Synthesis, modelling and characterisation of

gold nanoparticle colloidal crystals

A Thesis presented for the degree of
Doctor of Philosophy
by
Nadine Harris

B.E. Eng. (Elec.) (Hons.): University of Technolo@ydney

Institute for Nanoscale Technology
Faculty of Engineering

University of Technology, Sydney

December 2008



Certificate of Originality

| certify that the work in this thesis has not poesly been submitted for a degree
nor has it been submitted as part of requiremeamta tlegree except as fully acknowledged

within the text.

| also certify that the thesis has been writtenri®y Any help that | have received in
my research work and the preparation of the thiésedf has been acknowledged. In

addition, | certify that all information sourcesthiiterature used are indicated in the thesis.

Chapter 1 contains a literature review preparednlygelf. Chapter 2 describes the
theoretical concepts behind the work presentedhis thesis and while this theory is
described in many textbooks and journal articldsade presented it here in order to relate
the most salient theoretical concepts approprateyt research. Chapters 3 — 6 detail work
done by me under the supervision of Associate BsofeMike Ford and Professor Michael
Cortie along with advice from other colleagues. @reeption should be noted. The work
using the software package COMSOL in section 4.5 wantributed by Dr Matthew

Arnold. Chapter 7 contains my concluding remarks suggestions for future work.

Nadine Harris




Acknowledgements

Firstly, 1 would like to thank my supervisor Assat@ Professor Mike Ford whose
guidance, infinite levels of patience, enthusiasd Emitless availability were paramount
to this work and my development as a researches.khow Mike both professionally and
socially during the time it has taken me to conglety PhD. During this time he has
taught me how to follow the scientific method, thest way to negotiate a jump on my
mountain bike, although | never did get it quitghti and finally how to climb Aunty Jack.

I would also like to thank my co-supervisor Protesslichael Cortie for many discussions
and support. | am indebted to all of my peers at Wmiversity of Technology, Sydney
(UTS) in particular Dr Andrew McDonagh for his maice in supplementing my
knowledge of chemistry, Dr Chris Poulton for his theamatical guidance, Ms Katie
McBean for her help with Scanning Electron Micrgsg@nd Dr Matthew Arnold for all
things optical. Fellow PhD students, both past amesent, who have helped me during my
PhD include Dr Benjamin Soulé de Bas, Dr RainertHdk Dakrong Pissuwan, Mr Burak
Cankurtaran, Mr Nicholas Stokes, Mr Michael (Bobju@s, and of course Mr Marty
Blaber, who is exceedingly generous and has taonghtmany things during my PhD. In
particular, how to program and write scripts whindve saved me a considerable amount of

time.

This PhD would not have been possible without thearfcial support of the
Australian Research Council (ARC) and the ample maing time provided by the
Australian Partnership for Advanced Computing (APAdDd the Australian Centre for
Advanced Computing and Communications (AC3).

| have been fortunate enough to have been suppbytetany researchers external to

UTS and | would like to thank Dr Asa Jamting, DruBe Warrington and Mr Malcolm



Lawn from the National Measurement Institute (NNMi)Lindfield for allowing me to use
their particle sizer and laser. Also, thanks toféssor Paul Mulvaney from the University
of Melbourne for his advice in both experimentatl aareer matters and Professor Julian

Gale from Curtin University for his help with GULP.

Finally, | would like thank my husband Gary andtas point | am lost for words to
express how grateful | am for his unparalleled supphile | have been working on my

PhD. He will know what | mean when | simply sayhéers mate!”



cContents

Certificate of OrigiNAlITY .....ccveceeieceee e re e nreenaenns [
ACKNOWIEAGEMENTS......cceeiceeece e e bt e e e sreen e e e e nraenes i
S o T 01U =TSSP Vii
LISt Of TADIES ... Xiv
GlOSSArY Of ACIONYIMS. .....eiiieieeiesieesteete e este e e s e see e e s seestesseesseeseaseesseesesseesseenseenenssennees XV
ADSIFACE ... e Xvii
Lo INEFOTUCTION Lottt e e sn e n e e ene e 1
1.1. Overview and MOLIVALION ...........ooiiicmmmm it e e 1
1.2, LITErature FEVIEW ........cciiiiiiiiiieiimmmmmre et e e et e e e e e re e e e s e s 3
1.2.1. Progress in the field of plasmoniCS ....ccceeuvviiiiiiiiiiiieeee,
1.2.2. NANOSPNEIES ... i 5
1.2.3. NANOSHEIIS ... 9
1.2.4. NANOIOUS ..coceiiiiiiiiiiie et e e e e e 12
1.2.5. Dimers and one-dimensional chains of narimpes.......................... 15
1.2.6. Gold nanopatrticle colloidal crystals.............cceiiiiiiniiiiiiiiiiiiieiiiis
2 LI 1o U SPRRRRTRN 22
P2 S /[T I =0 ) YU T 23
2.1, SPRNEIES e 23



2.1.2. Coated spheres or ShellS..........oooiiiiiiiiiiiiii e 28

2.2, GANS TREOIY ..ttt e e e e e e e e e e e eeee e e e eeees 30
P20t S | 1101 0] o £ 30
2.3. Discrete Dipole Approximation (DDA).......eeeereeeeemuumniininnaneeeeeaeaaeeenens 32
A 1 1 1= L1 OO PP PP T PPPPPPP 37
2.4.1. Calculation of the cluster extinction Cres&{ion, Gut....coevvvvrevvnnnenn. 42
2.4.2. Calculation of the cluster scattering CressHON, Geaeevveeveeerrereeeeennn 43
Gold nanoparticle colloidal Crystals.........ooeiviiiiieerieeie e 45
3.1. Synthesis of three-dimensional gold nanogartiolloidal crystals................ 46
311, MEENOOS ...t 46
3.1.2. RESURS ..o 48
3.1.3.  DISCUSSION ...eviiiiieiiiiiie it e et e s e e e 58
3.2.  Modelling of three-dimensional gold nanopdetstructures .............cccoeeen.... 62
3.2 1. MEENOUS... ..t 62
3.2.2. ResuUlts and diSCUSSION .............vmemmmmmmrreeeeeessainneeeeeesssnrreeeeeenans 66
3.3, CONCIUSIONS ...ttt e e e e 77
Plasmonic excitation in a chain of nanospheres...........cccoooveniinieneeseceeee, 78
4.1, MEENOTUS. ...t e e e e e e 79
4.2. ReSUILS aNd JISCUSSION .....uuvieiiiiiiieaeeeae e e e e e e e e ee e e e e 81
4.2.1. Chain of single spherical gold partiCleS m.......ccvceiiiiiiiiiieeeeieeee, 81

4.2.2. Chain of dimers of silver nanoSphereS. . ...occvevvveiciciiiiiniinnennnn.. 92

R T O] o [od [1 ] 0] o 13 PP 99
Optimisation of plasmonic heating in gold nanoshells...........c.ccoooiiniiiinnenns 101
5.1, MEENOAS ... ..ttt 102



5.1.1. Calculation of absorption efficiency andtifeac...............cccccenne. 102

5.1.2. Relationship of heat flux to shell tempem@tu.................ccceeveeennne. 104
5.2. Results and diSCUSSION .........ccoiiiimmmeeece e et e e e 107
5.2.1. Optimum shell geometry to produce maximunfese heat flux..... 107
5.2.2. Heat transfer by radiation...........oooeeiiiiiiiii e 11
5.2.3. Heat transfer by CONVECHION .........ocoommmmuiiiiiiiiiee e 112
5.3, CONCIUSIONS .....coiiiiiieeiiitee ittt e e e enn s 114
6. Tuneable plasmon absor ption in gold nanoparticles: shellsversusrods.......... 116
6.1, MELNOUS... ..ttt 117
B.1.1.  SRNeIIS oo 117
6.1.2. ROUS ..evtiiiiiiiiiiiiiie et ———— 117
6.2, RESUILS ...oeieiiie e 119
6.2. 1. SNeIIS ..o 119
6.2.2. ROUS ...ttt 122
6.3, DISCUSSION ...ttt 126
6.4, CONCIUSIONS ......oiiiiiieeiiiiee ittt ee e e enn e es 127
7. Conclusions and future dir €CHIONS..........cueereeieeiiererese e 128
Appendix A: Publication REPOIT .........ooeeiiiieieeceee et 132
Al Peer reviewed journal artiCles........cooo e 132
A.2 Peer reviewed full conference papers. ... vceese e 133
A.3 Oral PreSENtalioNS. ......cieecieeeereeie e e e e e re e sreesre e e e sreenes 133
A4 POSLEr PreESENTALIONS......oiueiieeii ettt s sre e 133
=] o] ToTe =T o] o /AP 134

Vi



List of Figures

Figure 1.1. Schematic illustration of gold nanostwes investigated in this thesis (a)

nanosphere, (b) nanoshell, (c) nanorod, (d) difegrchain and (f) colloidal crystal. ......... 5

Figure 1.2. Schematic illustration of the productad a dipole plasmon resonance in a gold

QEoTaT0E] o] 41T = PSSR 6

Figure 2.1. Plasmon peak position shift with inereg radii for gold and potassium

5] 0] 1T (=SSP 28

Figure 2.2. A hemispherically-capped rod represkhtean array of dipoles in a cubic
= Lo =SSP 33

Figure 2.3. Extinction efficiency calculations uginoth DDSCAT and the T-matrix
technique for a dimer of 12 nm diameter sphericéd garticles with an inter-particle
spacing of 1 nm. The DDSCAT calculations were penfed with increasing numbers of
(0 [0 0] 125 o LR PP PPUPUPPRPPR 37

Figure 3.1. A three-dimensional micron-sized calédicrystal synthesised from 15 nm

diameter spherical gold NANOPAItICIES. ......cceemmmiiiiiiiiiiii e 45

Figure 3.2. Schematic diagram of the experimerials A 514 nm Argon ion laser
irradiates a gold nanoparticle in MMA colloid. Ar¥Xstage was used to translate the

(Y0 ] 0 1] 1 7= | (TP 48

Figure 3.3. Oleylamine-protected gold nanoparticiesged with an accelerating voltage of

20 kV and a working distance of 3 mm (main image) 2 mm (insert image)................. 48

Figure 3.4. (a) Measured absorbance spectrum @fdlitenanoparticle in toluene colloid

before particle precipitation obtained with a ml240 Shimadzu UV-visible-NIR

vii



spectrophotometer and calculat®d . of a 10.4 nm diameter gold nanoparticle in tokien

(b) Histograms indicating the size distributiontloé gold nanoparticle in toluene colloid

before particle PreCipItatioN. ............. ettt e e e e e e e e e e e e e e e e eeeeeeeeeeee 49

Figure 3.5. (a) Measured absorbance spectrum af dfrdried gold nanoparticles re-
suspended in 10 ml of MMA obtained with a mini-128iimadzu UV-visible-NIR

spectrophotometer and calculat®g,, of a 10.4 nm diameter gold nanoparticle in MMA.

(b) Histograms indicating the size distributiontloé gold nanoparticle in MMA colloid.. 50

Figure 3.6. Gold nanopatrticle structures (suprags)en MMA imaged with an
accelerating voltage of 20 kV and a working diseaE3 mm. ...........ccccceeeiiiiiiiienne, 50.

Figure 3.7. Images of laser-induced colloidal algtieposited on a glass microscope slide
(a) array of dots, (b) circled dot in (a) magnifigg7x and (c) same dot magnified 3098x.
All images were taken in low-vacuum mode with acederating voltage of either 20 kV or
30 kV and a working distance of 10.4 mm. All samsphere imaged on the glass
microscope slide and remained UNCOALEM. ....oooeeeiiiiiiiiiiiiee e 51

Figure 3.8. Colloidal crystals imaged with an aecating voltage of 2 kV and a working

(o [EY r= T [ol= T o | P2 1 1] 0 (AP RPR 52

Figure 3.9. EDS of one of the crescent-shapedtdattares shown in figure 3.7(a). EDS
performed with a FEI XL30 ESEM operating in low-uacn mode with an accelerating
AV L0] 1 ¢= Vo [T 0 | 45T 1Y U 53

Figure 3.10. UV-visible absorbance spectrum ofdtimem x 0.5 mm array obtained with a
Cary 5E UV-visible-NIR spectrophotometer using aiplmicroscope slide for baseline
correction. Insert shows the measured absorbamotram of 4 mg of dried gold
nanoparticles re-suspended in 10 ml of MMA fromufg 3.5(8). ......cevvvvvmrrmniiiiiiniiiieieee, 54

Figure 3.11. Molecular structure of (a) MMA, (b) thng isobutyrate and (c) ethyl acetate.

.................................................................................................................................... 55
Figure 3.12. (a) Measured absorbance comparisevebatoriginal toluene colloid and
particles re-suspended in toluene obtained withree1240 Shimadzu UV-visible-NIR
spectrophotometer. (b) DLS size distribution oftigters re-suspended in toluene. ........... 55

viii



Figure 3.13. SEM images of (a) dried gold particeesuspended in toluene on a silicon
wafer and (b) dried gold particles re-suspendddlirene after laser irradiation on glass.
Both samples were imaged with an accelerating geltd 20.0 kV and a working distance
(0] 022 01 o R PP PPPPPPRPPPPPPPP 56

Figure 3.14. Images of gold nanopatrticles in MMAl@d (a) on a glass slide after 20
minutes in an oven at 1%0 and (b) heated to 80 for 40 minutes. Both figures were
imaged (a) in low-vacuum mode with an acceleratioitage of 20 kV, a working distance
of 5 mm (b) in high-vacuum mode with an accelegtinltage of 2 kV and a working

distance of 2 mm. Specimens Were UNCOALEM. cccaauuueuruuiiiiieieeeeeiieeeeeeeeiiiiiiieeees 57

Figure 3.15. Images of gold nanoparticles in MMAl@d after (a) fast evaporation on
glass and (b) slow evaporation on silicon. Bothgesawere taken in high-vacuum mode
with (a) an accelerating voltage of 2 kV and a vimgkdistance of 2mm and (b) an

accelerating voltage of 20 kV with a working distarof 2 mm.................iiiiiieennnns 51.

Figure 3.16. Schematic diagram of suprasphere ficomafter re-suspension of
nanoparticles in MMA and the formation of crystaitsm supraspheres upon laser

gz To [F=1 1 o] o TR PTRT 58

Figure 3.17. Number of orders of spherical harmenggjuired for convergence of the T-
matrix calculations for a dimer of 15 nm diameteldgparticles with varying inter-particle
spacings. The wavevector was perpendicular toitherdaxis for both parallel and

perpendicular POIAriSAtIONS. .............uuuummmmmmre e e e e e eeeee e e e e e e eee e e e e e e e e eeeeeaeeeenes 65

Figure 3.18. Schematic diagram of hexagonally-sti&geC colloidal crystal composed of
96, 15 nm diameter, gold nanopatrticles with a reareighbour spacing of 0.75 nm....... 66

Figure 3.19. Optical response of a hexagonally-st&CC colloidal crystal structure

composed of 96 spherical particles of 15 nm diameith a nearest-neighbour spacing of

Figure 3.20. Schematic illustration of a 100, 15diameter, particle (a) spherically-shaped

colloidal crystal and a (b) disordered suprasphere.........ccccoooeeeiiiiiiiii e, 68

Figure 3.21. Radial Distribution Function (RDF)tb& ordered (spherically-shaped

colloidal crystal) and the disordered suprasphere...........ccccvvvvvieeiiiiicciciee e, 68

iX



Figure 3.22. Optical response of 100, 15 nm diampteticle ordered spherically-shaped
colloidal crystal and the disordered suprasphere feearest-neighbour spacing of 0.75 nm.

Figure 3.23. Schematic illustration of (a) SC,BQC and (c) FCC structures made from

15 nm diameter spherical gold partiCles. ... 70

Figure 3.24. Optical response of a SC structurepos®d of 8, 15 nm diameter, spherical
gold particles for nearest-neighbour spacings 9f@.75, 1.0, 1.5 and 2.0 nm.................. 70

Figure 3.25. Optical response of a BCC structurepmsed of 9, 15 nm diameter, spherical
gold particles for nearest-neighbour spacings Bf0.75, 1.0, 1.5 and 2.0 nm.................. 71

Figure 3.26. Optical response of a FCC structurepmsed of 14, 15 nm diameter,
spherical gold particles for nearest-neighbour swgcof 0.5, 0.75, 1.0, 1.5 and 2.0 nm.. 71

Figure 3.27. Schematic illustration of (a) order@d,disordered and (c) more disordered 15

nm diameter nanoparticle Single FCC StrUCTUMN .cvevvveiriiiiiiiai e eeeeeeeeeeeeeeeeee 73

Figure 3.28. RDF of (a) ordered, (b) disordered @)adnore disordered 15 nm diameter
particle SiNgIe FCC StIUCTUIE. ... ... cceeeeee et er e e e e e e e e e e e e e e e eees 73

Figure 3.29. Optical response of (a) ordered, #®rdered and (c) more disordered 15 nm

diameter nanoparticle single FCC structure witlearast-neighbour spacing of 0.75 nm. 74

Figure 3.30. Schematic illustration of chains 9f$& (160 particles), (b) BCC (150
particles) and (c) FCC (162 particles) structu@mpgosed of 15 nm diameter spherical

particles with a nearest-neighbour spacing of QUM5...............ccccceeiiiiiiiie e eeeees 75

Figure 3.31. Optical response of a chain of silgfle BCC and FCC structures composed

of 15 nm diameter spherical gold particles witheanest-neighbour spacing of 0.75 nm.. 76

Figure 4.1. Extinction efficiencyQ.,, for a 150 particle chain with varying inter-pelei

ext
gaps with the wavevector perpendicular to the chais for (a) longitudinal polarisation
and (b) transverse POolariSAtION. .........oiiuueeeii e 81

Figure 4.2. Graph of the ratio of the fractionahkahift ratio versus the ratio of inter-
particle gap to diameter for a 150 particle ch@ime dotted line is an exponential fit to the

calculated points. Insert shows the correspondatgral log plot. .............covviiiiiiinnnn. a3

X



Figure 4.3. Data of figure 4.1(a) fitted to a powsaw dependence (dotted line). Insert
shows the corresponding natural log-natural lod. plQ...........ooooviiiiiiii 85

Figure 4.4. Extinction efficiency normalised pertgde for (a) longitudinal polarisation

and (b) transverse polarisation with a 0.5 nm #peaticle spacing. ........ccccoeeeeveeeeeee. 85

Figure 4.5. Fractional peak shift ratio for inciegdength chains with different inter-
PANTICIE SPACINGS. .eieiiiiiiiititi e eeeee e e e e e e e e e e et e ettt ettt b s e e e e e e e eaaaaaeeaeaeaeaeeeeeeeessnnnnns 86

Figure 4.6. Natural log of fractional peak shiftioarersus the inverse of the number of

(o] F= 11 T o= 4 o o £SO 88

Figure 4.7. Extinction efficiencyQ,,. per particle for a 0.5 nm inter-particle gap with

ext

varying chain lengths and (a) longitudinal polatisa (b) transverse polarisation. .......... 89

Figure 4.8. Correlation diagram of plasmon peaktmoscalculated using the T-matrix
technique and eqUALION 4.4...........uuuiie e 90

Figure 4.9. Extinction efficiencyQ.,, for varying diameter particles for a 150 particle

ext
chain with (a) an inter-particle spacing of 350 and transverse polarisation, (b) 200 nm

gap and end-0N POIArISALION. .........ovviiiieeeee e e e 91

Figure 4.10. Schematic illustrations of a chain posed of 100 nm diameter silver
spherical particles with (a) single particles angddimers aligned perpendicular and (c)
dimers aligned parallel to the chain axiS. ..o e 93

Figure 4.11. Extinction efficiency of a chain ofgie silver 100 nm particles with varying

inter-particle spacings with ‘end-on’ polarisation..............cccovvvvvviiiiiiiiiiiee e ceceeee e 93

Figure 4.12. Extinction efficiency of a single dintg 100 nm diameter spherical silver
particles with an inter-particle spacing of 3 nnthwthe wavevector (a) perpendicular and
(b) parallel to the dIMEr @XIS. .........uuuunmn e e e e e e e e e ee e e e e e e e eeeeeeeeee 94

Figure 4.13. Extinction efficiency of a chain ofwdrs, with the dimer axis oriented
perpendicularly to the chain axis, for transverskasation for (a) constant inter-particle

gap of 3 nm and (b) constant inter-particle gapGii NM............cccooeeeiiiiiiiii e e 95

Xi



Figure 4.14. Extinction efficiency of a chain ohwrs, with the dimer axis oriented
perpendicularly to the chain axis, for longitudipalarisation for (a) constant inter-particle

gap of 3 nm and (b) constant inter-particle gapGff NM................cooeeviieiiiiiiiiinn e 96

Figure 4.15. Extinction efficiency of chain of pbeadimers for (a) constant inter-particle

gap of 3 nm and (b) constant inter-dimer gap of A0 .............ccooiiiiiiiiiiiiiii e 98

Figure 4.16. Efficiency response from a chain appadicular dimers with an inter-dimer

spacing of 160 nm and an inter-particle spacing i for transverséo), longitudinal

(gj and 45’ (gj [T0] F= T 1T 1o ] o 1SS Q9

Figure 5.1. Absorption efficiencyQ .. and scattering efficiency.., for 80 nm and 400

abs sca

NM Spheres (ASPECt ratio = 0). .....cceieeiiimmmmemmreeierare e e e e e e e e e e e e eeeeeeeeeeenee s 107

Figure 5.2. Peak absorption efficienci€y, as a function of shell diameter for fixed

aspect ratios and associated surface heat flux wieghated with a laser....................... 108

Figure 5.3. Variation of surface heat flux vershslsdiameter for fixed aspect ratios when
irradiated With SUNIIGNT. ... e 109

Figure 5.4. Absorption efficiencies for a 50 nmrdeter shell with varying aspect ratios.

.................................................................................................................................. 110
Figure 5.5. Calculated shell temperature aftediaton by sunlight in vacuum............. 111
Figure 5.6. Calculated shell temperature aftediaton by laser in vacuum. ................. 112

Figure 5.7. Calculated shell temperature afterighhlrradiation while immersed in water.

Figure 5.8. Calculated shell temperature afterlasgdiation while immersed in water. 113

Figure 6.1. Shell absorption efficiencies for irasi|g aspect ratios. Note that in this figure
any peak heights for a shell b£~32nm are likely to be considerably overestimateael i

damping of the plasmon resonance in very thin shell...........cccooiiee s 119

Xil



Figure 6.2. Absorption efficiency and cross-sectsra function of shell radius calculated
using BHCOAT. Shells were modelled as a gold skih a water core with dimensions

ranging froma =0 nm,b =23.67 nmtoa =50 nm,b =51.71 nM.....coovrrrrccciennnnennn. 120

Figure 6.3. Scattering efficiency and cross-secti®ma function of shell radius calculated
01 [T T =T [ R 122

Figure 6.4. Longitudinal absorption efficiencies &orod with an increasing aspect ratio.

Figure 6.5. Absorption efficiency and cross-sectisra function of rod length calculated
using DDSCAT. Rods were modelled as gold hemisphlyicapped rods in water with
dimensions ranging frorh =61 nm,d =38 nmtol =118 nm,d =25 nm................. 124

Figure 6.6. Scattering efficiency and cross-secti®m function of rod length calculated
USING DD S C AT . ittt e e e e e e e e e et e et e et bbb e e e e e e e e e e eaaeas 124

Xiii



List of Tables

Table 2.1. Description of the different mathemadtieahniques employed to calculate the

optical response of varying geometry partiCles..............oouvvviiiiiiiiiiie e, 22

Xiv



Glossary of Acronyms

BCC Body Centred Cubic

CMR Clausius Mossotti Relation

CTAB Cetyltrimethylammonium Bromide
DDA Discrete Dipole Approximation
DLS Dynamic Light Scattering

EDS Energy Dispersive Spectroscopy
ESEM Environmental Scanning Electron Microscope
FCC Face Centred Cubic

GULP General Utility Lattice Program
HCP Hexagonal Close-Packed

HHDT 16-Hydroxy-1-Hexadecanethiol
ITO Indium-doped Tin Oxide

LBL Layer By Layer

LDR Lattice Dispersion Relation

MD Molecular Dynamics

MEA Mercaptoethyl Alcohol

MMA Methyl Methacrylate

MSA Mercaptosuccinic Acid

MUOH 11-Mercapto-1-Undecanol
MUTEG 1-Mercaptoundecyl Tetra(Ethylene Glycol)
NAG N-Acetylglutathion

NIR Near-Infrared

NNLS Non Negative Least Squares Fit

XV



PBCGST
PIM
pMA
PML
PMMA
SAXS
SC
SCLDR
SEM
SERS
TEM
T-matrix
uv

Preconditioned BiConjugate Gradient Stadiibs
Parallel Iterative Methods

p-marcaptoaniline

Perfectly Matched Layer

Polymerised Methyl Methacrylate

Small Angle X-ray Scattering

Simple Cubic

Surface Corrected Lattice Dispersion Relation
Scanning Electron Microscope

Surface Enhanced Raman Scattering
Transmission Electron Microscope

Transition matrix

Ultraviolet

XVi



Abstract

Three-dimensional, micron-sized colloidal crystatsmprised of gold nanospheres
have been synthesised directly from a gold nanmperhethyl methacrylate (MMA)
colloid by application of a 514 nm laser at 480 mAM. array of colloidal crystals can be
created by translation of the glass substrate utiteedaser beam, after two minutes of
irradiation at each site. Control experiments aaltwations show that plasmon-induced
localised heating of the gold nanoparticles conteb to the rapid formation of colloidal

crystals.

The effects of particle order and disorder on thecal response of three-dimensional
structures containing 15 nm diameter gold nanogshare investigated using the T-matrix
technique. Calculations were performed on strustwantaining up to 163 particles. The
ordered structures produce an additional extingtiesk that is not present in the disordered
structures. The position of this additional peaketas upon the inter-particle spacing. In
the disordered structure this peak is thereforesimjsbecause the inter-particle spacing is

not well-defined.

The optical response of a simplified array of a-dimeensional chain of 15 nm
diameter gold nanospheres in the regime where ¢hae-frelds of the particles are coupled
Is investigated using the T-matrix technique. Clattons are performed with chains up to
150 particles in length and with an inter-partisigacing between 0.5 and 30 nm. For
wavevectors perpendicular to the chain axis andgjifodinal polarisation the extinction
peak red-shifts as the inter-particle spacing asiced. The magnitude of the peak-shift is
inversely proportional to the inter-particle spagia result that is consistent with the Van

der Waals attraction between two spheres at slaorjer For a fixed particle gap the

XVii



extinction peak tends towards an asymptotic valith wcreasing chain length, with the
asymptotic value determined by the inter-partiglacing.

A nanoshell geometry that produces maximum absworpificiency is investigated
using a formulation of Mie theory. The calculatadface heat flux under sunlight (800
W/m?) and laser (50 kW/f irradiation is used to determine the temperatoiethe
nanoshell using a convective heat transfer mod#l.ifFadiation by sunlight, the resultant
heat flux is optimised for an 80 nm diameter naetishith an aspect ratio of 0.8, while for
irradiation by laser the maximum heat flux is fouimd 50 nm nanoshells, but with an

aspect ratio of 0.9.

A direct comparison between the absorption efficies of geometrically varying
nanoshells and nanorods is performed using a fatioul of Mie theory and the Discrete
Dipole Approximation (DDA) technique, respectivelshe absorption efficiency produced

by nanorods far exceeds that produced by nanodbeklsconstant volume of gold.
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