic Force Microscopy (AFM)............... 38
2.4.1.6 Micromanipulation based on diametrical
[o70] pp] o] £=TS1<] (0] o (P 39
2.4.2Stress-strain behaviour ... 43

Chpater 3 Experiment materials and research methodologies .46

3.1 Materials and synthesis methods ..., 46
3.1.1 Preparation of polymer shell microcapsules........... 46
3.1 1A Materials.....oooveiiii 46
3.1.1.2 Experiment method ..............coiiiiiiiiie, 47
3.1.2 Au NPs Synthesis.........ccccoeeeeiiiiiiiiiiceee e, 49
3.1.2 1 Materials.........ooeeiiiiiiiei 49
3.1.2.2 Synthesis method............cccoooeiiiiiiiiiciee. 49
3.1.3 Au NPs adsorption to polymer microcapsule surface
................................................................................ 50
3.1.4 Electroless silver plating on polymer shell capsules
................................................................................ 50
3.1. 4.1 Materials........oooeeiiiiiiiiieee 50
3.1.4.2 Synthesis method............ccooooeiiiiiiiiiceee. 51
3.2 Equipment, techniques, and methodologies used for the
microcapsules characterisation ..............ccccevviviiiiiiinnn.n. 51
3.2.1 Size and size distribution of the microcapsules...... 51
Dynamic Light SCattering ..........cceevveerieeiiienieeiieniie et
Optical and electron MiCTOSCOPY......veervrerireriierieeiienieeieeereeieeeeeeenne
3.2.2 Morphology of the microcapsules.............ccc.......... 52
3.2.2.1 Morphology prediction .............cccccuvevevennnnnes 52

Interfacial teNSION MEASUTEIMENE ......vveeeeeeeeeeeeeeeeeeeeeeaes



Contact angle MeasuremMent ..........cc.cecueveererrienienenieneeseeeeseeee e 52

3.2.2.2 Morphology confirmation..................cc......... 53
OPLICA] MICTOSCOPY -evveeerieeiiieeiiieeiieeesteeeetteeetreesrreesseeesseeessseeensseenas 53
Scanning Electron Microscopy (SEM) .......covviviiiiiiniiiiniiiieiieeeieee, 53
Energy Dispersive X-ray (EDX).....cccooeieriiniiiiiieiiieiecieeeeee e 54

3.2.3 Au NPs size and size distribution ........................... 54
Ultraviolet-visible spectroscopy (UV-Vis) .......ccccevervuereeneerieneenennenn 54
Transmission Electron Microscopy (TEM) .....cccoovevievciiiieiiieniieciee 55

3.2.4 Au NPs adsorption density on polymer capsules

SUIMACE ..o 57
Zeta potential (ZP) Measurement...........cveeecueeerereeeniieeenieeesieeesvee e 57
Ultraviolet-visible (UV-Vis) SPECIrOSCOPY ...vveevrererrerrieeireeniienieereenees 58
Thermal gravimetric analysis (TGA) ......cooovveeeeieeviiieeieecee e 59
TEM .ot ettt 60
3.2.5 Shell thickness of the microcapsules...................... 60

Focused Ion Beam Scanning Electron Microscopy (FIBSEM) for

polymer Shell........oooiiiiiiii e 60

TEM with a microtome technique for silver shell .............ccccoeveeennenn. 62
3.2.6 Retention and release of the oil core...................... 62

Gas Chromatography (GC) ......cccueevviiiiiiiiienieeieee et 62
3.2.7 Mechanical strength ..., 64
3.3 Calculations.......ccooe e 65
3.3.1 The surface area of polymer capsules ................... 65

3.3.2 Au NPs adsorption density on the polymer capsule

SUMACE oo 67
3.3.3 Input ratio of CTABtO AUNPS.........oeeeeiiiiiiiiiinnnn. 69

3.3.4 The surface density of silver microcapsules........... 71



3.3.5 Shell thickness of polymer capsules....................... 67

3.3.6 Mechanical strength of single capsule.................... 71
Chpater 4 Polymer shell microcapsules formation, core material
selection and core/shell ratio selection .......ccccceeuueciiiiinnnnnes 72
4.1 Introduction .........oeiiiiii e 72
4.2 Preparation of a model system of oil core-polymer shell
MICFOCAPSUIES ... 73
4.3 Core material selection via microcapsule morphology
PrediCtioN......ccoeeiee e 78
4.3.1Theory of morphology prediction...............cccooounn.. 79
4.3.2Morphology prediction and confirmation.................. 80

4.4 The influence of core/shell mass ratio on the encapsulated
oil core retention and polymer shell thickness................. 85

4.4.1The core/shell ratio influence on oil core retention ..85
4.4.2The core/shell ratio influence on polymer shell

thICKNESS ..., 87
4.5 CONCIUSIONS.....ciiiiiieieeeee e 90
Chpater 5 Adsorption of Au NPs to polymer microcapsules as

the catalyst and the Au NPs adsorption density ................ 92
5.1 IntroducCtion ..........coovmiiiiiii e 92
5.2 Synthesis of electrostatic stabilised Au NPs via a chemical

reaction method..............ooiii i 94
5.3 Au NPs adsorption to polymer capsules’ surface............. 96
5.4 Influence of surfactant concentration on Au NPs

=0 £ ] 1 ] 1o o SO 98
5.5 Influence of Au NPs concentration on the adsorption

AENSIY oo 104

5.5.1Adsorption density characterised via UV-Vis

techniqQue.......ooeee 105
5.5.2Adsorption density characterised via thermal analysis
107
5.6 CONCIUSIONS.......oeiiiiiieieeee e 109
Chpater 6 Silver shell microcapsules formation and the

capsules mechanical strength ..........ccoooiiiiiiiiiiniiinniiiin. 112
6.1 INtroducCtion ...........oovuiiiiiiiii e 112
6.2 Preparation of silver shell microcapsules via electroless

metal plating method ... 114

6.2.1Influence of silver salt concentration on the silver
Shell thiCKNESS ..., 118



6.2.2Influence of Au NPs adsorption density on the silver

shell thickness ...........cooeiiiiiiiiiii e 122
6.3 Factors affecting the silver shell microcapsules’
mechanical strength ..., 123
6.3.1Influence of capsules diameter on the microcapsule
mechanical strength ..............coooiiii 124
6.3.2Influence of polymer shell thickness on the
microcapsule mechanical strength......................... 126
6.3.3Influence of silver shell thickness on the
microcapsule mechanical strength ........................ 127
6.4 CONCIUSIONS........oiiiiiieeeeeee e 128
Chpater 7 Conclusions and future work..........cccccovrrremcirrrrennnnn. 131
7.1 CONCIUSION ..o 131

T.2 FULUIE WOTK .o 132



Lists of tables

Table 2.1-1 Different techniques in microcapsules synthesis...11
Table 4.3-1 Conditions and predicted morphology.................... 80

Table 4.3-2 Interfacial tensions, spreading coefficients and

morphology predictions of polymer capsules with different
Lo Y| I o7 o T =Y 81

Table 4.3-3 Microcapsules prediction vs observation ............... 83



List of illustrations

Figure 1.3-1 Schematics of a three-step method for preparing a
silver shell oil core microcapsule: step 1: polymer shell oil
core microcapsule formation; step 2: Au NPs adsorption
on polymer capsule surface as a catalyst; step 3: silver
shell microcapsule formation via electroless plating.......... 6

Figure 1.3-2 Electron microscopy micrographs of capsules in
different stages. a: PEMA shell microcapsule observed via
SEM; b: Au NPs adsorbed PEMA microcapsules observed
via TEM; c: silver shell microcapsules observed via SEM ..6

Figure 2.1-1 Schematic of the interfacial polymerisation process

Figure 2.1-2 Schematic showing the in-situ polymerisation
[0 o o =TT 13

Figure 2.1-3 Schematic showing coacervation/phase separation
microencapsulation ... ——— 14

Figure 2.1-4 Schematic of L-b-L polyelectrolyte deposition...... 15
Figure 2.1-5 Schematic of the solvent evaporation procedure .16
Figure 2.3-1 Ni/TiO2 samples with different Ag loadings (Wu et

E= 1 IR0 L1 1< 7 ) S 30
Figure 2.3-2 Plots loading of nickel vs loading of silver (Ge et
al., 2006) ... anannaaannannnannannnnnnnnnnnnnnnnnnnnnnnnnns 31
Figure 2.3-3 Silver hollow particles with different shell thickness
and Ag/SiOz2 ratio (Liu et al., 2011) ... 32
Figure 2.3-4 Silver shells on PS spheres with different mass
ration of AgNO3/PS of (a) 1:2; (b) 2:1; (c) 10:1. ......cccee. 34

Figure 2.4-1 Schematic of AFM setup (Zhang et al., 2009)......... 39
Figure 2.4-2 Schematic diagram of micromanipulation rig (Sun

and Zhang, 2002)..........ccccccummmnnnnnnnnnnnnnnnnnnnnnnnnnnan s 41
Figure 2.4-3 Typical force-displacement profile .............cccceeeuueee 42
Figure 2.4-4 Stress-strain relation .........ccoeeeciiiiiiriiiccccceieeeeeees 43

Figure 3.1-1 Schematic of the polymer shell oil core
microcapsules preparation proCess........cccccecevrrremnrsrreennnnnns 48

Figure 3.2-1 UV-Vis result of Au NPs with Concentrationgold of
0.5 mmol/dm3, showing typical plasmon peak around ~510
nm, indicates the resulting Au NPs are monodispersed...55

Figure 3.2-2 TEM micrograph of synthesised Au NPs with 0.5
mmol/dm3 concentration..............ccceiiiiiiimminnnr s 56



Figure 3.2-3 Size distribution of Au NPs with a gold
concentration of 0.5 mmol/dm? obtained through analysis

of TEM micrographs vialmaged ........ccccrrremcccciiieerreeeecnnnee. 57
Figure 3.2-4 Calibration curve..........oooremcccciiieererecece e 59
Figure 3.2-5 Cross section of PMMA-HS microcapsules with a

core-shell ratio of 1.0 via FIBSEM.............mmemneeeennnnenes 60
Figure 3.2-6 Shell thickness distribution of PMMA-HS

microcapsules with the core-shell ratio of 1.0.................... 61
Figure 3.2-7 Standard curve of toluene.............ccccvveeenncciiiiiiinnnnes 63
Figure 3.2-8 Standard curve of hexylsalicylate........................... 63

Figure 3.3-1 Schematic of a polymer shell oil core microcapsule

Figure 4.1-1 Silver shell microcapsules synthesis process: Step
1: Formation of polymer shell oil core microcapsule’ Step
2: Au NPs adsorption to polymer microcapsule surface as
the catalyst' Step 3: Silver coating on the polymer
microcapsules’ surface via electroless plating method ....72

Figure 4.2-1 Structural formula and molecular structure of
O T 2 = 75

Figure 4.2-2 Synthesis of oil core-polymer shell microcapsules
using solvent evaporation and extraction method. 1.
equivalent amount of water and oil phase was mixed and
emulsified under high-speed homogenisation to form an
emulsion of oil droplets in water. 2. The polymer dissolved
in oil droplets precipitated at the oil water interface to form
a polymer film surrounding the oil droplet, while the good
solvent was extracted and evaporated from the emulsion.
3. Allow at least 48 hours of solvent evaporation time for
polymer shell solidification in this case.......ccccccccceeevirrrnnnes 76

Figure 4.2-3 Micrographs of PEMA microcapsules under a
scanning electron MiCroSCopPY ........ccccrmmmmmmmsscssssssrnesnnnnnnnns 77

Figure 4.3-1 Schematics of different morphologies may occur in
the formation of microcapsules.......cccccueeciiiiiiiririeeccc, 79

Figure 4.3-2 SEM micrographs of PMMA shell microcapsules
stabilised by CTAB with various oil cores: a) hexadecane
core; b) hexyl salicylate core; c) toluene core; d) cyclamen

aldehyde core; and e) Dihydromercenol core. ................... 83
Figure 4.3-3 FIB-SEM micrograph of the cross-section of PMMA-
HS microcapsules with a core/shell ratio of 1:1.................. 84

Figure 4.4-1 Loss percentage of hexyl salicylate core of PMMA
microcapsules with various core/shell ratios..................... 86

Figure 4.4-2 Ideal core-shell structured microcapsule used in
the polymer shell thickness calculation...........ccccceueunnnnnnnn. 88



Figure 4.4-3 Diameter and shell thickness of PMMA
microcapsules with increasing core/shell ratio.................. 89

Figure 5.1-1 Schematics of silver shell microcapsules synthesis
process: Step 1: Formation of polymer shell oil core
microcapsule’ Step 2: Au NPs adsorption to polymer
microcapsule surface as the catalyst' Step 3: Silver
coating on the polymer microcapsules’ surface via
electroless plating method.............ees 93

Figure 5.2-1a) Image of synthesised Au NPs in water, showing
typical dark red colour and b) TEM micrograph of Au NPs
with a gold concentration of 0.5 mmol/dm® ........................ 95

Figure 5.3-1 Schematic of negatively charged Au NPs were
adsorbed to the polymer capsule surface via the positively

charged head of cationic surfactant C16TAB....................... 97
Figure 5.3-2 TEM micrographs of Au NPs attached polymer
capsules surface .........oeiiiieeccieiec e 97

Figure 5.4-1 Aggregation behaviour of Au NPs when mixed with
CTAB solution. The concentration of CTAB added to Au
NPs suspension increases from 0 to 1 mmol/dm?3 from left
toright......———— 100

Figure 5.4-2 Zeta potential of Au NPs increased when the CTAB
concentration added into Au NPs suspension was growing

Figure 5.4-3 Schematics of electrostatics interactions between
Au NPs and CTAB with different ratios: a) When there is no
CTAB present, the mobility of Au NPs is negative; b) when
CTAB concentration is at a low range, the Au NPs remain
negative; c) when CTAB concentration increases to a
higher range, the negative charge of Au NPs were
neutralised; d) when excessive CTAB present, Au NPs
become positive charged ...........cccoeviriiiiiiii 99

Figure 5.4-4 Surface tension against CTAB concentration .....103

Figure 5.5-1 The adsorption density of Au NPs on polymer
microcapsules surface increases as the concentration of
Au NPs. The input ratio of Au NPs to polymer capsules’
surface area are : a) 2.9 mg/m?; b) 14.6 mg/m?; c) 29.3
mg/m?; d) 58.5 mg/m?; e) 87.7 mg/m?; f) 116.9 mg/m?; g)

146.1 MQIM? ... 105

Figure 5.5-2 Au NPs mass change and its adsorption
percentage on the capsule surface ......... Error! Bookmark not
defined.

Figure 5.5-3 Mass of Au NPs on polymer capsules decreases
with the decrease of adsorption density, results obtained



Figure 6.1-1 Schematics of silver shell microcapsules synthesis
process: Step 1: Formation of polymer shell microcapsule-
Step 2: Au NPs catalyst adsorption’ Step 3: Silver coating
via electroless plating.........ccoceiriiiiinnnnnn, 113

Figure 6.2-1 SEM micrograph of silver-coated microcapsules
with EDX analysis. The input ratio of Ag to capsule surface

IS 93.95 MG/M? ... s 115
Figure 6.2-2 Core content release of polymer shell and silver
shell microcapsules using Gas Chromatography............ 116

Figure 6.2-3 SEM micrograph of Cross-section of silver shell
toluene core microcapsules.........ccccieeeccciiiiirnnnreees 117

Figure 6.2-4 SEM micrograph of Cross-section of silver shell
hexylsalicylate core microcapsules .........cccceueiiiiiiiinnnes 118

Figure 6.2-5 FEGTEM micrograph of the cross-section of silver-
coated microcapsules with silver salt concentration at 1.0

MMOI/L ... s 120
Figure 6.2-6 Silver shell thickness against the input ratio of
silver salt to the microcapsule surface area..................... 121

Figure 6.2-7 a) TEM micrograph of Au NPs loaded polymer
microcapsules which Au NPs adsorption density is 2.92
mg/m?; b) SEM micrographs of corresponding silver-
coated microcapsules........ccoeeeeiiiiiiiiirnnnne e —————— 122

Figure 6.2-8 Silver shell thickness against the input ratio of Au
NPs to the microcapsule surface area.......ccccccuuuceirrrneees 123

Figure 6.3-1 Nominal rupture stress versus diameter for PMMA
shell hexylsalicylate core capsules with core/shell ratio of
1:1 and silver shell microcapsules prepared using the
same batch of PMMA shell capsules............ccccovviirrrrnnnnnee. 125

Figure 6.3-2 Nominal rupture stress versus polymer shell
thickness for PMMA shell hexylsalicylate core capsules
with different diameters........coenomrreeee e 127

Figure 6.3-3 Nominal rupture stress versus silver shell
thickness for the silver shell hexylsalicylate core capsules
with different diameters............coocccri, 128



AFM

APTMS

AV

BSE

CMC

CTAB

DCM

DLS

DMAB

EDS

EDX

ELP

FEGSEM

FEGTEM

FIBSEM

GC

HCHO

HS

Abbreviations

Atomic Force Microscopy

(3-aminopropyl)trimethoxysilane

Surface-to-volume

Back scattered electrons

Critical micelle concentration

Cetyl trimethylammonium bromide

Dichloromethane

Dynamic Light Scattering

Dimethylamine borane

Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray

Electroless plating

Field emission gun scanning electron microscopy

Field Emission Gun Transmission Electron Microscopy

Focused Ion Beam Scanning Electron Microscopy

Gas Chromatography

Formaldehyde

Hexylsalicylate



L-b-L

MPPMS

NPs

O/W

PAH

PCL

PDMS

PEMA

PET

PIBMA

PLGA

PMMA

PS

PTHF

PU

PVP

SC

SE

SEM

SPR

Layer by layer

3-mercaptopropyltriethoxysilane

Nanoparticles

oil in water

Poly(allylamine hydrochloride)

Polycaprolactone

Polydimethylsiloxan

Poly(ethyl methacrylate)

Poly(ethylene terephthalate)

Poly(isobutyl methacrylate)

Poly(DL-lactide-co-glycolide)

Poly(methyl methacrylate)

Polystyrene

Poly(tetrahydrofuran)

Polyurethane

Poly(vinylpyrrolidinone)

Stearyl trimethyl ammomium chloride

Secondary electrons

Scanning Electron Microscopy

surface plasmon resonance



TEM

Tg

TGA

XRD

UV-Vis

7p

Transmission Electron Microscopy

Glass transition temperature

Thermogravimetric analysis

X-ray Diffraction

Ultraviolet—visible

Zeta potential



Chpater 1 Introduction

1.1 Overview and motivation

Fragrance oil has been used in lots of applications, especially perfume. The
challenge is the rapid release of low vapour pressure fragrance oil particles in a

liquid environment that dissolves fragrance oil.

Microencapsulation is a technique that enables the protection of active materials
by enveloping them inside one or more layers of coating. The coated particles,
thus formed, usually fall into the micron size range and are therefore termed
microcapsules (Dubey et al., 2009, Ghosh, 2006, Green, 1957). This technique
provides protection to unstable or sensitive active ingredients from their external
environment, preventing unwanted reactions, such as oxidation, from taking place
(Champagne and Fustier, 2007, Desai and Park, 2005); separates incompatible
components within a formulation, or masking odour and/or taste (Bhandari et al.,
1999, Jain et al., 1997); and improves the handling process, for example, a safe
handling process of some toxic ingredients in pesticide formulations (Tsuji, 2001,
Scher et al., 1998). The enveloped active material can be liquid, solid or gaseous,
and it can be released under certain conditions through various triggers, such as
pH, ionic strength, rupture force, or temperature (Pena et al., 2012, Yow and
Routh, 2006, Gouin, 2004). The release rate can be controlled via the careful

design of the capsule shell tailored to a preferred mechanism of release.

Since the first industrial usage of microcapsules in carbonless copy paper by
Green and Lowell (1957), microencapsulation has stimulated great interest in

diverse applications such as pharmaceutical formulations (Wischke and



Schwendeman, 2008, Lam et al., 2001), pesticides (Dowler et al., 1999, Scher et
al., 1998), cosmetics (Im et al., 2005, Lapidot et al., 2003), fragrances (Specos et
al., 2010, Rodrigues et al., 2009), and dyes (Monllor et al., 2007, Sukhorukov et
al., 2000). Although the technique is widely used in various applications, the
encapsulation of small molecules and volatile active liquids without leakage
before application still remains a challenge due to the relatively poor barrier
properties of polymer membranes (Patchan et al., 2012, Madene et al., 2006,

Evans, 1970).

Active components with small molecules, such as toluene and fragrance oil,
permeate most of the polymeric shells through the pores pre-existing. The large
free volume within the polymer also provides a low resistance pathway to the
rapid diffusion of small molecules (Patchan et al., 2012, Madene et al., 2006,
Brannonpeppas, 1993, Evans, 1970). Compared to the polymer membrane, the
metal membrane provides a higher resistance to the rapid diffusion of gas
molecules and small organic molecules because of its closed-packed structure,
which results in a longer diffusion path for gases or small molecules. The
diffusion of gas or small molecules can also occur through various defects.
Therefore, coating a continuous layer of metal-membrane on the polymer shell of
microcapsules provides vastly improved barrier properties to avoid the
evaporation of volatile core content and hence they have a longer shelf life than
the polymer-based microcapsules (Patchan et al., 2012, Wang et al., 2005, Prins
and Hermans, 1959). Silver, as an inorganic compound, provides a better barrier
to small molecules than polymers. Meanwhile, it has been widely used in food,
medicine/clinic, cosmetic and personal care products due to its safety to use

within the human body and its powerful antimicrobial properties(Pandey et al.,



2020, Hancu et al., 2013, Padmavathy and Vijayaraghavan, 2008, Delaney et al.,
2008). Silver was selected as the metal coating of the polymer shell fragrance oil

core microcapsules in this study.

Diffusion of the core content from the microcapsules also relates to the capsules'
surface area and shell thickness. Fick's law of diffusion can be used to describe
the change in concentration in the continuous phase over a specified time. Fick’s
first law states that flux is directly proportional to the concentration gradient. The
rate of flow of the core content through an area (dq/d: per surface area) is the flux,
and the proportionality constant D is the diffusion coefficient, which unit is area
per time. Assuming the diffusion coefficient is independent of temperature and
pressure, the change of the core content through the shell surface area over a
specified time is described in equation 1.1-1 (Anthony and Berland, 2013,

Enderle, 2012, Ferrando, 2006).

— = —DA— Equation 1.1-1

where
q = quantity of core content molecules
t =time
A = shell surface area
¢ = concentration
D = diffusion coefficient

dx = shell thickness

d . :
d—" = concentration gradient
X

From equation 1.1-1, it can be seen that the release of the core content can be

predicted and controlled through a series of parameters involved in the fabrication



process, such as the surface area and shell thickness of the capsules, the
concentration of core and different types of shell materials. The larger surface
area of microcapsules can be achieved by reducing their particle size as a result of
increasing the diffusion rate of core content. Increasing the shell thickness also

reduces the release.

The core content in microcapsules can be released through various mechanisms
according to different purposes in an application. In the rupture release
mechanism, the active ingredient was released from capsules by external
mechanical forces. The force needed to break the capsules depends on the
mechanical properties of the shell, such as microcapsule diameter, deformation

characteristics at compression, rupture stress, efc.



1.2 Aims and objectives

In perfume application, the challenge remains to efficiently encapsulate low
vapour pressure fragrant oil with no release in a continuous phase that dissolves
the oil. A continuous layer of metallic coating on the polymer shell of the
microcapsule is expected to improve the resistance of the shell to the leakage of
core content, the fragrance oil. Gold shell hexylsalicylate (HS) core
microcapsules have been successfully prepared in our research group, and full
retention of the core content over 30 days has been demonstrated via the Gas

Chromatography (GC) technique.

This study aims to achieve long-term retention of the volatile, small molecular
fragrance oil particles by focusing on the preparation of silver shell hexyl
salicylate core microcapsules using Au NPs as the catalyst. The retention/release

of the oil core was analysed using GC.

The factors which influenced microcapsule formation and the shell thickness
were studied, and the relationship between the shell thickness and the capsule
mechanical strength was also investigated. The research results will estimate the

delayed release of the core content via shell breakage under mechanical force.



1.3 Outline and the structure of the thesis

A three-step method of preparing silver shell fragrance oil core microcapsules
was developed in this study. The process of the method is shown in Figure 1.3-1

and Figure 1.3-2.

Step 1 Step 2 Step 3
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Figure 1.3-1 Schematics of a three-step method for preparing a silver shell
oil core microcapsule: step 1: polymer shell oil core microcapsule formation;
step 2: Au NPs adsorption on polymer capsule surface as a catalyst; step 3:

silver shell microcapsule formation via electroless plating

100nm

Figure 1.3-2 Electron microscopy micrographs of capsules in different stages.
a: PEMA shell microcapsule observed via SEM; b: Au NPs adsorbed PEMA
microcapsules observed via TEM (a smaller size capsule was presentin b to
give a full overview of Au NPs adsorbed capsule. 1um capsule is too big to be

pictured as one under TEM); c: silver shell microcapsules observed via SEM



In Chapters 1-3, an introduction, background literature review, and research
methodologies were presented, respectively. Chapters 4 - 6 focused on the three-
step method of preparing silver shell fragrance oil core microcapsules and

corresponding systematic studies on the variables of the research.

In Chapter 4, the detailed preparation method of the polymer shell and oil core
microcapsules was discussed. A model capsule of PEMA shell toluene core was
firstly prepared. Then the PMMA shell fragrance oil core (hexylsalicylate,
cyclamen aldehyde, dihydromyrcenol, respectively ) microcapsule was prepared
for the morphology study. The influence of the interfacial tensions between oil,
polymer and aqueous phases on the microcapsule morphology was investigated.
The influence of core/shell ratio on the oil core retention and polymer shell

thickness was also discussed.

In Chapter 5, a method of preparation of electrostatic stabilised Au NPs in
aqueous suspension and the process of Au NPs adsorption on polymer capsule
surface were explained. The influence of the cationic surfactant Ci¢TAB, which
was used to stabilise the polymer capsule, on the Au NPs adsorption was studied.
The effect of the Au NPs concentration on the adsorption density was analysed
via both Ultraviolet-visible (UV-Vis) spectroscopy and thermal gravimetric

analysis (TGA).

In Chapter 6, silver shell microcapsules were prepared based on PMMA shell
hexylsalicylate core capsules using the electroless plating method. The influence
of Au NPs adsorption density and the silver salt concentration on the silver shell

thickness was evaluated. The factors affecting the silver shell microcapsules’



mechanical strength, including capsule diameter, polymer shell thickness and

silver shell thickness, were investigated.

In Chapter 7, the whole research was concluded, and future work was considered.



Chpater 2 Literature review

2.1 Microcapsules

Microcapsules are a type of micro-sized vessel, package or container, in which
solid, liquid or gaseous active ingredients are enclosed by a polymer wall. The
capsules release their contents at controlled rates under specific conditions. The
active ingredients are denominated as the ‘core’ ‘fill” or ‘internal phase’, whereas
the second encapsulant material is termed variously as the ‘shell’, ‘wall’,
‘coating’ or ‘membrane’ (Zhao and Zhang, 2011, Dubey et al., 2009, Ghosh,

2006, Gibbs et al., 1999, Jain et al., 1997).
2.1.1 Applications

Microcapsules have been widely used in a variety of applications, especially in
the medicine, pharmaceutical and cosmetics industries, since such microcapsules
may be used as carriers to protect sensitive compounds from undesired conditions
giving effective controlled release of the active agent. The most successful
examples include carbonless copy paper, scratch-n-sniff fragrance samples and

the encapsulation of pesticides, herbicides and pharmaceuticals.

Microcapsules are able to provide sustained-release insecticides and herbicides
(Boehm et al., 2003, Scher et al., 1998); to enhance the various qualities of
ingredients such as colour, taste, stability and shelf life in the food industry
(Klaypradit and Huang, 2008, Champagne and Fustier, 2007, Gharsallaoui et al.,
2007); to protect unstable or sensitive active components, such as some vitamins,
against degradation by light or oxygen (Desai and Park, 2005); to decrease the

rate of evaporation or the rate of transfer of the core in flavour oils (Bhandari et
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al., 1999, Kim and Morr, 1996); to convert liquid components to free flowing
powders, such as powdered fat (Jafari et al., 2008, Faldt and Bergenstahl, 1995);
to improve a product performance by separating the reactive ingredients until the
needed materials are released; to improve the handling process where, for
example, some active ingredients in pesticide formulations are toxic; a safe
handling process can be enabled by encapsulation (Tsuji, 2001, Tefft and Friend,

1993).

Among all the applications, the use of microcapsules provides a means for the
pressure-activated release of fragrance oil will be focused on this project. Such
control over the release was gained through careful design of the capsule shell
tailored to a preferred mechanism of release. These functions can be achieved or
optimised through appropriate choice of materials, synthetic methods, and other
experimental parameters, such as the concentration of the reagents, or reaction

temperature, etc.

2.1.2 Preparation methods

A number of methods have been developed and reported to achieve the
fabrication of microcapsules. Generally, these methods can be divided into
chemical methods: physico-chemical methods and physical-mechanical methods
listed in Table 2.1-1 (Ghosh, 2006). Each method may produce the different
characteristics of microcapsules, such as morphology of microcapsules, size
and/or size distribution, core-shell ratio and shell thickness. All these factors have
an influence on the release mechanism and release profile. Chemical and physico-
chemical methods are most used due to their relatively easy process and low cost.
These methods for the preparation of liquid-core-solid-shell structure

microcapsules are discussed in the following sections.
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Table 2.1-1 Different techniques in microcapsules synthesis

Chemical Physicochemical Physical/Mechanical
Methods methods methods
e Interfacial e Coacervation / e Spray-drying
polymerisation phase separation e  Multiple nozzle
o [n-situ e Precipitation spraying
polymerisation e Solvent evaporation e Fluid-bed coating
/extraction e Centrifugal
e Layer-by-layer techniques
assembly e Vacuum
e Sol-gel encapsulation
encapsulation e Electrostatic
encapsulation

2.1.2.1 Interfacial polymerisation for microencapsulation

This method has been widely used for the preparation of latex core-shell particles
(Sommer et al., 1995, Jonsson et al., 1994) and inorganic core-shell particles
(O'Sullivan et al., 2009, Obey and Vincent, 1994). Generally, interfacial
polymerisation starts with an emulsion containing two immiscible phases, which
are terms of the ‘oil’ phase and the ‘water’ phase. Two different monomers are
dissolved respectively in each phase and react with each other at the interface. A
thin film is created at the interface to form a shell of the microcapsules. The
reaction rate decreases as the polymerisation reaction proceeds. This is because
the formed film at the interface between the oil phase and the water phase
becomes a barrier for the two reactants to meet at the interface, which results in
the reduction of reaction rate until the reactants can not penetrate through the film
where the encapsulation completes. The interfacial film (the shell of the

microcapsule) is generally thin and sufficient reaction time is required for the
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completion of the shell formation. The process of interfacial polymerisation is

schematically illustrated in Figure 2.1-1 (Munin and Edwards-Lévy, 2011, Jang et

al., 2007, Macritch.F, 1969).

Monomers dissolved in Monomers meet and Polymerisation at Continued

aqueous (A) and organic react at interface of interface and form a polymerisation and

phase (B) respectively two immiscible thin film shell formation
phases

Figure 2.1-1 Schematic of the interfacial polymerisation process

In some studies, certain surfactants or polymers are employed in the
continuous/dispersed phase to make the emulsion stable. Owing to the nature of
this technique, some unreacted monomers might remain in the core, causing the

problem of impurity.

2.1.2.2 In-situ polymerisation for microencapsulation

In-situ polymerisation is similar to interfacial polymerisation, but the polymer
chain growth occurs in the continuous phase rather than at the interface described
in the aforementioned interfacial polymerisation technique. The schematic of this
process is shown in Figure 2.1-2. This method adopts the self-assembly approach
and is suitable for biological applications as it involves no exposure to harsh
solvents. The distinguishing characteristic of microcapsules prepared by in situ

polymerisation is that no reactants are included in the core material (Brown et al.,
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2003, Hentze and Kaler, 2003, Wong et al., 2002, Tiarks et al., 2001, Huang et

al., 1999).

continuous
shell

emulsify

—>

phase

solidification

organic

phase

Monomers dissolved Monomers diffused Continued
in two immiscible towards each other polymerisation and
phases respectively and polymer growth shell formation

in continuous phase

Figure 2.1-2 Schematic showing the in-situ polymerisation process

2.1.2.3 Coacervation and phase separation for microencapsulation
Coacervation is a physico-chemical, phase separation phenomenon. The term
‘coacervation’ was initially coined by Bungenberg and colleagues (Ghosh, 2006,
Kruyt, 1949), and it involves a number of steps that are usually carried out under
continuous agitation. This method starts with the preparation of a polymer
solution. The core material is finely dispersed in the coating polymer solution. In
coacervation processes, a suitable desolvating agent (coacervating agent) is
gradually introduced to the mixture, depending on the nature of the polymer
solution. Phase separation is induced by the introduction of the coacervating
agent, i.e. changing temperature or pH of polymer solution, adding salt or non-
solvent, using an oppositely charged polymer or cross-linking agent, etc. The

polymer precipitates from the solution and deposits on the surface of the core
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particles. Sometimes a further isolation step is needed to avoid aggregation. The

whole process is illustrated in Figure 2.1-3.

A mixture of polymer After emulsification, The coacervate spread Solidification of the
dispersion, good solvent, polymer precipitate and around the active coacervate and shell
and poor solvent coacervate ingredient and form a formation

layer

Figure 2.1-3 Schematic showing coacervation/phase separation

microencapsulation

In this method, no impurities are included in the core material. Sometimes, an
additional step is required (e.g. hardening agents) for solidification of the
preformed shell (Andersson Trojer et al., 2013, Ghosh, 2006, Yow and Routh,

2006, Loxley and Vincent, 1998).

2.1.2.4 Layer by layer (L-b-L) assembly for microencapsulation

Layer by layer assembly is used to build up a polyelectrolyte layer onto a solid
substrate (2D and 3D) through electrostatic deposition (Caruso et al., 1997). This
method requires a sufficiently charged colloidal system and oppositely charged
polymer particles. The polyelectrolyte-shell microcapsules are formed under the
electrostatic attraction between oppositely charged particles. Multilayers of
polyelectrolytes can be assembled on microcapsules using this method, with

precise control of thickness. Physical and chemical properties of the surface can
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be modified to fit into different applications. The illustration of process of L-b-L

process is illustrated in Figure 2.1-4 (Tarn et al., 2013, Ghosh, 2006, Yow and

Charged
narticles
polymer

Routh, 2006).

Charged particles in a Polymers are driven to Repeated deposition of Removal of the particle to
solution of oppositely the surface of particles oppositely charged form the microcapsule
charged polyelectrolyte by electrostatic force polyelectrolyte

Figure 2.1-4 Schematic of L-b-L polyelectrolyte deposition

2.1.2.5 Solvent extraction/evaporation for microencapsulation

Solvent extraction/evaporation is another approach of phase separation and it
sometimes terms ‘internal phase separation’. The method became popular due to
its straight-forward procedure. The polymer is firstly dissolved into volatile
organic solvent (s) to form a polymer solution. The core material is dissolved or
dispersed into this polymer solution. The resulting solution is then dispersed into
an aqueous solution, with continuous agitation. Surfactants are used to stabilise
the emulsion. The polymer precipitates and migrates towards the interface
between the discontinuous phase and the continuous phase to form the polymer
shell around the droplets. The formation of the polymer shell may be achieved by
either the removal of the solvent from the droplets or by solvent extraction with a
third liquid (Zhao et al., 2011, Mandal, 1999, Bodmeier et al., 1997). The process
of microencapsulation via solvent extraction/evaporation is illustrated in Figure

2.1-5. This method is most suitable for encapsulation of active ingredients in
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liquid oil cores (Dowding et al., 2005, Dowding et al., 2004, Loxley and Vincent,

1998), as well as aqueous cores (Lorenceau et al., 2005, Atkin et al., 2004,

Zydowicz et al., 2002).

D

Polymer dissolved in After emulsification, polymer ~ Precipitated polymers Solidification of the shell
organic phase precipitates within the migrate to the interfacial and formation of the
emulsion droplets and form a layer microcapsules

Figure 2.1-5 Schematic of the solvent evaporation procedure

This method is easy to use and feasible for industrial scale up. The release of core
material can be controlled in principle through various reaction parameters, such
as monitoring the particle size of microcapsules, controlling the concentration of
wall materials used for the microencapsulation and the thickness of the
microcapsules. Homogeneous shell thickness can be obtained through this

method.

Loxley and Vincent (1998) have utilised a solvent evaporation method to prepare
PMMA microcapsules containing oil core. It was found that the concentration of
PMMA in the oil phase has an effect on the size and the shell thickness of the
microcapsules. The types and the concentration of emulsifier also have impact on
the size and the morphology of the microcapsules. Increased amount of wall

materials used in the system reduces the release rate and dense polymer matrix
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leads to hindrance of the release (Romero-Cano and Vincent, 2002). Dowding et
al. (2004) also prepared polymer (polystyrene) shell oil core microcapsules using
this technique. The release rate of the active ingredient was a function of the
thickness of the polymeric shell and the thickness could be controlled by the
amount of polymer dissolved in the oil phase. The diffusion rate of active
ingredient through the pores was slower in thicker shell and greater amount of
active ingredient was retained. Atkin et al. (2004) have revealed that different
types of polymers such as PMMA, poly(isobutyl methacrylate) (PIBMA), and
Poly(tetrahydrofuran)(PTHF) that were used as wall materials for the preparation
of aqueous-core microcapsules had the different release behaviours. This because
these polymers with different glass transition temperature (7¢) would produce the
different morphology and shell structures of the microcapsules. Therefore, the
design of shell structure is important for the controlled release of microcapsules

in different applications.

2.1.3 Release mechanism

The controlled release of the active ingredient is one of the most important factors
during the use of microcapsules in different applications. Depending on the
purposes of the applications, various mechanisms have been employed in the
alteration of the shell properties, such as (a) rupture release (Abderrahmen et al.,
2011, Herrmann and Bodmeier, 1995), (b) shell-dissolution release (Yeo et al.,
2005, Zhu et al., 2000, Ribeiro et al., 1999) and (c) diffusion-controlled release

(Putney and Burke, 1998, Edelman et al., 1991).

(a) In the rupture release mechanism, the core ingredient is stored within the
microcapsules until its sudden release upon rupture of the shell under external

shear and/or stress. Two well-known examples of shell breakage are carbonless
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copy paper and ‘scratch-n-sniff” fragrance cards. In carbonless copy paper, a
transparent dye precursor is previously encapsulated and coated on the back of
the top paper, and isolated from the acidic coating on the surface of the lower
paper. When writing on the paper, the force from tip of the ball pen compresses
and ruptures the microcapsules, leading to the release of the dye precursor and
darkening following exposure to the acidic coat. The similar mechanism is
applied in ‘scratch-n-sniff” fragrance cards: microcapsules, containing volatile
perfume oil, are coated on the card. Under the stress of scratching, the polymer
shell is broken and the perfume is released (Berger, 2007, Lacasse and Baumann,
2004, Karukstis and Van Hecke, 2003). This mechanism is suitable for providing
full protection for the core content from the external environment and can afford
little leakage prior to the breakage of the wall if the shell material is carefully
designed. This mechanism requires a brittle solid shell and the release kinetics are

determined by the mechanical strength of the shell.

(b) In the shell-dissolution release mechanism, the active ingredient that is
incorporated inside microcapsules can be released due to the dissolution of the
shell. The release trigger used depends on the applications. For instance, water is
used as the release trigger for releasing enzymes, such as protease, in washing
powder formulations to remove blood stains from fabrics. The enzymes are
protected and stored in the water-soluble polymer (e.g. polyethylene glycol)
microcapsules for safe handling purposes. The dissolution of the microcapsule
shell in water at a certain stage of the washing cycle and the enzyme was released
from microcapsules to help the removal of the bloodstains (Deshpande et al.,
2006, Maurer, 2004, Bachtsi and Kiparissides, 1995). Heat is used as the release

trigger for the release of the food powder for the preparation of hot drinks after
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the addition of hot water. Lipids, fats and waxes are preferred as shell materials
(Chu et al., 2001, Ichikawa and Fukumori, 2000). Many other release triggers,
such as pH change (Dejugnat and Sukhorukov, 2004, Sukhorukov et al., 2001),
enzyme attack (Park et al., 2014, Itoh et al., 2006, Shi and Caruso, 2001),
photochemical reaction (Pastine et al., 2009, Volodkin et al., 2009), or electrical
stimuli (Yoshida et al., 2004, Yoshida et al., 2002), may be used, depending on

the application.

(c) In the diffusion-controlled release mechanism, the sustained release of the
core content is required over an extended period of time. This mode of the release
mechanism is widely used in drug delivery, fragrance and pharmaceutical
formulations. One common option to achieve the sustained release of the core
content is diffusion through the permeable shell (AppaRao et al., 2010, SA et al.,
2010). The microencapsulated active ingredient diffuses gradually through a
permeable or semi-permeable shell over an extended period of time to achieve a

long-lasting effect.

For the microencapsulation of fragrance oil, both the diffusion-controlled release
and the pressure-activated release mechanisms are used. The pressure-activated
release of fragrance oil has an advantage over the diffusion-controlled release. A
longer sustained scent can be achieved from the pressure-activated release of
fragrance oil because the fragrance oil only releases from microcapsules under
friction stress during applications, rather than the fragrance oil releases since they
are manufactured in the diffusion-controlled release mechanism. The release
behaviours can be controlled through various parameters such as the morphology
of the microcapsules, the shell thickness, the nature of the shell, mechanical

strength, efc.
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2.2 Metal coating on microcapsules using electroless plating

(ELP)

In microencapsulation, producing an impermeable shell for the encapsulation of
volatile and small molecules such as toluene and fragrance oil is still a challenge.
Toluene and fragrance oil can penetrate through polymeric membranes, reducing
the shelf life of the microcapsules (Patchan et al., 2012, Brannonpeppas, 1993).
The permeability of toluene/fragrance oil can be improved by coating a thin metal
membrane on the surface of the microcapsules. The metal membrane provides
vastly improved barrier properties to the rapid diffusion of gas molecules and
small organic molecules (Patchan et al., 2012, Wang et al., 2005, Prins and
Hermans, 1959). An electroless plating method for coating an additional metal
layer on the polymer microcapsules to reduce the permeability of the polymer
shell and sustain the active ingredients for longer storage periods has been

reported (Lance M. Baird, 2012, L, 1970).

2.2.1 Electroless metal plating

The term ‘electroless metal plating’ was first introduced by Brenner and Riddell
(19464). It is essentially a metal deposition process brought about through a
chemical reaction between metal ions and reducing agents without external
electrical current. It is also termed autocatalytic plating because the reduced
metals can act as catalysts during the reduction process. Electroless metal plating
has the advantages of being a simple process and providing a uniform thickness
of coating deposited. It has been widely used in surface modification of non-
conductive, semi-conductive, metal materials and microcapsules (Schlesinger and
Paunovic, 2011, Ghosh, 2008, Qiu and Chu, 2008, Vakelis, 2006, Agarwala and

Agarwala, 2003, Dennis and Such, 1993). ELP has been applied to deposit
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various metals, such as the metals from the iron, nickel and copper family. Gold
and platinum electroless plating have also been reported, with good coverage and
high corrosion resistance to acid (Ge et al., 2009, Huang and Dittmeyer, 2006,
Diaz et al., 2006, Hejze et al., 2005). In this study, the silver coating on the
PEMA capsules will be conducted, due to the lower cost compared to gold and

platinum.

2.2.2 Mechanism of electroless metal plating

ELP is an electrochemical process, which involves electron donor-acceptor
reactions. The redox reactions take place with the transfer of electrons between
oxidising and reducing agents. In the ELP process, metal ions in an aqueous
solution react with reducing agents to produce a metallic coating. Reducing
agents have oxidised anodically on the catalytic surface, providing electrons,
while metal ions, accepting electrons, are reduced to form metal coatings
(Vakelis, 2006, Bindra, 1990). For example, the reactions between SnCl2 and
AgNO3 can be described below (Liu et al., 2005, Kobayashi et al., 2001). Sn**
ions were firstly deposited on modifying the surface of the silica spheres, and
then a redox reaction was carried out. Sn** ions were oxidised to Sn**, providing
electrons. At the same time, Ag" ions accepted the electrons and were reduced

into metallic Ag on the silica surface.

Anodic oxidation Sn2+ — Sn** + 2e Equation 2.2-1

Cathodic reduction 2Ag*t +2e — Ag Equation
2.2-2
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2.2.3 Modification of surface for electroless metal plating

The surface of the substance has been modified for the enhancement of metal
deposition during the ELP process. In some cases, surfaces are simply roughened
to enhance the retaining of ions. For example, polystyrene (PS) microspheres
were chemically roughened with sulphuric acid to increase the surface contact
area, therefore, enhancing the adsorption of Sn?" on their surfaces to reduce Ag"
during the ELP process (Ma and Zhang, 2012); Wang et al. at 2011 revealed that
an oxidised silica surface is rougher than pure silica and provides better

interlocking with ions particles.

The retaining of ions on the surface can be achieved by chemical bonds. For
example, the polyester surface was modified through silanisation. Polyester was
treated with (3-aminopropyl)trimethoxysilane (APTMS) to form —NH:2 groups on
its surface, which are able to absorb Au NPs (catalyst) for silver ELP (Chen et al.,
2008b). Poly(ethylene terephthalate) (PET) fabrics were modified with 3-
mercaptopropyltriethoxysilane (MPPMS). The catalyst Cu NPs could be absorbed
on the surface of PET fabrics through Cu-Si bonds to reduce Ag™ during the ELP

process (Wang et al., 2011).

The surface charge facilitates the electrostatic interaction between the surface and
the ions. For example, a-Si wafer substrate has been coated with a positively-
charged poly(allylamine hydrochloride)(PAH) layer to promote the interaction
with negatively charged Au NPs and thereafter form Au coatings (Basarir, 2012).

Also, a polystyrene film has been immersed in stearyl trimethyl ammonium
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chloride (SC) solution to form a cationic surface before interaction with anionic
Poly(vinylpyrrolidinone) (PVP) protected Pt colloids, which form the Pt seeds for

Au coating(Horiuchi and Nakao, 2010).

In this work, a metallic silver coating was deposited on the surface of PEMA
capsules, which had been previously modified with CTAB solution to improve
the absorption of Au NPs. Au NPs were used as a catalyst in the oxidation and
reduction process. Deposition of Au nanoparticles on PEMA microcapsules is

essential for the deposition of the silver coating on it.

2.2.4 Plating solutions for electroless metal deposition

The selection of metal salts and reducing agents is very important for electroless
metal deposition (Agarwala and Agarwala, 2003, Dennis and Such, 1993). A
range of metal salts has been used in electroless metal plating, such as chloroauric
acid (HAuCls) (Basarir, 2012, Horiuchi and Nakao, 2010), sodium gold sulfite
(Na3[Au(S03)2]) (Blake et al., 2010) and potassium gold dicyanide
(KAu(CN))(Ko et al., 2010) for Au ELP; silver nitrate (AgNO3) for silver plating
solutions (Ma and Zhang, 2012, Wang et al., 2011, Chen et al., 2008b, Ye et al.,
2008); copper sulphates/acetates/nitrates for Cu ELP (Rao, 2005, Agarwala and
Agarwala, 2003); nickel sulphate (Guo et al., 2013, Patchan et al., 2012, Wu et
al., 2009b) or nickel chloride (Lin et al., 2010) for Ni ELP. The loading and
concentration of metal salts present an influence on the thickness of the shell
(Cao and Zhang, 2013, Schaefers et al., 2006). The selection of reducing agents is
dependent on which metal salts are used for the ELP. The reducing agents,
formaldehyde (HCHO) in Cu ELP (Zhu et al., 2011, Fujiwara et al., 2010, Liu et
al., 2005); sodium borohydride (NaBH4) in Ni ELP (Agarwala and Agarwala,

2003, Dennis and Such, 1993); hydrogen peroxide (H202) and hydrazine (N2H4)
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in Au ELP (Horiuchi and Nakao, 2010, Ko et al., 2010), have been reported.
Glucose has been used as a reducing agent in Ag ELP together with
poly(vinylpyrrolidinone) (PVP) as a stabiliser. PVP is a popular polymer
stabiliser to decrease the agglomeration during the ELP process because of its
steric structure and the surface bonding to particles (Song et al., 2006, Pastoriza-
Santos and Liz-Marzan, 2002, Li et al., 2000). In some cases, the pH of the
plating bath is adjusted to improve the ELP. Various solutions have been used for
different applications, such as citric acid (Ko et al., 2010), sodium hydroxide
(Zhu et al., 2011), and aqueous ammonia (Patchan et al., 2012). In this project,
the metal salt silver nitrate will be reduced to form a silver membrane on PEMA
microcapsule by formaldehyde in an alkaline condition. The redox reaction is

given in equation 2.2-3.

2Ag+ + HCHO + 30H™ - 2Ag + HCOO~ + 2H20 Equation 2.2-3

2.2.5 Catalysts in electroless metal plating

A catalyst is a substance that alters and usually increases the rate of reaction
without itself being consumed in the process. A catalyst is termed homogenous
when it is of the same phase as the reactant, and no phase boundary exists; it is
referred to as heterogeneous when it is separated from the reactants through a
phase boundary (Yan et al., 2009) (Astruc et al., 2005). Catalysts accelerate a
reaction by providing a lower activation energy pathway between the reactants
and products. For particle catalysts, the size of the particles plays an important
role in catalytic activity. The smaller the particle, the larger it is surface area, and
hence, the more the catalyst is exposed to the reactants and therefore the greater

its catalytic activity. Surface defects of solid-phase catalysts also have an
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influence on the catalytic activity. Certain sites at a surface, e.g. steps, edges,
ledges, corners and hollows, have increased surface energy and can provide lower
activation energy pathways. Small particles generally contain more sites with
defects and therefore provide better chemisorption for metals ions and better
catalytic activity. Usually, for solid phase catalysts, high surface area (i.e. highly
porous or small size) is favoured as it provides a larger number of active sites and
therefore enhances the catalytic activity (Bowker, 1998, Thomas and Thomas,
1997, Bond, 1974). Other factors that are known to have an effect on catalytic
activity, include reaction conditions (pressure, temperature, time, efc.),
concentration of any stabilising polymers, extent of polymerisation, pH

sensitivity, efc. (Moshfegh, 2009a, Astruc et al., 2005)

The properties of NPs catalysts are a small particle size results in a large surface
area and increasing surface-to-volume (A/V) ratios. Hence, catalysts particles in
nano-size are highly reactive when used as catalysts. Small particle sizes
obviously lead to more active sites on the surface, e.g. edges and kinks, which
show higher surface free energy and therefore higher reactivity; small particles

also facilitate absorption of reactants at the surface (Moshfegh, 2009a).

However, NP catalysts can be unstable in the catalytic process due to their high
energy surface atoms, which can drive aggregation, especially when highly
concentrated NP dispersions were used. Finely dispersed NP dispersions can help

to overcome these problems (Moshfegh, 2009a, Narayanan and El-Sayed, 2005).

NPs can be synthesised via many methods, such as hydrothermal, sol-gel,
precipitation, laser ablation, efc. (Astruc, 2008, Lukehart and Scott, 2007,

Gogotsi, 2006). One typical method for synthesising soluble NPs catalyst
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involves reducing a metal precursor by reducing agent, such as NaBH4 (Mei et

al., 2007, Dai and Bruening, 2002, Sau et al., 2001).

2.2.5.1 The various pairing of NPs catalyst and metal coating

Various metal NP catalysts have been used to produce different metal depositions
in ELP, and a summary of NP catalysts used. It has been found that NPs catalysts
activate metal depositions and improve the uniformity of the coatings in
electroless plating. Without NPs catalysts, the gold coating cannot be formed on
the surface of the substrate, or uneven coating has been generated (Ko et al.,
2010, Liu et al., 2005); a uniform surface coverage has been obtained by using

NPs catalysts.

NP catalysts facilitate the condition of ELP by creating catalytic sites on the
target surface. Many materials, such as polymers and ceramics, are not able to
absorb the metal ions for metal deposition. NPs catalysts, such as Au, Sn and Pd,
have been commonly used to induce sites for chemisorption and thereby create
active nuclei sites on the surface. The active nuclei catalyses the anodic oxidation
of reductants and induce negative charge for the metal to be deposited. For
example, Pt NPs (Ma and Zhang, 2012) and Au NPs (Chen et al., 2008b) have
been used as catalysts to promote Ag coatings. The loading of NP catalysts have
an impact on the coverage and thickness of the metal deposited, as well as the
speed of coating (Guo et al., 2013, Wang et al., 2011, Wu et al., 2009b, Liu et al.,

2005).

2.2.5.2 Au NPs as catalyst in electroless silver plating
The application of Au NPs as catalyst for electroless silver plating is proposed

(Inberg et al., 2012). Au NPs Catalysts are employed in electroless silver plating
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to increase the rate of reaction between reducing agents and metal salts, as well as
function the nuclear site of the metallic coating. Au NPs show a special optical
property like surface plasmon resonance (SPR) absorption, which is affected by

particle size and particle shape (Kobayashi and Ishii, 2013).

Au NPs also form catalytic nuclei on the surfaces of many materials, such as
polymers and ceramics (Zhu et al., 2011). In many cases, without the NP
catalysts, the target surfaces exhibited no metal deposition at all (Horiuchi and
Nakao, 2010), resulted in metals only in bulk (Liu et al., 2005), or produced a
coating on an unwanted location (e.g. glass beaker) other than the target surfaces

(Patchan et al., 2012).

2.3 Parameters that have an influence upon size, morphology

and shell thickness of microcapsules

Many parameters that may be varied during the preparation procedure can
influence the physicochemical properties of the microcapsules. These parameters
include stirring speed, the polymer molecular weight, solvent type, catalyst
concentration, and the rate of solvent evaporation, etc. The influence that these
parameters have on the size, morphology and shell thickness of the microcapsule

is significant and is discussed in this report.

2.3.1 Solvent evaporation time

In the solvent evaporation method, the solvent of the dispersed phase must
evaporate from the surface of the dispersion to produce the sufficiently solidified
shells of the microcapsules. The rate of evaporation of volatile solvent can be
controlled by varying the temperature: higher temperatures facilitate the

evaporation rate of the solvent from the continuous phase. However at higher
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temperatures (38-42 °C), the microcapsules that are synthesised show wider size
distributions and decreased particle density than those produced at lower
temperatures (4-33 °C) (Yang et al., 2000a, Yang et al., 2000b). By reducing the
evaporation rate, microcapsules with larger core content and smaller size
distribution can be obtained (Atkin et al., 2004). The boiling point of the solvent
and the glass transition temperature (Tg) of the polymer also affect the
evaporation rate. Basically, solvents with lower boiling points, e.g. ethanol or
dichloromethane (DCM), are commonly used in order to favour the evaporation
at room temperature. Atkin et al. (2004) have studied the microencapsulation of
various polymers with different Ty values. They found that characterisation of a
synthesized microcapsule was difficult when a polymer with a low Tg value was
employed, while polymers with high Tg values restricted the precipitation of
polymer leading to coalescence during the evaporation process. Polymers with an

intermediate Tg value (~55 °C) are more mobile in a solvent environment.

In the present study, a slow evaporation rate is desirable to achieve larger sizes
with more content and better density of the shell of the microcapsule. Therefore,
enough solvent evaporation time must be allowed for the solidification of the

shell to occur.

2.3.2 Initial core-shell ratio
The initial weight ratio of core-shell materials is vital in determining the size,

morphology and shell thickness of the microcapsules.

When other processing parameters are kept constant, the increase of initial weight
ratio of core-shell results in the increase of the size of w/o emulsion droplets,

which leads to an increase in the diameters of the synthesised microcapsules. The
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increase in the shell materials results in a greater shell thickness, and the raised
volume of core material reduces the shell thickness while increasing the oil

droplet size (Yuan et al., 2006).

In another study, the mean diameter of polystyrene (PS) core-polycaprolactone
(PCL) shell microcapsules decreased as the ratio of shell material (determined by
the concentration of a PCL solution) was raised, while the concentration of core
material (contained in a PS solution) was fixed and other process conditions
remained the same. A low concentration of shell materials lead to irregular shapes
and wide size distributions of the microcapsules, while high concentrations
generated aggregation on the surface. The mean diameter of the microcapsules
increased as the concentration of the core material was raised (Hwang et al.,

2008).

When the shell material (polymer weight) was kept constant, an increase of the
volume of solvent resulted in a reduction in the mean diameter of poly(DL-
lactide-co-glycolide) (PLGA) shell microcapsules. This may be caused by the
increase of the viscosity of the internal phase of the emulsion with decreased

volume while the polymer weight was kept constant Sansdrap and Moes (1993).

However, excess shell or core materials may cause poor dispersion and
aggregation of the polymer on the microcapsule surface. The core-shell ratio

which gives highest yield of microcapsule is 1.00 - 1.25 (Yuan et al., 2006).

2.3.3 Catalyst loading
As mentioned previously, noble metal nanoparticles have been widely used as

catalysts in electroless metal plating. They can initiate secondary metal coating
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and increase the rate of reaction between reducing agents and metal salts, as well

as functionalising the nuclear site of the metallic coating.

In a study of nickel nanoparticles synthesis by electroless plating carried out by
Wu et al. (2009a), the loading of catalyst Ag was found to have an influence on
nickel formation. With the Ag loading increased from 0.02 to 0.05 wt%, the
nickel particle size decreased from ~100 to ~40 nm and the loading of the
particles increased, which indicated that more nuclei were formed for subsequent
nickel plating. The images of adsorption of nickel particles with different Ag
loading are shown in Figure 2.3-1 Ni/TiO2 samples with different Ag loadings
(Wu et al., 2009a). It was also reported that the surface number, concentration

and size of Ag sites increase with the growth of Ag loading.

Figure 2.3-1 Ni/TiO2 samples with different Ag loadings (Wu et al., 2009a)

The loading of catalyst has also been studied by Ge et al. (2006) in their work

involving the hydrogenation of sulfolene to form sulfolane over different
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supported amorphous Ni-B alloy catalysts. The deposition of amorphous Ni-B
particles on MgO was carried out by a silver catalysed electroless plating
technique. It was found, with increasing loading of silver on MgO, the loading of
nickel increases as shown in following Figure 2.3-2 Plots loading of nickel vs

loading of silver (Ge et al., 2006).
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Figure 2.3-2 Plots loading of nickel vsloading of silver (Ge et al., 2006)

The increase of catalyst loading has increased not only the absorption of
secondary metal coating but also the surface area of the metal. Cu has been used
as the catalyst in the electroless deposition of Pd on graphite electrodes. With an
increasing initial Cu loading, the increase of Pd electroactive surface area has also

been observed (Ghodbane et al., 2008).
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Meanwhile, the observation that the loading of the catalyst has an influence on
the secondary metal shell thickness has been reported in the work of Liu et al.
(2011). Ag was used as a catalyst to facilitate the subsequent growth of silver on a
Si02 surface. The thickness of the silver shell decreased when the Ag/SiOz ratio
was decreased. At low ratios of Ag/SiOz, the silver shell was not completely

formed, as shown in Figure 2.4-3 Typical force-displacement profile.

Figure 2.3-3 Silver hollow particles with different shell thickness and
Ag/SiO2 ratio (Liu et al.,, 2011)
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2.3.4 Metal salt loading

The metal salt loading has a straightforward influence on the final metal shell
morphology and thickness. In a study of the electroless deposition of Pd on Cu-
modified graphite electrodes carried by Ghodbane et al. (2008), the metal salt
loading was varied by changing the concentration of PdClz, which lead to
significant morphological and structural changes to the graphite surface. At low
concentrations of PdCla, the presence of the uncovered surface was observed. By
increasing the Pd concentration, the uncovered surface area decreased and the
thickness of the Pd layer increased. Sun and Xia (2004) also demonstrated in their
work that a high concentration of metal salts leads to less evidence of uncovered

surfaces.

Chen et al. (2008a) also demonstrated that the thickness of the metal shells could
be controlled by adjusting the ratios of metal salts to the surface, as shown in
Figure 2.3-4 Silver shells on PS spheres with different mass ration of AgNO3/PS

of (a) 1:2; (b) 2:1; (¢) 10:1..
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500 nm

Figure 2.3-4 Silver shells on PS spheres with different mass ration of

AgNOs3/PS of (a) 1:2; (b) 2:1; (¢) 10:1.

In this study, the silver shells became thicker and more compact when more silver

atoms were deposited on the PS nanoshells by increasing the ratio of AgNOs/ PS.

However, at high concentrations of the metal salt, aggregation may occur, leading
to an increase in the number of metal atoms and a decrease in the distance
between neighbouring metal atoms. This, in turn, facilitates the overlapping and

agglomeration observed.

2.3.5 Reducing agent loading
When subjected to the electroless metal plating process, the loading and
concentration of the reducing agent play an essential role in the system; a

sufficient amount of reducing agent is required for the reducing activity to be



35

carried out. Dimethylamine borane (DMAB) was employed to reduce the nickel
on the surface of poly(methyl methacrylate) (PMMA) beads by Lin et al. (2013).
The DMAB was used to supply electrons so that Ni ions in the NiClz solution
were converted to their zerovalent metal state. A discontinuous layer of the Ni
coating was observed at low DMAB concentrations (i.e. < 0.010 mol dm™)
because of the lack of a continuous supply of electrons from the reducing agent.
When the DMAB concentration was increased, a continuous Ni coating was
formed on the PMMA bead surface. This also resulted in the increase in the
thickness and density of deposited Ni coating. This was confirmed by both
Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD)

characterisation techniques.

In addition to the improvement of the thickness and smoothness of the coated
metal surface, an increase in the reducing agent concentration also accelerated the
metal coating speed. Wang et al. (2014) showed that the plating speed of copper
on Ti3AlIC: particles grows with the increase of reducing agent formaldehyde
(HCHO). However, when the HCHO content reached a certain amount, the rate
of increase slowed or stopped entirely. Similar results were reported by Zhang et

al. (2004) for the electroless coating of Co on nano-scale Al2O3 surfaces.

2.3.6 Plating time

The plating time has also been found to have an impact on metal coating
thickness in electroless plating. Tierno and Goedel (2006) conducted studies on
the influence of various plating times on the metal coating. It was reported that
the thickness of the nickel layer increased by prolongation of the immersion time
of the PMMA particles in the electroless bath. As the plating time increased, the

metallic layer first started to form a completed layer and become smooth before
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achieving a greater thickness. The results have been revealed by SEM,
Transmission Electron Microscopy (TEM) and Thermogravimetric Analysis

(TGA) data.

Similar results were found by Zhang et al. (2007) in the synthesis of silica-core-
Ag-Cu alloy shell particles. A uniform Ag shell was formed on the surface of the
silica particles after the seeding process. As the plating times increased, so did the
coverage and size of the Ag NPs, as well as the mean thickness of the silver

shells.

2.4 Characterisation of mechanical strength

Mechanical properties include various aspects, such as Young's modulus, specific
modulus, tensile strength, compressive strength, shear strength, yield strength,
stress-strain behaviour, etc. By characterising the microcapsule’s mechanical
properties, one can prevent the damage to capsules in processing equipment,
maintain their long-term mechanical stability and realise triggered release of
active ingredients from capsules by mechanical forces. In principle, the
mechanical strength can be determined by measuring their deformation under a

mechanical force, i.e. stress-strain behaviour.

2.4.1 Characterisation techniques of mechanical strength
Various techniques have been developed to characterise the mechanical
properties of microcapsules, and they are mainly divided into two categories:

characterisation of microcapsule population and of the single microcapsule.

2.4.1.1 Shear force breakage
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One method for characterising microcapsule population is the measurement of
breakage of, e.g. nylon membrane microcapsules in a ‘‘shear’’ device, for
example, a turbine reactor or a bubble column. The nylon capsules were broken
by applied shear force, and the concentration of encapsulated core, i.e. dextran,
has been measured before and after shear breakage. The volumetric fraction of
unbroken capsules and the breakage kinetics was determined. However, in this
method, the mechanical breakage depends not only on mechanical strength but
also on the hydrodynamics of the processing equipment.(Lu et al., 1992, Poncelet

and Neufeld, 1989).

2.4.1.2 Osmotic pressure test

Another approach to characterising the microcapsule population is to make use of
osmotic pressure. Van Raamsdonk and Chang (2001) have studied the
mechanical strength of alginate microcapsules by exposing them to a graded
series of hypotonic solutions and quantifying the percentage of broken
microcapsules. This method is simple and rapid. However, it is limited to
microcapsules with semi-permeable shells and relatively low mechanical

strength.

2.4.1.3 Optical trapping/laser tweezers

This method is a very sensitive method and is mainly used to study biological
samples (such as individual viruses and bacteria). It uses a highly focused laser
beam to trap and manipulate particles and produces a light pressure/gradient force
(range from tens of fN to hundreds of pN). One of the advantages of the optical
trapping method is that least damage to the sample due to the limited physical

contact. However, it is difficult to measure the mechanical behaviour of samples
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to large deformations due to the small forces exerted (Neubauer et al., 2014,

Zhang et al., 2009, Lim et al., 2006).

2.4.1.4 Micropipette aspiration

This method has originally been developed by Mitchison and Swann (1954) in
their study of mechanical properties, i.e. elastic properties of cell surface and has
thereafter been widely used in investigating the mechanical behaviour of living
cells (Fiddes et al., 2009, Lim et al., 2006, Hochmuth, 2000). In this method, a
single cell is partially aspirated into the tip of a pipette. The suction pressure
inside and outside of the pipette was measured, and the information of
mechanical properties can be obtained through the bulging of the cell membrane.
This method is easy and quick to use, but a major disadvantage is that friction
occurs between the cell surface and the pipette. This may interfere with the
mechanical behaviour of the cell during the aspiration. The forces exerted on the
microcapsule are relatively small, i.e. between pN to nN, which is suitable for

cells that are easily deformed.

2.4.1.5 Atomic Force Microscopy (AFM)

The AFM is a high-resolution type of scanning probe microscopy. It obtains the
images and information by measuring the movement of the cantilever-mounted
tip scanning across the sample surface. When the tip is brought to the sample
surface, forces between the tip and the sample lead to deflect the cantilever. The
deflection is detected by a laser focus on the back of the cantilever, which is
reflected into a photodetector and then converted into a 3D image (Zhang et al.,
2009, Lim et al., 2006). Figure 2.4-1 shows a schematic of a typical AFM

instrument.
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Figure 2.4-1 Schematic of AFM setup (Zhang et al., 2009)

Ducker et al. (1991) developed a colloidal probe for AFM to measure the force
between an individual colloidal particle, i.e. silica sphere, and a planar surface.
Lulevich et al. (2003) also used AFM to study the deformation of "filled" (with a
neutral polymer) polyelectrolyte microcapsules under applied load. In the study, a
glass sphere (diameter of “40um) is attached to the tip-less cantilever to achieve
well-defined sphere-sphere deformation geometry. The force range in AFM is in
the range of small value (pN to uN) and therefore it is suitable for microcapsules
with small deformation regime on the order of the shell thickness. However it
does not have the ability to rupture the wall since it can only measure the small
forces. The size of microcapsule should also be smaller than the colloidal probe to

ensure the deformation of the whole capsule taken place.

2.4.1.6 Micromanipulation based on diametrical compression



40

Diametrical compression, i.e. the compression of a single particle between two
rigid plates, has been developed and employed to measure the mechanical
properties of powders directly. This technique relates the breakage of an
individual particle to its mechanical properties through sophisticated
mathematical models (Sun and Zhang, 2002, Zhang et al., 1999). Samimi et al.
(2005) carried out studies on the deformation and failure behaviour of particulate
solids using both single and bulk compression analysis. However, they pointed
out that the use of bulk compression method to infer single-particle properties
should be made with great caution because the initial packing condition, shell
friction, as well as the sliding and rearrangement of the particles all have an

impact on the mechanical properties of the single particles.

A micromanipulation technique was developed to investigate the mechanical
strength of single microcapsules. This technique is based on diametrical
compression and was used to measure the bursting force and deformation at the
bursting of single microcapsules and to determine the elastic, viscoelastic or
plastic behaviours of single microcapsules. The intrinsic mechanical property
parameters of the microcapsules, such as Young’s modulus, Poisson ratio,
relaxation time, yield stress, etc. may be determined by mathematical modelling

(Zhang et al., 2009, Sun and Zhang, 2002, Zhang et al., 1999, Liu et al., 1996).
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Figure 2.4-2 Schematic diagram of micromanipulation rig (Sun and Zhang,

2002)

The schematic diagram of the micromanipulation rig was shown in The rig
consists of a fine glass probe, which is connected to a force transducer. The probe
is positioned perpendicular to the sample slide and programmed to travel towards
the microcapsule at a given speed. When a microcapsule is compressed by the
probe, the force being imposed is measured simultaneously by sampling the
voltage signal from the force transducer. When the probe eventually touches the
slide, they are separated to return the imposed force to zero. From the curve of
force versus displacement of the probe, the relationship between the force and the
microcapsule deformation to bursting can be obtained. A typical force-
displacement profile obtained using the micromanipulation device is shown in
Figure 2.1-1. The probe meets the particle at point A. The measured applied force
increases until the particle breaks at point B. The probe meets no further
resistance until C, where it begins to compress particle debris. At D, the probe

experiences resistance from the substrate. The displacement from point A to D
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serves as an estimate of particle size (O'Sullivan et al., 2009, Sun and Zhang,

2002).

100 T T T T T ‘_

80 .

60 .

Force /uN

1 1 1 1

0 0.5 1 1.5 2 2.5 3
Displacement /um

Figure 2.4-3 Typical force-displacement profile

This technique has been used to study the relationship between the mechanical
strength of microcapsules with silicone oil cores and solid silica-like shells (a
mixture of tetraethoxysilane and diethoxydimethylsilane) and its shell thickness
by O'Sullivan et al. (2009). A reasonably linear correlation between shell
thickness and the force required to break the shell for particles is discovered,
although the thinnest shells give higher breaking force values, which might be
caused by less amount of diethoxydimethylsilane in the shell, and the major

component is tetracthoxysilane, which has a more silica-like structure.

Sun and Zhang (2002) have also used this technique to study the mechanical

strength of microcapsules made of three different wall materials, including
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melamine—formaldehyde resin, urea-formaldehyde resin and gelatin-gum arabic
coacervate. In addition to the force-displacement profile, the relationship between

bursting force and microcapsule diameter was also investigated.

2.4.2 Stress-strain behaviour

Stress-strain behaviour describes the deformation characteristics of microcapsules
upon compression. The force is expressed as stress when it is expressed as the
force exerted per unit area, and the deformation caused by the stress can be
expressed as strain through the ratio of the extension to the original linear
dimension. The deformation characteristic of microcapsules upon compression
may be elastic, viscoelastic or plastic and may involve fracture or a combination
of these deformation mechanisms. Therefore the mechanical strength of a
material can be described by the relationship between stress and strain, i.e. a

stress-strain curve, and a typical example is shown schematically in Figure 2.4-4.
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Figure 2.4-4 Stress-strain relation

In Figure 2.4-4, the linear portion between A and B represents the material
undergoing elastic deformation, wherein the applied stress is proportional to the

strain. At this stage, the material is able to return to its previous shape after stress



44

is released and no permanent deformation occurs. Plastic deformation starts after
point B, which is an irreversible and permanent strain after the removal of the
loading stress. A fracture occurs after the material has reached the end of the
elastic and plastic deformation ranges (point C), which indicates the strength of

the material.

The measured stress at the fracture point (C) is termed as the fracture/rupture
stress. It is the maximum stress the microcapsule can withstand before its fracture
under pressure. It depends on the force applied, dimension, and shell thickness of

the microcapsules and can be calculated.

The elastic deformation of spherical contacts was investigated by Yap et al.
(2008). In that particular study, the single particles of the copolymers were
compressed to various nominal strains. Experiment data show that, at a nominal
strain of 4.3%, the particle exhibited elastic deformation; at a strain of 6.0%, the
particle presented plastic deformation. The elastoplastic deformation behaviour of
the particles was determined through the rupture strength, which was calculated

using Equation 2.4-1.

Equation 2.4-1

where
0, = nominal rupture stress
F. = rupture force

D = diameter of the particle

The mechanical strength was studied through the relationship between the ratio of

the mean diameter to the wall thickness and rupture stress by Taguchi and Tanaka
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(2001). It was found in the study that the mechanical strength of polymer shell
microcapsules decreased as the ratio of the mean diameters to the wall thickness

increased. The nominal rupture stress can be calculated in Equation 2.4-2.

P
d
4(F9

o= Equation 2.4-2

where
o = nominal rupture stress
P = loaded pressure
dp, = mean diameters of the microcapsules

T = shell thickness

Pan et al. (2013) studied the mechanical properties of consumer-friendly PMMA
microcapsules. They have found that the force-displacement profiles obtained
from compression of single PMMA microcapsules are dependent on polymer
shell thickness. Thus, thin shell microcapsules showed a clear bursting point,
whereas, for thicker shells, no bursting was observed. However, the intrinsic
mechanical properties of PMMA shells, such as the elastic modulus and the
rupture stress, were found to be independent of shell thickness. The compression
force here also refers to the nominal rupture stress, which can be determined
using Equation 2.4-1. The rupture force, i.e. the force at the bursting point, was

found to be dependent on the capsule size.
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Chpater 3 Experiment materials and research

methodologies

3.1 Materials and synthesis methods

All the chemicals were used as received. All the water used in the experiments

was purified Millipore Milli-Q water, which resistivity is 18.2 MQecm at 25 °C.

All the experiments were carried out under ambient temperature.
3.1.1 Preparation of polymer shell microcapsules

3.1.1.1 Materials

o MilliQ water

e Hexadecyltrimethyl-ammonium bromide (Ci16TAB), purchased from
Sigma-Aldrich, CAS 57-09-0

e Dichloromethane (DCM), purchased from Acros, CAS 75-09-2

e Poly(ethyl methacrylate) (PEMA), purchased from Sigma-Aldrich, CAS
9003-42-3, average molecular weight ~515,000

e Polymethylmethacrylate (PMMA), purchased from Sigma-Aldrich, CAS
9011-14-7, average molecular weight ~120,000

e Toluene purchased from Fisher Scientific, CAS 108-88-3

e Hexadecane, purchased from Fisher Scientific, CAS 544-76-3

e Hexyl salicylate, supplied by industrial sponsor Procter & Gamble, CAS
6259-76-3, a type of fragrance oil, molecular weight 222.28

e (Cyclamen aldehyde, supplied by industrial sponsor Procter & Gamble,

CAS 103-95-7, a type of fragrance oil, molecular weight 190.28
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e Dihydro-mercenol, supplied by industrial sponsor Procter & Gamble,
CAS 18479-58-8, a type of fragrance oil, molecular weight 156.27

e Gold (IIT) chloride hydrate (HAuCl4-H20), supplied by Sigma-Aldrich,
CAS 27988-77-8

e Silver nitrate (AgNO3), supplied by Fisher Scientific, CAS 7761-88-8

e Hydrochloric acid (HCI), 37% in H20, supplied by Sigma-Aldrich, CAS
7647-01-0

¢ Sodium borohydride (NaBHa4), supplied by Sigma-Aldrich, CAS 46940-
66-2)

e Sodium hydroxide, supplied by Sigma-Aldrich, CAS 1310-73-2

e Formaldehyde solution (HCHO), 37% in H20, supplied by Sigma-
Aldrich, CAS 50-00-0

e Ammonia solution, 25% in H20, supplied by Merck KGaA, CAS 105432

3.1.1.2 Experiment method

Three sets of polymer shell microcapsules were prepared in this section, namely
PEMA shell toluene core microcapsules, PMMA shell hexadecane core
microcapsules, and PMMA shell fragrance oil core microcapsules. All the
polymer shell microcapsules were prepared using the same solvent evaporation
and extraction method, illustrated in Figure 3.1-1. This method was based on
Loxley and Vincent (1998)’s method of preparing PMMA microcapsules with

liquid cores.
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Figure 3.1-1 Schematic of the polymer shell oil core microcapsules

preparation process

Firstly, the aqueous phase was prepared by dissolving 1.4g (28%wt) Ci6TAB in
500ml water. The oil phase was prepared by dissolving 11.3g (5%wt) PEMA in a

mixture of 183g (81%wt) DCM and 31.6g (14%wt) toluene.

Secondly, 7 mL polymer solution (the oil phase) was added into an equivalent
volume of CTAB solution (the aqueous phases) in a 40 mL glass vial. The
oil/water mixture was then emulsified using an IKA T25 digital Ultra-Turrax
homogeniser at 15,000 rpm for 2 minutes. The formed O/W emulsion was
transferred to a 250 mL beaker and stirred magnetically at 400 rpm on an IKA-
Werke stirrer while a further 86 mL aqueous CTAB solution was added to the
emulsion gently. The addition of the aqueous CTAB solution accelerates the
extraction and evaporation of DCM out of the oil phase. The diluted O/W
emulsion was left stirred at 400 rpm for 24 hours at ambient temperature,
allowing the polymer precipitation at the o/w interface and formation of the

polymer shell microcapsules.



49

The resulting polymer capsules were “washed” to remove the excessive CTAB
from the system. The washing step was performed by separating the capsules
from the aqueous CTAB solution via centrifugation (Heraecus Megafuge R16) at
7000 rpm for 2 minutes. After centrifugation, the supernatant was carefully
removed, and the polymer capsules were redispersed in 40 mL of Milli Q water.
The washing step was repeated two times before the cleaned polymer capsules

were redispersed in 25 mL of water.

3.1.2 Au NPs Synthesis

3.1.2.1 Materials
The following chemicals were purchased from Sigma-Aldrich and were used as

received.

e Gold (IIT) chloride hydrate (HAuCls-H20), CAS 27988-77-8, molecular
weight 339.79

e Hydrochloric acid (HCI, 37% in H20), CAS 7647-01-0

e Sodium hydroxide, CAS 1310-73-2

e Sodium borohydride (NaBH4), CAS 16940-66-2

3.1.2.2 Synthesis method

The synthesis of Au NPs was based on the method used by Martin et al. (2010).
Firstly, an aqueous stock solution of 50mM gold chloride anions (AuCls") was
prepared by adding 169.895mg of HAuCls-H20 in 10mL of the same molar
amount of HCL, and an aqueous stock solution of 50mM borohydride anions
(BH4") was prepared by dissolving 94.597mg of NaBHa4 granules in 50mL of the

same molar amount of NaOH.



50

ImL of AuCl4/H" solution and 3mL of BH4/OH" solution was added into 100mL
water while stirring on an IKA RH basic KT/C hot plate at ambient temperature

at a stirring speed of 400rpm to achieve uniform mixing.

The solution changed colour from light yellow to orange immediately, and then to
red, while the mixture was stirred for 10 min to release hydrogen gas molecules.

The concentration of formed Au NPs suspension was 0.5mM.

3.1.3 Au NPs adsorption to polymer microcapsule surface

0.5mL of polymer shell capsule suspension prepared in Chapter 3.1.1.2 was
added dropwise into 6mL Au NPs suspension while stirring on an IKA RH basic
KT/C hot plate at ambient temperature at a stirring speed of 800rpm for 10

minutes to allow the adsorption of Au NPs onto the polymer capsule surface.

The resulting Au NPs- attached polymer microcapsules were collected and
washed to remove the excessive Au NPs. The wash step was carried out via
centrifugation (Heraeus Megafuge R16) at 7000 rpm for 2 minutes. After
centrifugation, the supernatant was carefully removed, and the Au NPs adsorbed
polymer capsules were redispersed in 40 mL of Milli Q water. The washing step
was repeated three times before the cleaned Au-loaded polymer capsules were

redispersed in 2mL of water.

3.1.4 Electroless silver plating on polymer shell capsules

3.1.4.1 Materials
e Silver nitrate (AgNO3), purchased from Fisher Scientific, CAS 7761-88-8

e Formaldehyde solution (HCHO), 37% in H20, CAS 50-00-0
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e Ammonia solution, 25% in H2O, purchased from Merck KGaA, CAS

105432

3.1.4.2 Synthesis method

2mL of the Au NPs adsorbed polymer capsule suspension was added dropwise
into an aqueous AgNO3 solution under gentle agitation. The total amount of
mixture was controlled to be 20mL so that the concentration of Ag ions is
0.25mM. Then 50uL. HCHO was added into the mixture to reduce the Ag ions.
The pH value is controlled at ~10 by adding an ammonia solution. The colour of
the mixture changed to dark brown in 10 minutes which indicated the formation

of silver coating.

The resulting silver shell microcapsules were washed via centrifugation two times

before being redispersed in MilliQ water.

3.2 Equipment, techniques, and methodologies used for the

microcapsules characterisation

3.2.1 Size and size distribution of the microcapsules

Laser diffraction

In this study, a Malvern Mastersizer Hydro 2000SM has been used to determine
the size and size distribution of polymer and silver shell microcapsules.
Mastersizer uses the technique of laser diffraction, which is a simple and non-
invasive technique to determine the size and size distribution of the
microcapsules. The principle of laser diffraction is that the laser beam passes
through the sample suspension and is scattered by colloidal particles. The angle

and the intensity of light scattering from the particles were measured, and the
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particle size was obtained from the light scattering information (Hulst and van de

Hulst, 1957, Bohren and Huffman, 2007).

Optical and electron microscopy

In addition to the Mastersizer, an Olympus BX51 optical microscope (with
LMPIlanFLN 50x lens) and an LEO 1530 Gemini Field Emission Gun Scanning
Electron Microscopy (FEGSEM) were used to confirm the size of the polymer

and silver shell capsules during the capsules morphology studies.

3.2.2 Morphology of the microcapsules

3.2.2.1 Morphology prediction

Interfacial tension measurement

The morphology of the polymer microcapsules was predicted via the interfacial
tension between oil, water, and polymer phases. The interfacial tension was
measured using the pendant drop method via a KSV CAM200 tensiometer
(Biolin Scientific, Finland). The measurements were conducted at room
temperature using droplets close to the critical detachment volume and a
horizontal needle tip with an inner diameter of 0.51 mm. The interfacial tension

was calculated from the image of the drop via the pendant drop shape analyser.

Contact angle measurement

When determining the interfacial tension between oil and polymer phases, one
approach used the final components of polymer capsules as the polymer phase.
The oil surface tension and the contact angle of the oil droplets on spin-coated
PMMA film were measured using the sessile drop method via the same KSV

CAM200 tensiometer. The mean contact angle value was obtained based on the
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average of five drops at different positions on the film. Interfacial tension was
calculated from these the surface tension and the contact angle using equation

3.2-1.

Yop =Yp +Yocos8 Equation 3.2-1
Where
Yop = the polymer-oil interfacial tension
yp = the polymer surface tension
Yo = the oil surface tension

6 = contact angle of oil on PMMA coated film

3.2.2.2 Morphology confirmation

Optical microscopy

The resulting polymer and silver shell microcapsules were observed under an
Olympus BX51 optical microscope (with LMPlanFLN 50x lens) to confirm the
core-shell structure initially. Optical microscopy has the advantage of low cost,
simple sample preparation and straightforward observation of the samples.
However, its resolution is limited to around 0.25 um. More morphology details

were studied under an electron microscope.

Scanning Electron Microscopy (SEM)

Electron microscopy is widely used in characterising the morphology and
structure of the materials by detecting the interaction between electrons and
sample particles. Small wavelength electrons were used to achieve greater
resolution (up to 3.5 - 6nm). The information on sample surface (1-30 nm) and
sub-top (10-100 nm) topography can be obtained via secondary electrons (SE)

and backscattered electrons (BSE), respectively. BSE mode provides better depth
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resolution but poorer lateral resolution than SE mode. An LEO 1530 Gemini
Field Emission Gun Scanning Electron Microscopy (FEGSEM) was used to

confirm the morphology of the polymer and silver capsules.

Energy Dispersive X-ray (EDX)

EDX mapping uses the X-rays emitted by low-energy electrons produced up to 1
um below the surface. The energy and wavelengths of x-rays emitted by
individual atoms are different. Therefore, the x-rays can be used for elemental
analysis (Brydson and Hammond, 2005, Goodhew et al., 2000, Brydson). An
Oxford Instruments INCA 350 Energy Dispersive X-ray Spectroscopy (EDS)
with 80mm X-Max SDD detector, which is installed in FEGSEM was employed

to analyse the chemical composition of Ag coated microcapsules.

3.2.3 Au NPs size and size distribution

The size and size distribution of the synthesised Au NPs was analysed using both
Ultraviolet-visible spectroscopy (UV-Vis) and TEM micrographs combined with

Imagel software.

Ultraviolet-visible spectroscopy (UV-vis)

UV-vis uses light in visible and adjacent ranges to characterise the samples. The
intensity of the light was measured before and after passing through a sample.
The difference between the intensity was expressed as absorbance. It was found
that the Au NPs showed the typical plasmon peak around ~510 nm, which was
similar to the previous study (Zimbone et al., 2011, Zuber et al., 2016, Mohd

Sultan and Johan, 2014).
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An Agilent 8453E UV-vis spectroscopy was used to analyse the synthesised Au
NPs in water, stabilised by physisorbed boron-based anions. The result is shown

in Figure 3.2-1. It shows that the resulting Au NPs in water are monodispersed

with the plasmon peak around ~510 nm.
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Figure 3.2-1 UV-Vis result of Au NPs with a concentration of 0.5 mmol/dm3,
showing a typical plasmon peak around ~510 nm, indicates the resulting Au

NPs are monodispersed

Transmission Electron Microscopy (TEM)

An FEI Tecnai TF20 Field Emission Gun Transmission Electron Microscopy
(FEGTEM) fitted with HAADF detector, and Gatan Orius SC600A CCD camera
was used to characterise the morphology and the size and size distribution of Au

NPs. Au NPs adsorbed polymer capsules were also studied using FEGTEM.

Similar to SEM, TEM also employs the electron beam to interact with the

specimen but with a high accelerating voltage (typically 100-400 kV). The higher
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accelerating voltage results in a short wavelength and high resolution (which
reaches 0.1 nm). The higher voltage also increases the depth of penetration of the
electrons into the specimen. In this way, TEM is used to investigate the internal

structure of thin specimens.

The synthesised Au NPs were loaded on the TEM grids and air-dried. Typical

micrographs of Au NPs taken via TEM are shown in Figure 3.2-2.

Figure 3.2-2 TEM micrograph of synthesised Au NPs with 0.5 mmol/dm3

concentration
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The average size of the Au NPs was measured based on 50 Au NPs and five
measurements on each Au NPs using ImagelJ software. The average size of the
Au NPs and the size distribution are shown in Figure 3.2-3. It was found that the
resulting Au NPs were monodispersed, and the average size of Au NPs is 3.4

+0.4 nm.
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Figure 3.2-3 Size and size distribution of Au NPs with a gold concentration of
0.5 mmol/dm3 obtained through analysis of TEM micrographs via Image].
The Au NPs with a diameter of 3.0-3.5 shows the largest number count, i.e.

40%

3.2.4 Au NPs adsorption density on polymer capsules surface

Zeta potential (ZP) measurement
A Malvern Nano-ZS Zetasizer was used in characterising the synthesised Au
NPs, and in the study of the influence of surfactant on the Au NPs adsorption to

the polymer capsule surface. The Zetasizer measure the zeta potential of the Au
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NPs suspension by determining the electrophoretic mobility of the particles. In
colloidal dispersion, the zeta potential refers to the potential at the interface of the
particles' electrostatic double layers (stern layer and diffuse layer). When the
particles show large negative or positive zeta potential, particles tents to repel
each other and form a stable system. When the zeta potential is low, the particles

might attract each other and cause agglomeration.

A set of samples of Au NPs mixed with surfactant at different ratios was
prepared, and the zeta potential was measured to study the stability of the

suspension.

Ultraviolet-visible (UV-Vis) spectroscopy

The Agilent 8453E UV-vis spectroscopy was used to analyse the Au NPs

adsorption density.

A set of Au NPs samples of known concentration from 1-100 mg/dm? were
prepared, and the UV-vis results are plotted in Figure 3.2-4. This curve was used
as the calibration curve to determine the Au NPs concentration in the supernatant

of Au NPs adsorbed polymer capsules.
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Figure 3.2-4 Calibration curve of Au NPs

Thermal gravimetric analysis (TGA)
TGA is a type of thermal analysis in which the mass of the sample is measured
over time when the temperature increases. It gives information on the

microcapsule mass change when the polymer is under thermal decomposition.

A Perkin-Elmer, Pyris 1 thermogravimetric analyzer was used to detect the Au
NPs adsorption density on the polymer capsules surface by comparing the weight

of Au NPs adsorbed polymer capsules at 100 and 800 °C.

Polymer capsules were mixed with Au NPs aqueous suspension of different
concentrations for Au NPs adsorption. The capsules were rinsed after the Au NPs
adsorption and air-dried before TGA analysis. The analysis was run from room
temperature to 900 °c, with a temperature ramp rate of 1°c per minute. At 100°c,
200°c and 400°c, the temperature was held for 60 minutes before the next

increment to allow the complete decomposition of water and the polymer.
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TEM

The FEI Tecnai TF20 Field Emission Gun Transmission Electron Microscopy
(FEGTEM) was also used to observe the Au NPs adsorption density on the

polymer capsule surface.

3.2.5 Shell thickness of the microcapsules

Focused lon Beam Scanning Electron Microscopy (FIBSEM) for polymer shell

An FIE Nova200 Duelbeam FIBSEM was used to cut through the sputter-coated

polymer capsules. The shell thickness could be measured at the cross-section. An

example SEM micrograph is shown in Figure 3.2-5.

. N ‘F" \ ~% - “
. ; — - y

Figure 3.2-5 Cross section of PMMA-HS microcapsules with a core-shell ratio

of 1.0 via FIBSEM
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In Figure 3.2-5, the cross-section of a PMMA shell HS core microcapsules was
obtained via FIBSEM. The shell thickness (the dark area) was measured using
Image J software. However, it was challenging to get a decent cross-section
without a tilt angle, and it was time-consuming to conduct quantity FIBSEM
analysis. Therefore, the theoretical calculation results of the polymer shell
thickness were used in the later discussion, while the results obtained from
FIBSEMM analysis were used for confirmation. The obtained measurement

distribution was plotted in Figure 3.2-6.
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Figure 3.2-6 Shell thickness distribution of PMMA-HS microcapsules with the
core-shell ratio of 1.0 obtained through analysis of SEM micrographs via
Image]. The polymer microcapsules with a shell thickness of 0.23pum show

the largest number count, i.e. 60%

However, it was challenging to get a decent cross-section without a tilt angle, and
it was time-consuming to conduct quantity FIBSEM analysis. Therefore, the

theoretical calculation results of the polymer shell thickness were used in the later
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discussion, while the results obtained from FIBSEMM analysis were used for

confirmation.

TEM with a microtome technique for silver shell

The microtome technique was used to get the cross-section of synthesis silver
shell microcapsules. The clean and air-dried silver capsules were mixed in Struers
Epofix and the epoxy resin. After the resin was completely dry and solidified, an
Agar Scientific microtome blade Y515ZA was used to cut the samples into slices

and then the slices were transferred to TEM grids for later analysis.

3.2.6 Retention and release of the oil core

Gas Chromatography (GC)

Gas chromatography (GC) is an analytical technique that separates and identifies
volatile components. It can be used for either quality or quantity analysis. The
retention and release of the oil core content of both polymer and silver shell

capsules were analysed using GC.

For the analysis, a Perkin Elmer Clarus 580GC with Elite-1 capillary column
(length 30m, internal diameter 0.25mm) was used. The temperature ramp rate was

20°C/minute from 50 to 300°C, and the flow rate was 2mL/min.

A set of oil core samples (toluene and hexylsalicylate in this study) with known
concentrations was prepared as the standards for quantitive analysis. The GC
results (the peak area) were plotted in Figure 3.2-7 and Figure 3.2-8 as the standard

curves.
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Figure 3.2-7 Standard curve of toluene
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Figure 3.2-8 Standard curve of hexylsalicylate

After the wash cycles, the cleaned microcapsules were redispersed in 2mL of

MilliQ water. Bulk samples were prepared by adding 8mL of absolute ethanol to




64

the 2mL of microcapsule suspension. 1mL of the capsule ethanol mixture was
taken from the bulk samples at known time intervals over a period of two weeks
and centrifuged at 7000rpm for 2 minutes. The capsules were separated from the

liquid, and the supernatant was used for GC analysis.

After two weeks, the silver capsules in bulk samples were placed on a glass slide
and crushed using another glass slide. The crushed silver capsules were
immediately rinsed back into the conical microtube for centrifugation. The
supernatant of the crushed silver capsules in the ethanol-water mixture was used

for GC analysis.

3.2.7 Mechanical strength

The deformation behaviour and mechanical strength (breaking stress) of
individual microcapsules were investigated using a micromanipulation technique
in the chemical engineering laboratory at the University of Birmingham. The
technique is based on diametrical compression, where a single particle is crushed

between two parallel surfaces and the force required to cause rupture is measured.

In this study, the polymer and silver microcapsules' mechanical strength and
deformation behaviour were investigated through the force-displacement profile
and breaking stress. An Aurora Scientific 402A force transducer is employed to
measure the force, and the probe travels at a constant speed of 2um/s for all the
experiments performed. The compressive displacements were corrected for the

total compliance of the transducer and the probe.
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3.3 Calculations

3.3.1 The surface area of polymer capsules

The total surface area of the polymer capsules was calculated from the size and
size distribution data collected from MasterSizer measurement. Figure 3.3-1
shows a size distribution based on volume contribution at bin limit result obtained

from Mastersizer.

5% PMMA

volume intensity

0.1 1 10 100 1000

Diameter (um)

Figure 3.3-1 A sample measurement of size and size distribution of PMMA
capsules with 5% PMMA. The diameter of the capsules at bin limit (Diim) is

based on volume contribution at bin limit (Vo)

At a certain diameter range (bin limit), the number of capsules of bin limit (Niim)
could be worked out by dividing the actual volume contribution at bin limit (Viim)

by the volume of the individual capsule at bin limit (Vcap).

With the known total volume of polymer and oil in disperse phase (Vr) and
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measured percentage of the volume contribution at bin limit (Vv ), Viim can be

calculated as follows.
Viim = Voo X Vr

While Veap could be worked out via the diameter of the capsules at bin limit

(Diim), assuming all the capsules were spheric in shape.

4 (Dym\>
Ve = 37 (557)

Therefore the number of capsules of bin limit could be worked out

Vi Vo XUy

R )

The surface area of an individual capsule at bin limit (Scap) can also be worked

based on Diim.
S = nDy; 2
cap lim

The surface area of all the capsules at bin limit (Siim) could be obtained via Scap
times Niim, and the total surface area of all the capsules can be obtained using

equation 3.3-1.

Sim = Scap X Niim
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6V, Vr

Stotal = 2Dy;n=0 Equation 3.3-1

Diim

where
Siim = surface area of all the capsules at bin limit
Scap = surface area of individual capsule at bin limit
Niim = numbers of the capsules at bin limit
Diim = capsule diameter at bin limit
Viim = actual volume contribution at bin limit
Vcap = volume of individual capsule at bin limit
Vy, = percentage of the volume contribution at bin limit
Vr = total volume of polymer and oil in disperse phase

Stotal = total surface area of the capsules

3.3.2 Shell thickness of polymer capsules

The shell thickness of polymer capsules was obtained using theoretical
calculation. The ImageJ measurement based on FIBSEM cross-section
micrographs was used to confirm this calculation results. The schematic of a
polymer shell oil core microcapsule is shown in Figure 3.3-2. The polymer shell
thickness is calculated by deducting the oil core radius from the polymer

microcapsule radius (r' —r"").

The polymer capsule radius (r') is obtained through the halving diameter of the

capsules, which was measured using Mastersizer, as mentioned in 3.3.1.
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Polymer shell capsule

Oil core

Figure 3.3-2 Schematic of a polymer shell oil core microcapsule

The oil core radius (r"") of the capsules at a certain diameter (bin limit), can be

calculated from the volume of individual oil core at bin limit (Vcore) using
r' = 3’M Equation 3.3-2
4T

The volume of individual oil core at bin limit (Vcore) can be calculated using

equation 3.3-3 and equation 3.3-1.

Vii 1% X 0il% X Vo, .
Vegre = —& = -total u Equation 3.3-3
Niim Niim

where

Vcore = volume of individual oil core at bin limit

Vlim = actual volume contribution of oil at bin limit

Nlim = number of capsules at the bin limit

Vtotal = total volume of polymer and oil droplets in the final capsule

0il% = oil percentage in polymer oil droplets in final capsule
(assuming total removal of DCM)

V% = percentage of the capsule volume contribution at bin limit

The numbers of the capsules at the bin limit were calculated using the method

described in 3.3.1.



69

3.3.3 Au NPs adsorption density on the polymer capsule surface

Au NPs adsorption density was expressed using the input ratio of Au NPs to
polymer capsule surface. It was calculated using the Au NPs volume and
concentration used in Au NPs adsorption and the total surface area of the polymer

capsules, using Equation 3.3-2.

May _ CauXVgisXMgy

Equation 3.3-4

Stotal Stotal

where
B = input ratio of the Au NPs to polymer capsule surface area
mau = mass of the Au NPs used
Cau = molar concentration of the Au NPs used
Viis = volume of the Au NPs dispersion used
Mau = molar mass of the Au NPs

Stotal = total surface area of the capsules

3.3.4 Input ratio of CTAB to Au NPs

The input ratio of CTAB to Au NPs was calculated based on the mass of CTAB
and the surface area of the Au NPs used in the experiment. The total volume of
the Au NPs used in the experiment was calculated using Equation 3.3-3. Based on
the total volume, the numbers of the Au NPs used were calculated using Equation

3.3-4, and the input ratio of CTAB to Au NPs was obtained using equation 3.3-5.

May _ VaisXCauXMay

Vi = Equation 3.3-5

PAu PAu



where

70

Vau = volume of the Au NPs used

mau = mass of the Au NPs used

pau = density of the Au NPs

Vdis = volume of the Au NPs dispersion used
Cau = molar concentration of the Au NPs

Mau = molar mass of the Au NPs

—Yau _ _Vau ' -
Ny, = Top gn(DzﬂP Equation 3.3-6
where
Nau = numbers of the Au NPs used
Vau = volume of the Au NPs used
Vne = volume of individual Au NP
Dau = mean diameter of the Au NPs
_— _MmcraB_ _ CcrapXVcrap*XMcrap Equation 3.3-7
SauXNay ”DAuZXNAu q ’
where

R = input ratio of the CTAB to Au NPs surface area
mcraB = mass of the CTAB used

Sau = surface area of individual Au NP

Nau = numbers of the Au NPs used

CcraB = molar concentration of the CTAB used
Vcras = volume of the CTAB solution used

Mcras = molar mass of the CTAB

Dau = mean diameter of the Au NPs
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3.3.5 The surface density of silver microcapsules

The surface density of silver-shell microcapsules was expressed via the input

ratio of Ag to capsule surface area. It was calculated using Equation 3.3-6.

R = Mag CagxVaisxMag

Equation 3.3-8

Stotal Stotal

where
R = input ratio of the Ag to polymer capsule surface area
mag = mass of the Ag used
Cag = molar concentration of the Ag salt used
Vdis = volume of the Ag salt dispersion used
Mag = molar mass of the Ag

Stotal = total surface area of the capsules

3.3.6 Mechanical strength of single capsule

The mechanical strength of the microcapsule was expressed using the nominal
rupture stress, and it was calculated using Equation 3.3-10. Rupture force (Fr) and

the capsule diameter (Dcap) were measured using a micromanipulator.

o, = oI Equation 3.3-9

- - 2
Scap TDcap

where
o, = nominal rupture stress
E. = rupture force

Scap = surface area of the capsule

D, qp = diameter of the capsule
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Chpater 4 Polymer shell microcapsules formation, core

material selection and core/shell ratio selection

4.1 Introduction

This study aims to achieve long-term retention of the volatile, small molecular
fragrance oil particles. This aim was attained by forming capsules with a polymer
shell and fragrance oil core, followed by growing a thin layer of metal coating on
the polymer surface. As a result of the small molecule weight of fragrance oil
particles, it tends to penetrate the polymer membranes and fails to long-term
retention. By growing a thin layer of metal coating on the polymer surface of the
microcapsules, the rapid diffusion of small molecules was stopped by the barrier.
Before growing the thin layer of metal coating, Au NPs were adsorbed to the
polymer capsule surface as catalysts to facilitate the metal layer's growth. The

whole process is described in Figure 4.1-1.

Step 1 Step 2 Step 3
e ey e s >
oil core oil core oil core
“u NP* SHVer coaﬁc‘%

Figure 4.1-1 Silver shell microcapsules synthesis process: Step 1: Formation
of polymer shell oil core microcapsule' Step 2: Au NPs adsorption to polymer
microcapsule surface as the catalyst™ Step 3: Silver coating on the polymer

microcapsules’ surface via electroless plating method
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The work in this Chapter focused on preparing the core-shell structured capsules
with a polymer shell and fragrance oil for the experiments in the following two

chapters.

First, a model system of capsules with polymer shell oil core was prepared using
solvent evaporation and extraction method. The prepared microcapsules were
observed under an optical microscope and Scanning Electron Microscopy (SEM)

and demonstrated a core-shell structure.

Then the elements which affect microcapsule morphology were investigated. It
was reported that the morphology of microcapsule was affected by the interfacial
tension and spreading coefficient between the oil, water and polymer phases
(Tasker et al., 2016, Loxley and Vincent, 1998, Torza and Mason, 1970). By
studying the interfacial tension between these three phases, the morphology of the
microcapsules prepared using different polymers and fragrance oil combinations

could be predicted.

Based on this morphology prediction, various fragrance oils were tested and
selected as core to form desired core-shell structured capsules for the experiments
in the following chapters. The effect of the core-shell ratio on the capsule

diameter and polymer shell thickness was also studied in this Chapter.

4.2 Preparation of a model system of oil core-polymer shell

microcapsules

The model system of oil core-polymer shell microcapsules used solvent
evaporation and extraction method. This method was based on Loxley and

Vincent (1998)’s study on PMMA shell and oil core microcapsules. In their
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study, core/shell microcapsules were formed by controlled phase separation of
PMMA within the droplets of an oil-in-water emulsion, providing hexadecane or

decane was used as non-solvent and polymeric emulsifiers were employed.

In this study, PEMA was used as polymer shell material. PEMA has similar
properties to PMMA but lower Tg. Tg of PEMA is 66 °C and PMMA is 105 °C.
Lower Tg of PEMA enables the more straightforward preparation process of
microcapsules. The heating step in Loxley and Vincent (1998)’s microcapsule
preparation was therefore omitted in this study's capsule shell formation and

solidification stage.

Toluene was chosen as the non-solvent in the model system in this study. Toluene
is an aromatic hydrocarbon compound with a molecular weight of 92.14 g mol .
With its small molecular weight, toluene is volatile and not easy to be
encapsulated and stored for long-term retention using conventional methods.
Hence it became a good choice of core content in the model system as a substitute

for the fragrance oil.

DCM is the good solvent for the polymer in the system. The polymer and oil were
dissolved in DCM to form an oil phase. The solution of polymer, oil and DCM
was diluted by an equivalent volume of aqueous solution of surfactant (CTAB),
and emulsified under high-speed homogenisation. The resulting emulsion was

diluted in 100ml of CTAB solution.

The low boiling solvent DCM was initially dissolved in the water. After it
reached the saturation point of 1.38 g per 100 ml in water at 20 °C (Wexler et al.,

2005, Wexler, 2014), the remaining DCM diffused to the air/water interface and
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then evaporated. The addition of a large amount of water extracted DCM and

speeded up its evaporation speed.

When the oil droplet composition reached the binodal boundary, the polymer
phase separated and migrated to the oil/water interface. As the further removal of
DCM in the polymer phase, the polymer PEMA dissolved in the DCM
precipitated at the oil-water interface and formed a polymer film surrounding the

oil droplet.

Core/shell microcapsules were formed when PEMA precipitated at the oil-water
interface in the O/W emulsion while the good solvent DCM was evaporated and
extracted. The oil phase of the emulsion contained PEMA, a good solvent for
PEMA, i.e. DCM, and non-solvent toluene. The water phase contained MilliQ

water and surfactant CTAB.

The O/W emulsion was formed by mixing an equivalent amount of oil and water

phases and then homogenised the mixture using a high-speed stirrer.

In this experiment, a cationic surfactant CiTAB was used to help form and
stabilise the oil droplets in the water. CisTAB contains quaternary ammonium
cation as the hydrophilic head and the long hydrocarbon chain as the hydrophobic

tail, as shown in Figure 4.2-1.

CHy Br
\ i
N S S U LN CH;,(CH,),,CH, ~N*-CHs

: CHs5

Figure 4.2-1 Structural formula and molecular structure of C16TAB
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During the mixing and homogenisation of the oil and water phases, CisTAB was
adsorbed at the interface between two phases, with its hydrophilic head towards
the aqueous phase and its hydrophobic tails towards the oil phase. It helped to

form and stabilise the oil droplets in the water.

After O/W emulsion was formed, an additional amount of aqueous CisTAB
solution was added to the emulsion. The whole diluted mixture was left stirred at

a gentle speed at ambient temperature for 48 hours.

During this process, the good solvent DCM evaporated due to its low boiling
point. As the decrease of DCM amount in the oil droplets, the polymer PEMA
dissolved in the DCM precipitated at the oil-water interface and formed a
polymer film surrounding the oil droplet. With the excessive amount of aqueous
C16TAB solution added to the O/W emulsion, water extracted the DCM from the

emulsion and accelerated polymer film formation.

After 48 hours, the polymer film was solidified, and toluene core PEMA shell
microcapsules were obtained. The preparation process is schematised in Figure

4.2-2.

2. p0|ymer 3. pOleEI’She”

1.emulsification R formation &
precipitation S
solidification

ag. phase

oil phase

Figure 4.2-2 Synthesis of oil core-polymer shell microcapsules using solvent

evaporation and extraction method. 1. equivalent amount of water and oil
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phase was mixed and emulsified under high-speed homogenisation to form
an emulsion of oil droplets in water. 2. The polymer dissolved in oil droplets
precipitated at the oil water interface to form a polymer film surrounding the

oil droplet, while the good solvent was extracted and evaporated from the
emulsion. 3. Allow at least 48 hours of solvent evaporation time for polymer

shell solidification in this case.

The resulting microcapsules were washed repeatedly to remove the excessive
CTAB adsorbed at the surface. The microcapsules were dried in air and observed
under SEM. From the images shown in Figure 4.2-3, the sphere-shaped
microcapsules were observed in a), and a fractured PEMA capsule was observed
in b), which indicated its hollow structure. Indentations were observed on the
microcapsule surface in Figure 4.2-3 b). These appeared to be the collapse of the
capsules under the high vacuum environment in the SEM. This phenomenon also

indicated the hollow structure of the PEMA shell toluene core microcapsules.

Figure 4.2-3 Micrographs of PEMA microcapsules under a scanning electron

microscopy
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The microcapsules observed in SEM micrographs in Figure 4.2-3 demonstrated
spherical shape and hollow structure, i.e. core-shell structure. The morphology of
the prepared microcapsules was affected by the interfacial tension and spreading
coefficient between the oil, water and polymer phases. By studying the interfacial
tension between these three phases, we could predict the morphology of the

microcapsules prepared using different polymers and fragrance oil combinations.

4.3 Core material selection via microcapsule morphology

prediction

As a small, volatile oil, toluene was proved to be a suitable model for typical
fragrance oils in forming polymer shell oil core microcapsules and subsequent
gold nanoparticles adsorption and secondary metal shell coating. However, its
relatively high solubility in water, i.e. 526 mg/L at 25 deg C (Sanemasa et al.,
1982), hindered its use for release testing. The fact that no toluene was detected
from PEMA shell toluene core microcapsules through Gas Chromatography
analysis indicates that toluene has been released during the process of solvent

evaporation.

In this case, some commercially available fragrance oils were selected to
substitute toluene, namely hexyl salicylate, cyclamen aldehyde, and dihydro-
mercenol. Those fragrance oils are less volatile and have poorer water solubility

than toluene, which are advantageous in the following core release test.

In the process of PEMA shell fragrance oil core microcapsules, PEMA was found
not compatible with hexyl salicylate. The polymer used in the study was changed

to PMMA.
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4.3.1 Theory of morphology prediction

The resulting microcapsules have the possibility of various morphologies besides
the desired core-shell structure. The possible morphologies are depicted in Figure
4.3-1. Alternative morphologies include acorn, where the polymer precipitates

separately to the oil and a completed dissociation between the core and shell.

Core-shell Acorn Dissociation

Figure 4.3-1 Schematics of different morphologies may occur in the

formation of microcapsules

Torza and Mason (1970) studied the behaviour of systems where two immiscible
liquid drops were suspended in a third immiscible liquid. The resulting
equilibrium morphology could be predicted from the interfacial tension (y) and
spreading coefficient (s) between the three phases. The spreading coefficient is

calculated from the interfacial tensions using Equation 4.3-1.

S3 = Y12 — (V23 + ¥13) Equation 4.3-1

Where y12 is the interfacial tension between phase 1 and phase 2. As the

convention phase 2 is usually the aqueous phase. Phase 1 is of the highest

interfacial tension with water, i.e. polymer. Therefore in this study phase 1 is
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defined as the polymer phase (short for ), phase 2 is the aqueous phase (short for
w), and phase 3 is the oil core (short for »). In terms of the negative spreading
coefficient of the oil phase (S,), a core-shell structure could be formed when the
spreading coefficient of the polymer phase (Sp) is positive. The positive spreading
coefficient of the aqueous phase (Sw) leads to a completed dissociation
morphology. When all three coefficients are negative, an acorn shape is produced.

These conditions are described in Table 4.3-1 as below.

Table 4.3-1 Conditions and predicted morphology

Conditions Predicted morphology
Sp<0; Sw<0; So>0 Core-shell

Sp<0; Sw<0; So<0 Acorn

Sp<0; Sw>0; So<0 Dissociation

4.3.2 Morphology prediction and confirmation

Various oil cores, including commercially available fragrance oils, have been
used for the substitution of toluene. Before the preparation process, the interfacial
tensions of oil, polymer and aqueous phases were measured using a pendant drop
machine with KSV CAM200 system. When we decided on the interfacial tension
between oil and polymer phases, two methods were considered. One approach is
to use the final components of polymer capsules as the polymer phase. The
surface tension of the oil droplets and the contact angle of the oil droplets on
spin-coated PMMA film were measured using the sessile drop method. Interfacial

tension was calculated from these two measurements. This method replicated the
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final status of the resulting polymer microcapsules. Another way considered the

fact that at point of polymer started to precipitate, DCM still presented in oil core.

In this approach, the polymer phase was represented by dissolving PMMA in

DCM, and the interfacial tension between phases was measured via the pendant

drop method. The studies carried out by group members Tasker et al. (2016)

show that using the final capsule components gives a more precise prediction of

resulting morphologies out of the two approaches.

The interfacial tension and spreading coefficients between phases and the

microcapsule morphology prediction based on these data are shown in Table

4.3-2.

Table 4.3-2 Interfacial tensions, spreading coefficients and morphology

predictions of polymer capsules with different oil cores

Yow Ypw Yop Predicted
Oils So Sw Sp
/mN.m"! /mN.m" | /mN.m! shape
14.2
Hexadecane | 4.7 (£0.1) -27.7 |-8.7 |-0.7 |acorn
(£0.1)
Hexyl 16.0
3.3(x0.3) -30.6 | -5.8 | -0.8 |acorn
salicylate 18.2 (#3)
(#0.1)
14.3
Toluene 3.3 (£0.7) -29.2 | -7.2 | 0.6 | core-shell
(£0.4)
Cyclamen 11.5
1.8 (£0.2) 279 | -85 |49 | core-shell
aldehyde (£0.5)
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Dihydro-

mercenol

2.7 (20.1)

13.8 (£2)

-29.3

1.7

core-shell

The prepared microcapsules with various oil cores were cleaned and dried. The

capsules were observed using an SEM and used for later on oil core release study.

The formed microcapsules are illustrated in Figure 4.3-2.
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Figure 4.3-2 SEM micrographs of PMMA shell microcapsules stabilised by
CTAB with various oil cores: a) hexadecane core; b) hexyl salicylate core; c)
toluene core; d) cyclamen aldehyde core; and e) Dihydromercenol core.
The predicted and confirmed morphologies of the microcapsules with

various oil cores are listed in Table 4.3-1.

Table 4.3-3 Microcapsules prediction vs observation

Oils Predicted shape Observed shape
Hexadecane acorn acorn

Hexyl salicylate acorn core-shell
Toluene core-shell core-shell
Cyclamen aldehyde core-shell core-shell
Dihydro-mercenol core-shell core-shell

It was found that most morphology observations of resulting capsules followed

the predictions except the one with hexyl salicylate (HS) core. The relatively
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large error in interfacial tensions measurement between the oil and polymer
phases might cause this exception. All the PMMA microcapsules formed a core-
shell structure, except the ones with hexadecane core formed acorn shape. In the
subsequent studies, commercially available fragrance oil hexyl salicylate was
chosen as the oil core in all the encapsulation processes due to commercial

consideration.

The prepared PMMA shell hexyl salicylate core microcapsules were observed
under a Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). With this

technique, the capsules were cut through via the ion beam, and the capsules'

cross-section was observed.

="t — o |
A ; A

Figure 4.3-3 FIB-SEM r}licrograph of the cross-section of PMMA-HS

microcapsules with a core/shell ratio of 1:1
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The cross-section of a microcapsule is shown in Figure 4.3-3, where a core-shell
structure of the microcapsule was observed. One thing worth mentioning is that
the polymer shell thickness of the microcapsule was homogeneous in a capsule, it
appeared thicker on the top part of the capsule in Figure 4.3-3 due to the tilted

angle of the camera.

4.4 The influence of core/shell mass ratio on the encapsulated oil

core retention and polymer shell thickness

Core/shell ratio is one of the factors which impact the microcapsule’s core size
and shell thickness. In preparation of PMMA shell hexyl salicylate core
microcapsules, various core/shell ratios were investigated to see the effect on the
formed capsules’ properties. Two sets of experiments were designed in this part:
in one set of experiments, the core material was kept at a constant mass ratio and
the polymer mass varied; in another set of experiments, the polymer mass was

constant, and the oil concentration changed.

4.4.1 The core/shell ratio influence on oil core retention

A set of microcapsule samples with 10 wt% of PMMA in the oil phase were
prepared. The hexyl salicylate concentration in the oil phase varied from 10 to 30
wt%. After the capsule formation, the samples were cleaned and redispersed in 2
mL MilliQ water. 8 mL ethanol was added into the microcapsule suspension and
redispersed. In the ethanol environment, the Hexyl salicylate encapsulated in
PMMA capsules diffused into the ethanol-water mixture through the polymer
shell along with the time, and it was detected via the GC technique. The GC

samples were prepared by obtaining the supernatant of the capsules in an ethanol-
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water mixture using centrifugation at different time intervals. The mass of HS
released from the polymer capsules to the supernatant was calculated via the
standard calibration curve described in Figure 3.28 in Chapter 3.2.6 . The released
HS mass was compared to the initial amount of HS in the emulsion used for
microcapsules preparation, and the percentage of the oil core released was
calculated by dividing the released HS mass by the initial HS mass in the
emulsion. The loss percentage of hexyl salicylate along the release time was

plotted in Figure 4.4-1.

80%

70%

IS AAAA Lasans 4 A
< 60%
©
]
© 50%
% core/shell ratio=0.9:1
< 40%
= core/shell ratio=1.3:1
3 30% ‘
£ core/shell ratio=1.5:1
© 0,
L 20% A core/shell ratio=2.6:1

10%

0% A&
0 5 10 15 20 25

release time (min)

Figure 4.4-1 Percentage of hexyl salicylate core released from PMMA
microcapsules to the ethanol-water mixture at different time intervals. After
2 minutes of the PMMA capsules mixed with ethanol, the HS loss increased

rapidly and formed a plateau, indicating the full release of the HS

From above Figure 4.4-1, a rapid increase of hexyl salicylate core loss was
observed in samples with a core/shell ratio of 0.9 : 1 and 2.6 : 1 two minutes after

the ethanol was added into microcapsules suspension. After 2 minutes, the HS
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loss percentage in all the samples didn’t increase significantly with the release
time increased. The plateau in all the curves indicated that the oil core was fully
released from the PMMA capsules after 2 minutes. One of the reasons that the
release percentage didn’t achieve 100 per cent might be due to the loss of HS
during the washing procedure. This finding coincided with the result in the
previous study (Hitchcock et al., 2015) that the PMMA capsules fully released the

oil core into the ethanol-water mixture within 20mins.

Interestingly, it was also found that the oil core's loss percentage was increased
when the core/shell ratio was increased. This result indicated that more polymer
shell content was required in the microcapsule synthesis process to achieve full

coverage of the oil core.

4.4.2 The core/shell ratio influence on polymer shell thickness

The shell thickness has been shown to govern the mechanical strength of the
microcapsules and the permeability of the shell. It plays a vital role in capsule-
based controlled release applications (Antipov et al., 2001, Hara et al., 2003,
Wang et al., 2008). A systematic study was conducted to investigate the influence
of the polymer concentration in the emulsion on the shell thickness of the formed

capsules and the mechanical strength.

In the experiment, polymer concentration in the oil phase was increased from 5
wt% to 20 wt%, while the total amount of the oil phase and the concentration of
hexyl salicylate were maintained constant. The time for solvent evaporation was
fixed at 48 hours. The core/shell ratio of the microcapsules used in the

experiments was 1 : 0.6, 1 : 1.1, 1: 1.7, and 1 : 2.3, respectively.
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The microcapsules shell thickness is commonly measured using SEM combined
with the microtome technique (O’Sullivan et al., 2009), or Transmission SEM
(Miiller et al., 2019). However, the PMMA shell thickness in this study was
difficult to measure using these methods due to its material properties and the

time limitation of this study.

In this study, a theoretical shell thickness calculation was designed based on the
microcapsules size distribution data and surface area calculation. The
assumptions made for the polymer shell thickness calculations are as follows: it’s
assumed that all the microcapsules are core-shell structure, as shown in Figure
4.4-2, and the total amount of polymer and oil in the emulsion is consumed in

microcapsules formation.

Polymer shell capsule

Qil core

Figure 4.4-2 Ideal core-shell structured microcapsule used in the polymer

shell thickness calculation

The calculated polymer shell thickness was confirmed via the measurements of
the cross-section of the polymer capsules. The cross-section was obtained by
cutting through sputter-coated polymer capsules via FIBSEM, and the shell
thickness was measured using imageJ. The detailed calculation method was
described in Chapter 3.3.5, and the method of shell thickness measurement on the

cross-section was given in Chapter3.2.5 .
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The size and size distribution of microcapsules with various core/shell ratios were
measured using a Mastersizer. The diameter of D90 was used to calculate the
shell thickness. The results of capsule diameter and shell thickness with various

core/shell ratios were plotted in Figure 4.4-3.
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Figure 4.4-3 Diameter and shell thickness of PMMA microcapsules with

increasing shell percentage in the final capsule

It was found in Figure 4.4-3, that the capsule diameter didn’t vary a lot when the
PMMA ratio in the final capsules increased. This is because the total amount of
the PMMA and HS was kept constant regardless of the PMMA to HS ratio
change. However, it can be observed that the PMMA shell thickness increases

with the PMMA amount increases.

Based on the capsule diameter and shell thickness results, a 21% PMMA amount
in final capsules was found to generate microcapsules with the greatest diameter

and the thinnest shell thickness.



90

4.5 Conclusions

In this Chapter, polymer shell oil core microcapsules were prepared using solvent

evaporation and extraction method.

First, a model of the microcapsules was prepared based on Loxley and Vincent’s
method. In this model, an oil phase, which contained polymer PEMA, good
solvent DCM, and non-solvent toluene, was mixed with an equivalent amount of
aqueous phase to form an oil-in-water emulsion. The cationic surfactant Ci1¢TAB
in the aqueous phase was used to help form and stabilise the oil droplets in the
water. The emulsion was stirred for 48 hours to allow the extraction and
evaporation of DCM. In the process of DCM evaporation, the polymer
precipitated at the oil-water interface and formed a film surrounding the oil
droplets. When all the DCM was extracted and evaporated from the mixture, the
polymer film solidified, and polymer shell microcapsules were obtained. The
resulting microcapsules were characterised using the SEM technique, and the

core-shell structure was demonstrated.

Based on the model microcapsules, a study on various oil core polymer shell
combinations was conducted to investigate the relationship between microcapsule
morphology and core/shell combinations. According to Torza and Mason’s
theory, the capsule morphology was decided by the interfacial tension and
spreading coefficient between polymer, oil and aqueous phases. PMMA capsules
with hexadecane, hexyl salicylate, toluene, cyclamen aldehyde and
dihydromercenol core were prepared, respectively. The capsule morphology was
predicted based on the interfacial tension and spreading coefficient between

phases. The resulting microcapsule morphology was characterised using SEM
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and FIBSEM, and it was found that most of the morphology predictions
coincided with the observation. All the PMMA capsules except the ones with

hexadecane core formed a core-shell structure.

On the selected PMMA shell hexyl salicylate core microcapsules, the effect of
core/shell ratio on the core retention, capsule diameter, and polymer shell
thickness was investigated. Two sets of experiments were designed. One set of
experiments prepared PMMA microcapsules with increasing core content, and a
release study was conducted on the prepared capsules. It was found that the oil
content was fully released within 2 minutes in all the samples. It was also found
that the greater the core/shell ratio, the higher percentage of the oil core was lost
during the process. The other set prepared PMMA microcapsules with increasing
polymer shell content. The diameter of the resulting capsules was measured using
Mastersizer, and the shell thickness was calculated. It was found that the smaller
the core/shell ratio, the narrower size distribution the microcapsules had. It was
also found that at a core/shell ratio of 1 : 1.1, the resulting microcapsules

demonstrated the largest diameter and the thinnest shell thickness.
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Chpater 5 Adsorption of Au NPs to polymer
microcapsules as the catalyst and the Au NPs

adsorption density

5.1 Introduction

In Chapter 4, the polymer shell oil core microcapsules were prepared and
characterised. The relationship between the microcapsules’ morphology and the
interfacial tension between the phases was investigated, and the core-shell
structured microcapsules were formed based on the finding. The effects of
core/shell ratio on the polymer capsules’ dimension and shell thickness were also

studied.

However, the large free volume within the polymer shell provides a low
resistance pathway to the rapid diffusion of the components with small molecular
weight, such as toluene and fragrance oil. These active small molecules
permeated most polymeric shells through the pre-existed pores (Patchan et al.,
2012, Madene et al., 2006, Brannonpeppas, 1993, Evans, 1970). Hence, a
continuous layer of metal coating on the polymer shell microcapsules provides
vastly improved barrier properties to avoid the evaporation of volatile core
content. In the process of metal coating of the polymer shell microcapsules, the
usage of catalysts facilitated forming the nucleation site for the metallic layer and
accelerated the rate of coating reaction by providing a lower activation energy
pathway (Kobayashi and Ishii, 2013, Inberg et al., 2012, Moshfegh, 2009b).
Nanoparticles have been used as catalysts for metal deposition in electroless

plating driven by various specific properties, such as more significant surface
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area, increasing surface-to-volume ratio, better dispersion ability, higher
reactivity, and so on. (Patchan et al., 2012, Horiuchi and Nakao, 2010, Zhu et al.,
2011, Martin et al., 2010). In this study, Au NPs were used as the catalyst
embedding onto polymer capsules surface to facilitate the subsequent silver
coating by forming catalytic nuclei on the targeted polymer capsules surface and
accelerating the reaction rate. This part of the study became the second step of the

silver shell microcapsule preparation process, as indicated by the red box in

Figure 5.1-1.
Step 1 Step 2 Step 3
hmer she, hmer she, o
oil core oil core oil core
“Qu NY® SﬂVer cegﬁ‘%

Figure 5.1-1 Schematics of silver shell microcapsules synthesis process: Step
1: Formation of polymer shell oil core microcapsule- Step 2: Au NPs
adsorption to polymer microcapsule surface as the catalyst' Step 3: Silver

coating on the polymer microcapsules’ surface via electroless plating method

In this Chapter, a stable monodispersed colloidal gold nanoparticles system was
developed using a fast chemical reaction method. The synthesised Au NPs were
stabilised in water via electrostatic repulsion and were adsorbed to the polymer

microcapsules surface via electrostatic attraction.
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5.2 Synthesis of electrostatic stabilised Au NPs via a chemical

reaction method

Au shows a pronounced catalytic activity. Au NPs are highly reactive when used
as catalysts due to the distinctively small particle size and hence the large surface
area. One of the simplest ways of synthesis Au NPs was studied by Turkevich et
al. (1951) and refined by Frens (1973). Au NPs were made using sodium citrate
as both a reducer and a stabiliser in their studies. The reaction took 30-45 minutes
at 70°C, or 5 minutes at 100 °C. For the faster formation of Au NPs at room
temperature, stronger reducers, such as borohydride, were used to generate Au
NPs which sizes varying from 2nm to over 50nm (Wagner et al., 2008, Jana et al.,
2001, Patil et al., 1999, Hohnstedt et al., 1965). Martin et al. (2010) found that the
stability of Au NPs in water could be improved by adding HCI and NaOH to gold
chloride stock solution and borohydride solution, respectively. Meanwhile, the
size of Au NPs could be controlled between 3.2 and 5.2 nm by adjusting the ratio

of BH,”/OH™ ions to AuCl,” /H* ions.

Following Martin’s method, Au NPs were synthesised using the chemical
reaction method. The chemical reaction of NaBH, reduction of gold salt is shown

in Equation 5.2-1.

HAuCl, + 4 NaBH, — Au+ 2B,Hg + 4NaCl + 5/2H, Equation 5.2-1
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Adsorption of borohydride played a crucial role in stabilising Au NPs by
providing a negative particle surface charge. It also served for the adhesion
towards positively charged polymer capsules surface. Therefore, enough
borohydride to allow the reaction procedure was required. The BH,~ /OH™ ions
to AuCl,” /H™ ions ratio was set as 3: 1, which leads to stable monodispersed
colloidal gold nanoparticles with the concentration of gold ions of 0.5 mmol/dm?,

as shown in Figure 5.2-1.

Figure 5.2-1a) Image of synthesised Au NPs in water, showing typical dark
red colour and b) TEM micrograph of Au NPs with a gold concentration of

0.5 mmol/dm?3

As shown in Figure 5.2-1a), the HAuCls solution changed colour from light
yellow to dark red within 1 second at room temperature while sodium
borohydride solution was added. The immediate colour change indicated that all

the gold ions were reduced to neutral gold atoms and the formation of Au NPs.
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The resulting Au NPs were dried in the air and examined using TEM. The

monodispersed spherical Au NPs were observed and shown in Figure 5.2-1 b).

The resulting Au NPs were analysed using UV-Vis technique, and it was found

that the resulting Au NPs showed the typical plasmon peak around ~510 nm,

which was similar to the previous study (Zimbone et al., 2011, Zuber et al., 2016,
Mohd Sultan and Johan, 2014, Martin et al., 2010). The Au NPs were dried in the
air and examined using TEM. The monodispersed spherical Au NPs were
observed and shown in Figure 5.2-1b). The size of the synthesised Au NPs was
analysed via TEM micrographs combined with ImageJ software. The average size

of Au NPs is 3.4 £0.4 nm.

5.3 Au NPs adsorption to polymer capsules’ surface

The synthesised Au NPs were stabilised by the electrostatic repulsion induced by
BH,  and showed a negative charge. In contrast, the polymer microcapsule
surface carried a positive charge because the cationic surfactant CisTAB was
used as the stabiliser in the preparation process of polymer shell microcapsules.
The surfactant sat at the oil-water interface when the polymer precipitated and
formed a film layer surrounding the oil droplet. Its hydrophilic head stretched
towards the aqueous phase, and its long hydrophobic tail extended to the oil core.
When bromide anions in the head groups dissociated from the polymer capsules

in the aqueous phase, positive charges formed on the capsules’ surface.

The negatively charged Au NPs were attached to the polymer capsules’ surface

via electrostatic attraction, as shown in Figure 5.3-1.
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Figure 5.3-1 Schematic of negatively charged Au NPs were adsorbed to the
polymer capsule surface via the positively charged head of cationic

surfactant C16TAB

The synthesised Au NPs mixed with cationic surfactant CTAB stabilised polymer
capsules at a volume ratio of 6 : 1. The mixture was stirred for 1 minute, and gold
NPs adsorbed capsules were obtained. The capsules were dried in air and

observed using TEM. The results are shown in Figure 5.3-2.

Figure 5.3-2 TEM micrographs of Au NPs attached polymer capsules surface

500 nm 50 nm

It was observed from Figure 5.3-2 that Au NPs evenly distributed on the PEMA
capsule’s surface and formed the catalytic site for the following on silver coating.

A systematic study was conducted to investigate the influence of surfactant
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concentration in the polymer capsule system and the Au NPs suspension

concentration to the Au NPs adsorption on the polymer capsules surface.

5.4 Influence of surfactant concentration on Au NPs adsorption

The negatively charged Au NPs adhered to the polymer capsule surface via
electrostatic attraction. The positive charge of the capsule was brought by cationic
surfactant CTAB trapped on the capsule surface. Hence, a sufficient amount of
CTAB present in the capsule is vital to bind the gold NPs. At the same time, an
inadequate or excessive amount of CTAB leads to the aggregation of Au NPs on

the polymer surface.

Chakraborty et al. (2006) reported that a difference in the degree of surfactant
concentration affects the charge density of the polymer in their study of polymer-
surfactant interaction with opposite charges. Perez-Juste et al. (2004) also
reported that Au could be quantitatively bound to CTAB, but the CTAB : HAuCl2
concentration falls in a narrow range. Therefore, the aggregation and poor
coverage of Au NPs on polymer capsules’ surfaces may be caused by the
decrease in the ratio of CTAB to Au NPs. As shown in Figure 5.4-1, in the
absence of CTAB, the Au NPs display negative charges, repel each other and
remain stable. When a low concentration of CTAB is added, the negative charge
is reduced due to the partial counteraction with the positively charged CTAB.
However, the Au NPs can still repel each other and stay relatively stable. At the
addition of a critical concentration of CTAB, the Au NPs are neutralised by
CTAB; without the electrostatic repulsion between particles, aggregation occurs.

With an excessive amount of CTAB, the surface of Au NPs is covered by CTAB
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and the micelles, and consequently, the system presents a positively charged

surface.
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Figure 5.4-1 Schematics of electrostatics interactions between Au NPs and
CTAB with different ratios: a) When there is no CTAB present, the mobility of
Au NPs is negative; b) when CTAB concentration is at a low range, the Au
NPs remain negative; c) when CTAB concentration increases to a higher
range, the negative charge of Au NPs were neutralised; d) when excessive

CTAB present, Au NPs become positive charged

In order to find out the appropriate ratio of CTAB to Au NPs for successful
attraction of Au NPs and subsequent silver coating, the effect of CTAB

concentration on the Au NPs aggregation behaviour was studied.

An equivalent volume of aqueous CTAB solution with various concentrations
(from 0.1-1 mmol/dm?) was added to the 6 mL Au NPs solution of 0.5 mmol/dm?
concentration. It was found that Au NPs solution turned from dark red to black
immediately following the addition of 0.1 mmol/dm* CTAB. Sedimentation of
aggregated Au NPs formed in this sample after ~20 minutes. Au NPs and CTAB

mixed samples are shown in Figure 5.4-2. It was observed that Au NPs solution
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changed from transparent red to obstacle dark when CTAB solution with
concentrations between 0.1 and 0.3 mmol/dm® was added. This colour change

phenomenon indicated the aggregation of Au NPs.

CTAB solution concentration

>

0 0.1 02 03 0.4 0.5 06 07 08 0.9 1.0

Figure 5.4-2 Digital micrographs of various AuNPs with CTAB concentration

increasing from 0 to 1 mmol/dm3 from left to right

Aggregation behaviour of Au NPs when mixed with CTAB solution. The
concentration of CTAB in the Au NPs suspension increases from 0 to 1

mmol/dm3 from left to right.

A further study of CTAB concentration effect on Au NPs aggregation behaviour
was carried out on lower CTAB concentrations between 0.01 and 0.1 mmol/ dm>.

The zeta potential of the samples was measured and plotted in Figure 5.4-3.
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Figure 5.4-3 Zeta potential of Au NPs increased when the CTAB

concentration added into Au NPs suspension was growing

Figure 5.4-3 shows that the negative value of the zeta potential of Au NPs
became smaller with an increase in the concentration of added CTAB solution.
This zeta potential change indicated that the mixture became unstable. When the
ratio of CTAB mass to Au NPs surface area falls into the range 0.0046 to 0.357
mg/m? (Ccras= 0.0013 - 0.1 mmol/dm?), the zeta potential of Au NPs is between
-24.9 and +25.9 mV. At a ratio of 0.0068 mg/m?, the zeta potential is +5.0 mV.
At this point, the negative charge of Au NPs was counteracted by the opposite
charge of CTAB, and the repulsive force between the particles was greatly
weakened, which led to the least stable system, and aggregation occurred. When
the ratio was increased to the zeta potential was raised to +37.5 mV, indicating

that the system became stable again. At this stage, the positive charge is caused
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by a sufficient amount of CTAB covering the surface of the Au NPs. When the
ratio is greater than 1.07 mg/m? (Concentrationctas = 0.3 mmol/dm?), the zeta

potential remains ~+42 mV.

The experiment results support the hypothesis that the CTAB concentration
affects the Au NPs aggregation behaviour. The presence of CTAB should be

controlled only at the capsule surface instead of in the bulk solution.

Initially, the experiments were conducted on microcapsules subjected to different
levels of ‘washing’ to remove the excess surfactant from the capsules continuous
phase. The prepared polymer microcapsules were centrifuged, and the aqueous
supernatant (containing the excess surfactant) was replaced by fresh Milli-Q
water. This “washing” was repeated three times, and the surface tension of the
supernatant from each wash was measured. The concentrations of the surfactant

in the system was calculated.

A calibration experiment was conducted by measuring the surface tension of the
known concentration of CTAB aqueous solutions using the pendant drop
tensiometer, and the data is shown in Figure 5.4-4. It is shown that the surface
tension decreases along with the increase of the CTAB concentration until it
reaches a concentration of 0.9 mmol/dm3. The surface tension of the CTAB
solution remains relatively constant above this concentration. It indicates that 0.9
mmol/dm3 is the critical micelle concentration (CMC) of CTAB in water at room
temperature, which is close to the results reported by Javadian et al. (2013) and
(Kuntz and Walker, 2007). At this concentration, micelle starts to form, and all

additional surfactants added to the system go to micelles. In the experiment, we
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observed that the washing cycle removing excessive CTAB from the system has a

vital influence on Au NPs adsorption.

Surface tension against CTAB concentration
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Figure 5.4-4 Surface tension against CTAB concentration

The surface tensions of supernatant after 0-3 times washes were also shown in
Figure 5.4-4. The calibration curve can determine the approximate CTAB
concentration in the continuous phase of capsules washed to different degrees.
The CTAB concentration in the supernatant was above CMC without a wash or
with only one wash. After three wash times, the surface tension of the supernatant
was very low (~69.13 mN/m), which indicates that few amounts of surfactant
were left in the continuous phase. More studies on investigating the effect of the
ratio of CTAB to Au NPs on Au adsorption density were carried out with two or

three washes.
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5.5 Influence of Au NPs concentration on the adsorption density

The amount of catalyst adsorbed on the polymer capsule surface also impacts the
formation of the silver shell morphology and shell thickness. Au NPs have been
used to accelerate the reaction rate between silver and reducing agent HCHO and
provided target sites for silver deposition. Previous research in my MSc study
showed that a deficiency in Au NPs on the PEMA capsules’ surfaces leads to an
incomplete silver coating. An excessive amount of Au NPs in the system might

broaden the size distribution of the microcapsules and result in aggregation.

4
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Figure 5.5-1 The adsorption density of Au NPs on polymer microcapsules

surface increases as the concentration of Au NPs. The input ratio of Au NPs to
polymer capsules’ surface area are : a) 2.9 mg/m?; b) 14.6 mg/m?; c) 29.3

mg/m?; d) 58.5 mg/m?; e) 87.7 mg/m?; f) 116.9 mg/m?; g) 146.1 mg/m?

Initially, Au NPs were varied in the system to study their effect on the adsorption
density. The ratio of the mass of Au NPs to the total surface area of the polymer
microcapsules was varied from 2.92-146.13 mg/m?, and the morphology of Au
NPs loaded polymer capsules is illustrated in Figure 5.5-1 through observations

via TEM.

From TEM micrographs of Au NPs loaded polymer capsules in Figure 5.5-1, it
could be observed that the absorption density of Au NPs attached to the polymer
surface increase with the increase of the Au NPs concentration used in the
process. However, it is difficult to precisely measure the amount of Au NPs
adsorbed on polymer surfaces through micrographs. Therefore the adsorption

density was studied using a UV-Vis spectrophotometer and a thermal analysis.

5.5.1 Adsorption density characterised via UV-Vis technique

The adsorption amount of Au NPs on the polymer capsule surface was evaluated

by subtracting the amount of Au NPs in supernatant from the initial Au NPs used
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for the adsorption process. A calibration curve for Au NPs suspensions with
different concentrations was generated to calculate the concentration of Au NPs
in the supernatant. Samples of Au NPs suspensions with different concentrations
were prepared, and a calibration curve was plotted based on UV-Vis spectra. The
concentration of Au NPs could be obtained via this calibration curve (the detailed

method was given in Chapter 3.2.4 .

The Au NPs adsorption process was performed by mixing polymer capsules with
various concentrated Au NPs suspensions, as described in Chapter 5.3. After the
process, samples of polymer capsules with adsorbed Au NPs were centrifuged to
separate the capsules from the aqueous supernatants. The aqueous supernatants
were characterised using a UV-Vis spectrophotometer. The mass of Au NPs
remaining in the supernatant was calculated according to the calibration curve of
the Au NPs, which was described in Figure 3.24 in Chapter 3.2.4. The mass of
Au NPs before the adsorption process and remaining in the supernatant are

plotted inFigure 5.5-2, respectively.
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Figure 5.5-2 The mass of Au NPs on the capsule surface was calculated by
deducting the Au NPs mass remaining in the supernatant from its initial

input mass

From Figure 5.5-2, it was found that, at a low input ratio of Au NPs to the capsule
surface area (up to 14.61 mg/ m?), the mass of Au NPs in the supernatant was
very close to the initial mass of Au NPs. This indicated that most Au NPs were
adsorbed on the capsules. As the input Au NPs loading increases to 29.3 mg/ m?,
a noticeable increase of Au NPs consumed during the adsorption process was
observed. When the initial ratio of Au NPs to capsules was greater than 29.23
mg/m?, the mass of Au NPs on the capsule remained at the same level. This is
likely to indicate that the capsule surface was saturated with Au NPs when the

adsorption density of Au NPs to the surface exceeded 29.23mg/m>.
5.5.2 Adsorption density characterised via thermal analysis

In addition to the UV-Vis, a Thermogravimetric analysis (TGA) was also used to
analyse the adsorption density of Au NPs to the capsules surface. Polymer

capsules were mixed with Au NPs aqueous suspension of different concentrations
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for Au NPs adsorption. The capsules were rinsed after the Au NPs adsorption and
then analysed using a TGA technique from room temperature to 900 °c. The
sample's weight went through two significant losses in the process. At 100 °c, the
water in the samples evaporated, and hence a massive decrease in the sample
weight was observed. At the range of 200-400 °c, another weight drop was
observed, where the polymer was decomposed. This observation coincided with
the findings reported by Fares (2012), Zhang et al. (2012), Kaya and 6zdemir
(1995). The final mass measured at 800 °c was the weight of Au NPs adsorbed on
the PEMA capsules’ surface. The sample mass at 100 and 800 °c was plotted in
Figure 5.5-3, and the mass loss percentage against the initial sample weight at

100 °c.

It was observed that Au NPs adsorbed polymer capsules mass (mass at 100 °c)
and Au NPs mass (mass at 800 °c) increased when the input ratio of Au to
polymer surface increased from 2.9 to 29.3 mg/m?. When the input ratio of Au to
polymer surface exceeded 29.3 mg/m?, the mass curve remained a plateau which
indicates that the adsorption of Au NPs on the capsules surface reached a

saturated status. The TGA results coincided with the UV-Vis results.
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Figure 5.5-3 Mass of Au NPs on polymer capsules decreases with the

decrease of adsorption density, results obtained via TGA

5.6 Conclusions

In this Chapter, Au NPs were synthesised and embedded onto the polymer shell

oil core capsule surface via static electronic adsorption.

Firstly the Au NPs were synthesised using a chemical reaction method. Sodium
borohydride solution was added into gold chloride stock solution at room
temperature. The gold ions in the HAuCls solution were reduced to neutral gold
atoms, and Au NPs were formed within 1 second after sodium borohydride was
added. The monodispersed spherical Au NPs are stable in the water. The average

size of synthesised Au NPs is 3.4 £0.4 nm, measured with a TEM combined with

Imagel technique.

The synthesised Au NPs carried a negative charge, and the polymer microcapsule

surface carried a positive charge because the cationic surfactant CisTAB was
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used as the stabiliser in the preparation process of polymer shell microcapsules.
The negatively charged Au NPs were attached to the polymer capsules’ surface

via electrostatic attraction by mixing the Au NPs with polymer capsules.

The surfactant concentration plays an essential role in Au NPs adsorption to the
polymer capsule surface. A sufficient amount of CTAB on the capsule is vital to
bind the Au NPs. At the same time, an inadequate or excessive amount of CTAB
leads to the aggregation of Au NPs on the polymer surface. A systematic study of
the effect of CTAB concentration on Au NPs adsorption on capsule surface was
conducted. It was found that the aggregation of the Au NPs occurred when the
CTAB concentration in the capsule suspension was too high or low. A stable
system of Au NPs adsorbed polymer capsules was achieved when the ratio of
input CTAB mass to Au NPs surface area remained from 0.0046 to 0.357 mg/m?

(2 wash cycles after the Au NPs adsorption).

The amount of catalyst adsorbed on the polymer capsule surface also impacts the
formation of the silver shell morphology and shell thickness. Therefore a
systematic study of the effect of Au NPs concentration on the adsorption density
was also conducted. Au NPs suspensions with various concentrations were mixed
with fix amount of capsule suspension for Au NPs adsorption. The input Au NPs
mass ratio to the total capsules surface area of the samples was 2.92 - 146.13
mg/m?. The absorption density of Au NPs on the capsules surface was
characterised using TEM, UV-Vis, and TGA techniques. It was found that the
higher concentration of the Au NPs suspension added into the capsules, the more
Au NPs were adsorbed onto the capsules surface. However, when the input Au

NPs mass ratio to the capsules surface area reaches 29.23mg/m? (the input Au
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NPs concentration reaches 0.1 mM), the amount of Au NPs adsorbed on the

surface saturated and stops increasing.
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Chpater 6 Silver shell microcapsules formation and the

capsules mechanical strength

6.1 Introduction

In Chapter 4, the preparation and characterisation of polymer shell oil core
microcapsules were discussed. In Chapter 5, the discussion focuses on the
synthesis of the Au NPs and attaching the Au NPs onto the polymer capsules
surface as a catalyst to facilitate the growth of the silver layer on the polymer
capsules surface. In Chapter 5, the synthesis method of Au NPs and the process of
embedding the synthesised Au NPs to the polymer capsules surface via
electrostatic attraction were explained. Systematic studies were also carried out to
investigate the effect of surfactant CTAB in the system and the concentration of
Au NPs suspension to the Au NPs adsorption density on the polymer capsules
surface. It was found that the best Au NPs adsorption density in a stable system
was achieved when the ratio of input CTAB mass to Au NPs surface area falls in
the range of 0.0046 to 0.357 mg/m? (2 wash cycles after the Au NPs adsorption),
and when the input Au NPs mass ratio to the capsules surface area reaches

29.23mg/m? (the input Au NPs concentration reaches 0.1 mM).

In this Chapter, the discussion focuses on the preparation and characterisation of
the silver shell of the microcapsules. As shown in Figure 6.1-1, to encapsulate the
low vapour pressure fragrant oil with no release in a continuous phase that
dissolves the oil, a continuous layer of metallic coating on the polymer shell of
the microcapsule was created to improve the resistance of the shell to the leakage

of core content, the fragrance oil.
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Figure 6.1-1 Schematics of silver shell microcapsules synthesis process: Step
1: Formation of polymer shell microcapsule- Step 2: Au NPs catalyst

adsorption- Step 3: Silver coating via electroless plating

In this Chapter, a thin layer of silver film was grown onto catalytic sites created
by Au NPs adsorbed on the polymer capsule and thus formed the secondary silver
shell of the microcapsules. The silver shell was produced through the electroless
plating method, which is essentially a metal deposition process brought about
through a chemical reaction between metal ions and reducing agents. Electroless
plating has the advantages of being a simple process and providing a uniform

thickness of coating deposited.

The influence of silver salt concentration of the plating bath and the Au NPs
adsorption on the polymer capsule surface on the silver shell thickness was

investigated in this Chapter.

The mechanical strength of formed silver shell microcapsules was studied in

relation to the microcapsule diameter and shell thickness.
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6.2 Preparation of silver shell microcapsules via electroless

metal plating method

The term ‘electroless metal plating (ELP)’ was first introduced by Brenner and
Riddell (1946b) and was used in various metal coating processes (Patchan et al.,
2012). It is an electrochemical process, which involves electron donor-acceptor
reactions. In this study, the Au NPs attached polymer capsules were mixed with
an aqueous AgNOs solution under gentle agitation. Formaldehyde (HCHO) was
used to reduce the Ag ions into Ag coating on the catalytic site created by Au
NPs. The solution mixture was alkaline by adding a tiny amount of ammonia
solution. The pH value was controlled at 10. The plating bath consisting of
AgNOs3 changed its colour from yellow to dark brown after adding ammonia
solution, which indicates the formation of the silver coating. The chemical

equation of the silver ELP is described in Equation 6.2-1.

4AgNO; + 9HCHO — 4Ag + 9CO, + 4NH; + 3H,0 Equation 6.2-1

The silver-coated microcapsules were centrifuged to remove the supernatant and
observed using an SEM, as illustrated in Figure 6.1-1. A continuous layer of
silver coating was observed when the input ratio of Ag to capsule surface reached
93.95 mg/m?. The Energy Dispersive X-Ray Analysis (EDX) was carried out

with SEM. The results showed that the main component detected was silver.
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Figure 6.2-1 SEM micrograph of silver-coated microcapsules with EDX

analysis. The input ratio of Ag to capsule surface is 93.95 mg/m2 The AuNPs
adsorbed on the polymer capsule surface before Ag coating can’t be detected

via EDX due to its limited amount

Silver microcapsules samples were prepared with different oil core concentrations
of 10 wt% hexylsalicylate (HS). The obtained silver capsules were centrifuged
and redispersed into the ethanol and water mixture for 0-20 minutes. Then the
silver capsules were centrifuged and air-dried before crushing with a glass slide.
The crushed silver microcapsules and hexadecane oil core were washed back into
ethanol and then centrifuged to get the supernatant. The supernatant was analysed
using a GC technique. The loss of HS was calculated by comparing the HS
detected in the supernatant to the initial input weight. The core content release
was compared between PMMA shell HS core capsules and silver-coated PMMA

shell HS core capsules before and after crushing. The same analysis was carried
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out between PEMA shell toluene core capsules and silver-coated PEMA toluene

core capsules before and after crushing. The results are shown in Figure 6.2-2.
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Figure 6.2-2 Core content release of polymer shell and silver shell

microcapsules using Gas Chromatography

From Figure 6.2-2, it was found that among three sets of HS core microcapsules,
the PMMA shell ones showed a 72% loss of core content within 10 minutes after
they were added to the ethanol/water mixture. The loss percentage of core content
increased to 100% in 100 minutes. On the other hand, silver-coated HS core
capsules showed no loss of core content within two weeks after the capsules were
added to the ethanol/water mixture and less than 20% of core content loss after
two weeks. At the same time, the crushed silver-coated showed 90% of core
release. These results prove that the silver coating of the polymer capsules
provided significant protection of its oil core content in a miscible solvent

environment than the polymer shell.
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Another interesting finding was that all toluene core capsules presented a low
core content loss percentage, no matter with polymer shell, metal shell, or
crushed silver shell. It was assumed that the toluene core in the microcapsules
might have already evaporated during the capsule formation stage, leading to
lower toluene core detection in GC analysis. This assumption was proved by
SEM analysis of microtomed silver-coated toluene core microcapsules, as shown

in Figure 6.2-3 and Figure 6.2-4.

Figure 6.2-3 SEM micrograph of Cross-section of silver shell toluene core

microcapsules



Figure 6.2-4 SEM micrograph of Cross-section of silver shell hexylsalicylate

core microcapsules

Compare Figure 6.2-3 to Figure 6.2-4, the oil can be observed clearly in HS core

capsules but not found in toluene core capsules.

In this Chapter, not only the preparation of silver shell microcapsules was
discussed, but also the influence of silver salt concentration and Au NPs

adsorption density on the silver shell thickness was studied.

6.2.1 Influence of silver salt concentration on the silver shell thickness

The influence of silver salt concentration on the properties of the silver shell of
toluene core microcapsules, particularly the silver shell thickness, was studied in
my previous MSc study. In the preparation of silver-shell toluene core

microcapsules, the coating bath concentration of AgNO3 was increased from
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0.125 to 1.25 mmol/L. It was found that the coverage of silver coating was
improved with the increase of the silver salt concentration. A continuous silver
shell formed when the AgNO3 concentration reached 1mmol/L. When the AgNOs3
concentration exceeded 1 mmol/L, the silver shell thickness stopped increasing,

and aggregation was observed on the capsules surface (He et al., 2013).

In this study, the influence of silver salt concentration on the silver shell thickness
was studied with hexylsalicylate core microcapsules. AgNO3 solutions with
concentrations from 0.01-1 mmol/L were used in the study. The resulting silver
shell microcapsules were cut into half using the microtome technique, and the
cross-section of the microcapsule was observed using a Field Emission Gun

Transmission Electron Microscope (FEGTEM), as shown in Figure 6.2-5.



120

-

Figure 6.2-5 FEGTEM micrograph of the cross-section of silver-coated

microcapsules with silver salt concentration at 1.0 mmol/L

The silver shell thickness was analysed using the FEGTEM micrographs
combined with ImageJ software. An average silver shell thickness was obtained
for the samples prepared with various silver salt concentrations. The shell
thickness was plotted against the ratio of input silver salt to the microcapsules

surface area and shown in Figure 6.2-6.
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Figure 6.2-6 Silver shell thickness against the input ratio of silver salt to the

microcapsule surface area

It was observed from Figure 6.2-6 that the silver shell thickness increased with
the increase of the input ratio of silver salt to the capsule surface area, i.e. the
more silver salt in the plating bath, the greater the silver shell thickness. However,
it is notable that the thickness of the silver coating did not increase significantly
when the silver to capsule surface area was greater than 20.74 mg/um? (AgNO3
concentration is 0.5 mmol/L). As the shell thickness increases, it is accompanied
by an increase in the surface area of the microcapsules, and consequently, a
greater amount of Ag is required to increase the shell thickness than when smaller
microcapsules are present. This accounts for the observation that the increase in

shell thickness was slower when the microcapsules reached a specific size.
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6.2.2 Influence of Au NPs adsorption density on the silver shell

thickness

The amount of Au NPs catalyst adsorbed on the polymer capsule surface also
impacts the silver shell formation and shell thickness. As shown in Figure 6.2-7,
when the Au NPs adsorption is as lower as 2.92 mg/m?, the Au NPs did not
achieve a homogeneous cover of the polymer capsule surface, and as a result, the
silver layer did not form a continuous layer on the capsule due to the lack of Au

NPs.
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Figure 6.2-7 a) TEM micrograph of Au NPs loaded polymer microcapsules

which Au NPs adsorption density is 2.92 mg/m?; b) SEM micrographs of

corresponding silver-coated microcapsules

Samples of Au NPs loaded PMMA capsules were prepared with the Au NPs
adsorption density from 29.3 — 584.4 mg/m?. The same amount of AgNOs3
solution with the same concentration was used in the silver electroless plating

process. The obtained silver microcapsules shell thickness was analysed using
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FEGTEM combined with the microtome and ImageJ techniques. The results are

shown in Figure 6.2-8.
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Figure 6.2-8 Silver shell thickness against the input ratio of Au NPs to the

microcapsule surface area

It was found that silver shell thickness increases when the Au NPs adsorption
density increases. However, the silver shell thickness grows slowly when the Au
NPs adsorption density exceeds 146.1 mg/m? and stops growing when the Au

NPs adsorption density exceeds 292.2 mg/m?.

6.3 Factors affecting the silver shell microcapsules’ mechanical

strength

The silver shell microcapsule was achieved by forming capsules with PMMA

shell and hexylsalicylate core, followed by growing a thin layer of silver coating
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on the polymer surface. In this way, long term storage of the volatile fragrance oil

core in the ethanol environment was achieved.

In this study, the controlled release of the core content is realised through the
shell rupture mechanism. The mechanical strength of synthesised microcapsules
was investigated via a micromanipulation technique. This technique is based on
diametrical compression and was used to measure the bursting force and
deformation at the bursting of single microcapsules and to determine the elastic,
visco-elastic or plastic behaviours of single microcapsules (Zhang et al., 2009,

Sun and Zhang, 2002, Zhang et al., 1999, Liu et al., 1996).

Rupture stress is the maximum stress the microcapsule can withstand before
fracturing under pressure. It depends on the force applied, dimension, and shell
thickness of the microcapsules and can be calculated. The nominal rupture stress
was used to indicate the mechanical strength of the microcapsules in this study. It
was calculated based on the compression force and deformation at the rupture
point of a single microcapsule measured using a micromanipulator. Average
nominal rupture stress was obtained based on five single capsules with a similar
diameter. The main factors that influenced the shell thickness and hence the
mechanical strength of the capsules include the capsules diameter, core/shell ratio
of the polymer capsules, Au NPs adsorption density, silver salt concentration, and

silver shell thickness.

6.3.1 Influence of capsules diameter on the microcapsule mechanical

strength

PMMA shell hexylsalicylate core microcapsules with a core/shell ratio of 1:1

were analysed using the micromanipulation technique. The rupture force for
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compressing each microcapsule was measured, and the average nominal rupture
stress was calculated based on five microcapsules of similar diameters. The
silver-coated PMMA microcapsules prepared using the same batch of PMMA
shell capsules were also crushed using micromanipulation, and the average

nominal rupture stress was calculated and plotted in Figure 6.1-1.
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Figure 6.3-1 Nominal rupture stress versus diameter for PMMA shell
hexylsalicylate core capsules with core/shell ratio of 1:1 and silver shell

microcapsules prepared using the same batch of PMMA shell capsules

From Figure 6.3-1, it was found that PMMA shell capsules require greater force
to rupture than silver shell capsules. This is related to the different stress-strain
behaviour of PMMA shell and silver shell microcapsules. The stress-strain
behaviour describes the deformation characteristics of microcapsules upon
compression, which may be elastic, viscoelastic or plastic and may involve
fracture or a combination of these deformation mechanisms. PMMA shell

microcapsules showed a typical viscoelastic deformation, and the deformation
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that occurred at the rupture point was more significant than the silver-coated

capsules. Silver-coated PMMA microcapsule showed plastic deformation.

The silver-coated PMMA shell capsules shown in Figure 6.3-1 were coated with
the same amount of silver; the silver shell thickness was 165+15 nm, while their
PMMA shell thickness was 250+37 nm. It was found that the nominal rupture
stress decreases with the increase of capsule size in both PMMA and silver shell
microcapsules. As described in Chapter 3.3.6 , the rupture force (Fr) and the

capsule diameter (Dcap) were used to calculate the nominal rupture stress (or= F:/
Tt Deap?). Hence the larger diameter of the capsule, the greater the rupture force is

required to rupture the shell; meanwhile, the smaller the nominal rupture stress.

6.3.2 Influence of polymer shell thickness on the microcapsule

mechanical strength

The mechanical strength of PMMA shell hexylsalicylate core microcapsules with
different core/shell ratios, i.e. 1:0.5, 1:1, and 1:1.5, was analysed using the
micromanipulator. The average nominal rupture stress was obtained for each
batch of samples against the polymer shell thickness and was plotted in Figure

6.3-2.
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Figure 6.3-2 Nominal rupture stress versus polymer shell thickness for

PMMA shell hexylsalicylate core capsules with different diameters

It was found that the capsules mechanical strength increases with the polymer
shell thickness in all the PMMA capsules regardless of the diameter. The rupture
stress for capsules with smaller diameters is less than the larger capsules. This

finding is in accordance with the results in Chapter 6.3.1

6.3.3 Influence of silver shell thickness on the microcapsule

mechanical strength

The mechanical strength of the silver shell microcapsules prepared with various
Au NPs adsorption densities and silver salt concentrations was analysed using the
micromanipulator. As discussed in Chapters 6.2.1and 6.2.2, the silver shell
thickness of the formed microcapsules depended on the Au NPs adsorbed on the
polymer capsule surface and the concentration of the silver plating bath. The
nominal rupture stress of the silver shell microcapsules was plotted against the

silver shell thickness in Figure 6.3-3.
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Figure 6.3-3 Nominal rupture stress versus silver shell thickness for the

silver shell hexylsalicylate core capsules with different diameters

From Figure 6.3-4, it was found that the nominal rupture stress of all the silver
shell microcapsules increases with the silver shell thickness, except the capsules
with a diameter of 12 um. Capsules with a diameter of 6 pm required the greatest
rupture stress among all the capsules with the same silver shell thickness, and the

capsules with a diameter of 20 pm required the least rupture stress.

Once the silver shell was ruptured, the underneath polymer shell was revealed.

The microencapsulated oil was able to release.

6.4 Conclusions

In this Chapter, silver-shell hexylsalicylate core microcapsules were produced via
the silver electroless plating method. AgNOs aqueous solution was used as the

metal salt, and formaldehyde was used to reduce the Ag ions into Ag coating on



129

the catalytic site created by Au NPs on the PMMA capsule surface. The pH was
adjusted to 10 by adding a tiny amount of ammonia solution. The morphology of
the obtained silver microcapsules was analysed via SEM, and the encapsulated

hexylsalicylate was detected using the GC analysis.

Through GC analysis, it was found that PMMA shell microcapsule released most
of the encapsulated core content hexylsalicylate to the ethanol/water mixture
within 10 minutes. Compared to the rapid loss of core content with the polymer
shell, the silver-coated hexylsalicylate core capsules showed no loss of core
content within two weeks after the capsules were added to the ethanol/water
mixture and less than 20% of core content loss after two weeks. After two weeks,
90% of core release was observed when the silver-coated microcapsules were
crushed. These results prove that the silver coating of the polymer capsules
provided significant protection of its oil core content in a miscible solvent

environment than the polymer shell.

The silver shell thickness was analysed based on the TEM micrographs of the
microtomed capsules, combined with ImageJ software. It was found that the
silver shell thickness increased with the increase of the input ratio of silver salt to
the capsule surface area, i.e. the more silver salt in the plating bath, the greater the
silver shell thickness. However, it is notable that the thickness of the silver
coating did not increase significantly when the silver to capsule surface area was

greater than 20.74 mg/um? (AgNOs3 concentration is 0.5 mmol/L).

It was also found that silver shell thickness increases when the Au NPs adsorption

density increases. However, the silver shell thickness grows slowly when the Au
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NPs adsorption density exceeds 146.1 mg/m? and stops growing when the Au

NPs adsorption density exceeds 292.2 mg/m?.

The mechanical strength of the capsules was analysed using the
micromanipulation technique. The nominal rupture stress of the single
microcapsules was calculated based on the compression force and capsule surface
deformation at the rupture point of a single microcapsule measured. Average
nominal rupture stress was obtained based on five single capsules with a similar
diameter. The main factors that influenced the microcapsules' mechanical
strength were investigated, including capsule diameter, polymer shell thickness,

and silver shell thickness.

The nominal rupture stress decreases with the increase of capsule size in both
PMMA and silver shell microcapsules. PMMA shell capsules require greater
force to rupture than silver shell capsules. This is related to the different stress-
strain behaviour of PMMA shell and silver shell microcapsules, as it was
observed that the deformation that occurred at the rupture point of the PMMA
shell capsules was more significant than the silver shell capsules. The capsules
mechanical strength increases with the shell thickness in all the PMMA and silver

shell capsules regardless of the diameter.
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Chpater 7 Conclusions and future work

7.1 Conclusion

Silver shell microcapsules containing volatile fragrance oil as core content were
prepared in this study. A three-step method was developed for the fabrication of
such microcapsules, i.e. step 1: synthesis of polymer shell oil core microcapsules;
step 2: synthesis of electrostatically stabilised negatively charged Au NPs, and the
adsorption of Au NPs to the polymer capsules as the catalyst for the following
reaction; step 3: a continuous layer of silver coating was applied on the polymer

capsule surface via electroless plating method.

The morphology of the polymer microcapsules was predicted by studying the
interfacial tensions between oil, polymer and aqueous phases based on Torza and
Mason (1970)’s theory. The morphology was confirmed via SEM and FIBSEM.
All the synthesised polymer capsules were in a core-shell structure except those
with PMMA shell hexadecane core. The influence of the core/shell ratio on oil
core retention and polymer shell thickness was studied. The retention and release
of the oil core were studied via GC technique, and polymer shell thickness was
obtained via theoretical calculation and confirmed via FIBSEM cross-section
measurement. It was found that at a core/shell ratio of 1:1.1, the resulting
microcapsules showed the biggest dimension, thinnest shell thickness, and the

least loss of the core content.

Electrostatic stabilised negative charged Au NPs were synthesised and adsorbed
to the polymer capsule surface to create a catalytic site for following on silver

reduction reaction. The Au NPs were adsorbed to the polymer surface via
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electrostatic, and the adsorption density was influenced by the amount of the
cationic surfactant in the capsules suspension. It was found that the adsorption
density was also affected by the Au NPs concentration. The Au NPs adsorbed on
the polymer surface saturated when the input ratio of Au NPs to the polymer

surface was 29.23mg/m”.

AgNO3 aqueous solution was reduced by formaldehyde (HCHO) and formed a
layer of silver shell on the polymer capsules surface. Full retention of the oil core
was achieved when a continuous layer of silver was formed. Silver shell thickness
increased with the input ratio of silver salt to the capsule surface area but stopped

increasing when the silver to capsule surface area was greater than 20.74 mg/um?.

The mechanical strength of the capsules was studied using the micromanipulation
technique. The nominal rupture stress decreases with capsule size in both PMMA
and silver shell microcapsules. The capsules mechanical strength increases with
the shell thickness in all the PMMA and silver shell capsules regardless of the

diameter.

7.2 Future work

Due to the time constraints, it is not possible to give an experimental prediction of
the controlled-release of the silver-coated PEMA capsules at this stage. Further
study could be focused on generating a prediction system from the data sets of the
controlled release of the capsules based on mechanical strength, shell thickness

and relevant factors.
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This work could be extended to other metal pairings (such as Ag NPs catalyst and
Cu coating, Ni NPs catalyst and Ag coating, etc.) to study the influence of the

metal type on mechanical strength and release properties.
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