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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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Chapter 1

1. Introduction

1.1. Overview and motivation

This thesis describes the synthesis and modellihgtheee-dimensional gold
nanoparticle colloidal crystals. These structuragehunique optical properties due to the
collective behaviour of the assembled nanopartiliéisin the array. Potential applications
of these structures include photonic crystaland active substrates for Surface-Enhanced
Raman Scattering (SERZY?

Initially it would seem appropriate to describe tpeogression of the field of
plasmonics from individual gold nanospheres throtagtollective arrays of nanospheres in
colloidal crystals. Therefore Chapter 1 containgexature review presenting the optical
properties and common synthesis techniques of péieoss, nanoshells, nanorods, dimers,

chains and colloidal crystals.

Chapter 2 is a theoretical section describing tlahematical basis underlying the
computational techniques used to model these atest These include Mie theory, Gans
theory, the Discrete Dipole Approximation (DDA) atieé T-matrix technique.

The results chapters presented in this thesis awnlbioth experimental and
computational research. The experimental comporieatised on synthesising gold
nanoparticle colloidal crystals while computatioalalysis focused on investigating the



optical response of both individual and arrays oldghanoparticles. The results chapters
are presented in the following order.

Chapter 3 describes a facile technique that wasldped to synthesise three-
dimensional colloidal crystals from gold nanospbkeg exploiting the localised heating
effects of laser irradiation. This work has beerblghed in a paper entitled L &ser-
induced assembly of gold nanoparticles into colloidal crystals’ by Nadine Harris, Mike J.
Ford, Michael B. Cortie and Andrew M. McDonaghNanotechnology, 2007,18, 365301.
Also presented in this chapter is computational lymma of three-dimensional gold
nanoparticle structures with the express purposexainining the effect of order and
disorder on their optical response. The T-matrchieque was used for these calculations
and led to interesting and unexpected results.réteroto further elucidate the physical
phenomenon associated with the optical responsthaede structures a much simpler
structure of a chain of gold nanospheres was cereid These results constitute the bulk
of the contribution to this thesis and are repome@hapter 4.

Specifically, Chapter 4 uses the T-matrix technitumvestigate the optical response
of ordered chains containing up to 150 particlegyolid nanospheres with small inter-
particle gaps with the aim of investigating theeetfof long-range order in the near-field
regime. These results have been published in ar payiled, ‘Plasmonic resonances of
closely-coupled gold nanosphere chains’ by Nadine Harris, Matthew D. Arnold, Martin G.
Blaber and Mike J. Ford in thégournal of Physical Chemistry C, 2009,113, 2784. This
work was also extended to a long chain of silvenasphere dimers in an attempt to

combine near-field and diffractive effects in otisture.

The effect of the rapid formation of colloidal ctgts from laser irradiation due to
localised plasmonic heating was examined in Chept&lanoshells and nanorods have the
ability to exploit these localised heating effe€ss more efficiently than nanospheres.
Therefore, Chapter 5 reports the use of an impl¢atien of Mie theory to calculate the
nanoshell geometry that provides optimum absorpgifficiency in order to calculate the
maximum nanoshell temperature under sunlight aedrlaradiation. These results have

been published in a paper entitletptalized plasmonic heating of gold nanospheres and



nanoshells’ by Nadine Harris, Mike J. Ford and Michael B. @erin the Journal of
Physical Chemistry B, 2006,110, 10701

In Chapter 6 the DDA technique and an implemematibMie theory were used to
calculate and compare the absorption spectra afroee and nanoshells, respectively, with
the aim of determining the geometry that provides best absorption efficiency for a
constant volume of gold. These results have beebligned as a paper entitled,
“Nanoparticles. The case for gold rods and shells’ by Nadine Harris, Mike J. Ford, Paul
Mulvaney and Michael B. Cortie i@old Bulletin, 2008 41, 5.

Finally, Chapter 7 details a summary of the wor&spnted in this thesis along with

suggestions for future research and concluding resna

1.2. Literature review

1.2.1. Progress in the field of plasmonics

Gold nanoparticles of varying geometries have dted considerable research
interest owing to their unique optical propertiBanospheres with diameters in the size
range of about 10 to 100 nm have large absorptimssesections that surpass their
geometric cross-sections. This is possible dudn¢oproduction of a plasmon resonance,
whereby the conduction electrons of the nanospaergolarised into a resonant condition

from the electric field of the incident ligt**

Techniques for preparing gold nanospheres have keaw since Roman tim&s *°
and have since been modified to enable almost mepeded production of either citrate

or organically stabilised nanosphetés?

Nanospheres with diameters smaller than about Sumffier from plasmon damping
and the magnitude of the absorption efficiencyaduced because the diameter of the
particle is considerably less than the mean freta p& bulk gold** For particles with
diameters less than about 2 nm the plasmon diseppeatirely’ and scattering

mechanisms dominate for particles larger than ab@atnm.



The ability to tune the position of the plasmonoremce peak to a desired
wavelength is somewhat limited for gold nanosphevigs diameters between 10 and 100
nm because the plasmon resonance position is @asido be size independéhtWhen
the diameter is increased beyond 100 nm, scattéegms to dominate, the peak red-shifts
and broadens within the spectrum, and suffers teaddantage on no longer providing
efficient absorption.

Aden and Kerket presented a way in which this limitation coulddvercome when
they provided a solution to the problem of the teratg of a plane wave from a sphere with
a concentric shell, known as a core-shell partiotenanoshell. For the case of a dielectric
core with a metallic shell, such as gold or sily@asmon resonances associated with the
core and shell are produced, then interact or Hige#ff and shift the position of the
plasmon resonance into the infrared part of thetspe. The aspect ratio, which is the
ratio of the inner core to the outer shell diametsstermines the extent to which the
plasmon peak resonance is shifted. Thinner shellwige greater hybridisation and

therefore a greater peak position shift when coegé thicker shells.

An alternative method for achieving the same emsdthé use of gold nanoroffs.
These particles have two absorption peaks correlspgrio excitation of the longitudinal
and transverse plasmon. While the transverse plagemains at more or less the same
position as a sphere of the same diameter, thetlmhigal plasmon red-shifts as the aspect
ratio, the ratio of the length to the width, of thenorod increasés.

It is now well established that the optical resgooasan individual gold nanopatrticle
can be tuned by changing the dielectric of theaaurding medium but more dramatically
by changing the nanoparticle geometry itéelThis has prompted great interest in the
synthesis and study of not only nanosk&ftdand nanorod®* but a wide variety of other
geometries such as, stafs’ octahedrd®*°decahedré! crescent§** rattles?® triangled”

% and ricé" *?to name a few, where the main aim is to creataréicle geometry that
provides a very controlled, highly absorbing plasmesonance at the desired wavelength.
For this reason, applications have been proposscettploit this strong absorption such as
thermal therapy of selectively targeted c&fl2®in vivo drug delivery systems’™° and

energy efficient window coating8.



Dimers, chains and arrays of nanospheres, sucbllaglal crystals, present a further
method for controlling the position or shape of flasmon resonané&?® The optical
response of these structures can be considerdukimegar- and far-field regimes. In the
near-field regime the inter-particle spacing betwedbe nanospheres is quite small,
normally less than about 50 nm, and there is censiile overlap between the particle
near-fields forcing the plasmon resonance to &hidt the infrared part of the spectrum. In
the far-field regime the inter-particle spacingjiste large, comparable to the wavelength
of the incident light, and no interaction can bersbetween the near-fields of the particles.

Under these conditions diffractive effects startidoninate.

Schematic illustrations of the geometries considieénethis thesis are shown in figure
1.1

Figure 1.1. Schematic illustration of gold nanostructures stigated in this thesi§a)

nanosphergp) nanoshell(c) nanorod(d) dimer,(e) chain andf) colloidal crystal.

1.2.2. Nanospheres

Gold spherical nanoparticles, which are smallenttiee wavelength of the incident
light, are capable of producing brilliant red pigmegion and have been used since Roman

times as a means of decorating glass windows asskis such as, the Lycurgus ¢bf*
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® The cup is on display in the British Museum in Hon and contains a 14:1 molar ratio
of silver and gold nanoparticles of about 70 nmdiameter® The presence of these
particles is responsible for the interesting optjmaperties of the cup. When viewed in
transmission the cup appears red, in contrast wiemed with reflected light, it appears

opaque green.

Despite the successful synthesis of nanoparticlesngl Roman times little was
known about the physical process responsible ferrdéd colouration until 1857 when
Michael Faradal/ hypothesised that gold was present in a dividedestHis ensuing
synthesis of colloids ranging in colour from redaimethyst led to the discovery that the
variation of particle size gives rise to a variefyresulting colours. However, he had no

way of measuring the size of the particies.

In 1908 Gustav Mi& solved Maxwell's equation? to calculate the extinction
efficiency of an arbitrary sized spherical particldis is known as Mie theory and will be
described in greater detail in Chapter 2. The us#lie theory explained that the red
colouration of gold nanospheres is due to theititgbio absorb more light than their
geometric cross-section will allow. This intensetigte absorption is due to the production
of a dipole plasmon resonance. A schematic illtistnaof dipole plasmon resonance

production is shown in figure 1%.

E-field Gold nanoparticle

&
4

e” cloud

Figure 1.2. Schematic illustration of the production of a dg@lasmon resonance in a

gold nanosphere.



When a gold nanoparticle, with a diameter of betwabout 10 and 100 nm, is
irradiated by light with a wavelength much greatean the particle diameter, the
conduction band free electrons ¢oud) are displaced relative to the fixed backgib of
immovable positive ions by the oscillating electiigld (E-field) of the incident light* ®
The é cloud will acquire momentum from the E-field andgecshoot the equilibrium
position where a restoring force arises from thel@umb attraction between the displaced
e cloud and the nuclei of positive ions. This resuit an oscillation of the” €loud known
as a dipole plasmon resonarte® The wavelength at which the plasmon resonance is
produced is longer if the electrons are less tyghtdund. For gold this occurs in the visible
part of the spectrum at about 520 fim.

The establishment of a dipole plasmon resonanc®tislependent upon size when
the particle diameter is much smaller than the vemgth of the incident light:
However, the magnitude and width of the plasmonrmrasce is reduced and broadened in
particles with diameters of less than about 5 nmh disappears completely for particles
with diameters less than about 2 fhiThis has been shown experimentally for gold

clusters®® 7

Both classical physics and quantum mechanical nsodae been used to describe
this phenomenon. The classical approach describ@sceease in the damping constant of
the Drude-free electron model from additional randmllisions by the electrons with the
particle surface causing incoherence in the plasmstillation. This phenomenon is

generally referred to as surface-scattefihy

The Drude-free electron model states that the {€dland imaginary(¢") parts of

the dielectric function aré

£ =1- “ 1.1
e _
. Wy
g=——r 1.2
W’ +y?)



where w, is the plasma frequency«,):sz, c is the speed of light in a vacuum, the

wavelength of incident light and/ the bulk damping constant, which is inversely

proportional to the electron-electron, electron4pdro and electron-defect scattering times
in the bulk materiaf

1 1 1
Vouk = + + 1.3

e-e Z-e— ph Z-e—d

An additional term, which accounts for electronface scattering is added to equation

(1.3) andy becomes a function of particle raditis* *°

Av,
V(i) = Vux +r_F 14

eff

where A is an empirically found constant, is the electron velocity at the Fermi surface
. . . . e 14 4a .
andrg is the effective mean free path of collisions. iig™* used g =? for a particle

with radiusa.

Kawabata and Kubd disagree with the classical physical approachtene reported
a quantum mechanical model that suggests the suofahe particle does not contribute to
electron scattering but does determine the eleotiganstates within the particle. They
suggest that damping of the plasmon resonancaigedaby the transfer of energy between

the individual eigenstates.

Despite the disagreement between classical andiuquamodels both models show
that size effects are apparent in small partidies tause modification of the bulk dielectric

function.

Particles with diameters larger than about 100 nennat efficient absorbers as they
scatter more light than they absorb because higtter modes begin to dominate and the
E-field from the incident light can no longer patar the particle homogeneously. This
results in a broadening and red shift of the plasmesonant peak positidh.Moreover,

changes in the electron denéftgnd refractive index of the particle as well & tfractive
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index of the surrounding medidthcontribute to altering the position and shape hef t

plasmon resonance peak.

Methods for preparing gold spherical nanopartiadloods have been known for
several decad&swith the type of colloid produced falling into omd two categories,
namely an aqueous or organic colloid. The basichear@sm behind particle production
involves reducing metal ions with an appropriatdugng agerf and then capping the

particles with a stabilising agent to prevent aggten.

Aqueous colloids are the least complex to syntkeaisd one of the most popular
technique® was developed by Turkevict al.” In this method the addition of sodium
citrate to a boiling solution of gold chloride (HB&WL) acts as a reducing agent and
nucleation of the gold atoms starts to occur. Tdlat®n first turns colourless, then dark
grey and eventually deep burgundy as the dissobadt starts to form gold spherical
nanoparticles. In this case the sodium citrate astdoth the reducing agent and the
stabilising agent through electrostatic interaction

One of the most popular techniques for producingoeganic gold colloid was
developed by Bruskt al.”* Here gold chloride (HAuG) was reduced by sodium
borohydride in the presence of an alkanethiol pcody 1-3 nm diameter thiol stabilised
particles. An advantage of organically stabilisedtiples is that they can be dried, which
allows for long storage times, and re-suspendedhiar organic solvents.

Over time these synthetic methods have been supplkewh with additional methods

for controlling the size and monodispersity of #perical nanoparticlég: > "

1.2.3. Nanoshells

During the 1950’s it was realised that core-shalaparticles could be used to tune
the position of the particle plasmon resonance peakthin shell of gold surrounding a
spherical dielectric core will have a plasmon resme associated with the outer and inner
surface of the shell. As the shell thickness igekesed the two plasmons will interact with
each other more strongly and hence shift in positedative to the position of a resonance
on the surface of sphere or one inside a sphesaaty. This effect has been described in



terms of hybridisation of the two plasmon resonanite analogy with hybridisation of
molecular orbitals seen in quantum chemiétrlearly, if the shell is made sufficiently
thick the cavity resonance is not excited by theident light and the nanoshell will
approximate a solid sphere. For thin shells, howahe plasmon absorption can be tuned
from the visible into the near infrared by varyitigg aspect ratio of the nanoshell alone,
that is by changing the relative thickness of thello the coré’

This ability to tune the magnitude and positiortteé plasmon resonance within the
spectra has been proven experimentally by sevesapg®’” ?® "®®#%n particular Oldenburg
et al.?” observed a plasmon blue shift from around 810 erarbund 710 nm as the gold
shell on a 120 nm diameter silica particle incrdasethickness from around 20 nm to 33

|'28

nm. Moreover Lianget al.”® saw a peak shift from 526 nm to 628 nm as theuaed the

gold shell thickness from 30 nm (solid sphere)rtmuad 10 nm, thereby increasing the size

of the hollow cavity core. Lit al.”

reacted HAuGCJ with silver particles and observed a
peak shift from 400 nm to 800 nm as the particitgadiameter increased and the shell

thickness decreased.

The observed peak shift is not unique to gold shellhe criterion for the
establishment of this geometry dependent phenomentire existence of a negative real
part of the dielectric constant of the shell metathin the visible regime, as will be
described in greater detail in Chapter 2. Consefyuéime peak absorption of nanoshells
made from a metal such as silver can also be twreéngineered. This has been
demonstrated by Chen and co-workBraho synthesised silver nanoshells with outer
diameters of 40 — 50 nm and inner diameters of 30 Am. They observed a resonant peak
at 395 nm for a 20 nm diameter solid silver pagticbwever, when these particles were

transformed into nanoshells the resonant peakhiétég to 506 nm.

Wet chemistry techniques are the most common metisedl to synthesise gold
nanoshells, with two of the most simple and elegaathods developed by Zhat al.®
and Liu et al.” Zhou reduced the surface of gold sulphide ;@unanoparticles with
sodium sulphide (N&) to produce a gold layer on the surface of thil gmlphide

particles. Liu produced 20 nm silver — gold, coreshell particles by reacting silver
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nanoparticles with chloroauric acid (HAu¥Iwhich led to the formation of gold shells

around the silver nanopatrticles.

Template-mediated methods, which employ layer-lygdaLBL) depositiorf> are
slightly more complicated than the methods of Zbbal. and Liuet al., however they are
more common because they provide greater contret the final shell morpholodf.
Oldenburget al.?’ produced silica — gold, core — shell particleshwdtameters of around
120 nm by functionalising the surface of silica oparticles with 3-
Aminopropyltriethoxysilane then partially cover tearface with 1 — 2 nm gold particles
that were covalently bound to the 3-Aminopropytliexysilane. Then the silica particles,
with the partial gold covering, behave as nucleasdes for the reduction of chloroauric
acid (HAuClL) and potassium carbonate ,(BO3) by a solution of sodium borohydride
(NaBH,), resulting in an increased coverage of gold plagi on the surface of the silica
particles. This technique has been modified foygigtene, as opposed to silica cores, by
Shi et al.®® In their preparation aminoethanethiol was used dimker molecule on the
surface of carboxylate-terminated polystyrene canesn which gold nanoparticles were
adsorbed. Compared to the methods described by &labuand Liuet al. these techniques
produce much larger diameter shells of several rethdanometers because of the initial
diameter of the silica or polystyrene nanopartielaplate.

The use of solid cores in shell synthesis provideschanical rigidity, however
hollow core shelf§ are attractive because of their relatively lowsignwhen compared to

core-shell particles with equivalent dimensiéhs.

Sunet al.®° used a template engaged replacement reactiomduge gold shells with
hollow interiors. These shells were around 50 nndiemeter with a shell thickness of
around 4.5 nm. Liangt al.”® synthesised 60 nm diameter hollow gold shells sing
cobalt nanoparticles as sacrificial templates dradl shicknesses varied between 10 and 30
nm depending upon the sample preparation techniBastorizaet al.®* used LBL to
produce hollow metallodielectric nanoshells wherelaynorods were deposited onto 705
nm diameter polystyrene spheres followed by a sbpgocess, which produced a silica or
titania outer shell that allowed improved partictbustness and rigidity. Ammonia was

used to dissolve the polystyrene core template @matrol over shell thickness was
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achieved by controlling rod density. Varying thep@s ratio of the nanorods and their
density on the surface of the polystyrene corengdtboptical tuneability.

Dissolution of the core to produce hollow shellsriest common however, heat can
also be used to achieve the same result. Pretsal®’ irradiated silica-gold, core-shell
particles using a pulsed laser, which removed tieasore leaving water-gold, core-shell
particles.

The synthesis of gold nanoshells with hybrid cdeealso possible. Jt al.®” used
wet chemistry techniques to synthesise a gold stitl a super paramagnetic iron oxide —
silica core. Their aim was to combine the magnatid a NIR optical response of the shells
to enhance the efficacy of photothermal therapyibgcting the shells to tumours through
the application of an external magnetic field.

1.8 used ultrasonic

Other shell synthesis techniques have been dewkldpa et al
irradiation to coat polystyrene spheres with silvgold, palladium and platinum
nanocrystals, producing shells of around 0.5 misréinally, electro less plating was used
by Suzuki et al.®® to produce 250 nm diameter shells. Within this hodt gold
nanoparticles were attached to thermo sensitiveidhygore-shell particles whereupon they

were treated with electro less gold plating.

1.2.4. Nanorods

The surface plasmon resonance of a nanorod spidgwo distinct modes known as
the ‘longitudinal’ and ‘transverse’ modes. Excitatiof the longitudinal mode results from
electron oscillation along the long nanorod axikjlevtransverse mode electrons oscillate
along the short axis of the nanord8&he longitudinal response, in particular, is Sevsi
to the aspect ratio, which is the ratio of the tengf the long axis to the short axis and as
the aspect ratio is increased the longitudinal rptas peak position red-shifts into the
infrared part of the spectrum. On the other hamdtthnsverse resonance blue-shifts as the
aspect ratio of the nanorod is increased to thentpaihere the resonance position

corresponds to that of a sphere with the same de&ras the nanorod.
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As with nanoshells the ability to tune the plasnpeak position of nanorods has also
been demonstrated experimentdfly®®’ For example Yuet al.’* saw a longitudinal
plasmon peak shift to wavelengths of 600, 710 affIr8n as the aspect ratio of their gold
rods was increased from 1.8 to 3.0 and then 5spexdively.

Murphy and co-workers demonstrated that the ro@csgtio depended on the size
and nature of the se®das well as the nature of the surfactdrivhen they varied the
C,TAB chain length during the seed-mediated growtbcess from n = 10, 12, 14 and 16
they increased the aspect ratio of the rods. Theolti§;oTAB resulted in solid gold spheres
with a surface plasmon at 528 nm. As n was incceake aspect ratio of the rods increased
and the transverse plasmon blue shifted slightlartmund 520 nm and the longitudinal
plasmon peak shifted from 820 nm (aspect rati® 62 with C;,TAB) to around 1800 —
2200 nm (aspect ratio df7+ With C4TAB) and then beyond 2200 nm f@8+ abkpect
ratio rods with GsTAB.%

Payne et al.>® observed multiple higher order plasmon resonarinesolloidal
suspensions of gold rods with fixed diameter (85 with varying lengths (96 nm, 641 nm,
735 nm and 1175 nm).

Wet chemistry techniques such as template, eldatrocal and seed-mediated
methods are used to synthesise nanorods. Marteveloped a template synthesis
technique whereby the desired rod material is mlebemically deposited into uniform
diameter, cylindrical pores of a nanoporous memdardio retrieve the individual rods the
membrane is selectively dissolved and the rodsispersed in a solution such as water or

an organic solverft Using this technique Cepak al.”

deposited gold into polycarbonate
filtration membranes producing rods of varying aspatio with diameters of 40 and 90
nm. More recently Paynet al.”® used the same technique to synthesise gold rotisani
average diameter of around 85 nm with varying aspatios by electrochemically
depositing gold into anodic aluminium oxide temefat This technique does have the

disadvantage of producing a low yiéftl.

Yu et al.** developed an electrochemical synthesis technicherevtwo 3 x 1 x 0.05
cm electrodes, one made of gold (anode) and ther otlade of palladium (cathode) were

immersed in an electrolytic solution containing aati@nic surfactant,
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cetyltrimethylammonium bromide (CTAB) and a roduwmthg cosurfactant,
tetraoctylammonium bromide (B8B). Synthesis occurs under ultrasonication and the
bulk gold metal is converted from the anode to poedgold rods at the cathode surface.
Using this method they produced gold rods with amansverse diameter of 10 nm with
aspect ratios of 2.6 and 7.6.

Janaet al 3!

use a seed-mediated growth technique to syntigesilsrods. A growth
solution containing chloroauric acid (HAugICTAB and ascorbic acid is prepared. Then a
seed solution of 3.5 nm gold patrticles is prepdngdombining chloroauric acid (HAug}l
and tri-sodium citrate (N&¢Hs0O;), after which time sodium borohydride (NaRHs
added. The ascorbic acid within the growth solui®itoo weak to reduce the chloroauric
acid (HAuCl) in the presence of the CTAB, however the additbrthe seed solution to
the growth solution causes very fast reductionhef ¢hloroauric acid (HAuG) and the
growth of rods. Wuet al.”® report that replacement of the capping agent ef gbld
particles in the seed solution with CTAB as opposedri-sodium citrate (N&sHs05)
increases the yield of nanorods, with an averageasatio of 19, to over 90 %. Moreover,

production of by-products such as triangular naaigsl is reduced.

When using the seed-mediated method, the mechasfisod growth is uncled?®
Nevertheless the ability to control nanorod aspatod, monodispersity and yield have been
demonstrated by many groups to be greatly influernethe size and stability of the seed
along with the nature and concentration of the asuahnt> For example Gaat al.**
showed that as the chain length of th@&AB was increased, the aspect ratio of the rods

also increased and Jaeaal.3!

showed that using a three step seed-mediated esyath
process produces larger aspect ratio rd@s( aspct ratio) than those produced by a one

step seed-mediated procegks(x asbect ratio).

Size control after nanorod growth is also possifiieRecently Tsunget al.'®* and
Kou et al.!® demonstrated anisotropic shortening and transvewszgrowth of gold
nanorods through oxidati® with H,O or the addition of cysteine to the nanorod sohuti
Cysteine carries a thiol group at one end and amoggl-amino zwitterionic group at the
other end®® as such, the cysteine can bind preferentiallh&éortanorods ends and induce

transverse overgrowth on the side of the nanorods.
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1.2.5. Dimers and one-dimensional chains of nanoparticles

The optical properties of dimers, chains and o#reays can be thought of, at least to
a certain degree of approximation, in two regintea-field where the inter-particle gaps
are large and there is little overlap between thar4fields of the particles. Diffractive type
effects can be seen in this regime when the iraelighe gaps are similar to the wavelength
of the incident light and the individual particleave significant scattering cross-sectibhs.
104-106pecently Zou and SchatZ showed that very large and narrow resonancesiquosit
in the infrared part of the spectrum and giant eckenents in the electromagnetic fields
can be produced by large chains of 100 nm dianshegr nanospheres with very large

inter-particle gaps for polarisation perpendicutathe chain axis.

In the near-field regime the inter-particle gapsigficiently small so that the near-
fields of the particles are coupled. The plasm@omance in this regime can be tuned deep
into the infrared by decreasing the inter-partigég and very strong enhancement of the

electric field between the particles can be achiéte

A significant amount of research has focused onedst¥f **° while studies on long
chains (> than 50 particles) have generally focusadtheir potential applications as
substrates for biological sensors that utilise SERE®> **"or propagation studies for their
potential use as waveguid&s *?in both cases with inter-particle gaps close tdaoger
than the wavelength of the incident light. Quingerd Kreibid?® have performed T-matrix
calculations in the near-contact regime on chamd @ether arrangements containing 30
silver particles, however their calculations coes@dl the dipole and quadrupole

contributions only.

An exact expression for the effective permittivity cubic lattices of spheres has
been derived by McKenzie and McPhedfarbased upon the Rayleigh treatment. The
authors demonstrate that many orders are requiredproduce the correct divergence of
the permittivity as the conducting spheres appraamitact. A multiple-scattering method
has been applied to clusters containing up to éikeninium nanospheres by Garcia de
Abajo?? and a review of light scattering by two-dimensioperiodic arrays of particles
and holes has been given by the same adffddore recently, Sainidou and Garcia de

Abajo have demonstrated a planar metamaterial laitie effective permittivity composed
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of an array of nearly touching particfé.In this work the authors show that these
nanoparticle based metamaterials are capable pbstipg localised plasmonic modes.

The dimer is an interesting and comparatively saldied probleni™ °% > The
dipole resonance shifts to longer and longer wangthes as the spheres approach each
other and higher order modes continue to appeahaitter wavelengths. The point of
contact is a singularity. As shown recently by Roonet al.®? when the contact point is
reached an additional mode is possible where chergeansferred between the two
spheres. In practice, other effects such as eledtmonelling or necking between the two
particles may dominate in the near contact regievertheless, the predicted shift in the
resonance with decreasing particle gap has beesumezhexperimentally between gold
spheres by Rechbergeiral .2 and between gold nanoshells by Lassited.'?°

It has been proposed that the strong distance-deper of the resonance wavelength
enables dimers to be used as “plasmon ruf€fs*?” 2%or measuring distance in objects
such as cells. Jagt al. 1°” have recently reported a universal scaling behanfir the shift
in the resonance of particle dimers and have deri®m optical measurements and
calculations, a universal plasmon ruler equatiothdgraphical techniques were used to
synthesise nanodisc pairs with varying inter-pletgaps. For polarisation parallel to the
dimer axis the fractional plasmon wavelength shifis observed to decay exponentially
with increasing inter-particle gap, with a decapgth of 0.2 in units of particle size.
Furthermore, the authors found that this decay temmsapplies to nanoparticles with

different sizes or shapes, or particles made frdfardnt materials.

Wet chemistry techniques are commonly employedytthesise one-dimensional
chains from gold nanoparticles, where the aim ipromluce highly anisotropic chains with
controlled inter-particle spacings. Synthesisingsthstructures in solution is advantageous
as it is relatively fast, when compared with litheghical techniques, and minimises
unwanted binding of nanoparticles to the substrdté/arner and Hutchisdff used DNA
as a scaffold for the assembly of extended one-a$ineal chains. Gold nanospheres, with
an average diameter of about 2 nm, were functisedliwith a cationic head group in the

ligand shell, which enabled the self-assembly @& ttanospheres onto the negatively
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charged phosphate backbone of the DNA scaffolds Phoduced one-dimensional chains
of up to 1 micron in length with an average intartjrle spacing of about 1.4 nm.

Larger chains of 13 nm diameter gold particles wéhgths ranging from 1 — 5
microns, containing of 80 — 380 particles, havenbemorted by Liret al.**° In this case
self-assembly of the particles is triggered by exaing the citrate ions adsorbed on the
surface of the gold nanopatrticle with the ditopiolecule, mercaptoethyl alcohol (MEA).
The replacement of the negatively charged citrates iwith neutral MEA molecules
reduces the electrostatic repulsion between the gahoparticles and allows the formation

of chain assemblies.

Control over both chain length and inter-partigld@ng is essential and the former
has been reported by Liabal.**' where chains were formed in ethanol due to eletitiz
interaction and coagulation of citrate stabilis€dnin diameter gold particles. Only single
particles were present for low particle concentrati of 5 mg/ml, however average chain
lengths of 26 particles could be produced with emtiations of 40 mg/ml. Moreover,

coagulation of the particles meant that there vamter-particle spacing within the chains.

Control over inter-particle separation has been afetrated by Sardeet al.'*?
Asymmetrically functionalised gold nanospheres wdihmeters of 10 and 30 nm were
synthesised and used as building blocks to prodbheins of 14-18 particles by using a
polymer template. Inter-particle spacing could batmlled by changing the length of the
ligands. For example, inter-particle spacings odudl2.7 nm were reported for the 11-
mercapto-1-undecanol (MUOH) ligand, whereas wheloryer ligand, 16-hydroxy-1-
hexadecanethiol (HHDT) is used, inter-particle spgéncreases to about 3.3 nm. Inter-
particle spacing was further increased to about B when 1-mercaptoundecyl
tetra(ethylene glycol) (MUTEG) was used.

407 108 and short

Lithography is also a common synthesis technique dioner
chains'® It has the advantage of allowing precise contnéroparticle size and inter-
particle separation however, synthesis time isiBggmtly slower than with wet chemistry
techniques. It is for this reason that this techaigs generally reserved for producing

structures that can be compared directly with @picoperty calculations using DDX: 1%
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or T-matrix*® methods in order to gain a better understandintp@ffundamental physics
associated with dimers and chains.

1.2.6. Gold nanoparticle colloidal crystals

Gold nanoparticle colloidal crystals are long-rangaered superlattict¥ assembled
from gold nanoparticles. These structures exhibibptical response that combines both
the size-dependent properties of the individuatiglas as well as the collective properties
from the interactions between thém.This enables the optical response of a colloidal
crystal to be tuned to a particular wavelength agying the particle size, shape and inter-

particle spacing.

Currently one of the most active areas of researebstigates the use of colloidal
crystals as optically active substrates for SERS® **" Upon optical excitation, SERS
enhances the Raman scattering cross-section foecues adsorbed onto the particle
surfaces. This is due to the large enhancemenhetfetectric field at the surface of the
particle, which can be achieved when the interiglarspacing is in the near-field regime.
These areas are known as ‘hot spots’ and have taitenbiological application$*® Wang
et a.®® have demonstrated this SERS effect by synthesisimgerlattices of gold
nanoparticles of 50 nm diameter with inter-partgpacings of less than 10 nm. The SERS
substrates were formed by allowing a colloidal debpof CTAB-stabilised gold
nanoparticles to dry on an Indium-doped Tin Oxid&)) glass substrate. This allowed the
formation of a Hexagonally Close-Packed (HCP) mayet of gold nanoparticle arrays.
Qualitative evaluation of the SERS substrate’sqgrarince was possible through the use of

a non-resonant molecule, p-marcaptoaniline (pMAnpkEical enhancement factors above

1x10° were observed with 785 nm excitation. Moreoveg, pIMA monolayer can serve as

potential cross-linking agents for the attachmér8®RS-based recognition moleculés.

Considerable effort is currently focused on syntieg colloidal crystals of gold
nanoparticles and for larger two- and three-dimemali crystal structures templatiig®

141 and self-assembly 244146

techniques have been reported as successful rdotes
synthesis. The aim is to produce ordered supexattivhereby the properties of the lattice

can be controlled through variation of the partisiee and by the chemical nature of the
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ligands used to join the particles. Control ovesentwo parameters allows the formation of
highly regular structures with long-range order gediodicity.'*’ Recently Cheret al.**®
demonstrated precise control over the inter-partispacing in two-dimensional gold
nanoparticle superlattices through variation of te&bilising ligand chain length.
Alkanethiolate-stabilised gold nanoparticles weeH-assembled into highly ordered two-
dimensional structures and the inter-particle sppevas controlled with alkyl chains with
lengths ranging between £ (1-dodecanethiolate), ;& (1-tetradecanethiolate), 16 (1-
hexadecanethiolate) to;4(1-octadecanethiolate). Control over the dewettargperature
of the solvent allowed the formation of HCP sup#idas with a single domain extending
over 1 mmi when using the  chain. The inter-particle spacingwas found to be linearly
dependent on the length (nm) of the alkyl chainshgihat! = 083+ 0.122n wheren is

the number of carbon atoms in the chain. Moreoweer-particle-spacing-dependent red-
shifts of the plasmon resonance were confirmedliff@erent chain lengths.

Colloidal crystals have also been shown to forniguestially using particles with no

stabilising agent. In a facile approach Filal.*’

synthesised naked gold particles with
diameters between 3 and 5 nm, which preferentialiyn two-dimensional superlattices
upon evaporation. A phase-transfer reagent of quatg ammonium bromide salt
(RyN'Br) is adsorbed onto the particles during synthesisiing surface ion pairs, which

| 147

provides particle stabilisation. Firet al propose that the formation of the superlattices

is due to the presence of ionic dipoles on the galdicles.

Three-dimensional colloidal crystals have also bgeoduced by many groups.
Indeed Yaoet al.'*® have produced structures containing five-fold syetrnthrough the
use of N-acetylglutathion (NAG) protected gold paes. The use of NAG as a capping
agent allows the formation of the superlatticesodlgh hydrogen bonding between
carboxylic acid molecules. These hydrophilic p#escform colloidal crystals at an
air/water interface through the addition of concatetd hydrochloric acid. Pentagonal rod,
decahedron and icosahedron structures were formsieg this technique. Using a similar
technique Nishidaet al."*° have prepared fluorescent micron-sized three-dsineal
colloidal crystals from hydrophilic gold nanopakéis of 3 nm diameter functionalised with
a fluorescein label. The synthesis of fluorescexl gnanoparticle colloidal crystals is also
important for biological applications. The colloidaystals form at an air/water interface
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under highly acidic conditions. The particles fosaperlattices through hydrogen bonding
of the mercaptosuccinic acid (MSA)-protected gdadtiples.

Nykypanchuket al.*** and Parket al.®> use DNA-functionalised gold nanoparticles
to synthesise colloidal crystal structures. Petrlal.'> synthesised FCC and BCC crystal
structures through the functionalisation of 15 niantketer gold nanoparticles with DNA.
The gold nanoparticle-DNA conjugates could be asdedninto different crystal structures
(FCC or BCC) by changing the sequence of the DMRdIis.

Recently Zhenget al.*** developed a very simple technique to synthesisgrom
sized three dimensional gold nanoparticle colloidaistals. Dodecanethiol-capped gold
nanoparticles of approximately 6 nm in diameterenmepared and a carbon-coated copper
Transmission Electron Microscope (TEM) grid waspdig into the solution and allowed to
dry over two hours. Two-dimensional long-range oedesuperlattices were formed using
this approach. To make larger three-dimensionaloidal crystals the TEM grid was
immersed in the colloid, sealed and cooled for tags, whereupon tens-of-microns sized
colloidal crystals were produced with FCC structarel a lattice constant of 11.3 nm.
Zhenget al.**® report that crystallisation is achieved througlolom of the colloid or by

diffusing a polar solvent into the mixture.

In a very simple method Compton and Osterloliorm colloidal crystals using a
two-step nucleation process whereby disordered gaftbparticle aggregates are initially
formed followed by the ordering process, whichriweh by a lowering of the free energy
associated with the structure. The gold nanopartaggregate clusters were made by
adding dodecanethiol to a solution of oleylamirebsised nanoparticles in chloroform.
The dodecanethiol displaces the amine and initiaggsegation because the length of the
thiol is shorter than that of the amine and is sisible in chloroform. Klajret al.*>> ¢
have extended this technique to allow light-induassembly of gold nanoparticle colloidal
crystals. Dithiol ligands were attached to the atef of the gold nanoparticles and
photoisomerisation of these ligands allowed ligidticed self-assembly of the aggregate
clusters into three-dimensional micron-sized cdibi crystals and vice versa. The

application or removal of UV irradiation had thdeet of either increasing or decreasing
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the nanoparticle binding energies sufficiently tibow the formation of crystals or

aggregate clusters.
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Chapter 2

2. Theory

This chapter is dedicated to the description of rtethematical basis behind the
different techniques used to calculate the optalperties of geometrically varying
nanoparticles and structures. Invariably the chofceechnique is determined by the shape
of the nanoparticle with spherically symmetricattigdes such as spheres, coated spheres
(shells) and small ellipsoids allowing analyticaligions while numerical techniques, often
based on the DDA, are employed for those partitias are not spherically symmetrical
such as hemispherically capped rods. Within thissigh both analytical and numerical

techniques have been employed and table 1 nametedhriques used for the varying

particle geometries.

Nanoparticle Geometry Mathematical Technique

Spheres Mie theof§, analytical solution

Coated spheres or shells Mie thé8rgnalytical solution

Small ellipsoids (prolate spheroids) Gans theorsf, analytical solution

Hemispherically capped rods DDA (DDSCAT) numerical solutior

Chains or clusters of spheres T-matfix*>? analytical solution

Table 2.1. Description of the different mathematical techngeenployed to calculate the

optical response of varying geometry particles.
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Section 2.1 and 2.2 will describe the mathematizdis of Mie and Gans theory,
respectively. Section 2.3 will focus on the DDSCAdttware package that was used to
implement the DDA technique when modelling hemisadly capped rods. Finally, the
T-matrix technique for fixed and orientationallyeasged radiation will be discussed in

section 2.4.

2.1. Mie Theory

In 1908 Gustav Mi¥ described an analytical solution to Maxwell’s etiprgs for the
scattering of electromagnetic radiation from a hgem®ous sphere of arbitrary radius and
refractive index. This solution has become widehown as Mie theory and has been
further modified to allow calculation of scatterifrgm other particles such as shells, small

ellipses and infinite cylinders.

2.1.1. Spheres

The mathematical basis of Mie theory for a spherm$ an integral part of the shell
solution and the T-matrix formalism. The aim iscelculate the amount of light scattered
and absorbed by a homogeneous, isotropic spheradais a from an incident plane

polarised wave which is written in spherical cooades aS

E, =Ee“e& 2.1

1 (6]

where E, is the amplitude of the incident wavie,is the wavenumberk :ZTHN with N

the refractive indeXn + ik) of the background medium, which is assumed todrestant

and non-absorbing,A is the wavelength ance depends upon the spherical polar

coordinatesr, and ¢ such that
e=sindcospe, +cosdcospe, —singe, 2.2
Expanding the incident plane wave, equation 2.Ygittor spherical harmonics givés
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where M and N are the vector spherical harmonias,and o indicate even and odd

polarisation,—n<1<n and n is the number of multipole orders. Whene=1, 2,3 ...

correspond to the dipole, quadrupole and octumsles, respectively.

As the incident field has been expanded as anitefiseries of vector spherical

harmonics, equation 2.3, the same can be done tectittered field as per
Es :zEn(ianNgln _bnM?JIn) 24
=1

where E, can be defined by

= _iI"Ej@n+])

n 2.5
n(n+1)

The incident wave excites partial oscillations lué free electrons within the sphere.
These partial oscillations and their associatedddieare commonly described as the

scattering coefficients, andb, of the spheré® Wherea_ describes the amplitude of the

magnetic oscillations ankl, describes the amplitude of the electric oscilladisuch that

a = My, (MX), (X) = ¢, (XY, (MX) 2.6
" my, (MX)EL(X) — & (s (M)

L Wa(mO, () — my, (9, ()
", (M0& (9 ~ mE, (0w (M)

2.7

27Na and m :%

: : N, . : :
where X is the size parameteg = ka = :Wl with N, is the refractive

index of the particle.

Equations 2.6 and 2.7 can be solved by using therder Ricatti-Bessel functions,

w.(p) andé (p)
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¢.(p)=A,(p) 2.8

&,(p) = p(0) 2.9

with the prime indicating the derivative with respeo the argument angt’ (o) and &.(p)

satisfy the recurrence relations

W.(0) =na(p) - ¥nlP) 2.10
£(0) = €4 (0) —@ 211

where p is eithermx or x and it is assumed that the magnetic permeabilithe sphere,

M, and the surrounding mediurg, is equal to 1. The standard Bessel functions eleged

to the spherical Bessel functions by

jn(p)=|2=3 (o) 212

yn(p)=1/2—7; ~a(p) 2.13

Once the scattering coefficients, and b, are known it is possible to calculate

measurable quantities associated with extinctiod acattering from a sphere. These

include particle scatterin@... and extinctionC_,, cross-sections, which can be calculated

sca ext

using?
C.., :i—’fi(zn +1)(a’ + [, 2.14
n=1
C,. = i—’f S (@n+)Refa, +b} 2.15
n=1
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The absorption cross-section is definedag =C,,, - C

sca’

Generally the calculated cross-sections are nosexlio the cross-sectional area such
that Q:%. These quantities are known as efficiencies amey firovide an effective
7B

parameter against which different sized particlas e compared. If, for example a

calculated efficiency such &, . is greater than 1, the amount of light absorbgdhie

abs

particle is larger than the particle geometricalssrsection presented to the incident light.

Noble metal spherical particles have the abilityatssorb light strongly at visible
wavelengths. The conditions required for such gfraimsorption can be easily understood if
we examine the particle within the quasi-staticimeyg That is where the patrticle is
considered to be small enough when compared tomthdent wavelength, witla<<A, so
as to enable the incident field within and surrdngdhe particle to be treated as static. In
this regime phase retardation and contributionsaflogher order modes are neglected and
equation 2.15 can be simplified to contain onlydile mode and becontés

2
_ 24ra’sd & 216

o =5 [ +2¢, ] + &

where the dielectric constant of the sphere, &' +i&" and €, is the dielectric constant of

the surrounding medium, which is assumed to betaohand non-absorbing.

Equation 2.16 shows that the resonance peak positaxcurs when
[ +2¢,]" +£"=0. So providinge” is small resonance occurs wheh= - 2¢,_. This

happens in the visible regime for gold spheresaicuum. Equation 2.16 considers only the
dipole approximation and therefore the resonancak pgosition, for all metals, is
considered to be independent of particle size. iBhisie for metals such as gold and silver,

however not quite correct for a metal such as potas™

A correction term has been derived from Mie thethngt describes the shift in the
resonance as a function of particle size and digteftnctiorf®
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-12\4ma’s?
£':—2£m[ ;Zj 7 = 2.17

Equation 2.17 was derived by expandipgand y, as a power series and retaining

several terms. If the derivative of equation 24 7aken and the constants removed then an
expression is obtained which describes the plasrasonance shift with particle size and

the gradient of the dielectric functin

A - _ _
A 55'_/' 2.18
oA

Equation 2.18 shows that the magnitude of the pdasosition for a given radius is

inversely proportional to the gradient of the realt of the dielectric function around

£==-2¢,.

For gold the gradient of the dielectric functiah=-2¢_ is quite steep (-6&m™)

and as such the plasmon peak position does ndtgieiitly, only 8 nm, as the patrticle

radius is increased from 20 to 40 AMNhereas the dielectric function of a metal such as
potassium has a very flat gradient around —2¢ . (-10um™) and as such the plasmon

peak position shifts a total of 33 nm as the plrtiadius is increased from 20 to 40 nm as

shown in figure 2.%°

Therefore, the minimal shift in the plasmon pealsiffon with increasing particle
radius for gold spheres is coincidental and notabse the quasi-static regime is

appropriate in this size regime.

However, all of the work described within this tiseis based on either gold or silver
particles and the applicability of the quasi-staggime, fortuitous though it may be, is
nevertheless a convenient way to describe the mmatieal formalism underlying plasmon
resonance production for several different shametiges and will continue to be used in

the following sections for shells and ellipsoids.
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Figure 2.1. Plasmon peak position shift with increasing rddii gold and potassium

spheres.

2.1.2. Coated spheres or shells

The solution to the scattering problem for a spheth a concentric spherical shell,
henceforth to be referred to as a shell, was firsposed by Aden and Kerker.The
mathematical basis of which is the same as theestgg from a sphere, however in this

case the scattering coefficieres and b, depend upon the constituent refractive indices of
the core and shell.

Therefore if the same plane polarised plane wawecrideed by equation 2.3 is
incident on the shell of inner radius and outer radius kand the scattered field is

described by equation 2.4 thep andb, can be calculated usitig

o = Lo (M) = A X (MY)] ~ Mgy (NIW, (M) = A Yo (M, Y)] 219
" & W (myy) = A X (my)] - mE (W, (myy) = A x, (M,y)] '
_ My, (YL (M) = B (M y)] = ¢ (DY, (My) = By, (Myy)]

mé, (V[¢, (myy) - B x, (my)] - & (MY, (my) - B x,(m,y)]

2.20

n
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where x = ka, y=Kkb with m, and m, are the refractive indices of the core and coating
relative to the surrounding medium and the RicBassel functiony,(z )is - zy,(z) and
X.(2) is the derivative with respect to the argument. wes the case with the sphere

MU= = U, =1, wherey, is the shell permeability aft

_ ma (s (mx) = g (my s, (my)
A= (X, (mx) = e (my b, (m ) 221

B = my, (mlx)‘//; (mz X) -my, (mz X)‘/Jr: (mlx)
m, X, (mz X)‘»Un (mlx) - my, (mlx))(n (mz X)

2.22

n

In a similar vein to the problem of scattering framsphere once, and b, are
known equations 2.14 and 2.15 can be used to eddctie scattering and extinction cross-

sections of the shell, respectively.

Section 2.1.1 described the impressive ability gifeses to absorb light strongly in
the visible regime. As described within Chapterh& attractiveness of shells lies in the
ability to tune their plasmonic response into thieared regime by varying the shell aspect
ratio. To demonstrate mathematically how this ikiemed it is once again necessary to

consider the shell within the quasi-static regime.

In this regime the extinction cross-section camdleulated frort
C.. =kim(a) 2.23

whereIm(a )is the complex polarisability of the particle.

The polarisability of a small shell can be desatibg™®

a = 47b° (‘92 B gm)(‘gl + 2‘92) + f (51 B ‘92)(‘9m + 2‘92) 224
(52 + ng)(gl + 252) + f (252 - ng)(gl - 52)

where g, &,, &, are the dielectric functions of the inner coreteowore and surrounding

medium, respectively and is the fraction of the total particle volume ocagpby the
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3
core, that isf :(Ej . The exact position of the maximum absorption pestkin the

spectrum is determined by the dielectric functiohthe shell and surrounding medium.

Equation 2.24 shows that the plasmon peak posiioonrs when
(&, +2e,)(&, +26,) + T (26, —2¢,)(&, —&,) =0 2.25

If it is assumed that the dielectric function oé teurrounding medium is unity, it is

possible to write a simple expression for the rasge condition

51:_252[ gL-f)+ 2+ 1)
£,(2f +1) +2(- f)

From equation 2.26 it can be seen that the magmiaudi position of the plasmon
peak within the spectra can be varied by simplyyingr the aspect ratio and/or the
dielectric constant of the core, shell and/or tmeainding medium.

2.2. Gans Theory

2.2.1. Ellipsoids

Section 2.1.2 demonstrated the optically activauneabf shells. Rods provide an
alternative to shells for achieving a tuneable mlas response. Unfortunately, however
there is no general analytical solution which déss the optical properties of rods.
Nevertheless it is common to consider rods assaligs (prolate spheroids) and then model

their optical properties using Gans thetty.

The possibilities of ellipsoidal nanoparticles wérst recognized by Gafsin 1912
when he provided an analytical solution for the alepsation factor for ellipsoids of
arbitrary aspect ratio. His theory predicted tHe surface plasmon will split into two

modes (longitudinal and transverse) as the aspgotaf the ellipsoid is increased, with the
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longitudinal plasmon mode red-shifting significgnthnd the transverse plasmon blue-
shifting slightly.

Synthesised rods are more like hemispherically-edppgght cylinders, or dumbbell
shaped* and it has been recently found that the end-cangey has significant effects
on the calculated position of the surface plasmaden® '®In section 2.3 DDA will be
described as this technique was used to model fiieab properties of rods with
hemispherically-capped, right cylinder geometridsvertheless, the origins of the mode
splitting and dependence on aspect ratio may berstabd by consideration of the Gans

model, which will be described in the quasi-statigime.

The polarisability of an ellipsoid can be descrilbgtf

E — €&
, = 4rebc S 2.27
v 3, + 3'—1,2,3(51 - gm)

a

X

where a is the length of the longitudinal axis abdand c correspond to the length of the

shorter axesg,, &, are the dielectric functions of the spheroid andainding medium,
respectively and_,,, are the geometrical factors. For the ellipsoid nehe is the longer

axis, b=c, L, =L, and the applied electric field is parallel to thexis, equation 2.27

becomes
‘91 - ‘gm

a, =4mbc
T e, v 3l -8 #28

As was the case with the optical response of tlisstihe excitation of the plasmon

mode follows by setting the denominator of equaidiB equal to zero
3¢, +3L,(s,—-€,)=0 2.29

This condition is met when

_ 1
& =&, 1_f 2.30



wherel, is

1-¢° 1, 1+e
L, = -1+ —In=—— 2.31
S ( 2e 1—ej

where € is the eccentricity of the ellipse, which is désed by e® =1- (g)z. The ellipse

polarisability is, once again, directly relatedite extinction cross sectio@,,, by equation

ext

2.23.

From equation 2.30 it can be seen that the magmiaudi position of the plasmon
peak within the spectra can be varied by simplyyingr the aspect ratio and/or the

dielectric constant of the ellipsoid and/or thereaunding medium.

2.3. Discrete Dipole Approximation (DDA)

While analytical solutions for the optical propegiof metal spheres, shells and small
ellipsoids are available, there is no generallyliapple analytical solution for arbitrary-
shaped nanoparticles such as hemispherically-capmdand it is therefore necessary to

resort to numerical calculations based on the DEA%®

DDA was first developed in 1973 by Purcell and Bgacket®’ as a numerical
technique to calculate the absorption and scatjeoh electromagnetic radiation from
arbitrary shaped targets. This technique is redftipopular based largely on its ease of use
and free availability in software packages sucPBSCAT >’

The DDA technique represents the target by an asfaf dipoles within a cubic
grid as shown in figure 2.1. It then calculates plodarisability, o, of each dipole based
upon the dipole dielectric properties and positwithin the targetr,. After the dipole

polarisabilities have been calculated it is thessiae to calculate the target absorption

C.,. and scatteringC,, cross-sections as detailed befw* 16817

sca
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Figure 2.2. A hemispherically-capped rod represented by aayaof dipoles in a cubic

lattice.

If the index i =1,.....N represents each dipole within a cubic lattice thlea

instantaneous dipole mome, is®

P=a.E 2.32

i i*=loc,i

where a, is the dipole polarisability tensor and the elecfield E ; is the sum of the

incident electric fieldg,., , and the radiated electric fiel&;,; from the surrounding

dip,i

N -1 dipoles®

Eioei = Einc(ri o T Edp, 2.33

loc,i
with

E =g~ 2.34

inc(r; ,t)

where E; is the amplitude of the electric field is the wavenumber; is the position

vector, & is the angular frequency ands time.

Equation 2.35 represents the contribution to tleédemt electric field made by the

radiated electric field from dipol®, at positionr; within the 3N x 3N matrix A, **®
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Edpi = z AP 235

D EIoc,i = Eoei(kri - Z Ai 'Pi 236

j#I

Each element4, is defined by the equation for an electric fieldm a radiating or

oscillating dipol&® *°®

ikr;

AP =—3{k2rij x(ry xP) +

ij

(1—ikr )

ij

[r’P = 3r, (1. P)]} 2.37

wherei # j.

Substituting equation 2.36 into 2.32 and simplifyto find E gives a set o8N

inc(r; t)

linear equation'$®

A 2.38

j#i

mc(r t)

Q |:U

DDSCAT version 6.1 developed by Draine and FlaYawas used for the entire set
of nanorod calculations presented in Chapter 6. Famllel Iterative Methods (PINFY
package within DDSCAT uses iteration of the Predioted BiConjugate Gradient with
Stabilisation (PBCGST) algorithm to solve equati88 for P. Once P is known C_,

and C__, can be calculated from equations 2%3thd 2.46%, respectively.

Inc

N - * * 2
= N Z‘I{Im[F’i.(ail) R]—§k3|Pi|2} 2.39
ark .
ex: . inci'Pi .
e PR ) 2.40
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In the first implementation of DDA the Clausius-Mogti-Relation (CMRY*® was
used to calculate the dipole polarisabilities bagpdn the complex part of the refractive

indexm such that

_3d(m? -1
acvr _4_7T o+ 2 2.41

where d is the inter-dipole spacing. This approach is exacthe quasi-static regime
however, it is not exact at finite wavelengths hmseaequation 2.41 does not consider

radiative reaction.

In 1993 Drainé®® introduced the Lattice-Dispersion-Relation (LDRhigh required
that the polarisability of dipoles on an infinitgtice give the same dispersion relation as a
continuum mediun® In the LDR approach, the radiative reaction cdioec occurs

naturally and the polarisability is given by

—_ aCMR

aLDR -
1+ (79 (b, + m'b, + mb,S)(kd)? - (g)i(kdf]

2.42

where b, =-1.8915316 b, =0.1648469 b, =-1.7700004 and S= Z(aj e)’ with a
j

and e the unit and polarisation vectors, respectivelyd ghe directions j =1, 2,3

corresponding to the dipole lattice axes.

Unfortunately however, the accuracy of the poldmig#ges calculated from equation
2.42 decrease for two reasons, both of which requorrections. The first correction must
be applied for finite wavelength errors, these ocbecausekd - 0is never true.
Secondly, local field effects must be correctedcdldield effects arise in the quasi-static
regime when a static electric field is applied too#lection of dipoles and each dipole will
have an induced polarisability, which will depembuo the applied field as well as the field
from all of the other induced dipoles. This meamt t@all dipoles will not have the same
effective polarisabilit”* The local field effect is amplified for fine dipollattice

discretisations and these are necessary when thgrary part of the refractive index is
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>2 as is the case for large aspect ratio rods whenptasmon peak position is in the

infrared regime.

In 2004 Collingé®® developed the Surface-Corrected-Lattice-DisperBetationship
(SCLDR) which is a modified version of the LDR whicaccounts for both finite
wavelengths and local field effects. Unfortunatelye SCLDR can only be applied to
targets with an analytical solution in the eledatis limit.!”* As such SCLDR could not be

used for the hemispherically capped nanorod cdiouls

Consequently the only way to ensure the accuracyhef DDA technique is to
increase the number of dipoles to such a point evlilee results converge. When using
DDSCAT"’ the authors recommend that the inter-dipole spadirbe small compared to

any structural lengths in the target and the wangtte A of the incident light. The second
criteria is satisfied with a high degree of accyrﬁqrﬂkd < 05. The difficulty here is that

as the number of dipoles within the target increase does the computational time. So a
compromise must be met between calculation accueny computational expense.
Convergence was confirmed for the nanorod calaratpresented in Chapter 6 and it was
found that an inter-dipole spacing of approximatelym was sufficient for convergence.
The use of the non-surface corrected LDR causes @JSto slightly underestimate
absorption efficiencies, however since large aligmp efficiencies are sought, an

underestimation is less problematic than an ovienasibn.

DDSCAT was considered for modelling dimers of gepdherical particles however, it
became problematic when trying to use enough dipdte adequately resolve the
inhomogeneous electric fields between particlesnwthe inter-particle spacing was small.
Figure 2.3 shows the extinction efficiencies cadtedl using both the DDA and T-matrix
technique for a dimer containing 12 nm diametetiglas with an inter-particle spacing of
1 nm. Extinction was calculated with light poladsparallel to the dimer axis and the
wavevector perpendicular to the dimer axis. The Imemof dipoles used to represent the 1
nm inter-particle gap was increased from two toasid it can be seen from figure 2.3 that

the results do not converge with that of the T-iratr
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Figure 2.3. Extinction efficiency calculations using both DDST and the T-matrix
technique for a dimer of 12 nm diameter sphericat gparticles with an inter-particle
spacing of 1 nm. The DDSCAT calculations were pented with increasing numbers of

dipolesd.

Moreover, the time taken for the DDA calculatiomtaning six dipoles in the inter-
particle gap was approximately 141 hours, whereas'tmatrix calculation was completed
in just over 3 seconds. Both of these calculativase performed between the wavelengths
of 400 and 700 nm in 5 nm steps. Therefore, thealrimtechnique was implemented to
model the optical response of dimers, chains arebtdimensional structures of spherical

particles, the mathematical basis of which is aetiin the following section.

2.4. T-matrix

The T-matrix technique provides an analytical soluto the scattering problem from
a cluster of spheres. The T-matrix code developeMackowskiet al.**® ***was used to
calculate the scattering properties of a clustéh wifinite number of gold particles for both
fixed and orientationally averaged incident radiati
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The T-matrix technique calculates the scatteredd fi'|om the cluster as a
superpositioh? of the individual fields scattered from each oé thpheres within the
cluster. The individual fields scattered from thpheres are expressed in terms of vector
spherical harmonics and with the use of additiomotbms, where the vector spherical
harmonic about one origin can be expressed as rvepterical harmonics about another
origin, a set of equations for the scattered-fest@ansion coefficients for the entire cluster
are created®®

The scattered field from a cluster of sphegsis represented by the superposition of

the scattered fields from each of the spheres mitie cluster® *>°
Ns
E,=D E, 2.43
i=1

where N, is the number of spheres within the cluster.

The scattered field from an individual sphere witkthe cluster is represented by an

expansion of vector spherical harmonics writtenudltloe origin of theth sphere as
SEDIDI NI ) EUMVEI Caed)| 2.44

where k is the wavenumber and andb!  are the expansion coefficients and® and

M® are vector harmonics. The superscript (3) densfgserical Hankel functions.
Boundary conditions for the electric and magnettdé at the surface of each sphere in the

cluster must be applied in order to calculalg andb,,.

The field at the surface of thigh sphere is a combination of the incident field

expressed as

00 n

Eo=-3 Y[piNO('6,0)+ g MO 6,0 245

n=1lm=-n
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and the scattered field from the other spheresinvitie cluster. The coefficientp!  and

q., are determined from the propagation direction tred polarisability of the incident

field.

The scattered radiation from the remainiNg — spheres must be incorporated into

the boundary conditions. To do this the scattereldi fexpansions must be rewritten in
terms of vector harmonics about the origin of iteesphere. To do this addition theorems

must be employed.

When r' <R" |, where R" is the centre-to-centre distance from the sphpréo

spherei the addition theorem is

MOk, 60, ¢') = ;k:z—l:"'Br(n?kl(kR” i q:”)lz,ﬁ})(kr‘ﬂ‘,fﬁ) o

{ ® (kRij ol ii)NS)(kri19i1(d') } 0 47

B(3) (kRu Ou (Dij )M S)(kri,gi,(d)

mnkl

N(B(krl 91 j 22

A and B are the addition coefficients which depend entiaei the distance and direction

between sphereg andi from kR',0", "

Therefore, through the use of addition theoremsirnkeracting scattered fields are
transformed into expansions about the origin of itte sphere, allowing analytical
formulation of the boundary conditions at the scefaf that sphere.

From this a system of equations for the scatteoedficients are created

Ng N/

ol =alph -3 S[A% (R 00,01 +BE, (KRT,07, )b ] 2.48
j=1l=1k=-
j#i

b, =Bi{d, - 'Y (A% (RT,07, 01 ) + B, (RT, 07, 0")a)]. 249
j=1l=1k=-I
i#i
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wherea' andb' are the scattering coefficients from equationsa®é 2.7, respectively.

Equations 2.48 and 2.%8 can be combined into
Z z H njwnpqual]dq = ApPmp 2.50

where H" is the matrix formed from the vector harmonic #ddi coefficients (using

Hankel functions) based on the distance and daedf the translation from origin to i

with elements given by
H s = Hoaaz = A (kRij ,©" ,CDij) 2.51
sz = Hinaas = B2, (R0, 252

Inversion of equation 2.50 leads to

Ns No,i | 2

aimnp = zz Z Trgnpquplilq 253
j=1l=1k=-1q=1
where N, are the number of expansion ordgrsdenote the expansion coefficients for the
plane, linearly polarised incident wave at the iorigf the ith sphere and the T-matrix
T,

mpq TEPresents the scattered fields from each sphiehinvthe cluster. To calculate the

scattered field from the entire cluster the suppased fields from the cluster need to be

transformed into a single field based upon a siogladinate origin.

The expansion coefficients for the incident figdd at the origin of théth sphere can
be obtained by translating the incident-field cmééhts expanded about the cluster origin

p' to the origin of théth sphere through:

pimnp = ‘]rir(;pqupgq 2.54

where the elements withinJ matrix represent the Bessel-function-based additio

coefficients.
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Now, in a similar way the total scattered fieldrfr@ll spheres can be expressed as a
single expansion about the cluster origin by trainsh of the fields from the spheres to the

cluster origin. Therefore the expansion coefficielior the total scattered field are given by
Z erpquaqu 255

After combining all equations

'J
mnp Z 'J mnpmn'p’ m’n’p’k’l q ‘J k'T'gqkiq p kig

D Tmnpqupqu 256

We now have a cluster transition matfiX which treats the entire cluster of spheres
as a single particle with a single origin and rathe incident field to the scattered-field

expansion coefficients.

The incident-field coefficients of théh sphere can be expanded by

(pim,qim): (Py» Gy, ) EXP [Z‘ cosB + (sinB) x (X' cosa +Y' sina)J 2.57
Py =~ nﬂEi[Trm (B)cosy —im,, (B)siny] x expima) 2.58
Qo = 1" Ei[rrm (B)siny +im,,(B)cosy] x expima) 2.59

mn

with X', Y' and Z' denoting the origin of thigh sphere with respect to the cluster origin

_n(n+1) (n+m)!
™" 2n+1 (n-m)!

anda, S and y are the Euler angles of rotation of the incident

field from a z-propagating, x-polarised state.

T (B) = _/5 P."(cosp) 2.60
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7T (B) =%an(008ﬂ) 2.61

where P" are the associated Legendre functions.

2.4.1. Calculation of the cluster extinction cross-sectiOg

There are two ways to calculat,,, for fixed orientation radiation. The first is to

Xt

calculateC_, for a single sphere using

ext
Cla =5 RYErePirgles ) 262

and then calculat€,_, for the entire cluster as the sum of all the sphen the cluster

ext
Ny
Ceou = 2. Cux 2.63
i=1

The second method is to calculdie, for the entire cluster from the single-scattered

field expansion by combining equations 2.55 an® 205get
Co. = RdE,,p%.TO,.0%} 2.64
ext — F mnprmp mnpqupqu .

Implementing equation 2.64 is non-trivial becausesquires the transformation of
the sphere centred T-matrix to the cluster centraaatrix.

For orientationally averaged radiation equation42rBust be integrated over all
incident directions and polarisations. To do this following integral relation must be

employed

TT.

1 ° 1
o7 |

T 21T
j jp;’lnppqudycosﬂdﬂda = f 5km5|n 5pq 2.65
00

mn

where d is the Kroneker delta function. Therefore,
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C.. i” RETS 2.66

To use equation 2.66 it is necessary to transfdren dphere-centred T-matrix into the
cluster-centred T-matrix using equation 2.56. Hosvethis can lead to a large increase in
the number of expansions required when the sphemesseparated by large distances.
Therefore it is more convenient to use the sphergred T-matrix and to do this equation

2.56 is substituted into equation 2.66 to give
ex - Re(‘] mnpm'n'p’ r::’n’p’k’l’q"]I:IOq rmp) 267
Equation 2.67 can be further reduced by using twepgrties of thel matrix. Firstly

Emn'Jrlnnkaq = E ‘Jkllqmnp 2.68

Secondly, translation from to j' and then fromj' to j is the same as translation

fromi to j. Therefore

© n

Z Z Z‘]r:]npmnp‘]r#npqu _Jr#npqu 269

n=1lm=-n"p' =1

From this equation 2.67 can now be expressed mstasf the sphere-centred T-

matrix such that

_ex - Re(‘J qumnp mnpqu) 2.70

2.4.2. Calculation of the cluster scattering cross-sectiQgp,

For fixed radiationC__ is given by

C —Eaa

sca mn “ mnp “*mnp 2.71
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Again, equation 2.66 requires transformation of spbere-centred T-matrix to the
cluster-centred T-matrix. However, using th@roperties of equations 2.68 and 2.69 and

substituting equation 2.55 into 2.71

C..= Re(Ek, al i al ) 2.72
with further expansion
Csca = 42 mn [amnp mnp + 2Re(armp‘]rli1npquaqu )] 273
k

The first and second terms of equation 2.73 ararttiependent (single sphere) and

dependent (multiple sphere) contributions to thetedng from the entire cluster.

For orientationally averaged scattering equatio®8 2and 2.54 are substituted into
equation 2.72 and the incident field is then ind¢ggl over all incident angles using the

integral relationship of equation 2.65 giving

— o m i i)
Coa =77 k2 Q{ [J mnpuvwW uvwqu X (Tn:npU’vW Jd'\]/\/\/k'q) ]} 2.74

The extinction efficiencies are based on normaiisive cross-sections to the volume-

mean radius of the cluster.
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Chapter 3

3. Gold nanoparticle colloidal crystals

Figure 3.1. A three-dimensional micron-sized colloidal cryssgihthesised from 15 nm

diameter spherical gold nanoparticles.

This chapter will describe a technique that wasetiged for the controlled assembly
of colloidal crystals from spherical gold nanopaes’ An example is shown in figure 3.1.
Irradiation of a gold colloid suspension with a 5i% laser at 480 mW deposited micron-
sized three-dimensional colloidal crystals on aglalide without the use of templates or

pre-functionalised substrates. The deposition ionas controlled by the position of laser

' The majority of the work presented in this chagitas been published as a paper entitled, “Laserciul
assembly of gold nanoparticles into colloidal cayst by N. Harris, M.J. Ford, M.B. Cortie and A.M.
McDonagh, in Nanotechnology, 20018, 365301.
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irradiation and an array of colloidal crystal sttures can be created by translation of the
glass substrate under the laser beam. Control iex@ets and calculations show that
localised heating of the gold nanoparticles mayobe of the underlying mechanisms of

colloidal crystal formation.

This chapter will also describe the effect of petiorder and disorder on the
calculated optical extinction spectra of three-cisienal structures. Individual Simple
Cubic (SC), Body Centred Cubic (BCC) and Face @enttubic (FCC) structures, and
chains of these same structures, where spheriddl mgmnoparticles replace the atoms
within the crystal, are modelled using the T-mateghnique. In addition, hexagonally- and
spherically-shaped FCC colloidal crystals contajrepproximately 100 gold nanoparticles
are modelled. Both the single FCC structure andsgiteerically-shaped 100 particle FCC
colloidal crystal are disordered and compared agaiheir ordered counterparts. The
ordered structures produce an additional extingieek that is not present in the disordered
structures. Suppression of the additional extimcpeak results from inter-particle spacings
that are no longer well-defined in the disorderedcsures. This has the effect of reducing
the extent of hybridisation between particle plasmmodes, whereas hybridisation is
enhanced in the ordered structure due to the fisée of well-defined inter-particle

spacings.

3.1. Synthesis of three-dimensional gold nanoparticle

colloidal crystals

3.1.1. Methods

Oleylamine-stabilised gold nanoparticles with a rdoglynamic diameter of
approximately 15 nm were prepared in toluene adegrdo the modified procedure
described by Hiramatsu and Osterf8iBriefly, 100 mg of tetrachloroauric acid combined
with 2.4 ml of oleylamine and 5.8 ml of toluene wpsckly injected into a boiling solution
of 5.8 ml of oleylamine and 98 ml of toluene. Hegtwas stopped after 2 hours and 200
ml of ethanol was added to precipitate the pasiclehe resultant particles were then
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isolated by centrifugation, washed three times Wwiihm| of methanol to remove unreacted

starting materials and allowed to dry to yield adsl powder.

Particle characterisation was performed using a&sZ8upra 55VP LEO Scanning
Electron Microscope (SEM) and a FEI XL30 Environnakiscanning Electron Microscope
(ESEM). UV-visible absorption spectra were measwsdg a mini-1240 Shimadzu and a
Cary 5E spectrophotometer. Dynamic Light Scatterifi@lS) measurements were

performed using a Malvern Zetasizer Nanoseriesgbarizer.

Methyl Methacrylate (MMA) (Aldrich 99%) was washedth 10% aqueous sodium
hydroxide to remove the polymerisation inhibitohen MilliQ water and dried with
anhydrous sodium sulphate. 4 mg of gold nanoparpowder was then added to 10 ml of
MMA and sonicated for 1 minute to disperse theipl@g. The MMA-dispersed particles
were characterised by an SEM, UV-visible spectrpga@nd DLS.

The gold nanoparticle colloid in MMA was pouredard 5 cm diameter Petri dish
containing a glass microscope slide so that thehdep the liquid containing the gold
nanoparticle in MMA colloid was approximately 5 mm. 514 nm continuous wave

Coherent Innova 70 argon ion laser was used with&nexperiment.

The Petri dish was mounted on an X-Y stage andgemeof the glass slide was
irradiated with 480 mW with a 1 mm spot size forotminutes. The sample was then
moved 0.5 mm and the procedure repeated until eay af dots covering an area of
approximately 4 mm x 0.5 mm was created. FiguresB@vs a schematic diagram of the

experimental setup. The arrays were then examisieg) an SEM and EDS.

These experiments were also performed with metbgybutyrate and ethyl acetate

with identical results.
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Figure 3.2. Schematic diagram of the experimental setup. A Bfi¥l Argon ion laser
irradiates a gold nanoparticle in MMA colloid. An-¥X stage was used to translate the

substrate.

3.1.2. Results

Figure 3.3 shows a representative SEM image of peicles from the toluene

colloid.

Figure 3.3. Oleylamine-protected gold nanoparticles imaged waithaccelerating voltage
of 20 kV and a working distance of 3 mm (main imaged 2 mm (insert image).
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The 15 nm hydrodynamic diameter of the gold nanopes, measured using DLS,
includes the ligand shell, which is 2.3 nm for déeginé>* so the actual diameter of the
metal component of the particle is 10.4 nm. Figlirda) shows the UV-visible absorbance
spectrum of the gold nanoparticle colloid in tolagalong with the calculated absorption

efficiency, Q... of a 10.4 nm diameter (metal only) particle iluéme, calculated using

abs
Mie theory® and a frequency independent refractive index 49@.. Both graphs have been

normalised so they have a peak value of 1.

DLS was used to measure the size distribution efgbld nanoparticle in toluene

colloid the results of which are shown in figurd(®).
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Figure 3.4. (a) Measured absorbance spectrum of the gold nandaini¢oluene colloid
before particle precipitation obtained with a ml@40 Shimadzu UV-visible-NIR
spectrophotometer and calculat€g,, of a 10.4 nm diameter gold nanoparticle in tokien
(b) Histograms indicating the size distribution of th@d nanoparticle in toluene colloid

before particle precipitation.

Figure 3.5(a) shows the measured and calculatedvisiWlle spectra after the gold
nanoparticles were re-suspended in MMA. The medssree distribution of the gold
nanoparticles in MMA colloid is shown in figure 803.
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Figure 3.5. (&) Measured absorbance spectrum of 4 mg of dried galbparticles re-
suspended in 10 ml of MMA obtained with a mini-12&himadzu UV-visible-NIR

spectrophotometer and calculat€q,, of a 10.4 nm diameter gold nanoparticle in MMA.

(b) Histograms indicating the size distribution of tfa@d nanoparticle in MMA colloid.

Figure 3.6 shows SEM images of the gold nanoparstiuctures, or suprasphéerés

156 after the nanoparticles were re-suspended in MMA.

Figure 3.6. Gold nanoparticle structures (supraspheres) in Mhiddaged with an

accelerating voltage of 20 kV and a working diseaot3 mm.
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Figure 3.7 shows ESEM images of an array of crassiesped dot structures formed
on the glass slide after irradiation. Each cressbaped dot is formed from a single laser
exposure of two minutes. Translation of the sulstuging an X-Y stage allowed a 4 mm x
0.5 mm array to be prepared where each dot is appabely 300 microns in diameter,
significantly smaller than the laser spot size ofirh, as can be seen from figure 3.7(a). The
Gaussian beam profile of the laser presumably desvinsufficient intensity towards the
edges of the exposed region to cause formatioheotolloidal crystals. Figures 3.7(b) and

(c) show that the 300 micron structures are congpadesmaller 2 — 3 micron-sized

structures.

Figure 3.7. Images of laser-induced colloidal crystals degakdn a glass microscope slide
(a) array of dots(b) circled dot in (a) magnified 387x arfd) same dot magnified 3098x.
All images were taken in low-vacuum mode with aoederating voltage of either 20 kV or
30 kV and a working distance of 10.4 mm. All samspleere imaged on the glass

microscope slide and remained uncoated.
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Higher magnification SEM images reveal that thesectures are, in turn, micron-
sized colloidal crystals that contain FCC packett guarticles terminated by (111) and
(100) planes allowing the formation of hexagonadl @wyramidal structures as shown in
figure 3.8. The flaring in the images is due torgiveg of the glass slide while imaging.

Figure 3.8. Colloidal crystals imaged with an accelerating ag# of 2 kV and a working

distance of 2 mm.
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Notably, these structures span several hundredcleadiameters and exhibit very

long-range order with few defects apparent.

Energy Dispersive Spectroscopy (EDS) measuremégtge 3.9, on the crescent-
shaped structures show gold signals assigned tgalldenanoparticles and silicon, oxygen,

sodium and potassium signals assigned to the gldsgrate.
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Figure 3.9. EDS of one of the crescent-shaped dot structurews in figure 3.7(a). EDS
performed with a FEI XL30 ESEM operating in low-vuae mode with an accelerating

voltage of 25 kV.

The UV-visible absorption spectrum of the 4 mm % éim array of colloidal crystal
structures on the glass slide is shown in figurB03lt can be seen that the observed
spectrum is noisy, which is to be expected dueht ihsensitivity of the UV-visible
spectrophotometer when measuring the low concémtraf gold structures. Nevertheless
there is a very broad observable plasmon resondoeeto the aggregated individual

nanoparticles in MMA at around 600 nm (comparenseit in figure 3.10).
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Figure 3.10. UV-visible absorbance spectrum of the 4 mm xrfrB array obtained with a
Cary 5E UV-visible-NIR spectrophotometer using aiplmicroscope slide for baseline
correction. Insert shows the measured absorbaneetram of 4 mg of dried gold

nanoparticles re-suspended in 10 ml of MMA fronufig 3.5(a).

Investigation of the mechanism responsible for asipinere formation has revealed
that oxidation during the original colloid synthess not a factor because experiments

performed under an inert atmosphereg)(@\ave identical results.

Polymerisation of MMA is also not a factor as thgpmspheres also form in methyl
isobutyrate, which is a saturated analogue of MMAt tcannot polymerise. Moreover, it
has been found that the supraspheres will formolwesits with an ester group, such as
ethyl acetate. See figure 3.11 for the molecularctire of MMA, methyl isobutyrate and

ethyl acetate.

The effect of the solvent in the formation of tlwl@idal crystals was investigated by
re-suspending the particles in toluene to determahether washing the particles affects
particle aggregation once they were re-suspendedother solvent. The measured spectra
of the original and the re-suspended colloid, fg&:.12(a), shows that an insignificant

amount of aggregation has occurred.
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Figure 3.11. Molecular structure ofa) MMA, (b) methyl isobutyrate an(t) ethyl acetate.

Size distribution analysis (see figure 3.12(b)) eads that the extent of the
aggregation is significantly less than when thetiglas are re-suspended in MMA.
Moreover, figure 3.13(a) shows a representativegamnaf the particles after re-suspension

in toluene and there is no indication of the present supraspheres.
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Figure 3.12. (a) Measured absorbance comparison between originag¢rel colloid and
particles re-suspended in toluene obtained withi@-1240 Shimadzu UV-visible-NIR

spectrophotometef(b) DLS size distribution of particles re-suspendetbinene.

Further laser irradiation experiments were perfatroe a colloid containing 4 mg of
gold patrticles re-suspended in 10 ml of tolueneepresentative image of the sample after
laser irradiation is shown in figure 3.13(b). Largeeas of nanoparticle aggregates of
several layers are evident; in some areas, 500 gk taggregates were formed.
Importantly, there is no evidence of close-ordgradking.
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Figure 3.13. SEM images ofa) dried gold particles re-suspended in toluene ailieon

wafer and(b) dried gold particles re-suspended in toluene détger irradiation on glass.
Both samples were imaged with an accelerating gelt 20.0 kV and a working distance

of 2 mm.

Several experiments were performed to investigatemal effects. Firstly, glass
substrates with droplets of the gold nanoparticl®MA colloid were heated in an oven at
15¢°C for 20 minutes, figure 3.14(a). Inspection usimy SEM shows that the gold
nanoparticles are attached to large blocks of PMaM no particle ordering is evident.
One explanation for this observation is that the Mkapidly polymerises to PMMA and
fixes the position of the particles, prohibitinglering into crystalline structures. Moderate
heating of the gold nanoparticle in MMA colloid intest tube at 8C in a water bath for
40 minutes produces a different result, figure @)L4In this case, large aggregates of gold
nanoparticles form with a small number of areasil@tthg short-range ordering over an

area of between 500 to 800 nm.

Similar behaviour may be observed when severalléi®mf gold nanoparticles in
MMA were evaporated quickly at room temperatures (8gure 3.15(a)). In both cases, the

facets that are characteristic in crystals aresqmtent.

Allowing 2 ml of gold nanoparticle in MMA colloidbtevaporate slowly, over several
hours, at room temperature from a vial containingeze of silicon wafer produces three-
dimensional colloidal crystals on the same scakf@se produced through laser irradiation.

An example is shown in figure 3.15(b).
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Figure 3.14. Images of gold nanoparticles in MMA collo{d) on a glass slide after 20
minutes in an oven at 1%0 and(b) heated to 8@ for 40 minutes. Both figures were
imaged(a) in low-vacuum mode with an accelerating voltage@kV, a working distance
of 5 mm(b) in high-vacuum mode with an accelerating voltag® &V and a working
distance of 2 mm. Specimens were uncoated.

Figure 3.15. Images of gold nanoparticles in MMA colloid aftex) (fast evaporation on
glass and (b) slow evaporation on silicon. Bothgegmwere taken in high-vacuum mode
with (a) an accelerating voltage of 2 kV and a working disga of 2mm andb) an
accelerating voltage of 20 kV with a working distarof 2 mm.

The effect of laser power, for the same irradiatione of 2 minutes, on crystal
formation was also investigated and no crystal fdrom was evident with laser powers of
less than 450 mW. These experiments show thatdiverd properties and the extent of
heating are both critical to the formation of tlidl@dal crystals.
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3.1.3. Discussion
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Figure 3.16. Schematic diagram of suprasphere formation afeisuspension of
nanoparticles in MMA and the formation of crystdl®m supraspheres upon laser

irradiation.

The measured spectrum of gold nanoparticles inetwuin figure 3.4(a) is in
agreement with the results presented by HiramatduGsterlof® with a peak at about 526
nm. In the calculated spectrum a peak is appatesB& nm and is significantly narrower
than the measured spectrum. The difference betweenwo peaks can be attributed to
several factors. When Mie theory is used to cateulae absorption efficiency of a particle
several assumptions are made, namely, that thé&lpais spherical, homogeneous and
naked (i.e. there is no stabilising agent) andethemo change in the refractive indices at
the interface between the nanoparticle and theosnding medium. From the insert in
figure 3.3 it can be seen, although difficult taaqtify, that the particles are not perfectly
spherical, which will produce a broadening effeat the measured spectrdii. The
refractive indices of oleylamine and toluene aré59. and 1.496, respectively and the
presence of unreacted oleylamine in the colloid malve the effect of slightly blue-shifting
the measured peak position relative to the caledlgeak. Moreover, it has been shown
that the electron density of a particle with a deéen less than or equal to 15 nm is
influenced when molecules are absorbed onto thiaciwhere intrinsic effects, which
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result from changes in surface material properdesypposed to extrinsic effects, which are
size-dependent responses to the incident ffeldopminate. The resulting metal-organic

complex has the effect of damping and broadeniagtasmon resonancg: *® 174175

The DLS size distribution measurements of the gr@doparticle in toluene colloid,
shown in figure 3.4(b), report an average hydrodyimadiameter of 15.0 nm, a standard
deviation of 4.1 nm and a polydispersity value 8131%. A polydisperse sample is defined

as having a wide single mode or a number of diffep®pulations.

MMA was chosen for these experiments as it wasipatied that heat generated by
the laser would polymerise the MMA and protect tingstal formation on the glass slide
when it was removed from the colloid. It can bensd®t re-suspension of the particles in
MMA results in large aggregation of the particlesem comparing the measured spectra
from figures 3.4(a) and 3.5(a). The calculated psakow produced at 532 nm, which is
slightly blue-shifted from the gold nanoparticle tmluene calculation and this is to be
expected as the refractive index of MMA, which 414, is less than the refractive index

of toluene and thus blue-shifts the plasmon peak.

DLS size distribution measurements of the gold particle in MMA colloid, figure
3.5(b), confirm that the solution no longer consaia narrow size distribution of, on
average, 15 nm hydrodynamic diameter particles,ldnger aggregates with two distinct
peaks. The first peak has a diameter of approxim&t nm with a standard deviation of
around 35 nm and the second peak a diameter obxppately 960 nm with a standard
deviation of around 675 nm. Moreover, the polydisjig is very poor at 80.2 % compared

to the original gold nanoparticle in toluene callaif 19.3 %.

All DLS data were processed using the default camisl algorithm to extract the size
information from the measured correlation functt6tThe cumulants algorithm assumes a
monomodal colloid distribution and then represehésdistribution as a Gaussian with the
mean as the hydrodynamic average value and thelippbrsity index as the variance. The
cumulants algorithm, while well suited for monodisge samples such as the gold
nanoparticle in toluene colloid, is unsuitable fmwlydisperse samples such as the gold
nanoparticle in MMA colloid shown in figure 3.5(bA Non-Negative Least Squares

(NNLS) algorithm that models the correlation fupctias an intensity contribution for each
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of a number of size bands would be more appropfiatethis sample, although not
available at the time and care must be taken \Wwetfihal size distribution measurements of
this sample. Nevertheless, aggregation was appasetite colloid changed colour from a
deep burgundy, for the toluene colloid, to purptel @ventually colourless due to particle
sedimentation, when particles were re-suspend®Mm\ as is evident from the measured
UV-visible spectrum in figure 3.5(a). Moreover, SEMages (figure 3.6) show that the
colloid now contains large spherical amorphous egates, or supraspheres, of the original

15 nm diameter spherical particles.

The physical phenomenon underlying colloidal crystamation has been described
theoretically by Charbonneau and Reichm@nysing the Gibbs ensemble Monte Carlo
method on colloids with short-range interaction aasvo-step nucleation process whereby
disordered supraspheres are initially formed foddwy the ordering process. This two-
step nucleation process leads to a lowering ofrd® energy associated with the structure
allowing faster crystal growth when compared tssieal nucleation theory?

This computational analysis agrees with experimentsservations reported by
Compton and Osterldf, who investigated the process of aggregation byinad
dodecanethiol to a solution of oleylamine-stabdiseanoparticles in chloroform. The
presence of the dodecanethiol displaced the ardueeto its greater affinity for gold, and
aggregation was initiated as the length of thel tisichorter than that of the amine and is
less soluble in chloroform, allowing the initialrfoation of supraspheres followed by their
subsequent ordering into crystals. In agreemerit thié results of Compton and Osterloh,
the lack of long-range order in the heated solytiogure 3.14(b), and fast evaporative
control samples, figure 3.15(a), suggests thatetlsésictures grew over a short-time scale
where crystalline growth via diffusion processeswadered as the solvent evaporated in
a matter of minutes. In contrast, the slow evapogatdxperiments, figure 3.15(b) allowed
adequate time (several hours) for large colloidgtals to form at room temperatdré.

An interesting set of experiments was performedKigjn et al.'>> °°

whereby
photoisomerisation of dithiol ligands attachedhe surface of gold nanoparticles allowed
them to use light-induced self assembly of the asyineres into three-dimensional micron-

sized colloidal crystals and vice versa. They exgld the structural reversibility in terms

60



of free energies of the structures. The applicabbJV irradiation or sunlight had the
effect of either increasing or decreasing the nartape binding energies sufficiently to
allow the formation of crystals or supraspheresseBsally when the inter-particle
interactions were weak, entropy dominated and speres were formed. However, upon
application of UV-irradiation the inter-particle teractions were strong enabling the
potential energy to overcome entropic effects, valhg the subsequent formation of
colloidal crystals. In our case it is hypothesisiat the laser-induced localised plasmonic
heating of the nanoparticles accelerates the sestey of the nucleation process by
increasing the level of diffusion enabling the sgphere to escape its local energy
minimum and allow heterogeneous growth into thearemergetically favourable colloidal

crystal structure.

Localised heating of gold nanoparticles is welbblishecd?® '® The measured
absorbance spectra of the gold nanoparticles in Mddhoid as well as the calculated

absorption efficiencyQ,, . have been shown in figure 3.5(a). TQg, peak was calculated

abs
to be at a wavelength of 532 nm, at which the plartabsorbs 0.92 times its geometric

cross-section, but at the wavelength of the lasgich is 514 nm,Q.,.. is 0.62. The

abs
measured absorbance peak is 0.46 at approximad@yné and considering the known
concentration and diameter of the colloidal pagscthis measurement corresponds to a

particle Q,, . of 0.47.

abs

The following calculation shows the significant deg of heating of the gold
nanoparticles that can be achieved through lasadiation and thereby accelerate the

thermal diffusion process. This calculation is lohea the calculated),,. of a 10.4 nm

abs

gold particle in MMA and uses the same methodoltgt will be described in greater

detail in Chapter 5.

If it is assumed that all of the absorbed radiat®ononverted to thermal energy then

the heat transfer rat® , measured in Watts, can be calculated from

P=IC,, 3.1
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wherel is the laser intensity an@,, . is the particle absorption cross-section, eqoal t
absorption efficiencyQ,,. multiplied by the particle cross-sectional aféas calculated to

be 3.22'* W for the present laser intensity of approximagly kW/nfand Q... of 0.62 at

abs

514 nm.

Now the temperature of an individual nanoparticlgiry laser irradiation can be

calculated using a convective heat transfer métel
P = h4ar®oT 3.2

whereh is the heat transfer coefficient of 240 WP, r the particle radius andll the
change in particle temperature, which is calculdatetbe~ 395 K, an increase of around

100 K from the surrounding room temperature.

3.2. Modelling of three-dimensional gold nanoparticle

structures

3.2.1. Methods

The optical extinction spectra of several differehéped three-dimensional structures
composed of 15 nm diameter spherical gold partislese calculated using the T-matrix
code developed by Mackowski and Mishchef®o® These structures included a 96
particle hexagonally-shaped colloidal crystal arid@ particle spherically-shaped colloidal
crystal. Additionally, single SC, BCC and FCC stures containing 8, 9 and 14 patrticles,
respectively were investigated. Chains of theseesammctures were also examined with
the SC, BBC and FCC chains composed of 160, 150 1&® particles, respectively.
Nearest-neighbour particle spacings of 0.5, 0.7, 1L5 and 2 nm were considered.

The SC, BBC and FCC chain structures were modekat the fixed orientation T-
matrix technique whereby the wavevector is perpridi to the chain axis and the
incoming electric field is polarised either perpenthr (transverse polarisation) or parallel
(longitudinal polarisation) to the chain axis. Fdhe remaining structures the
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orientationally-averaged T-matrix technique was dusehereby polarisation was

orientationally averaged over the entire structure.

An optically determined frequency-dependent dieledor gold in vacuum, taken
from Weaver and Frederik$€ was used in the following calculations, which fiieetively
a local response. Spatially non-local effects widecome important in metallic
nanostructures where characteristic feature sizésecstructure are small. These effects in
the optical properties of nanospheres have beausiied in some detail in the literature
and are commonly described in terms of surfacdesoa and accounted for by a modified
damping ternt’ They are manifest for gold particle sizes belowtwts nm in diametét
and result in broadening of the plasmon resonaReeently, a more universal description
in terms of a non-local dielectric function andatreent applicable to arbitrarily shaped
nanostructures has been given by Garcia de AB&jthe results indicate that for 20 nm
gold dimers non-local effects start to appear at ggacing of about 0.5 nm and cause a
red-shift of the resonance. Therefore it is reabtEnto exclude these effects here as they
would only perturb the calculations for the smadllesthe inter-particle spacings and not

change the overall conclusions.

As described in Chapter 2 the T-matrix technigueutates the scattered field from
the structure as a superpositicnof the individual fields scattered from each o th
spherical particles within the structure. The indibal fields scattered from the particles are
expressed in terms of vector spherical harmonickvath the use of addition theorems a
set of equations for the scattered-field expansioefficients for the entire structure are

created:>®

In principle, the T-matrix method offers an exaalusion to the problem of scattering
from arrays of spheres and is a comparatively emangalculation compared with volume
discretisation methods such as the DDA techniquarebler, the difficulty when using the
DDA technique for the present simulations lies sing enough dipoles to adequately
resolve the inhomogeneous electric fields betwdwn particles when the inter-particle
spacing is small. However, the T-matrix method @& entirely immune from these
numerical considerations particularly in the neamtact regime where many orders in the

spherical harmonics may be required for the calmriao converge to a reasonable level.
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The convergence criteria is defined to be the numdfeorders required so that the
wavelength of the resonant peak changes less tmam 4nd the variation in magnitude of

Q.. Is less than 0.001 at the resonant peak.

It is generally accepted that the number of ordecpiired for convergence for an

isolated sphere is

1

N =X +4x3 +2 3.3

where x is the particle size parametex,=27m, a is the sphere radius andl is the

wavelength of the incident light; *°

Equation 3.3 provides a lower limit to the numbkowlers required for convergence.
For arrays of highly absorbing spheres in the meatact regime the number of orders will
be considerably higher as the singularity at toughis approached. For this reason the
convergence conditions in these calculations hasenbcarefully checked for different

inter-particle spacings and for different polatisas.

The results are shown in figure 3.17 for a dimet®hm diameter gold spheres with
the wavevector perpendicular to the dimer axis poldrisations both perpendicular and
parallel to the dimer axis. The data are plotted amction of the ratio of inter-particle gap
to particle diameter because it is this quantitgt thbcales the scattering properties rather
than absolute size of the particle or gap, at lepgb a certain particle diameter.

For perpendicular polarisation the number of ordensains relatively constant, even
at the smallest gaps sizes used here (gap to diarmegio of 0.03) only 6 orders are
required. The number of orders changes for a gajatoeter ratio of 0.3 from 4 to 6 orders
because the inter-particle spacing has reduceldet@adint where more orders are required
to resolve the interaction between the electritdfie These results also apply to end-on
polarisation of the dimer. For parallel polarisatihe number of orders increases rapidly as
contact is approached. At a gap of 0.5 nm, cormedipg to a ratio of 0.03, 17 orders are

required for convergence. Khlebsteval.'?® have reported around 30 orders are required
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for an inter-particle spacing of 0.15 nm (0.01opatnd 40 for an inter-particle spacing of
0.075 nm (0.005 ratio).
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Figure 3.17. Number of orders of spherical harmonics requi@dcbnvergence of the T-
matrix calculations for a dimer of 15 nm diameteldgparticles with varying inter-particle
spacings. The wavevector was perpendicular to itheerdaxis for both parallel and
perpendicular polarisations.

With the computational facilities available it ismipting to increase computational
accuracy to use more orders than those showinglicibnvergence. The drawback with
this option is that the T-matrix uses forward reeoce to solve the Riccati-Bessel function,

¢, which is reported to be unstablend round off errors become evident and the result
either do not converge or the calculated scattergggficients are incorrect.
The 100 particle spherically-shaped FCC colloidgbtal was disordered or melted

with Molecular Dynamics (MD) simulations using ti@&eneral Utility Lattice Program
(GULP) ! The theory of MD is available in many textbodRs.'®Briefly however, the

15 nm diameter gold particles are treated asﬁl(ﬂ.lS nm) diameter atoms and a 6-12
exponent Lennard-Jones potential, as per equathm@s used to melt the structure over 1

million steps at a temperature of 1750 K.
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Where, ¢ is the well depth of 0.4 eV and is the equilibrium distance of 1.7. The values
of £, o and temperature were carefully chosen to allowsthigerically-shaped colloidal
crystal to melt and retain its overall spherica@h without the onset of particle overlap or

overall explosion of the structure.

3.2.2. Results and discussion

To investigate the effect of long-range order oe dptical extinction spectra of a
structure of gold nanoparticles, a flat hexagonshgped FCC colloidal crystal was
modelled using the orientationally averaged T-magchnique. This crystal structure was
based upon the synthesised colloidal crystal fraguré 3.8(a). The hexagonally-shaped
colloidal crystal was modelled with a thicknesdair particles and contained a total of 96,
15 nm diameter, gold particles with a nearest-ri@gin spacing of 0.75 nm. A top-down

schematic illustration of the crystal is shownigufe 3.18.
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Figure 3.18. Schematic diagram of hexagonally-shaped FCC dalairystal composed of
96, 15 nm diameter, gold nanopatrticles with a reareighbour spacing of 0.75 nm.
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The optical extinction spectrum for the hexagonahgped colloidal crystal is shown
in figure 3.19.

Efficiency (no units)

Wavelength (nm)

Figure 3.19. Optical response of a hexagonally-shaped FCC idallccrystal structure
composed of 96 spherical particles of 15 nm diamsith a nearest-neighbour spacing of
0.75 nm.

Absorption dominates the extinction spectrum atcad extinction peak is evident
at approximately 540 nm with a smaller additionfabider present at approximately 610
nm. The presence of the second extinction peakunagpected and was attributed to the
presence of long-range particle ordering withinshreicture. To prove this hypothesis, two
further structures were modelled using the oriémtally averaged T-matrix method. The
first was a spherically-shaped FCC colloidal crystantaining 100 spherical gold particles
of 15 nm diameter and the second was the sametwgeuafter it had been melted using
GULP to form a disordered suprasphere. The spHeyezmetry of both of these structures
was based on the synthesised supraspheres frone fighl because the spherical nature of
the structure was more easily maintained duringnéing process. These structures were
modelled with a nearest-neighbour spacing of 0.@6 A schematic illustration of both

structures is shown in figure 3.20.
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Figure 3.20. Schematic illustration of a 100, 15 nm diametartiple (a) spherically-

shaped colloidal crystal andla) disordered suprasphere.

The Radial Distribution Function (RDF) in figure23. indicates the level of
disordering that has occurred after the spheriestlgped colloidal crystal was melted into

a disordered suprasphere.
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Figure 3.21. Radial Distribution Function (RDF) of the orderédpherically-shaped

colloidal crystal) and the disordered suprasphere.
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The RDF for the spherically-shaped colloidal criysgthows long-range order as
indicated from the very sharp peaks at larger desa. In contrast, the disordered

suprasphere shows short-range order as indicated fhe smaller number of particles
distributed over larger distances.

Figure 3.22 shows the optical extinction spectraboth the ordered spherically-
shaped colloidal crystal and the disordered supersp
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Figure 3.22. Optical response of 100, 15 nm diameter, partetkered spherically-shaped

colloidal crystal and the disordered suprasphera feearest-neighbour spacing of 0.75 nm.

It can be seen that a broad extinction peak iseewidt 530 nm with a smaller peak
evident at 615 nm for the ordered structure. As thascase for the hexagonally-shaped
colloidal crystal a second extinction peak is pitl by the ordered spherically-shaped
colloidal crystal, however this peak is not evidamtthe disordered suprasphere. These
results suggest that the presence of long-rangerowdthin the hexagonally- and
spherically-shaped crystals is responsible forpttoeluction of the second extinction peak.
Investigation into the mechanisms responsible Hiergroduction of this second extinction
peak was done by modelling single SC, BCC and Fag&tsires with the express purpose

of determining the effect of short-range or nealdfiinteractions on the optical response of
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structures with different symmetries. Schematigstitations of these structures can be seen

in figure 3.23.
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Figure 3.23. Schematic illustration dfa) SC,(b) BCC and(c) FCC structures made from

15 nm diameter spherical gold patrticles.

The optical extinction spectra of these structucakulated using the orientationally-
averaged T-matrix technique, are shown in figureé® 3o 3.26 for nearest-neighbour

spacings ranging from 0.5 to 2.0 nm.
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Figure 3.24. Optical response of a SC structure composed b6 8ym diameter, spherical

gold particles for nearest-neighbour spacings f@.75, 1.0, 1.5 and 2.0 nm.
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Figure 3.25. Optical response of a BCC structure composed 5 %m diameter, spherical
gold particles for nearest-neighbour spacings f0.75, 1.0, 1.5 and 2.0 nm.
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Figure 3.26. Optical response of a FCC structure composed of154nm diameter,

spherical gold particles for nearest-neighbour smgcof 0.5, 0.75, 1.0, 1.5 and 2.0 nm.
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For all structures the extinction peak red-shiftenpared to the extinction peak
position of a single particle (505 nm, calculatesing Mie Theor§?) as the nearest-
neighbour spacing is reduced. Both the FCC and t8{tsres produce almost identical
extinction spectra. Although the peak shift for tREC structure (549 nm) is slightly
greater than that produced by the SC structure B3Bwith a spacing of 0.5 nm. A slight
shoulder is apparent in both the FCC and SC strestat this spacing however, it is not
present for spacings larger than 0.75 nm. The efeaenore dramatic for the 0.5 nm
nearest-neighbour BCC structure where the extingteak splits into two separate peaks,
the first at 511 nm and the second at 577 nm. Ekersl peak is not present in the single
BCC structures with nearest-neighbour spacing®tatgan about 1 nm. This behaviour can
be understood in terms of a hybridisation pictusepeoposed by Prodast al.?* As the
spheres approach, interaction between the plasnoaiesnof the isolated spheres increases
and they hybridise into ‘bonding’ and ‘anti-bondimgmbinations that are shifted to lower
or higher energies, respectively relative to thelai®d resonance. Based on this
hybridisation model one would expect the productibra second peak, comparable to the
BCC structure, for both the SC and FCC structumsever, a slight shoulder becomes
apparent in both extinction spectra when the neéarghbour distance is reduced to 0.5
nm. This indicates that hybridisation is evidenttween the particles within these
structures. Moreover, it demonstrates that ne#d-freeractions contribute significantly to
the variation in the calculated extinction spedbecause simply changing the crystal
symmetry produces very different optical respond@santitative differences in the
magnitude of the extinction efficiency are evidantd to be expected due to the different

number of particles in each of the structures.

To further investigate the effect of disorder oa tptical extinction spectra, a single
FCC structure with varying degrees of disorder wasdelled using the orientationally
averaged T-matrix method. In total three structuvese considered. The first was a single
FCC structure that was used to build both the hexally- and spherically-shaped colloidal
crystals and has already been modelled in figu26.3[he second and third structures were
the same single FCC structure after partial and greater disordering was introduced into
the structure, respectively. Figure 3.27 shows meeltie illustrations of the ordered,
partially disordered and slightly more disorderegjke FCC structure.
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Figure 3.27. Schematic illustration ofa) ordered,(b) disordered angc) more disordered

15 nm diameter nanopatrticle single FCC structure.

Figure 3.28 details the RDF for each of these &ires and gives a better indication

to the level of disorder associated with each stinec
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Figure 3.28. RDF of (a) ordered,(b) disordered andc) more disordered 15 nm diameter

particle single FCC structure.

The extinction spectra calculated for the orderadl d@sordered single FCC structures
with nearest-neighbour distances of 0.75 nm arevsho figure 3.29.
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Figure 3.29. Optical response ¢h) ordered(b) disordered an¢c) more disordered 15 nm
diameter nanoparticle single FCC structure witlearast-neighbour spacing of 0.75 nm.

The partial shoulder that is produced by the omledf€C structure is no longer
present in the disordered structures. Moreoverdib@rdered structures produce extinction
spectra that are similar, in both peak position araynitude, to ordered FCC structures
with nearest-neighbour spacings of approximately tb. 2.0 nm. These results would
suggest that near-field interactions are importamd have a substantial influence on the
extinction spectra as has been seen from the mariat the calculated optical response of
the single SC, BCC and FCC structures. Disorddthegingle FCC structure has the effect
of producing inter-particle spacings that are nogkr well-defined when compared with
the ordered structure, as is evident from the RDFigure 3.28. This has the effect of
reducing the extent of the near-field interactiamsl therefore the level of hybridisation
between the plasmon modes of the isolated partialesd effectively suppresses the
production of the additional peak. This disordereftgct is seen to a larger extent in the
comparison between the ordered spherically-shapédidal crystal and the disordered
suprasphere. The long-range ordering of the spdibrishaped colloidal crystal allows for

a finite number of well-defined inter-particle spays enabling specific near-field
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interactions that produce an additional extinctpmak, which is not possible when the

structure is disordered.

Additional investigation of near-field interactioms structures containing long-range
order were performed by calculating the opticapoese of long chains of single SC, BCC
and FCC structures using the fixed orientation Trixaechnique. All structures were
modelled with a nearest-neighbour spacing of 0m5 &chematic illustrations of the chain

structures are shown in figure 3.30.
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Figure 3.30. Schematic illustration of chains ¢&) SC (160 particles)(b) BCC (150
particles) andc) FCC (162 particles) structures composed of 15 mmeter spherical

particles with a nearest-neighbour spacing of M5

The calculated extinction spectra for all threeimhare shown in figure 3.31. The

wavevector is taken to be perpendicular to therchais and the electric field is polarised

either perpendicular (transverse polarisaté%j) or parallel (longitudinal polarisation

(0)) to the chain axis.
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Figure 3.31. Optical response of a chain of single SC, BCC @ structures composed
of 15 nm diameter spherical gold particles witheanest-neighbour spacing of 0.75 nm.

For transverse polarisation the extinction peaks dth chains blue-shift when
compared to the single SC, BCC and FCC structiites partial shoulders in the extinction
spectra for the single SC and FCC structures ar@mger present in the chain structures
and, in the case of the FCC chain, a second smpadlak at approximately 590 nm is
evident. The second extinction peak at approxia@éD nm for the single BCC structure
is blue-shifted and forms a shoulder to the maitinekon peak that is evident at
approximately 510 nm for the BCC chain. For londitial polarisation the extinction peak
has red-shifted to about 600 nm for both the SCB@E chains and approximately 620
nm for the FCC structure. An additional smaller p&a produced by the BCC chain at
approximately 510 nm however, no second peaks @@uped by either the SC or FCC
chains with this polarisation. The magnitude of thdinction efficiency for transverse
polarisation increases only slightly for all stuets but more dramatically for longitudinal
polarisation. In particular, the FCC structure pogs an almost tenfold increase in

magnitude.

The extinction spectra shown in figure 3.31 areigning and require additional
analysis in order to elucidate on the underlyinggotal processes associated with near-
field interactions in long ordered arrays. In orttedo this a more simplified structure of a
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chain of up to 150 spherical gold nanoparticleshwiarying inter-particle spacings was
investigated. The techniques employed to examime diiin structure as well as the

calculated results are detailed in Chapter 4.

3.3. Conclusions

In summary, a facile method to synthesise threesdsional, micron-sized gold
colloidal crystals by laser-induced heating of gnihoparticles has been developed. This
technique allows the user to write colloidal crygtatterns by moving a laser beam over a
glass substrate. The same sized colloidal crystals be synthesised using a slow
evaporative technique, however control over depwsitocation is not possible. It is
hypothesised that laser-induced plasmonic heatinigeogold nanoparticle supraspheres is

an inherent requirement associated with the ragithdtion of colloidal crystals.

In addition, the effect of particle order and ddenmr within three-dimensional
structures containing spherical gold nanopartickes investigated using the T-matrix
technigue. A second extinction peak is producethbyordered structures yet is not present
in the disordered structures. The position of #Hdslitional peak depends upon the inter-
particle spacing. It transpired that disordering prarticles within the structure produces
inter-particle spacings that are no longer welkted when compared to the ordered
structures. This reduces the extent of hybridisatietween the plasmon modes of the

individual particles and prevents the productiomofadditional extinction peak.
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Chapter 4

4. Plasmonic excitation in a chain of nanospheres

One of the final points described in the previobhapter was the influence on the
extinction spectra of near-field interactions ingla ordered arrays composed of single SC,
BCC and FCC structures. To investigate these ictierss in greater detail, a more
simplified structure of an ordered array of sphargold particles has been modelled using
the T-matrix technique in the regime where the 4fiedds of the particles are strongly
coupled’ The array consists of a one-dimensional chainatointy up to 150 spherical gold
particles of 15 nm diameter with varying inter-pae spacings. Incident light was
polarised either parallel (longitudinal) or perpendhar (transverse) to the axis of the chain.
Wavevectors that were either parallel (‘end-on’)parpendicular to the chain axis were

considered.

For a fixed chain length the longitudinal plasmesanance red-shifts, relative to the
resonance of an isolated sphere, as the intercfgagpacing is reduced. The shift in the
plasmon resonance does not appear to follow annexpial dependence upon gap size for
these extended arrays of particles. The peakishiitzersely proportional to the distance, a

result that is consistent with the Van der Waatsaation between two spheres at short

. . 1 e .
range which also varies ads The transverse plasmon resonance shifts in tipesie

" The majority of the work presented in this chaptes been published in a paper entitled, “Plasmon
resonances of closely-coupled gold nanosphere €hain N. Harris, M.D. Arnold, M.G. Blaber and M.J.
Ford, in the Journal of Physical Chemistry C, 2003, 2784.

78



direction as the inter-particle gap is reduced thift is considerably smaller and

approaches 500 nm as the gap tends to zero.

Increasing the number of particles in the chainafdixed gap has a similar effect on
the longitudinal and transverse plasmon. In thisecdowever, the longitudinal plasmon
tends towards an asymptotic value with increasimgrclength, with the asymptotic value
determined by the inter-particle spacing. Here apgroach to the asymptote is exponential
with a characteristic interaction length of approately two particles in the near-field
regime. This approach to an asymptote as the deaigth becomes infinite has been

verified in a finite element calculation with petio boundary conditions.

These calculations were extended to the far-fiegime by calculating the extinction
spectra of a chain of dimers with spacings betwden dimers comparable to the
wavelength of the incident light. Calculations weesformed on chains containing a total
of 200 spherical silver particles of 100 nm diamefehe dimers were aligned either
perpendicular or parallel to the chain axis withryWtag inter-dimer and inter-particle
spacings. For this chain structure only the ‘end-eavevector was considered. The
incident light was polarised either perpendiculaar(sverse) or parallel (longitudinal) to
the dimer axis. The most significant result wasdpaed by the dimers that were
perpendicularly aligned to the chain axis. In ttase, far-field diffractive effects dominate
the extinction spectra for transverse polarisatwimereas near-field dimer effects dominate

the extinction spectra for longitudinal polarisatio

4.1. Methods

The T-matrix code developed by Mackowski and Migmio>® *°as described in
detail in Chapter 2 was used to calculate the aptextinction spectra of two chain
configurations. The first configuration considexeas a chain of individual 15 nm diameter
spherical gold particles. The length of the chaaswaried between 2 and 150 particles and
the surface-to-surface inter-particle gap variedwben 0.5 and 30 nm. The dimer
convergence criteria reported in Chapter 3 has bestad on chains and calculations which

are sufficiently converged for the dimer are cogeerfor a 100 particle chain. The second
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configuration considered was a chain of dimers@ hm diameter silver spheres with a
total of 200 particles within the chain. The dimessre oriented either parallel to the chain
axis (parallel dimer) or perpendicular to the chaxis (perpendicular dimer). Below, the
spacing between the particles within the dimer bd@lreferred to as ‘inter-particle spacing’
and the spacing between the dimers within the chalinbe referred to as ‘inter-dimer
spacing’. The surface-to-surface inter-dimer spae@ried between 50 and 200 nm and the

surface-to-surface inter-particle spacing varieveen 3 and 50 nm.

All calculations were performed with the fixed aration T-matrix technique.
Scattering by the chain was calculated for the wegt®r both perpendicular and parallel to
the chain axis. Light was polarised parallel to thes of the chain (longitudinal
polarisation) and perpendicular to the chain aximngéverse polarisation) for the
perpendicular wavevector. Only transverse poladeaineed be considered with the
wavevector parallel to the chain axis and this Wwél referred to as ‘end-on’ polarisation.
Scattering by the chain of dimers was calculatetti ¥@nd-on’ polarisation. In this case the
incident light was polarised perpendicular (tramsgg and parallel (longitudinal) to the

dimer axis.

Simulations for an infinite chain of 15 nm diameggherical gold particles were
performed using the finite elements package COMSKére a plane-wave source with
perpendicular polarisation was applied using thattemed-field formalism and open
boundaries were simulated using a cylindrical Reife Matched Layer (PML).
Longitudinal periodicity was enforced by perfeceatic conductors terminating a half-
period at the symmetry points. Transverse symme&y captured with a perfect magnetic
conductor termination, reducing the simulation wvoéu by a further factor of two. In
addition to reducing computational requirements high symmetry approach was more
numerically stable. Scattering and absorption esessions were determined via surface
integrals of the scattered and total fields, reSpely. Numerical accuracy is generally
achieved by adequate numerical sampling of theddjekspecially in strong gradient
regions. The maximum grid size was based on the BML meshing algorithm employed
by COMSOL, ensuring finer sampling in the gap whtre field is most intense. Field

accuracy in this region may benefit from finer séingpbut this would have required much
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greater computational resources. The sampling gragles sufficiently accurate for the

discussions here.

The dielectric properties of gold and silver in wam were taken from Weaver and
Frederiksé”® and non-local effects have not been consideredi@smdy described in

Chapter 3.

4.2. Results and discussion

4.2.1. Chain of single spherical gold particles

The results from the T-matrix calculations for @ Jarticle chain with varying inter-

particle spacings are shown in figure 4.1 for lbmginal and transverse polarisations.
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Figure 4.1. Extinction efficiency,Q,_,. for a 150 particle chain with varying inter-pealgi

ext
gaps with the wavevector perpendicular to the claais for(a) longitudinal polarisation

and(b) transverse polarisation.

For the largest gap, 30 nm, both spectra look ¢isdigriike an isolated particle with
the same plasmon resonance peak for both oriensatis the inter-particle gap decreases
the longitudinal and transverse plasmon modes aromger degenerate and the former
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shifts to longer wavelengths while the latter shifd shorter wavelengths. This shift is
much more pronounced for the longitudinal mode, tfamsverse mode approaches a

limiting value of 500 nm.

This peak splitting phenomenon agrees with dffnend other chain studigs: 120 184
and qualitative agreement is evident for a 10 platd0 nm diameter silver chain with an
inter-particle gap of 0.2 nm (0.005 ratio) modelleg Quinten and Kreibid?® despite

having taken only the dipole and quadrupole mod@s iconsideration. Moreover,
Brongersmaet al.'®® and others® have reported a;—s dependence on the plasmon peak

position predicted by the point dipole interactiomodel, the appropriateness of this

dependence to these results will be described later

The magnitude ofQ.,, for transverse polarisation increases as the-padicle

ext

spacing is increased, where@s,, increases as the inter-particle spacing is retiice

longitudinal polarisation. This behaviour can bedemstood in terms of the previously
described hybridisation mod& One might expect more than two hybridised modesry;
there are more than two particles, although thisasevident in figure 4.1. This would
suggest that the interaction length of the plasnwnsdifferent particles is relatively short,
or that the smallest gap used here is not smaliginto see these higher order modes. At
the point of contact Romeret al.’®® have pointed out that an additional mode is now
possible where charge is transferred between thlévidual particles. The T-matrix
calculations cannot capture this and hence thaulegion diverges as the contact point is

approached.

For the longitudinal plasmon, Jaé al.**” have recently demonstrated a universal
decay constant for the shift of the plasmon as ractfion of inter-particle gap. More
specifically they plot the shift of the plasmon ke&lative to the single particle peak
position as a function of the ratio of gap to paetidiameter and fit the resulting curve to an
exponential. They find a universal scaling constdmt applies to different shaped
nanoparticles as well as different dielectrics prapose optical measurements of the peak
shift as a method of determining distances reli@blthe nanoscale. The same analysis has

been applied to the extended chain of 150 partidiés results are shown in figure 4.2
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where the fractional peak shift ratidd versus the ratio of the inter-particle gap to the
particle diameter is plotted for a 150 particleinhaith inter-particle gaps ranging from 0.5

nm to 30 nm for longitudinal polarisation.
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Figure 4.2. Graph of the ratio of the fractional peak shiftiocasersus the ratio of inter-
particle gap to diameter for a 150 particle chdime dotted line is an exponential fit to the

calculated points. Insert shows the correspondatgral log plot.

The fractional peak shift ratio is defined as

AM=—L_2 4.1

where A/ is the chain plasmon peak position aAd is the plasmon resonance for an

individual 15 nm diameter gold sphere (505 nmladmeement with Jaiet al. and previous

é08,187

studie the peak shift ratio decays almost exponentialih wnter-particle gap. An

exponential of the following form was fitted

M=Ae " 4.2
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to the calculated results, whereis the ratio of inter-particle gap to particle migter and
find the decay constant;, to be 0.17. This is close to the result repotigdainet al.
However, the quality of this fit is not particukarigood with RB=0.88, and the
corresponding natural log plot does not yield aigtit line. In these calculations it was
ensured that the wavelength resolution was sufficie give reliable values for the peak
position at all gap sizes. The same analysis has loarried out for all chain lengths
considered here (between 2 and 150 particles) lmmdame behaviour is observed, that is,
non-exponential scaling of the peak shift. For gagiameter ratios greater than about 0.5
the log plot begins to look more linear, fitting exponential only to this larger gap region
gives a decay constant of about 0.40, although &eea the quality of the fit is still poor
and the error in the fitted decay constant is sutistl. Jainet al. also neglect calculations
at smaller inter-particle gaps from their analydist in this case it is because of the
difficulty of describing this regime adequately wthe DDA technique.

The results and analysis presented here would stitjget the plasmon peak shift is
not exponential in these gap sizes. Moreover, & glahe transverse and longitudinal

plasmon peak positions as a function of the intetigle spacing (not shown here) are not

well represented by thglg dependence reported by Brongersnal .*%°

Figure 4.3 shows a power law fit to the data f@ 150 particle chain in figure 4.1(a).
The corresponding log-log plot is very close teean with a fitted gradient close to -1 (-
0.98). The scaling law for the 150 particle chaiouWd therefore appear to follow an

inverse distance dependence. This is perhaps notisog given that the Van der Waals
: . : . 1 .
interaction potential between two spheres at swliglances also goes ads A similar

result is found for chains of other lengths, thgtthe log-log plot remains linear but the
gradient differs slightly from —1 to -0.89 for tdemer.

Figure 4.4 shows the calculated extinction efficiespectra this time with a fixed
gap size of 0.5 nm for varying length chains fandwudinal and transverse polarisation,
respectively. The calculation for the infinitelynig chain was performed using COMSOL.

For clarity only a select number of chains are shoMote that theQ_,, results have been

ext
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normalised to an individual particle within the ghao that direct comparison can be made

with infinite chain calculation.
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Figure 4.3. Data of figure 4.1(a) fitted to a power law depemde (dotted line). Insert

shows the corresponding natural log-natural log. plo
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The overall behaviour is similar to the data irufigg4.1 where the inter-particle gap
was varied for fixed chain length. As the chainglénincreases the longitudinal plasmon
peak, figure 4.4(a) shifts towards longer wavelbagiconversely, the transverse mode
shifts towards shorter wavelengths tending tow&@3 nm, figure 4.4(b) with increasing
chain length. However, the longitudinal mode temowards an asymptotic value with
increasing length, in this case for a particle gap.5 nm the peak position for an infinite
chain is 614 nm. Even for a 10 particle chain tmgltudinal plasmon is already close to its
asymptotic value, the result for a 150 particleichia indistinguishable to the infinite

length chain.

These calculations have been repeated for diffenéet-particle gaps, the results are

shown in figure 4.5 where the fractional peak shkiftlotted as a function of chain length.
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Figure 4.5. Fractional peak shift ratio for increasing lengtmains with different inter-

particle spacings.

As expected the asymptotic value depends uponntiee-particle gap, with smaller
gaps being shifted to longer wavelengths. The 30imier-particle gap results are not

shown in figure 4.5 because at this spacing thectes are far enough from each other that
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the response looks like an isolated sphere anglégsenon peak does not shift as the chain

length is increased.

The data in figures 4.4(a) and 4.5 indicate theratdtion length of the plasmon
resonance on the particle chain. The longitudinakmpon resonance shifts to longer
wavelengths as the chain grows because each additjgarticle adds to the field
enhancement between particles along the entirencHduis effect begins to saturate at
about 10 particles as evidenced by the fact thatrésonance is close to its asymptotic
value, figure 4.4(a), or in another words eachiglarinteracts with about its 10 nearest
neighbours. These results agree with those of ri&itrivho developed a dimensionless
model, applicable to any set of chain parametergatculate the peak plasmon modes of
finite length chains and reported saturation auadol10 particles. Although they differ
slightly from the experimental results of Mairal.®* who reported saturation at around 7
particles for chains of 50 nm diameter gold paggclith a centre-to-centre spacing of 75

nm.

To make this idea more quantitative the data inrégd.5 was analysed in a manner
similar to figure 4.2. In this case, however anangntial that tends to an asymptote at

large chain lengths needs to be fitted to the data

M=Ae X 4.3

wheredA is the peak shift ratio defined abowe,is the number of chain periods within the
chain,m is the characteristic interaction length atyds the asymptotic value for the peak
shift.

It is clear from figure 4.6 that the exponentiainfioin equation 4.3 fits the calculated
data well for all but the 15 nm gap. The slope ¢ tog plot in figure 4.6 is the
characteristic interaction length defined in equat#.3 in units of the number of chain
periods and is almost constant across particle pafmsv 5 nm with a value of around 2.
This indicates that each particle in the chaindragteraction length of 2 particles, that is,
it interacts with its 2 nearest-neighbours. Thisndastrates that the resonance is localised
on the chains. As the inter-particle gap is inceeathe characteristic interaction length for
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the 5 nm h = 1.43) and 15 nmnf = 1.23) inter-particle gaps reduces and the ftobges
poorer to the point whema=0 (not shown) for the 30 nm gap chain indicating thare is
little to no coupling between these particles. Whaxis intercepts in figure 4.6 give the
values of the asymptotic value of the peak positiimey agree very well with the finite

element calculations for infinite chains.
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Figure 4.6. Natural log of fractional peak shift ratio versihe inverse of the number of

chain periods.

Figure 4.7 shows the calculated extinction effickeper particle with a fixed particle

gap of 0.5 nm and varying chain lengths with londimal for transverse polarisation.

The different nature of the longitudinal and tragrse resonances is obvious from
this figure. Particles at the end of the chain dut nontribute significantly to the
longitudinal mode. The asymptotic behaviour of tmsde with increasing chain length is
further illustrated in figure 4.7(a), where theiegtion distribution along the chain for the
50 and 150 particle chains is qualitatively the samhe rapid increase in extinction
efficiency at the ends of the chain gives anothdrciation of the interaction length of the
resonance. For the 150 particle chain the extinat@aches its maximum value 5 particles

from either end.

88



-
o

0-38"'I'"I"'I"'I"'I"‘I"'I"

% (a) | = (b) — 20 part.
g 1 § — 50 part. j
\C: 8 _ g 036 } — 150 part. .
3 =
g J
S g -
£ 6 - 12 0.34 ¢ -
Q © 1
[ o
[ [
[o% [}
> a ]
g2 4 1 & 032 .
[ c
S ks ]
% £
5 ] ¢ ]
g 2} —— 20 part. I i
£ — 50 part. 1 @ I ]
&5 — 150 part. ] E [ ]
0L 1 1 1 ! 1 1 1 _ 028 & 1 T 1 _
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Sphere No. Sphere No.
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varying chain lengths an@d) longitudinal polarisation(b) transverse polarisation.

The situation is quite different for transversegoislation, figure 4.7(b), where the end
particles dominate the extinction efficiency. Thtp for all three chain lengths are
qualitatively the same, and the extinction decreassy rapidly from either end of the
chain. The interaction length for the transversalenis much shorter than the longitudinal
mode, or equivalently the plasmon is more localsledg the chain. This would seem to be
consistent with a TE guided mode in the chain whigtples into the far-field only at the
ends of chain. Such modes have recently been Hedchy Sainidou and Garcia de

Abajo*?* for planar arrays of nanoparticles.

: : : 1 : .
It is now possible to combine thae power law and equation 4.3 to develop a scaling

law, which predicts the plasmon resonance peak, <ay from the resonance of an
isolated sphere, as a function of chain length iatet-particle spacing in the near-field
regime as per equation 4.4.

m
2r X

A =1In AFe 4.4
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Where A= - 4.7is the y-axis intercept of the log-log graph iguiie 4.3,r is the radius of
the particle andd is the inter-particle spacing. Figure 4.8 showsaelation plot of the
plasmon peak position of a 150 particle chain widrying inter-particle spacings

calculated using the T-matrix technique and théirsg@quation 4.4.
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Figure 4.8. Correlation diagram of plasmon peak position daled using the T-matrix

technique and equation 4.4.

Excellent correlation exists between both setssiilts for all inter-particle spacings,
with only a slight difference apparent for 0.5 nmter-particle gap. Moreover, the optical
properties of individual gold spheres up to a ditemef about 100 nm are dominated by
absorption and one might therefore expect the teguésented here for chains of spheres
to apply across a similar size range. This has lmmifirmed in a few representative
calculations for various chain lengths and partgi#es and in fact it is the ratio of sphere
diameter to inter-particle gap that determinesapigcal properties rather than the absolute

value of either quantity.

It is now clear from the calculations presentedvabthat for inter-particle gaps
greater than about 30 nm the near-field couplingvben particles is more or less zero and

the 15 nm patrticles within the chain behave indhme way as isolated particles. This is
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only true for small particles where the scattergificiency is small. For larger particles
with diameters larger than about 100 nm with iqgerticle spacings larger than
approximately 100 nm radiative and retardation gbuate to the dipole interactions and
diffractive effects become apparent. This phenomemes been demonstrated by Zou and
Schatz®* who showed that for 100 nm diameter silver pasicincreasing the inter-particle
gap to about the same size as the wavelength peedadditional structure in the extinction
spectrum. Under suitable conditions a very shagpromwv resonance can be produced in
addition to the resonance resulting from plasmaritatton on a single particle. This effect
is diffractive in character and hence requires thatindividual particles have a reasonable
scattering efficiency. The data presented abowe tke near-field regime where coupling
between the particles dominates the extinctionasbrption efficiency is the determining

factor.

As a final check of the calculations presented abdwmatrix calculations were
performed on 150 particle chains with a constaargd particle gap with varying particle

diameters. The results are shown in figure 4.9.
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Figure 4.9. Extinction efficiency, Q_, for varying diameter particles for a 150 particle

ext
chain with(a) an inter-particle spacing of 350 nm and transverdarisation,(b) 200 nm
gap and end-on polarisation.
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The present calculations give results which aragreement with those of Zou and
SchatzZ®® A second much narrow resonance begins to appedneagarticle diameter
increases, becoming apparent for 60 nm particlés transverse polarisation and at about
80 nm for end-on polarisation. This narrow peaktshin opposite directions for these two
polarisations as the particle diameter increasebdu For the longitudinal polarisation (not
shown) the second sharp peak is absent at padialeeters from 15 to 100 nm. The
transverse and end-on polarisations are the sam&)dincident wavevectors are different,
perpendicular to the chain in the former and pakradl the chain in the latter. There is no
reason why these two equivalent polarisations shprdduce the same extinction spectrum
for extended chains of particles as the phase ekiritation field is different in the two
cases, and certainly Figures 4.9(a) and (b) demaimsthis. In the near-field regime,
however, no difference is observed between theviawevectors for identical polarisation
even for chains that are longer than the incidemtedength. This is, at first, surprising, but
is presumably a consequence of the fact that tkeeaiction length of the resonance is small

compared with the wavelength.

Zou and Schatz mention that the use of chain strestwith large inter-particle
spacings in SERS applications is constrained byéesel for the incident and Stokes shifted
wavelengths to be enhancld.This is not achieved with the long chains of 10@ n
diameter silver particles modelled in their workhefefore it was hypothesised that
replacing the single silver particle with a silvéimer would introduce an additional
extinction peak, due to the near-field interactiaisthe dimer, to the already existing
diffractive peak and overcome this constraint. Tdil®wing section describes the results of

several calculations that were performed to tasthiypothesis.

4.2.2. Chain of dimers of silver nanospheres

Schematic illustrations of the three chain configions of 100 nm diameter spherical
silver particles considered within this section ah@wn in figure 4.10. All chains were

modelled with end-on polarisation.
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Figure 4.10. Schematic illustrations of a chain composed of D@0 diameter silver
spherical particles witlfa) single particles an¢b) dimers alignedperpendicular andc)
dimers aligned parallel to the chain axis.

The first configuration examined was a chain ofjrsilver particles, figure 4.10(a).
The calculated extinction spectra for this confagion with varying inter-particles spacings
are shown in figure 4.11. This is a reproductioroné of the calculations performed by
Zou and Schatz and have been reproduced here tondénate the diffractive behaviour of
the chain->*
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Figure 4.11. Extinction efficiency of a chain of single silvé®0 nm particles with varying

inter-particle spacings with ‘end-on’ polarisation.
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It can be seen that the extinction peak initiakg-shifts, from that of an isolated
sphere, for the small inter-particle spacing of h@@. For larger inter-particle spacings the
peak then blue-shifts and splits into two peak® broad at about 450 nm and the other
sharp and narrow at a wavelength that is closavicetthe inter-particle spacing, when
measured between the centres of the particles.aBduSchatz report that the sharp peaks
are only produced when the real and imaginary pafrthe dipole sum are close to the

reciprocal of the polarisabilit}*

Prior to the replacement of the single particletha chain with dimers the extinction
spectrum of a single dimer was first examined. TWwavevector was considered

perpendicular and parallel to the dimer axis. Tvanse (O) (perpendicular to the dimer
axis), longitudinal (%Tj (parallel to the dimer axis) and 04{77:) polarisations were

modelled for the perpendicular wavevector configjara The dimer was modelled with an

inter-particle spacing of 3 nm. The optical resgooan be seen in figure 4.12.

Efficiency (no units)

10
:(a)

Efficiency (no units)

10

(b)

[

A

N
I

-\

Single particle (Qgy)

------- Single particle (Qgcg) |

PRI I EURPEEI BRI PR S i e - [ P PP M PR Rai =
300 400 500 600 700 800 900 1000 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 4.12. Extinction efficiency of a single dimer of 100 ntmameter spherical silver
particles with an inter-particle spacing of 3 nnthwihe wavevectofa) perpendicular and

(b) parallel to the dimer axis.

For the perpendicular dimer, figure 4.12(a), wiinsverse polarisation the extinction
peak blue-shifts to 370 nm compared to a singlégaresonance of 395 nm (orange line
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in figure 4.12(b)). Two extinction peaks are proeldi¢or longitudinal polarisation with the
smaller of the peaks located at approximately Hmesposition as the transverse peak and
the larger of the peaks red-shifted to 545 nm. tRer parallel dimer, figure 4.12(b), the
single particle extinction peak splits into two keavith the smaller peak located at 380 nm
and the larger peak red-shifted, from the singldigla extinction peak, to 420 nm. The
dimer behaviour can again be explained in termthefhybridisation model. In this case,
however scattering dominates the extinction spefcireboth transverse and longitudinal
polarisations. A large scattering component isdcekpected in 100 nm diameter particles
due to higher order contributions and is essentiathe production of the diffractive
phenomenon of the chain.

A 200 patrticle chain containing dimers that werigredd perpendicular to the chain
axis, figure 4.10(b), was then modelled. Varyingeirdimer and inter-particle spacings
were examined with end-on polarisation. Both transe (perpendicular to the dimer axis)
and longitudinal (parallel to the dimer axis) padations were modelled for this
configuration and the calculated extinction speetra shown in figures 4.13 and 4.14,

respectively.
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Figure 4.13. Extinction efficiency of a chain of dimers, witlhhet dimer axis oriented
perpendicularly to the chain axis, for transveretafsation for(a) constant inter-particle
gap of 3 nm an¢b) constant inter-particle gap of 160 nm.
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Diffractive effects dominate for transverse polatien as can be seen from figure
4.13(a), which shows the extinction spectra fohairt with a constant inter-particle gap of
3 nm and inter-dimer gaps varying between 50 ar@@ir2@. It can be seen that for inter-
dimer spacings larger than 100 nm, the extinctipecga splits into two peaks and
produces a very sharp peak at approximately twiee wavelength of the inter-dimer
spacing, when measured between the centres ofrttesd This is the same behaviour that
is produced from a single chain of spheres as showigure 4.11. Figure 4.13(b) shows
the extinction spectra for a constant inter-dimpacéng of 160 nm and inter-particle
spacings varying between 3 and 50 nm. The prewseuason described the red-shifting of
the dimer plasmon resonance as the inter-partipbeisg is reduced, due to greater
hybridisation between the particles. One would teepect the extinction peak from figure
4.13(b) to red-shift as the inter-particle spadsmgeduced from 50 nm to 3 nm. However,
this is not the case and the extinction peak affelgtremains in the same position over this
range of inter-particle spacings indicating tha thmer has little influence on the optical

response in this chain formation.

The opposite is true for longitudinal polarisatescan be seen from figure 4.14.
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Figure 4.14. Extinction efficiency of a chain of dimers, witlhet dimer axis oriented
perpendicularly to the chain axis, for longitudipalarisation fo(a) constant inter-particle
gap of 3 nm angb) constant inter-particle gap of 160 nm.
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In figure 4.14(a) the inter-particle spacing ischebnstant at 3 nm and the inter-dimer
spacing is varied between 50 and 200 nm. For ghiteer spacings greater than 100 nm the
extinction peak converges to approximately 690 bomgitudinal polarisation of the single
dimer produced a second extinction peak at 545 Time. chain described in figure 4.14
contains 200 particles and based on the discussicection 4.2.1, which described the
peak red-shift towards an asymptotic value as atiom of chain length, it would seem
reasonable to attribute the production of the 680extinction peak to the red-shifting of
the individual dimer peak with increasing chainddmn This is not the case for inter-dimer
spacings of 100 nm and less because at these gpdbandimers are now close enough to
each other to allow near-field interactions, whwifi red-shift the extinction peak as the
inter-dimer spacings are reduced. Figure 4.14(b)ahestrates that dimer effects dominate
the extinction spectra for longitudinal polarisatidn this case the inter-dimer spacing is
held constant at 160 nm and the inter-particle isgais varied between 3 and 50 nm. As
the inter-particle spacing is reduced from 50 ton3 the extinction peak red-shifts as one

would expect from a dimer.

The final configuration examined was a 200 partich&in containing dimers that
were aligned parallel to the chain axis with endpmiarisation, as per figure 4.10(c).
Figure 4.15 shows the calculated extinction spefravarying inter-dimer (4.15(a)) and
inter-particle (4.15(b)) spacings. In this casdiphdiffractive effects are present, however

not to the same extent produced by the perpendidutgers with transverse polarisation.

In figure 4.15(a) the inter-particle spacing is kepnstant at 3 nm and the inter-dimer
spacing is varied between 50 and 300 nm. Additienadller extinction peaks are present
for inter-dimer spacings between 50 and 160 nm kewethese are not of the same
magnitude as those produced by the chain contapengendicular dimers with transverse
polarisation. In that case the 160 nm inter-dinpeceng produced the optimum extinction
peak. This would indicate that the parallel aligmmef dimers suppresses the diffractive

effect.
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Figure 4.15. Extinction efficiency of chain of parallel dimefcr (a) constant inter-particle

gap of 3 nm an¢b) constant inter-dimer gap of 160 nm.

In figure 4.15(b) the inter-dimer spacing was hebthstant at 160 nm and the inter-
particle spacing was increased from 3 nm to 50 finere is no red-shifting of the peak
with decreasing inter-particle spacing, indicatitigit dimer effects are not dominant.
Moreover, a small additional extinction peak isdarced when the inter-particle spacing is
increased to 50 nm. Increasing the inter-partipl@ceig beyond 50 nm will result in the
production of a chain of single spheres as perréigtil0(a) and the extinction spectra

would approach that shown in figure 4.11.

The chain containing perpendicular dimers is thestmoteresting of all the chain
configurations considered in this section as twgdaextinction spectra are produced at
wavelengths well separated from each other asrdated by the direction of polarisation.
To enhance both the incident and Stokes shiftedelgagths both resonances need to be
produced at the same time. This is possible ifnxation at 45is used and this effect can
be seen from figure 4.16. In this case the optinpenpendicular dimer chain with an inter-
dimer spacing of 160 nm and an inter-particle sppof 3 nm is polarised with transverse,
longitudinal and 45polarisations. Two extinction peaks at approxinyaf&5 and 690 nm
are produced with #5olarisation and although the magnitude of thénesion efficiency
is approximately half of that produced by the indiral transverse and longitudinal

polarisations, it is nevertheless still significant
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4.3. Conclusions

In summary, the T-matrix technique was first usedaniodel the optical response of
varying length chains of 15 nm diameter gold sphdre both the near- and far-field
regimes. In the near-field regime the inter-pagtighps were small enough to ensure that
the electric fields of the spheres were stronglypted. Decreasing the inter-particle
spacing for a fixed length chain caused the plasmesonance to split into two separate

peaks and blue-shift in the case of transverseripatioon and red-shift in the case of
longitudinal polarisation. However, the peak spigtphenomenon did not follow thgilg

dependence reported for other chains nor did tbesihéfted peak follow an exponential
dependence upon gap size that has been associdleddimers. The inverse cube
dependence is predicted by a model where the [etce represented by interacting point

dipoles. The results from the calculations perfairhere suggest that higher order terms
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cannot be neglected. The number of orders requredach convergence in the T-matrix
calculations supports this conclusion. The expaakdependence has been predicted in
DDA calculations and could be due to difficultiesdescribing the rapidly varying electric
fields in the gap region using a volume discreigatmethod. The peak shift does,

however, follow a power law dependence on the gsfamktce giving a straight line in log-
log plots. This dependence is close—éfo for all chain lengths although there is some

variation with chain length: the exponent variesir—0.98 to —0.89 for 150 and 2 particle
chains, respectively. At short distances the Van \@aals interaction (effectively the

. . . 1
interaction between plasmon modes) for two sphalsesvaries asd—.

Increasing the chain length for a constant intetigla gap caused the longitudinal
plasmon peak to exponentially approach an asymptmeevalue of which depended upon
the inter-particle spacing. For inter-particle gapow 5 nm the asymptote was reached by
around 10 particles and had a characteristic iotera of 2 particles, demonstrating the
localised nature of the resonance of the chainiwitine near-field regime. This behaviour
appears to be quite general and applicable tdhaihs with a gap less than 5 nm, that is, in

the near-field regime.

In the far-field regime 150 particle chains withteénrparticle gaps similar to the
wavelength of the incident light were modelled.triinspired that the production of a
second very sharp, narrow peak was not evidenhans with small particles where the
scattering cross-sections are small and only becawgent for larger particles with
diameters of around 60 nm for perpendicular padéios and around 80 nm for end-on
polarisation. No second peak was evident for palrgdblarisation for sphere diameters
ranging from 15 to 100 nm. Chains containing 20@esiparticles of 100 nm in diameter
were also modelled in the far-field regime. Rephaest of a single particle with a dimer
enabled both diffractive and dimer effects to cdmiie to the optical extinction spectra.
Far-field diffractive effects dominated the extioct spectra for dimers that were aligned
perpendicular to the chain axis with transverseagedtion. Conversely near-field dimer

effects dominated the extinction spectra for laundjinal polarisation.
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Chapter 5

5. Optimisation of plasmonic heating in gold

nanoshells

The effect of rapid formation of colloidal crystdl®m localised-plasmonic heating
of nanospheres during laser irradiation was exaghime Chapter 3. Nanoshells and
nanorods have the ability to exploit these locdliseating effects far more efficiently than
nanospheres because their absorption cross-sedaonsxceed their geometric cross-
sections. Moreover, by varying their aspect ratie plasmon resonance can be tuned into
the infrared part of the spectrum. Considerablendéittn has been paid to this tuneability of
the optical response of nanoshells and a variegpepfications explored which exploit the
temperature change induced by the strong plasnueéed surface heat fli%. ** ¥ In
previous work, heat has been applied to gold namiofes via laser-induced methods to
examine their energy absorption and relaxation gimvéthin aqueous solutiofts' *** and
gel matrices® The relationship between absorption maximum amstzell geometry is
now well established. While temperature changea aesult of incident illumination have

39 ¥1and/or measuréd % °* ¥%%or these particles, no work has been

been calculatel
performed to determine geometries that optimise teimperature change. Moreover,
conductive heat transfer models have been usebeirpast to calculate the temperature
change of nanoparticles within an aqueous medfufi: however, the presence of bulk

fluid motion was not taken into account within thesodels.

In this chapter the optimum nanoshell geometry gnavides the maximum thermal
equilibrium temperature under irradiation by sumligand laser light is determined.
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Absorption efficiencies were calculated using th¢@EAT computer progrartt This is an
implementation of Mie theof§ and is, in principle, an exact solution to thetssing of
electromagnetic waves by spherical particles. Trtase heat flux of the nanoshells based
upon their absorption efficiency and the intensitghe incident light were then calculated.
A convective heat transfer model was developeditoutate the equilibrium temperature of
each nanoshell based upon the surface heat flibupea after irradiation. From this the
optimum nanoshell geometry that produced the mamirthermal equilibrium temperature

was determined.

5.1. Methods

5.1.1. Calculation of absorption efficiency and heat flux

The computer program BHCOAT, which is describedBoyren and Huffmafh® was
used to calculate the extinction efficiency frome thanoshells. BHCOAT calculates
scattering by using Mie thedfto provide numerical solutions for scattering @éncy,

Q..., absorption efficiencyQ,,., and extinction efficiencyQ.,, (Qu: = Qups + Quca)- AS

abs?
described in Chapter 2 Mie theBtyin principle, provides an exact solution to the
scattering problem for coated spheres or shellpradctice, however, the infinite multipole

expansion must be terminated at some point an@xhetness of the solution is therefore
determined by how quickly this series converges.the shells considered here only the
first one or two terms make a significant contribntand even for the largest particle sizes,

series convergence is not expected to be a problem.

More problematic in BHCOAT is the potential to adbtte very large numbers, which
exceed computational limits. This occurs becaugesttattering coefficients for a shell,
unlike a solid sphere, cannot be written in suctvay that the functions of complex
arguments are ratios, allowing the Riccati-Besgetfions to have real arguments. This can
lead to numerical difficulties if the shell is pattlarly large or highly absorbing, that is,
has a large imaginary part of the refractive indea.prevent these numerical problems

Bohren and Huffmali recommend that the imaginary component of the pe@meter
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multiplied by the inner or outer shell radius slibubt exceed 30. For the largest shells
examined here, this limit is approached with maxmxalues of around 10. To determine
whether the calculated scattering efficiencies subject to these numerical problems
calculations for solid spheres using the BHCOATodlgm, where the inner and outer
spheres are composed of the same material, wer@aceth to calculations using the
BHMIE® algorithm from Bohren and Huffman, which is theaexsolution for a solid

sphere. The latter does not suffer with the nuraépcoblems described above and for all

particle sizes the two algorithms give identicaluiés.

Nanoshells with diameters of 30 nm, 50 nm, 80 nif am, 200 nm, 250 nm, 300
nm, 350 nm and 400 nm with aspect ratios of 0, @4, 0.6, 0.8, 0.85, 0.9, 0.925 and 0.95
were simulated. The aspect ratio is the ratio & itmer sphere diameter to the outer
nanoshell diameter. Therefore an aspect ratioadg<stribes a solid gold sphere, and a 0.95
aspect ratio is one where the shell thickness%sd@ the diameter of the sphere. The shells
were simulated as immersed in water, with watep aisking up the core of the shell, by
modifying the frequency dependent refractive indékulk gold™® so that it was relative to
water. Damping of the plasmon resonance from seréaattering has not been considered.
The refractive index of water was assumed to bguieacy independent and non-absorbing.
This is justified as the value of refractive indearies by only 2% across the spectrum
investigated her&* Calculations were performed on each shell betweavelengths of
300 nm and 1500 nm in 1 nm increments. This rarigeavelengths was chosen as they
include the surface modes for all of the parti@demetries and hence include the dominant

absorption bands.

Assuming that all of the energy absorbed from th&dent light is converted to
thermal energy then, under steady-state conditighg, power absorbed by and

simultaneously transferred out of a shell is gilagn
d 1500
_Q= ICabsEX'd}" 5.1

dt 300

and the surface heat flux is
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d 11500
d_?:Z IQabsEX'd}\‘ 5.2

300

dQ

Wherea is the heat radiated out of the shell (W/particl€),, is the absorption cross

section,E, is the spectral irradiance of the light sour®éngi>nm™), A is the wavelength

of light, and% is the heat flux \Wm™) at the nanoparticle surfat®.

Two scenarios were considered for the incidentataah. The first was to simulate

irradiation of the shells with 80@Vm™ of standardised sunlight® The second was to

simulate irradiation of the shells with a 10 mW t@oanous wave laser with a 0.5 mm

diameter spot size, providing a laser intensity56f9 kwWm™. It was assumed that the
wavelength of this laser could be tuned to the wemgth of maximum absorption of the

shells.

These sources of radiation correspond to two piaieapplications of plasmonic
effects in nanoparticles such as wavelength sgledolar glazing and localised heating
under laser irradiation for therapeutic treatmehiere are also two very different scenarios
for the laser irradiation. Firstly, the irradiatiimes might be short, such as in the case of a
pulsed laser, and transient effects occur in théigkes and/or the surrounding medium.
Secondly, irradiation times may be sufficiently doso as to allow the particles to

equilibrate with the surrounding fluid. The lattdrthese two cases will be examined here.

5.1.2. Relationship of heat flux to shell temperature

Previous work® ***on transient heating and cooling has focused ertemperature
of the particle itself. However, it is not necedgahe high particle temperature that would
cause it to have functionality in, for example,rthal therapy. Rather, it is the temperature
that the particle imparts to its immediate surrangs, which is determined by the surface
heat qux%. Once% iIs known, the steady-state particle temperature beaestimated
using a model that accounts for heat loss by alsieitmechanism.
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In order to gain an upper limit on the equilibritemperature the calculation was
first performed for isolated shells in vacuum whéne surroundings are at an ambient
temperature of 293 K. This is a relatively trivealculation where the heat loss mechanism

is entirely radiative.

The equilibrium temperature due to radiative caplaone can be calculated by

setting the absorbed power equal to that radiayealtilack body at temperatufg '’

aQ_ egdnry (T = Ta) 5.3

surr

where e = 0.9 and is the emissivity of the shedi, is the Stefan-Boltzmann constfit

(5.67x10°Wm?K™), r.is the radius of the shell[ is the temperature of the shell and

dQ

T, is the ambient temperature of the surrounding3 (X ).**" Since 5 can be

surr

calculated from equation 5.1, can be extracted in this case.

The second step is to calculate the temperatutbeothell whilst it was immersed
within a surrounding water medium. To do this iagsumed that there is a constant rate of
heat generation per unit volume. For the largetigdas with shells thicker than the mean
free path of gold (31nM®) this assumption is justified as the thermal cantidity of gold
is very high at 315Wm™K ™.2%® For the smaller particles with shell thicknesseslter
than the mean free path a more sophisticated agipray be adopted to take into account
ballistic conduction. However, this is not necegsas the temperature gradient within the

particle is extremely small as it is.

Calculation of the equilibrium temperature of theels under irradiation is then
relatively straightforward from the appropriate higansfer equation where the surrounding
water medium is assumed to be an infinite batmadrabient temperature of 233. The
shells are assumed to be a sufficiently dilute snspn so that they do not interact with
one another either thermally or through near-fglsmonic interactions.

Heat transfer from the shell to the surroundingewa via conduction in still water

(no bulk fluid motion) and by convection in movimgater'*® Within this scenario it is

105



assumed that the temperature change of the slellarge enough to overcome the
resistance of the water molecules to movement andegjuently initiate natural convection

currents:® Convection as opposed to conduction was usededsetit transfer mechanism.
The convection heat transfer mechanism can be ibdedcrby the following
equatiom->’

d
d—? = hdnr? (T, - T,,,) 5.4

whereh is the total heat transfer coefficient of stilltema

The difficulty in this approach lies in finding amppropriate value for the heat

transfer coefficient of water. From the literatutgpical values ofh for still water range

between 50 to 10,000Vm™K ™. However, h is not solely a property of the water and its
value is determined from experiment and will depap®dn a combination of the shell
surface geometry, the water properties and theamadf the water, whether forced or

still. 19°

In an attempt to find an appropriate value lof empirical results from various
nanofluid studies were considered. To our knowledge work has been performed to
determine h for gold nanoparticles within a nanofluid. Howevé&hanaferet al. have
modelled h for natural convection in a nanofluid for variogscumstances, such as
varying Grashof numbers and volume fractibfis.Using the most appropriate
circumstances that would be applicable to this rhddevas calculated to be around 520
Wm™K™. In another study° h was found to be approximately 24Wm=K™,
corresponding to the heating of a nanofluid ofnitian dioxide nanoparticles for 500
seconds.

The use of different empirically measured valuesofvithin equation 3.8 will have
the effect of altering the calculated temperaturéhe shell, however this will not detract
from the main aim of this chapter, which is to detiee the optimum shell geometry to
maximise surface heat flux. Therefore, after examgirthe h values from literature and

empirical studies, it was decided that a naturalvection heat transfer coefficient of 240

Wm™K ™ will be used in this model.
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5.2. Results and discussion

5.2.1. Optimum shell geometry to produce maximum surface

heat flux

As described in Chapter 1 it is the aspect ratighef shell that is the dominating
influence on the wavelength at which maximum abisonpoccurs’’ However, for a fixed
aspect ratio, the wavelength at which maximum giignr occurs nevertheless also shows
some dependence on shell diameter. As the shetiatea increases the peak begins to
broaden and larger shells tend to scatter incitight more efficiently and absorb less
compared with smaller diametéf$.This can be seen in figure 5.1 where absorptiah an
scattering of 80 nm and 400 nm diameter gold sghare compared. An 80 nm diameter
sphere absorbs approximately 2.5 times the amoweatters, whereas a 400 nm diameter
sphere scatters approximately 2.5 times the ambahsorbs.
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Figure 5.1. Absorption efficiency,Q,,. and scattering efficiencyQ,., for 80 nm and 400

abs sca

nm spheres (aspect ratio = 0).
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The peak absorption efficiencies as a functionhellsdliameter for fixed aspect ratios
are shown in figure 5.2. The optimum absorptioncefhcy of Q,,. =19 occurs at 846 nm
for a diameter of 50 nm and an aspect ratio of B®.a solid sphere of the same diameter
the peak absorption efficiency is almost a facfos smaller withQ,, . = 4. For all aspect

ratios the absorption efficiency falls rapidly begoshell diameters of about 100 nm

because these larger particles scatter more effigie

Assuming that the laser irradiation can be tunetth¢oabsorption maximum, equation
5.2 shows that the surface heat flux under ther lesdiation is directly proportional to

Q..s» and can therefore also be shown in figure 5.2.

20

e — o 11

I 0.6
0 I / —0238
£ ——0.85 | ]

i 4 200
> 15 —— 09 |] .
£ - ——0.95 | | <
g | : 8
q | 4 150 =
5 10 + 1 8
C 4 —_
g I ] =
= 1 3
k5 I 4100 =
5 ' =
= ]
5 5r ~
(7]
Q
<

0 1 1 1 PR 1 1 | 0

0 50 100 150 200 250 300 350 400

Diameter (nm)

Figure 5.2. Peak absorption efficiencie®,,; as a function of shell diameter for fixed

aspect ratios and associated surface heat flux wiaehated with a laser.

It can be seen that the 50 nm, 0.9 aspect ratib @oeluces a maximum surface heat

flux of 245 kWm™, significantly larger than the maximum 30NVm™ produced by a
sphere of about the same diameter. In this casegtimum geometry is the same as that

which produced the maximum absorption.
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The situation is slightly different for sunlightradiation as described in figure 5.3.
The maximum surface heat flux of approximately MBn> occurs for a diameter of 80
nm and an aspect ratio of 0.8. Note that the optirsurface heat flux, in this case, does not
correspond to an aspect ratio that gives the optimabsorption efficiency. Moreover, a
solid sphere of diameter 110 nm gives a nearly @aipe surface heat flux of 153m™.
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Figure 5.3. Variation of surface heat flux versus shell diamébe fixed aspect ratios when

irradiated with sunlight.

The cause of this effect can be explained withatleof figure 5.4, which shows the

variation in peak absorption efficienc@,, . as a function of aspect ratio for a shell of 50

abs
nm diameter. The large,Qvalues result from the production and hybridis#Gmf surface

plasmon modes at the shell-dielectric interfacelse Btrength of the surface mode is
determined by the size of the imaginary compondrihe® material dielectric constant. A
material with a small imaginary component will haaelarge, narrow absorption peak
whereas a material with a large imaginary compomghhave a small, broader absorption
peak?® It can be seen that for the solid sphere the alisarmaximum occurs at about 530
nm whereas for the 0.9 aspect ratio shell it i848 nm. Since the majority of the Sun’s

intensity falls between about 400 nm and 700%narger diameter, thicker shells with a
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smaller aspect ratio are best suited to convesingight to heat flux. Indeed, the use of
shells compared with solid spheres has limited athge in this type of application.
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Figure 5.4. Absorption efficiencies for a 50 nm diameter sketh varying aspect ratios.

On the other hand, proposed therapeutic applicgtiorhich use monochromatic
radiation in the near-infrared, may be best setwedmaller diameter, thinner shells with
larger aspect ratios. Although for the 0.95 aspaiid shell Qysis around 16 and the shell
thickness is 2.5 nm. At these dimensions plasmanpitag will become apparent and the
imaginary part of the dielectric constant will irese forcing a broadening and consequent

reduction of the absorption peak

The results from figures 5.2 and 5.3 demonstrate piecisely the surface heat flux
of a shell can be controlledrhat is, by varying the shell thickness, the abSonp

efficiency can be optimised and consequently thewarhof surface heat flux produced by

the shell can be engineered to an optimum value.
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5.2.2. Heat transfer by radiation

Using equation 5.3, the equilibrium temperaturetfeg gold shells in vacuum, was
calculated from the heat flux results shown inisech.2.1. The results for illumination by
sunlight and a laser are shown in figures 5.5 aBd réspectively. It should be noted that
temperature induced modifications to the dielectuicction and particle phase were not

taken into consideration in this model.

Under irradiation by sunlight the maximum equilibri temperature of 535 K is
reached for an 80 nm shell with an aspect rati6.8f Whereas under laser illumination a
maximum equilibrium temperature of 1775 K occurstfie 50 nm diameter shell with an
aspect ratio of 0.9. The optimum geometries folthivectly from the heat flux calculations
of the preceding section. Obviously, the abilitytbtme the laser wavelength to the peak
absorption wavelength gives a much larger finalgerature. No account is taken in these
calculations of melting of the shell, which is knoto occur under sufficiently intense laser

illumination®’
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Figure5.5. Calculated shell temperature after irradiation bylight in vacuum.
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Figure5.6. Calculated shell temperature after irradiationdsel in vacuum.

5.2.3. Heat transfer by convection

The calculated temperatures for shells suspende@ter and irradiated with sunlight
and a laser are shown in figures 5.7 and 5.8, otispéy.
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Figureb5.7. Calculated shell temperature after sunlight im#idn while immersed in water.
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Figure5.8. Calculated shell temperature after laser irradmathile immersed in water.

As expected, the optimum geometries for maximumiliegum temperature again

follow directly from the trends found foQ,,, and heat flux. Under sunlight irradiation

there is negligible temperature change, the maxineguilibrium temperature reaching
only 293.74 K for the 80 nm diameter, 0.8 aspetiorahell. By comparison, when
irradiated by the laser the 50 nm diameter, 0.®etspatio shell reached an equilibrium
temperature of 1323 K when suspended in water. fBhiperature is extremely high and in
practice, under these conditions, melting of thiel gmd fragmentation of the shell is likely
as has been demonstrated in previous experimettdies®® *" 2% Nevertheless it is

possible to optimise the radiation parameters &vegmt this situation by limiting the laser

intensity and/or the irradiation period.

Recently Pitsillideset al.>® used a solution to the heat conduction equation to
theoretically calculate the temperature change g@bld nanoparticle within a surrounding
fluid after irradiation by a 532 nm laser pulseaailuence of 0.5J/cn? . To do this they
assumed the nanoparticle was a homogeneous sphbegléed in an infinite homogeneous
medium (surrounding fluid). A temperature changamfund 2500 K was calculated for a

30 nm gold particle Q,,, = 2) after irradiation for 20 ns. Within this nedcconduction as
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opposed to convection was used as the method aftreesfer. However, the thermal
conductivity of fluids is quite poor and convectiasm a far more efficient method of
cooling, as heat is taken from one location to l@otesulting from the bulk fluid motion
as opposed to heat transfer between adjacent aectr phonon interactions during
conduction:® As such it is believed that the calculated tempeeachange of 2500 K is
actually greater than physically realisable.

It is clear that the different shell geometries a the same when it comes to
generating localised heat fluxes. It has been shinanthe optimum shell geometry under
conditions of laser irradiation has a diameter@hf and an aspect ratio of 0.9. This shape
provides the highest possible heat flux, and wdbktefore suggest that it is the most
appropriate shape for applications that requirsmiaic heating. In water this particular
shell has a maximum plasmon absorption at 846 nhichwis positioned within the
‘infrared window’ of human tissue. If the dielectgore were made of polystyrene or silica,
as opposed to water, it would have had the efféced-shifting the peak position and

decreasingQ

abs*

5.3. Conclusions

A classical physics approach was adopted to dematasthat a shell could be
engineered to achieve an optimum temperature byingrthe geometry of the shell.
Irradiation of the shell was simulated by two methdirstly by 800Wm™ of sunlight and
secondly by a 10 mW, 0.5 mm diameter spot sizer.la3ee absorption efficiency of the
shells and hence the surface heat flux was catmilfiom an implementation of Mie
theory. Equilibrium temperatures for irradiated Isheuspended in water were calculated

using a convective heat transfer model.

It was found that for shells irradiated by sunlighelatively thick shells with a
diameter in the range of 80 nm to 100 nm gave pitenum surface heat flux. Despite the
shift in wavelength of the absorption maximum tise of thick shells compared with solid

spheres has only a small effect upon the surfaae fhex and 80 nm diameter, 0.8 aspect

ratio shells produced a maximum surface heat fledagproximately 175Wm™=. By
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comparison 110 nm solid spheres produced a maxiswmace heat flux of around 150
Wm™. When these shells were suspended in water theespmnding equilibrium
temperature was essentially the same as the sdirmummedium, that is, there was
virtually no temperature rise. The relative insaugy to the use of shells or solid spheres
arises from the broad spectrum of the irradiatingight.

On the other hand, shells offered dramatic advastagver solid spheres when
illuminated by a laser source where the laser veagth could be tuned to the absorption
maximum. The calculated maximum surface heat fluxs wroduced by the 50 nm
diameter, 0.9 aspect ratio shells. For an incideteinsity of 10 mW over a 0.5 mm spot

size the value is approximately 248Vm™ whereas solid spheres produced a maximum of

only about 50kWm™. For isolated shells suspended in water the catiedl optimum

equilibrium temperature was 1323 K. Realising th&destantial temperature changes in a
real experiment would, however, rely upon avaiigpibf the appropriate laser source and
for the 50 nm diameter, 0.9 aspect ratio shellscHieulated absorption maximum occurs at

a wavelength of about 846 nm.

115



Chapter 6

6. Tuneable plasmon absorption in gold

nanoparticles: shells versus rods

In the previous chapter it was shown that shellsdpce impressive absorption
efficiencies at a plasmon resonance wavelengthdtatbe tuned from the visible to the
infrared part of the spectrum by varying the aspatib of the shell. Rods also have this
ability and recently the relative merits of rodslatells as absorbers and scatterers of light
for medical and biological applications have beealgsed by Jaiet al.?’ They concluded
that gold rods were an order of magnitude morecttfe than shells in terms of absorption
and extinction when compared on the basis of ovpeaticle volume. However, the high
value of gold implies that a more relevant figufexerit will be based on the amount of
gold contained per particle, which in the casehaflls with their dielectric cores, is a rather

different measure.

In this chapter the absorption cross-sections afs rand shells, with a constant
volume of gold, are compared directly. Mie theornydaDDA techniques are used to
calculate the optical efficiencies of geometricalgyrying shells and rods, respectively. The
aim is to make a direct comparison between theiogdtion efficiencies and thereby decide
which nanoparticle is better suited to applicatisnsh as thermal therapeutic techniques

and energy efficient window coatintjs.

" The work presented in this chapter has been fhetliss a paper entitled, “Nanoparticles: The casgdid
rods and shells” by N. Harris, M.J. Ford, P. Mulegrand M.B. Cortie, in Gold Bulletin, 20081, 5
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Clearly, other symmetries of particle will have gteon resonances at different
wavelengths and can provide methods for tuningatteorption spectrum. However, here
only shells and rods are considered as they proaidgstematic method for tuning the
optical response, that is, by changing the aspéict. in addition, shells and rods have been

synthesised by a number of groups.

6.1. Methods

For all calculations the bulk dielectric functioh gold was used® and damping of
the plasmon resonance from surface scattering wasconsidered. Surface scattering
effects are smaller for the longitudinal mode @f thd$** compared to the transverse mode
of the rods and the resonance for shells, where ektinction peak will broaden

significantly.

6.1.1. Shells

BHCOAT,*® as described in Chapters 2 and 5, was used talatdcthe extinction
efficiency of geometrically varying shells. To el@ba mass-weighted absorption
comparison between rods and shells the volume lof geed to model each particle was
kept constant at 55,550 AnThis is the same amount of gold contained inlial spherical
particle of 23.7 nm radius. This value was chosenemnsure that the optimum shell
geometries calculated in the previous chapter wesleided here. The shell geometries to
be modelled were produced by taking the solid spakeparticle and then increasing the
inner core radiusa of the shell in 1 nm steps until a final shelllwa radiusb of 51.71
nm, shell thickness of 1.71 nm and a 0.97 aspdi veas modelled. All shells were

modelled with a core composed of water.

6.1.2. Rods

The extinction efficiencies of hemispherically cadprods were calculated using the
DDA¥**1%" technique described in Chapter 2 and implementethé DDSCAT code of
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Draine and Flateat?! All of the calculations presented here were coteticunder
computational conditions which exceed those reconume by the DDSCAT authdrs to
give reasonably converged answers. For solid spheme shells the agreement between
DDSCAT calculations using the present computati@oalditions and the exact Mie theory

is excellent.

A 100 x 100 x 100 finite grid point array was ugedender the volume of the rod.
The length and diameter of the hemispherically-edppod was used to determine the
number of grid points that were “turned on” to eg@nt the rod volume and the number of
dipoles used to represent the rod was adjuste@dp khe inter-dipole spacing constant at
around 1 nm. This ensured that there were sufficdgroles to accurately represent the rod
geometry. However, it meant that for some rod gedesethe volume varied from the
constant volume of 55,550 Amwith the most extreme case having a tolerance of
55,550+ 875 nn?® for thel =74 nm,d = 33 nm rod.

Calculations were performed on a number of rod gdoes with aspect ratios
ranging from 1.6 ( = 61 nm,d =38 nm) to 4.71( = 118 nm,d = 25 nm). Computational
time limitations prevented the calculation of extion efficiencies for rods with larger

aspect ratios.

The incident light was polarised such that theteleéield was parallel to either the
longitudinal or transverse axis of the rod, whichll we referred to as longitudinal and

transverse polarisations, respectively.

Usually optical absorption and scattering values aompared in terms of the

extinction cross-sectiorC_,, normalised to the geometric cross-section ofptimicles and

ext

is referred to as the extinction efficiend®,,,. This is a convenient method for spherical

particles as it provides an effective absorption yo@t cross-sectional area against which
different sized particles can be compared diredtipwever, for non-spherical particles
there is no obvious way of defining the geometnioss-section. The most common
convention, at least with computational codespiseduce the mass of the particle to an
equivalent sphere and use the cross-sectionalcdrébes sphere. This makes sense where
the extinction efficiencies are orientationally eaged, but can hide many of the interesting

shape dependent effects. Therefore, in this woek ahsolute absorption and scattering

118



cross-section values are calculated and then nm®dato the true cross-section of the
particle, that is, the cross-sectional area théigh@rpresents to light incident from that

direction.
6.2. Results
6.2.1. Shells

Figure 6.1 shows the variation in peak absorptitiniency, Q.. as a function ob.

abs
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Figure 6.1. Shell absorption efficiencies for increasing aspatibs. Note that in this figure
any peak heights for a shell b>32nm are likely to be considerably overestimated tb

damping of the plasmon resonance in very thin shell

As b increases the shell becomes thinner and the asgiextncreases. This causes

the peakQ,, . to red-shift from the visible spectra into th&aned. This is exactly the same

abs
phenomenon that was described in figure 5.4, regulirom the hybridisation of the
plasmon modes at the shell-dielectric interfaces.dhell thicknesses between 1.7 nm and
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4.8 nm Q_, . varies between around 16 and 18. However, thk 8iglectric data used

abs
becomes increasingly inappropriate as the shealktiéss decreases and plasmon damping
will become apparent forcing a broadening and ogusiet reduction of the absorption
peak. This means that shells with thicknesses baloproximately 5 nif would have a

reducedQ,,. and consequently an optimu@,,, somewhere between 14 and 16 would be

abs

produced by shells with radii between 30 to 32 md shell thicknesses of 5.1 nm to 6.0

nm.

Figure 6.2 showsQ,,. and absorption cross-sectio@,,, at the maximum of the

abs

plasmon peak plotted against shell radius,
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Figure 6.2. Absorption efficiency and cross-section as a funmctof shell radius calculated
using BHCOAT. Shells were modelled as a gold siéh a water core with dimensions

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

As the volume was kept approximately constant tiedl shickness decreases as the
diameter increases. An optimumycof around 18 at a wavelength of 1078 nm is produce
by the shell witha = 41 nm ando = 43.5 nm. Beyond this diametegddecreases as the

shell becomes thinner reducing the amount of nafailable to absorb the incident light.
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In Chapter 2 it was shown that the polarisabilityacshell in the electrostatic limit

could be described by equation 6.1 and it can ba #gat the shell polarisability increases

with b®.

s (& —&n)(E +28)) + f(g, - &,)(e, +25,)
(6, + 26,,)(&, + 26,) + £ (26, - 26,)(&, — &,)

a=4rb 6.1

The extinction efficiency of the shell in the elestatic limit can be calculated using

equation 6.2
C.. =kIm(a) 6.2

and since scattering is small compared with absorph the electrostatic limit equation 6.2

can be re-written a3

Cabs: klm(a) 63

Consequently ab increases, so do&s,,.. This is evident from figure 6.2 with the
solid sphere, wittb = 23.7 nm producing &, of 6534 nrf and the 0.97 aspect ratio

shell, withb = 51.7 nm producing &, of 151543 nrh

Figure 6.3 shows scattering efficiend, ., and scattering cross-sectidd, , at the

maximum of the plasmon absorption peak plottedreggashell radius. The amount of
incident light scattered by the shells is less t@namount they absorb, at the maximum of

the plasmon absorption. For example the solid gppeyduces &), of 3.7 and &, of

0.3, whereas the optimum shell with = 41 nm andb = 43.5 nm, neglecting damping,

produces &, of around 18 at a wavelength of 1078 nm ari@.a, which is around three

times less of 6.7 at the same wavelength.
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Figure 6.3. Scattering efficiency and cross-section as a fonctif shell radius calculated
using BHCOAT.

There is a point reached whe@,, becomes relatively constant, which can be seen
to occur for shell radib beyond around 40 nm. At this poi@t,, starts to reduce as it is

normalised to the increasing cross-sectional aeattering across the entire wavelength
spectrum, however, will increase as the particte smcreases. At particle radii of around

50 nm the overall scattering will begin to dominabesorption.

6.2.2. Rods

Figure 6.4 shows the variation in the maximum ltundjnal plasmon respons€&

abs

as a function of rod aspect ratio and it can bex gbat Q_, . red-shifts with increasing

abs

aspect ratio, as predicted by G&h&or example the 1.6 aspect ratio réd=61 nm,d =

38 nm) produces a ped®, . of around 9 at 583 nm. Whereas the 4.2 aspeotrat (|

abs

110 nm,d =26 nm) produces a pedk, of around 32 at 887 nm.
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Figure 6.4. Longitudinal absorption efficiencies for a rod kvén increasing aspect ratio.

In addition to the longitudina@,, . the transvers&),, . was calculated for each rod,
with the magnitude of),, . for the transverse response of the rods coristittite lesser of
the two plasmon responses. Moreover, the positidhetransvers&,, . peak blue shifts

with increasing aspect ratio with the smallest rbds 61 nm,d = 38 nm producing a

transverseQ_ . of 3.8 at 519 nm and the largest rbds 118 nm,d = 25 nm producing a

abs

QapsOf 5.6 at 512 nm. The transverse absorption ig senilar to a spherical particle of the

same diameter

The calculated,,. andC,,, results for varying aspect ratio rods are shawigure

abs

6.5 for a maximum plasmon absorption and figure $héws the calculated scattering

efficiency, Q,., and scattering cross-sectidd,,, for the same geometry rods. All of these

results are produced from the longitudinal polaiiseof each rod.
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Figure 6.5. Absorption efficiency and cross-section as a fumchf rod length calculated
using DDSCAT. Rods were modelled as gold hemisphHyi capped rods in water with
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Figure 6.6. Scattering efficiency and cross-section as a fonctf rod length calculated
using DDSCAT.
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The data points within these figures are not irtraight line as the rod geometries
were rendered to a three-dimensional finite gridygrwhere in some cases a small change
in the rod geometry resulted in an abrupt grid geamherefore a line of best fit has been

used to fit the data points within each figure.

The polarisability of the rod/ellipse in the eledtatic limit was described in Chapter
2 by equation 6.4 and it can be seen that the abdaripability increases with rod aspect
ratio.
‘91 B ‘gm

a. =4rabc
: 3, +3L,(5, - £,) 64

In the electrostatic limit scattering is small camgd with absorption and, as was the case

for the shells, equation 6.2 can be re-written as
C.s = kim(a) 6.5

Consequently as the rod aspect ratio increasedpe®C_, , which is evident from

abs?

figure 6.5 with the smallest rod & 61 nm,d = 38 nm) producing &, of around 18345
nm? and aQ,. of 9.1 at 583 nm. The longest rod £ 118 nm,d = 25 nm) produces a

C,,. of around 97127 nfrand aQ,,, of 34.5 at 951 nm. However, equation 6.4 is only

abs

valid in within the electrostatic limit. Therefoes the length of the rod increases there will

come a point wher®),,. and C_ . will reach an optimum value and then start torelase

because the electrostatic regime is no longer vatidhe rod becomes very long compared
with the incident wavelength, and the intensitytiod longitudinal plasmon absorption will
begin to decrease and approach Z2tdnfortunately an optimum geometry for maximum
absorption efficiency was not calculated as the mamational time required to calculate

absorption efficiencies of larger aspect ratio reds a hindrance.

It can be seen from figure 6.6 th@t_, andC,_, also increase as the length of the rod

increases. However, the rods still scatter conalugrless than they absorb, at the peak of
the plasmon resonance, making them attractivenemal applications. For example the

longest rod [ = 118 nm,d = 25 nm) produces a maximu@, of 34.5 andQ, of

abs
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around 18. For the same rod the absorption cragmseC.,,. is around 97127 nhand it

abs

scatters around half the amount of incident ligrakisorbs, that isC, ., is around 50741

nme.

Sca

6.3. Discussion

Rods out perform shells by producing larger oveabBorption efficiencies and larger
absorption efficiencies per unit area for a cortstaslume of gold. For example, the

optimum Q.. produced by the 43.5 nm radius shell with a stimétkness of 2.5 nm was

abs

around 18 whereas a maximu@y,, of 34.5 was produced by a rod with a length & 11

nm and a diameter of 25 nm. Furthermore, the lodgial response of the rod is unlikely
to be affected by surface scattering, which wiltdrae apparent in a 2.5 nm thick shell,

meaning that this optimum she]l , . value is likely to be overestimated.

abs

The cross-sectional area of the optimum sh@l,.(= 18) was around 5939 fand

around 2816 nffor the largest rod@,,. = 34.5). When compared against the shell the rod

abs

produces around twice th®__ with half the cross-sectional area. Because ataoh

abs
volume has been maintained in the particles, awcduse the rods are twice as efficient as
the shells, half the number of rods, and hencethalbmount of gold, would be required to
produce the same absorption per unit area compaithdshells, on the surface of, for
example a window coating. This assumes, of coubhsg,the rods or shells are distributed
over the surface such that the inter-particle spa@@ large enough to ensure that there are
no near-field resonance interactions. In additibecause the rods have half the cross-
sectional area they can be packed more denselysunface when compared with shells
and hence achieve greater total absorption atdpense of more gold per unit area.

Moreover, while it is now possible to produce sheliith thicknesses of around 4.5
nm 2 the seed-mediated synthesis techniques used dogeaods are well established and
capable of producing any aspect ratio rod, limiet; by the seed nature and size and the

nature of surfactant.
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6.4. Conclusions

It has been shown that for a fixed volume of gble &bsorption efficiency produced
by rods out performs the absorption efficiency picatl by shells. Shell efficiencies and
cross-sections were calculated using an implementabf Mie theory while rod

efficiencies and cross-sections were calculatedigusiDDA technique.

The optimum shell witha = 41 nm ando = 43.48 nm produced a maximu@y,,, of
around 18 andC,,, of 108837 nrhat 1078 nm. While the longest rod, with= 118 nm,d

= 25 nm produced a maximuf,,. of around 34.5 an€,,_ of 97127 nrhat 950 nm. The

abs

C,.. produced by the optimum shell exceeds that predidxy the largest rod. However,

abs

sinceQ,,. is C_,. normalised to the nanoparticle cross-sectiored #ne largest rod, with a

abs

smaller cross-section than the optimum shell, pcedwa greate@., . than the shell.

abs

Despite the inability to do a direct comparisorwesn the optical responses for the
optimum shell and the optimum rod due to computeatidime limitations using the DDA
method, the results presented here demonstrateptieal response of the rods still out

performs that of the shells.

The volume of the gold within the nanoparticles vikapt constant therefore the

largest rod produced twice th®_ . compared to the optimum shell. As such halve the

abs
number of rods and therefore half the volume ofdigebuld be required to produce the

same absorption per unit area.

Despite the establishment of new synthesis teclesigapable of producing uniform
sized shells with smaller shell thicknesses the aheimistry synthesis techniques used to
make rods are well established with meticulous rdndver rod aspect ratio achieved
through the selection of an appropriate seed anmthctant. Based on the synthesis
techniques described in section 1.2.4 it is posdiblsynthesise the rods modelled within
this chapter, whereas the synthesis of the optigeametry shell with a shell thickness of

around 2.5 nm, at this point in time, may prové¢amore difficult.
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Chapter 7

7. Conclusions and future directions

One of the aims within this thesis was to develoga technique to synthesise three-
dimensional gold nanoparticle colloidal crystalfisTwas achieved by irradiating a glass
substrate immersed in a gold nanoparticle in MMAaid with a 514 nm laser at 480 mW
for two minutes. Control over deposition locatioasapossible through the translation of
the glass substrate using an X-Y stage. This tectenis advantageous compared to other
techniques currently employed to synthesise calloatystals because templates or pre-
functionalised substrates are not required. Throtmghuse of control experiments and
calculations it was hypothesised that localisedplanic heating of the gold nanoparticles
within the supraspheres aids in the rapid formatbrthe colloidal crystals. To provide
further evidence to support this hypothesis, 9 nameéter silver nanoparticles should be
synthesised using the method of Hiramatsu and [Okt&Y These particles have a plasmon
resonance of around 400 nm and thus allow the miasiesonance to be tuned away from
the laser wavelength. Alternatively, the use ofedédnt sizes, for example 50 to 100 nm
diameters, or shapes, for example nanoshells aorads, will allow one to red-shift the
plasmon resonance away from the d-band transitiérgold to the point where a diode

laser with a wavelength of 808 nm could be used.

Future experimental work will include a more vigesoanalysis of the optical
properties of the colloidal crystals. Dark fieldamiscopy analysis was attempted with the
help of Professor Paul Mulvaney from the UniversifyMelbourne, however it transpired
that the colloidal crystals scattered significargtyd only very bright white light or yellow

scattered light was evident with no reproduciblecsfa. The next step forward is to use a
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spectrophotometer with a micron-sized spot sizewa# as SAXS and spectroscopic
ellipsometry, providing synthesis of colloidal cigfs with 100 micron domains is possible.
It is assumed that the starting size of the suprags influences the size of the colloidal
crystal with the number of nanoparticles per sughmase proportional to the ratio of the
concentration of nanoparticles in solution andriheber of nucleation sité> Therefore
the ability to tailor the size of the supraspheisesmportant to enable control over the
colloidal crystal dimensions and consequently usideding of and control over the
aggregation mechanism is essential. Furthermowvestigation of both the possible effect
of laser trapping of the supraspheres in the faonmatf the crescent shaped structures on
the glass substrate and possible tailoring of thikidal crystal formation mechanism in

order to enhance or prevent formation needs tanberntaken.

The second aim of this thesis was to model thecabtesponse of three-dimensional
gold nanoparticle colloidal crystals. This was istvgated using two different approaches.
The first approach was to examine the effect ofigdarorder and disorder, within the three-
dimensional structures, on the extinction specsiagithe T-matrix technique. This was
achieved by comparing the extinction spectra o0@ fdarticle spherically-shaped colloidal
crystal and the same structure after it had besordéred using GULP. An additional
extinction peak was evident in the spherically-gthpolloidal crystal, however it was not
present in its disordered counterpart. Furtherstigation of ordered and disordered single
FCC structures concluded that disordering the gagiwithin the structure had the effect
of producing inter-particle spacings that were aragler well-defined when compared to the
finite number of well-defined spacings present witthe ordered structure. This reduced
the effect of hybridisation of the individual paté plasmon modes and prevented the

production of an additional extinction peak in theordered structure.

The second approach devised to investigate theaypdsponse of three-dimensional
colloidal crystals was to examine a long, one-disn@mal chain of gold particles with
varying inter-particle spacings. This approach usedT-matrix technique to calculate the
extinction spectra produced by the chain and sulesdty uncover the physics associated
with near-field interactions in large ordered as.ayecreasing the inter-particle spacing for
a fixed length chain caused the extinction peakpidt into two separate peaks. The first
peak was blue-shifted with transverse polarisagioth the second peak was red-shifted with
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longitudinal polarisation. Interestingly, the lohgiinal peak-shift did not follow an
exponential dependence as reported earlier by gttoeips. Rather the extent of the peak-
shift is more accurately described by the inverseriparticle or distance power law
dependence, as per Van der Waals interactions betiveo spheres. This dependence is
applicable for all chain lengths and inter-partidpacings in the near-field regime.
Increasing the length of the chain for a constatdriparticle gap caused the longitudinal
extinction peak to red-shift to an asymptote, th@u& of which depended upon the inter-
particle spacing. In this case the peak-shift ditbfv an exponential dependence and the
asymptotic value was achieved by approximately pemticles with a characteristic
interaction length of two particles. It was thersgible to combine both the inverse distance
and exponential dependence laws into a universatem, which predicts the extinction
peak-shift, from an isolated sphere, for chaingmyf length and inter-particle spacings in

the near-field regime. This law is applicable totigée sizes below 100 nm.

These calculations were extended to the far-fiefime through the investigation of
a chain of silver dimers with the aim of calculagtitine optical response of a structure that
could enhance both the incident and Stokes shiftadelengths. For dimers that were
aligned perpendicular to the chain axis with tramsg polarisation, far-field diffractive
effects dominated the extinction spectra. Convgrderr longitudinal polarisation, near-
field dimer effects dominated the extinction sp&ctolarisation at 45enabled both the

diffractive and dimer extinction peaks to be présdrihe same time.

The potential to use nanoshells and nanorods isyththesis of colloidal crystals has
promise as both of these geometries have the yalditexploit the localised-plasmonic
heating effect far more efficiently than nanospbkedee to their larger absorption cross-
sections. Therefore, the nanoshell geometry tha gepable of producing an optimum
equilibrium temperature under sunlight and lasediation was determined. A formulation
of Mie theory was used to calculate the absorpgtiitiency for geometrically varying
gold nanoshells. Surface heat flux was calculafésr &radiation was simulated by 800

Wm™ of sunlight and by a 10 mW, 0.5 mm diameter sjme faser. A convective heat
transfer model was then used to calculate the ibquin temperature of an isolated
nanoshell suspended in water. A calculated maximsurface heat flux of approximately
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175 Wm™ was produced by the 80 nm diameter, 0.8 aspéotrahoshell. This amount of
surface heat flux resulted in virtually no temparatrise in the nanoshell. By comparison,

upon laser irradiation, the 50 nm diameter, 0.@®easmtio nanoshell produced a maximum

surface heat flux of approximately 248Vm™ .For isolated shells suspended in water this

produced an optimum equilibrium temperature of 1823

A direct comparison between the calculated absmmificiencies of nanoshells and
nanorods for a fixed volume of gold was then pened. A formulation of Mie theory and
the DDA technique were used to calculate the altisorgfficiencies of the nanoshells and
nanorods, respectively. The optimum nanoshell, withameter of 43.48 nm and an aspect
ratio of 0.9 produced a maximum absorption effickenof approximately 18. By
comparison, the longest nanorod with a length d hin and an aspect ratio of 4.7
produced a maximum absorption efficiency of 34.herkfore, the optical response of
nanorods is almost twice as good as nanoshellsthvtrsame volume of gold. Moreover,
wet chemistry techniques that have been developegymthesise nanorods have been
improved over time to the point where meticuloustom over aspect ratio and yield are
possible. Whereas, synthesis of the optimum gegmmenoshells with shell thicknesses

less than or equal to 5 nm may be problematic.
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Appendices

Appendix A: Publication Report

A.1Peer reviewed journal articles

» “Plasmonic resonances of closely-coupled gold ngime® chains”, N. Harris, M.D.
Arnold, M.G. Blaber and M.J. Fordpurnal of Physical Chemistry C 113 2784
(2009)

* “Mie and Bragg plasmons in sub-wavelength silvemisghells”, A.l. Maaroof,
M.B. Cortie, N. Harris and L. Wieczore&nall 4 2292 (2008)

* “Tunable infrared absorption by metal nanoparticid® case for gold rods and
shells”, N. Harris, M.J. Ford, P. Mulvaney and M.Bortie, Gold Bulletin 1 5
(2008)

» “Laser-induced assembly of gold nanoparticles iewdoidal crystals”, N. Harris,
M.J Ford, M.B. Cortie and A.M. McDonagNanotechnology 18 365301 (2007).

» “Optical properties of suspension of gold half-¢dfelJ. Liu, K.E. McBean, N.
Harris and M.B. CortieMaterials Science and Engineering B 140 195 (2007).

* “Core-shell nanoparticles with self-regulating mplemic functionality”, M.B.
Cortie, A. Dowd, N. Harris and M.J. Forhysical Review B 75 113405 (2007).

* “Optimization of plasmonic heating by gold nanospgise and nanoshells”, N.
Harris, M.J. Ford and M.B Cortielournal of Physical Chemistry B 22, 10701
(2006).
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A.2 Peer reviewed full conference papers

* “Plasmon absorption in nanospheres: A comparisonsoflium, potassium,
aluminium, silver and gold”, M.G. Blaber, M.D. Arlap N. Harris, M.J. Ford and
M.B. Cortie,Physica B: Condensed Matter 2 184 (2007).

* “Plasmonic heating and its possible exploitatioma@nolithography”, M.B. Cortie,
N. Harris and M.J. Fordrhysica B: Condensed Matter 2 188 (2007).

* “Optimisation of absorption efficiency for varyingdielectric spherical
nanoparticles”, M.G. Blaber, N. Harris, M.J. FomtdaM.B. Cortie, inProceedings
of the International Conference on Nanoscience and Nanotechnology (ICONN
2006) edited by C. Jagadish and G.Q.M. Lu, p. 556 (Bmsh 2006 IEEE)

A.3Oral presentations

» “Synthesis and optical properties of 3-D gold naartiple colloidal crystals”, N.
Harris, M.J. Ford and M.B. Cortie, International i@&rence on Nanoscience and
Nanotechnology (ICONN), February 2008, Melbournastalia.

» “Laser-induced synthesis of gold nanoparticle d¢d#b crystals”, N. Harris, M.J.
Ford, M.B. Cortie and A.M. McDonagh, Internatior@@abnference on Materials for
Advanced Technologies (ICMAT), July 2007, Singapore

* “Optimised plasmonic heating in gold nanoparticleN’. Harris, M.J. Ford and
M.B. Cortie, International Conference on Nanosocenand Nanotechnology
(ICONN), July 2006, Brisbane, Australia.

A.4 Poster presentations

» “Localised heating effects in gold nanoparticleN”, Harris, M. J. Ford and M. B.
Cortie, 38" Annual Condensed Matter and Materials Meeting, rif@ty 2006,
Wagga Wagga, Australia.
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