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Abstract 

The ability to synthesise metal nanoparticles with various geometries has vastly improved in 
recent years. The plasmon resonance, the mechanism responsible for the optical response of 
metal nanoparticles, is highly sensitive to their geometry. This is the primary reason for the 
current interest in developing syntheses that produce a distinct geometry. In contrast, 
polydisperse samples of nanoparticles have relatively poorly defined plasmon resonances. 
Although nanospheres are still the most common geometry of metal nanoparticle 
synthesised, there is rapidly increasing interest in nanorods and nanoshells on account of 
their more flexible optical response.  Therefore, developing a reliable synthesis for nanorods 
and nanoshells has been a target of much recent research. Gold is the most popular metal 
for the synthesis of plasmonically active nanoparticles.  

In this thesis I present a development of synthesis methods for plasmonically active 
nanoparticles and a characterisation of the resulting products. In my work I have synthesised 
gold nanorods, a mixed dispersion of gold nanorings and hollow gold nanoparticles, silver 
nanorods and platinum nanospheres. To characterise these nanoparticles I have used a 
range of techniques including UV-Vis-NIR spectrometry, SEM, TEM, cryo-TEM, SAXS and 
electrodynamics simulations. 

Early in my work I recognised that gold nanorods provided the best opportunities to achieve 
large scale applications. Some significant drawbacks in the existing methods of synthesis 
were identified, such as the inefficient reaction of gold. This realisation led me to focus the 
majority of my efforts on improving the understanding of the mechanisms involved in the 
synthesis of gold nanorods and, in particular, on the all-important transition from spherical 
seed particle to anisotropic rod. The nearest competitor to nanorods, with respect to 
applications, is nanoshells and so I have also compared these two geometries in the 
literature review. 

From the exhaustive work presented in this thesis I present a set of optimum conditions 
for the synthesis of gold nanorods. Evidence for the disproportionation of gold (I) 
bromide as the mechanism of gold metal formation in the gold nanorod synthesis is 
presented. I also show that it is necessary to sacrifice control of the aspect ratio of the 
nanorods produced in order to improve the efficiency of the reaction. I use a co-
reductant to show that the formation of nanorods is dependent on the effectiveness of 
the reductant that is present after the addition of the gold nanoparticle seeds. It is also 
apparent that it is possible to achieve a range of aspect ratios as well as particle 
dimensions by varying the amount of seed particles added to the growth solution. 

I have used a range of experimental techniques including cryo-TEM, SEM, UV-Vis 
spectroscopy and small angle X-ray scattering to probe the physical dimensions and 
optical properties of gold nanorods at various stages of their growth and from this I have 
developed a new growth model. Simulations of the optical properties of the 
intermediate nanoparticle geometries observed support this new growth model. 

 



 

 v 

Table of Contents 

Dedication ............................................................................................................................ i 

Certificate of Originality ....................................................................................................... ii 

Acknowledgements ............................................................................................................. iii 

Abstract ............................................................................................................................... iv 

List of Publications ............................................................................................................ viii 

List of Abbreviations ........................................................................................................... ix 

List of Figures ..................................................................................................................... xii 

1 Introduction ................................................................................................................ 1 

1.1 Trends in Metal Nanoparticle Research .............................................................. 5 

1.2 Optical Properties of Metal Nanoparticles ......................................................... 8 

1.2.1 Optical Response of Metals ........................................................................ 9 

1.2.2 Gold Nanorods and Gold Nanoshells ........................................................ 12 

1.2.3 Modelling Optical Response of User Defined Targets .............................. 16 

1.3 Gold Nanorod Syntheses ................................................................................... 19 

1.3.1 The Development of Gold Nanorod Syntheses ......................................... 19 

1.3.2 Kinetics of gold nanorod syntheses .......................................................... 28 

1.4 Gold Nanoshell Syntheses ................................................................................. 30 

1.4.1 Core – Shell Structures .............................................................................. 30 

1.4.2 Hollow Gold Nanoshells ............................................................................ 32 

1.5 Applications of Gold Nanorods and Nanoshells ............................................... 32 

1.5.1 Pigments and colorants............................................................................. 32 

1.5.2 Spectrally selective coatings ..................................................................... 33 

1.5.3 High density data storage ......................................................................... 35 

1.5.4 Catalysis .................................................................................................... 36 

1.5.5 Sensors ...................................................................................................... 37 

1.5.6 Surface Enhanced Raman spectroscopy ................................................... 39 

1.5.7 Use of gold in medical diagnostics ............................................................ 41 

1.5.8 Therapeutic possibilities for nanoscale gold ............................................. 44 

1.6 Motivation ......................................................................................................... 46 

2 Experimental Methods and Materials ...................................................................... 48 

2.1 Synthesis of HAuCl4 ........................................................................................... 48 

2.2 Precious Metal Nanoparticles ........................................................................... 48 



 

 vi 

2.2.1 Gold Nanoparticle Seed Solution .............................................................. 48 

2.2.2 Gold Nanorod Growth Solution ................................................................ 49 

2.2.3 Gold Nanorings/Hollow Nanoparticles ..................................................... 50 

2.2.4 Ag Nanorods .............................................................................................. 50 

2.2.5 Platinum Nanoparticles ............................................................................. 51 

2.3 Characterisation and Calibration ...................................................................... 52 

2.3.1 Characterisation of Au(III) species ............................................................ 52 

2.3.2 Calibration of Au0 Concentration in Aqueous Solution ............................. 53 

2.3.3 UV-Vis-NIR Spectroscopy .......................................................................... 54 

2.3.4 SEM ........................................................................................................... 54 

2.3.5 Cryo-TEM ................................................................................................... 55 

2.3.6 TEM ........................................................................................................... 56 

2.3.7 Estimation of nanorod dimensions from a UV-Vis-NIR spectrum ............ 56 

2.3.8 Small-Angle X-Ray Scattering .................................................................... 57 

2.4 Simulation of Optical Properties ....................................................................... 58 

2.4.1 DDSCAT ..................................................................................................... 58 

2.4.2 MiePlot ...................................................................................................... 62 

2.5 POV-Ray Diagrams of Gold Nanoparticles ........................................................ 62 

3 Other Precious Metal Colloids .................................................................................. 64 

3.1 Gold Nanorings ................................................................................................. 64 

3.1.1 Results and Discussion .............................................................................. 66 

3.1.2 Summary ................................................................................................... 71 

3.2 Silver Nanorods ................................................................................................. 72 

3.2.1 Results and Discussion .............................................................................. 73 

3.2.2 Summary ................................................................................................... 74 

3.3 Platinum Nanoparticles ..................................................................................... 76 

3.3.1 Results and Discussion .............................................................................. 77 

3.3.2 Summary ................................................................................................... 78 

4 Optimisation of the synthesis of gold nanorods ....................................................... 80 

4.1 Results and Discussion ...................................................................................... 81 

4.1.1 Ag⁺ concentraI on ..................................................................................... 81 

4.1.2 C16TABr concentration .............................................................................. 82 

4.1.3 Gold Source ............................................................................................... 83 



 

 vii 

4.1.4 Mechanism of Reduction .......................................................................... 84 

4.1.5 Sodium Salicylate as a Co-reductant ......................................................... 90 

4.1.6 Gold Nanoparticle Seed ............................................................................ 99 

4.1.7 Summary ................................................................................................. 113 

5 On the Formation of Gold Nanorods ...................................................................... 115 

5.1 Results and Discussion .................................................................................... 117 

5.1.1 UV-Vis-NIR Spectroscopy ........................................................................ 117 

5.1.2 Estimation of nanorod dimensions from a UV-Vis-NIR spectrum .......... 121 

5.1.3 Small-Angle X-ray Scattering ................................................................... 123 

5.1.4 Cryo-TEM and SEM ................................................................................. 127 

5.1.5 Simulated Optical Properties for New Growth Model ............................ 133 

5.1.6 Summary ................................................................................................. 138 

6 Conclusions ............................................................................................................. 140 

Future Work .................................................................................................................... 141 

References ...................................................................................................................... 142 

Appendices ...................................................................................................................... 162 

Appendix A .................................................................................................................. 162 

Appendix B .................................................................................................................. 164 

Appendix C .................................................................................................................. 169 

Appendix D .................................................................................................................. 171 

Appendix E .................................................................................................................. 172 

Appendix F .................................................................................................................. 173 

 

 

 

 

 

 

 

 

 



 

 viii 

List of Publications 

Portions of the work presented in this thesis have been published, contributed to or 
have been submitted for publication. The following is a list of the citations for these 
publications: 

Jonathan A. Edgar, Hadi M. Zareie, Martin G. Blaber, Annette Dowd, Michael B. Cortie 

“Synthesis of hollow gold nanoparticles and rings using silver templates” 

2008 International Conference on Nanoscience and Nanotechnology 2008, 36-39. 

 

Jonathan A. Edgar, Michael B. Cortie 

“Nanotechnological Applications of Gold Nanoparticles” 

Gold: Science and applications. CRC Press: 2009; p 369-397. 

 

Andrey I. Denisyuk, Giorgio Adamo, Kevin F. MacDonald, Nikolay I. Zheludev, Matthew 
D. Arnold, Jonathan A. Edgar, Michael J. Ford, Viktor Myroshnychenko, Javier García de 
Abajo 

“Transmitting hertzian optical nanoantenna with free-electron feed” 

Nano Letters 2010, 10, (9), 3250 – 3252 

 

Nicholas L. Stokes, Jonathan A. Edgar, Andrew M. McDonagh, Michael B. Cortie 

“Spectrally selective coatings of gold nanorods on architectural glass” 

Journal of Nanoparticle Research 2010, 12, (8), 2821 - 2830 

 

Jonathan A. Edgar, Andrew M. McDonagh, Michael B. Cortie 

“On the mechanism of formation of gold nanorods” 

ACS Nano 2011 submitted 

 

 



 

 ix 

List of Abbreviations 

¹H-NMR  nuclear magnetic resonance spectroscopy 
A*  ascorbate radical 
Ag or Ag⁰  silver metal 
Ag⁺  silver ion 
AgBr  silver bromide 
AgNO₃  silver nitrate 
AMMRF  Australian microscopy and microanalysis research facility 
AR  aspect ratio 
Au or Au⁰  gold metal 
Au₂S  gold sulphide 
Au³⁺  gold (III) ion 
AuBr₂⁻  gold (I) bromide 
AuBr₄⁻  gold (III) bromide 
AuCl₂⁻  gold (I) chloride 
AuCl₄⁻  gold (III) chloride 
BDAC  hexadecyl-benzyldimethyl-ammonium chloride 
BH₄⁻  borohydride 
Br⁻  bromide 
BSA  bovine serum albumin 
BT  bow-tie 
C₁₆TABr  hexadecyltrimethylammonium bromide 
C₁₆TACl  hexadecyltrimethylammonium chloride 
C₁₆TASBr  AgBr- C₁₆TABr complex 
C₁₆TEABr  hexadecyl-triethylammonium bromide 
CBT  conically-capped bow-tie 
CC  conically-capped cylinder 
CCG  complex conjugate gradient 
CdSe-ZnS  cadmium selenide - zinc sulphide 
CM  Clausius-Mossotti 
CMC  critical micelle concentration 
cryo-TEM  cryogenic transmission electron microscopy 
DDA  discrete dipole approximation 
DHA  dehydro-ascorbic acid 
DNA  deoxyribonucleic acid 
EM  electromagnetic 
et alii  and others' 
EXAFS  extended X-ray absorption fine structure 
fastSPS  fast single-particle spectroscopy 
FCC  face centred cubic 
FE-SEM  field emission - scanning electron microscope 
FFT  fast Fourier transform 
FOM  figure of merit 
FTIR  Fourier transform infrared spectroscopy 



 

 x 

GM  Göppert-Mayer units 
GS  growth solution 
H₂A  ascorbic acid 
H₂PtCl₆  hexachloroplatinic acid 
HA⁻  ascorbate anion 
HAuBr₄  tetrabromoauric acid 
HAuCl₄  tetrachloroauric acid 
HCl  hydrochloric acid 
HDT  hexadecanethiol 
HNO₃  nitric acid 
ICP-MS  inductively coupled plasma - mass spectrometry 
IR  infrared 
ITO  indium tin oxide 
KBH₄  potassium borohydride 
LDR  lattice dispersion relation 
LSP  localised surface plasmon 
MRI  magnetic resonance imaging 
Na₂S  sodium sulphide 
NaBr  sodium bromide 
NaOH  sodium hydroxide 
NaSal  sodium salicylate 
NiPAAm  N-isopropylacrylamide 
NIR  near infrared 
NP  nanoparticle 
OCT  optical coherence tomography 
OH  hydroxide 
PC  personal computer 
PTFE  polytetrafluoroethylene 
PVA  poly-vinyl alcohol 
PVP  polyvinylpyrrolidone 
QDs  quantum dots 
RIU  refractive index unit 
rpm  revolutions per minute 

SALDI-MS  
surface-assisted laser desorption/ionisation time-of-flight mass 
spectrometry 

SAXS  small angle X-ray scattering 
SC  spherically-capped cylinder 
SEM  scanning electron microscopy 
SERS  surface enhanced Raman scattering 
SHE  standard hydrogen electrode 
SiO₂  silicon dioxide 
SPIO  super-paramagnetic iron oxide 
SPP  surface plasmon polariton 
TC₁₂ABr  tetradodecylammonium bromide 



 

 xi 

TC₈ABr  tetraoctylammonium bromide 
TEM  transmission electron microscopy 
TGA  thermogravimetric analysis 
TPL  two-photon induced luminescence 
UPD  underpotential deposition 
UV  ultraviolet 
Vis  visible 
WAXS  wide angle X-ray scattering 
XPS  X-ray photoelectron spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xii 

List of Figures 

Figure 1-1 Roman ‘Lycurgus Cup’ from 4th century AD photographed in a) reflected light 
and b) transmitted light. ..................................................................................................... 2 
Figure 1-2 Scifinder Scholar analysis for reviews of “metal nanoparticles” subdivided by 
keyword .............................................................................................................................. 6 
Figure 1-3 Scifinder Scholar analysis for metal nanoparticle research publications refined 
for precious metals ............................................................................................................. 6 
Figure 1-4 Scifinder Scholar analysis for a) “gold nanorod(s)” and b) “gold nanoshell(s)” 
research publications subdivided by keyword .................................................................... 7 
Figure 1-5 Schematic of a plasmon-polariton dipole resonance in a gold nanoparticle .... 8 
Figure 1-6 a) Real and b) imaginary parts of the dielectric function for gold from various 
sources .............................................................................................................................. 10 
Figure 1-7 A typical gold nanorod absorption spectrum indicating primary features ..... 12 
Figure 1-8 Gold nanorods in PVA film. .............................................................................. 13 
Figure 1-9 Hybridisation model for dipolar resonance modes of a metal nanoshell ....... 14 
Figure 1-10 Typical spectra of a) large and b) small nanoshells ....................................... 15 
Figure 1-11 Structural representation of C16TABr ............................................................. 20 
Figure 1-12 Face-centred cubic crystal bounded by the planes with normal vectors a) < 1 
0 0 >, b) < 1 1 0 > and c) < 1 1 1 >. d) Previously proposed crystallographic structure of a 
single crystal gold nanorod. .............................................................................................. 21 
Figure 1-13 Face-centred cubic crystal (10 x 10 unit cells) bounded by the planes with 
normal vectors a) < 0 2 5 >, b) < 0 5 2 > where c) illustrates the surface atoms of b). d) 
Currently proposed crystallographic structure of a single crystal gold nanorod. ............ 22 
Figure 1-14 Cross-section of a gold nanoshell on a dielectric core .................................. 30 
Figure 1-15 Silica – gold (core – shell) nanoshells with increased exposure to growth 
solution (left to right and top to bottom). Scale bar = 20 nm. ......................................... 31 
Figure 1-16 Galvanic replacement of silver nanocubes with a) AuCl2- and b) AuCl4- ........ 32 
Figure 1-17 ASTM E971-88 standard solar spectrum and photo-optic response of the 
human eye ........................................................................................................................ 33 
Figure 1-18 Demonstration of five dimensional data storage using gold nanorods with 
wavelength indicated on the left, two-photon luminescence intensity on the right and 
polarisation indicated below. ........................................................................................... 36 
Figure 2-1 Calibration of AuBr4

- extinction in aqueous C16TABr solution ......................... 52 
Figure 2-2 Calibration for Au0 in solution ......................................................................... 53 
Figure 2-3 Nanoparticle cross-sections of the geometries calculated for my new growth 
model indicating the parameters used to define the structure. a) Bow-tie (BT), b) 
conically-capped bow-tie (CBT), c) conically-capped cylinder and d) spherically-capped 
cylinder. ............................................................................................................................. 60 
Figure 2-4 Extinction spectra for the intermediate nanoparticle geometries calculated 
using DDSCAT. ................................................................................................................... 60 
Figure 2-5 Gold nanorod with <052>, <025> and <011> side facets,<110> and <111> end-
caps and the growth direction <100> ............................................................................... 63 



 

 xiii 

Figure 3-1 Schematic for the formation of a hollow Au/Ag nanoparticle by the galvanic 
replacement of a silver nanoparticle template. Modified from [142] .............................. 65 
Figure 3-2 Spectra for nanoparticles pre- and post addition of HAuCl4 ........................... 66 
Figure 3-3 a) Low and b) high resolution TEM images of gold nanorings. Scale bars 50 nm 
and 10 nm for a) and b) respectively. Images courtesy of Dr A. Dowd. ........................... 67 
Figure 3-4 SEM image of gold nanorings and cages. Scale bar = 50 nm. .......................... 67 
Figure 3-5 Gold nanoparticles prepared by galvanic replacement of silver nanoparticles 
stabilised with citrate and C₁₆TABr molecules respectively .............................................. 68 
Figure 3-6 SEM images of nanorings prepared from a) citrate stabilised and b) C₁₆TABr 
stabilised silver nanoparticles. Scale bars = 20 nm ........................................................... 69 
Figure 3-7 Diagrams of gold nanorings with aspect ratios equal to a) 3, b) 4 and c) 5 
respectively. d) Corresponding extinction spectra for dispersions of gold nanorings of 
different aspect ratios calculated with DDSCAT ............................................................... 69 
Figure 3-8 Gold nanoring oriented in the YZ plane (grey area) with incident EM wave 
travelling in the +X direction and polarised in the Z axis .................................................. 70 
Figure 3-9 Plasmon resonance peaks for an aspect ratio 3 gold nanoring in various 
orientations. The traces are labelled for the respective plane of orientation and incident 
polarisation of incident light for a wave propagating in the x direction .......................... 70 
Figure 3-10 Comparison of the imaginary part of the complex dielectric functions for 
silver and gold. Data from reference [295] ....................................................................... 72 
Figure 3-11 UV-Vis spectra of C16TABr and tri-sodium citrate-stabilised silver seed 
particles ............................................................................................................................. 73 
Figure 3-12 Absorbance spectra for silver nanorods a) synthesised in the current work 
using different volumes of CTAB stabilised silver seed particles and b) literature 
procedure using citrate stabilised seed particles. ............................................................ 74 
Figure 3-13 Comparison of the imaginary part of the complex dielectric functions for 
platinum and gold. ............................................................................................................ 76 
Figure 3-14 Measured extinction spectrum of platinum nanoparticles synthesised in 
water compared with the MiePlot result for a 1 nm diameter platinum nanosphere and 
various mixtures of 1 nm and 100 nm diameter spheres, also in water .......................... 77 
Figure 3-15 Measured extinction spectrum of platinum nanoparticles synthesised in 
toluene compared with the MiePlot result for a 1 nm diameter platinum nanosphere 
also in toluene ................................................................................................................... 78 
Figure 4-1 Increasing the silver nitrate concentration in the gold nanorod growth 
solution produces a proportional shift of the longitudinal plasmon peak. ...................... 81 
Figure 4-2 Varying the C16TABr concentration of the gold nanorod growth solution shows 
a dependence of the sample quality on the elevated concentration............................... 82 
Figure 4-3 UV-Vis absorbance spectra of Au (III) – C16TA+ solutions indicating that the 
gold species present in the gold nanorod growth solution is AuBr₄⁻-CTA⁺. ..................... 83 
Figure 4-4 Absorbance spectra of nanorods prepared with HAuBr4 and HAuCl4 ............. 84 
Figure 4-5 a) Concentration of Au3+ measured by UV-Vis spectrometry for solutions with 
ascorbic acid approaching 1:1 with respect to initial Au3+ concentration b) Cryo-TEM 
image of solution of Au3+-C16TABr and ascorbic acid, scale bar = 50 nm .......................... 85 



 

 xiv 

Figure 4-6 Oxidation and degradation pathways for ascorbic acid .................................. 85 
Figure 4-7 Au3+ - ascorbate complex ................................................................................. 86 
Figure 4-8 Schematic of the disproportionation mechanism of AuBr2

- at the surface of a 
gold nanoparticle .............................................................................................................. 88 
Figure 4-9 a) Proportional increase of metallic gold concentration to excess reductant 
concentration in gold nanorod samples and b) corresponding longitudinal peak positions
 .......................................................................................................................................... 88 
Figure 4-10 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 
contain 50 µM Ag+ and ascorbic acid as the sole excess reductant ................................. 89 
Figure 4-11 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 
contain 100 µM Ag+ and ascorbic acid as the sole excess reductant ............................... 90 
Figure 4-12 a) Structure of the salicylate anion with intramolecular hydrogen bond 
indicated, b) probable structure of the salicylate di-anion and c) insertion of  the 
salicylate anion into a C16TABr micelle ............................................................................. 90 
Figure 4-13 UV-Vis kinetics data for the interaction of sodium salicylate with AuBr4 – 
C16TABr at 30oC , dashed arrows indicate increasing time, solid arrows indicate isosbestic 
points. Inset shows decrease of Au3+ concentration with time ........................................ 91 
Figure 4-14 a) Combinations of NaSal and Au+- and Au3+-C16TABr spectra and b) effect of 
water on the spectrum of salicylate anion in acetonitrile (arrow indicates increasing 
concentration of water) .................................................................................................... 92 
Figure 4-15 Integrated rate law plots for kinetics of the reaction of NaSal and Au3+....... 92 
Figure 4-16 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 
contain 70 µM Ag+ and sodium salicylate as the excess reductant, traces are labelled 
according to NaSal concentration ..................................................................................... 95 
Figure 4-17 By varying the of order of addition of reactants for nanorod growth solutions 
containing H2A and NaSal as reductants a dependence of ascorbate as the excess 
reductant is evident .......................................................................................................... 95 
Figure 4-18 a) – e) SEM images of nanoparticles formed with a) and b) 0.25 mM, c) 0.50 
mM, d) 1.00 mM and e) 2.00 mM NaSal in their respective growth solutions (all scale 
bars are 100 nm). f) Corresponding normalised absorbance spectra for samples a) – e) 97 
Figure 4-19 a) – g) SEM images of nanoparticles formed with a) 5.00 mM, b) 10.00 mM, 
c) 20.00 mM, d) 50.00 mM, e) 100.00 mM, f) 250.00 mM and g) 500.00 mM NaSal in 
their respective growth solutions. h) corresponding normalised absorbance spectra for 
samples a) – g). Scale bars a) – c), f) and g) are 200 nm, d) and e) are 100 nm ............... 99 
Figure 4-20 Absorbance spectra for seed solutions with a) 0.1 mM and b) 0.5 mM HAuCl4 
and a range of concentrations of C16TABr ...................................................................... 100 
Figure 4-21 UV-Vis absorbance spectra of gold nanoparticle seed solutions prepared at 
different Au3+ concentrations ......................................................................................... 101 
Figure 4-22 a) – f) SEM images for samples prepared using seed solutions with 0.1 mM 
HAuCl4 and a) 0.5 mM, b) 1.0 mM, c) 10.0 mM, d) 25.0 mM, e) 50 mM and f) 100.0 mM 
C16TABr respectively. g) Corresponding normalised absorbance spectra for a) – f). h) 
Nanorod dimensions for a) – f). Scale bars = 200 nm ..................................................... 102 



 

 xv 

Figure 4-23 a) – f) SEM images for samples prepared using seed solutions with 0.5 mM 
HAuCl4 and a) 0.5 mM, b) 1.0 mM, c) 10.0 mM, d) 25.0 mM, e) 50 mM and f) 100.0 mM 
C16TABr respectively. g) Corresponding normalised absorbance spectra for a) – f). h) 
Nanorod dimensions for a) – f). Scale bars = 200 nm ..................................................... 103 
Figure 4-24 a) – e) SEM images for samples a) A1, b) B1, c) C1, d) D1 and e) E1. f) 
Corresponding absorbance spectra for samples A1 – E1. The inset of f) shows the 
nanorod dimensions measured from the SEM images. Scale bars = 200 nm................. 105 
Figure 4-25 a) – e) SEM images for samples a) A2, b) B2, c) C2, d) D2 and e) E2. f) 
Corresponding absorbance spectra for samples A2 – E2. The inset of f) shows the 
nanorod dimensions measured from the SEM images. Scale bars = 200 nm................. 107 
Figure 4-26 a) – e) SEM images for samples a) A3, b) B3, c) C3, d) D3 and e) E3. f) 
Corresponding absorbance spectra for samples A3 – E3. The inset of f) shows the 
nanorod dimensions measured from the SEM images. Scale bars = 200 nm................. 108 
Figure 4-27 a) – e) SEM images for samples a) A4, b) B4, c) C4, d) D4 and e) E4. f) 
Corresponding absorbance spectra for samples A4 – E4. The inset of f) shows the 
nanorod dimensions measured from the SEM images. Scale bars a), d) and e) are 200 
nm, b) and c) are 100 nm ................................................................................................ 109 
Figure 4-28 a) – e) SEM images for samples a) A5, b) B5, c) C5, d) D5 and e) E5. f) 
Corresponding absorbance spectra for samples A5 – E5. The inset of f) shows the 
nanorod dimensions measured from the SEM images.  Scale bar for a) is 50 nm, scale 
bars for b) – e) are 200 nm ............................................................................................. 111 
Figure 4-29 Apparent quartic relationship for nanorod dimensions prepared from varied 
seed solutions. Green triangles indicate optimum range A3 – E3 .................................. 112 
Figure 4-30 Comparison of optically and physically (from SEM data) determined gold 
nanorod aspect ratios ..................................................................................................... 112 
Figure 4-31 a) Real and b) imaginary parts of the dielectric data for gold from Palik and 
CRC Handbook of Chemistry and Physics ....................................................................... 113 
Figure 5-1 UV-Vis-NIR spectroscopy of the reaction kinetics of gold nanorods. Density 
plots for gold nanorods with a) 0.60 mM and b) 0.65 mM H2A in the growth solution 
respectively. The scale of these plots has been normalised to the maximum absorbance 
of the 0.65 mM dataset. Time-dependent, two-dimensional absorbance plots indicating 
the transition of the longitudinal resonance peak for gold nanorods with c) 0.60 mM and 
d) 0.65 mM H2A in the growth solution respectively. The insets in c) and d) are an 
enlargement of the earliest traces for each respective dataset. The arrows indicate 
increasing time. ............................................................................................................... 117 
Figure 5-2 Au⁰ concentration as a function of time for growing gold nanorod solutions 
with 0.60 mM and 0.65 mM H₂A in the growth solution respectively. .......................... 119 
Figure 5-3 Second order autocatalytic growth model applied to the measured optical 
absorbance data for the growth of gold nanorods. ........................................................ 121 
Figure 5-4 Physical properties of growing gold nanorods interpreted from UV-Vis spectra 
a) volume and b) length (L) and width (W). .................................................................... 122 



 

 xvi 

Figure 5-5 Particle dimensions estimated from optical data for the growth of gold 
nanorods with 0.60 mM H₂A in the growth solution using a 2 nm (2 nm D) or 3 nm (3 nm 
D) diameter nanoparticle seed. ...................................................................................... 122 
Figure 5-6 a) Raw SAXS data of a typical gold nanorod growth solution (GS) and during 
nanorod growth at various times. b) SAXS profiles of the kinetics data using the GS 
profile as a background signal. ....................................................................................... 124 
Figure 5-7 Guinier plots for SAXS data of a growing gold nanorod solution where the 
profile for the growth solution has been used as a background. ................................... 125 
Figure 5-8 Analysis of SAXS data using I(q)q⁴ vs q plot indicating Porod plateau (green 
shaded region). ............................................................................................................... 126 
Figure 5-9 Cryo-TEM images of samples of a growing gold nanorod solution with 0.65 
mM H₂A taken at a) 2.5 min, b) 15 min, c) 25 min and d) 24 hours. Scale bars for a) – c) 
are equal to 10 nm and d) is equal to 50 nm. Arrows indicate fine gold particles with 
dimensions expected of seed particles. .......................................................................... 129 
Figure 5-10 Cryo-TEM images of samples of a growing gold nanorod solution with 0.60 
mM H₂A taken at a) 13.5 min, b) 19 min, c) 29 min and d) 38 min. Scale bars for a) – d) 
are equal to 20 nm. The arrow indicates fine gold particles with dimensions expected of 
seed particles. ................................................................................................................. 130 
Figure 5-11 Percentage of metallic gold (with respect to the final concentration) during 
the growth of gold nanorods with 0.60 mM and 0.65 mM H₂A, respectively. ............... 131 
Figure 5-12 SEM images of samples of growing gold nanorods taken at a) 5-7 min, b) 10-
12 min and c) 30-32 min. Scale bars = 100 nm. The arrow in a) indicates fine gold 
particles with dimensions expected of seed particles. ................................................... 133 
Figure 5-13 Refinement of the transverse resonance peak in the later stages of a growing 
gold nanorod solution. The arrows indicate increasing time. ........................................ 134 
Figure 5-14 Nanoparticle geometries used for DDA simulations. a) – c) Intermediate 
nanoparticle geometries modelled from observations in cryo-TEM images. d) Final 
nanorod geometry. ......................................................................................................... 135 
Figure 5-15 Volume-normalised, DDA simulated extinction spectra of intermediate 
nanoparticle geometries modelled on TEM observations. Green dashed arrow indicates 
growth direction. Black solid arrows link diagrams of nanoparticles with their 
corresponding extinction spectrum. ............................................................................... 135 
Figure 5-16 a) Experimentally measured absorbance spectrum of a growing gold 
nanorod solution with 0.65 mM H2A in the growth solution. b) Distributions of simulated 
nanoparticle spectra combined according to several rules to mimic experimental spectra 
in a). c) Comparison of the peak positions for the experimental and simulated data in a) 
and b) respectively. ......................................................................................................... 137 



 

 1 

1 Introduction 

In recent years the advancement of the natural sciences has been significantly 
influenced by the ability to interact with and control systems at the nanoscale. These 
advancements have been generalised by designating these abilities as a distinct sub-field 
of research i.e. nanoscience. 

Nanoscience and nanotechnology (the application of nanoscience) are considered by 
many as either the potential “cause of or solution to all of life’s problems”.a Opinions on 
this topic are, however, typically polarised to one or the other view. My belief is that the 
benefits of nanoscience are too great to suppress and that as long as suitable 
precautions are observed this will greatly reduce the chance of any negative 
consequences. 

To write an account of the entire scope of nanoscience would perhaps require utilising 
one of the nanolithographic techniques that has emerged from the field. However, I feel 
that there are certain contributions that require attention to develop the impression of 
the scale of the systems that I will discuss in this thesis. 

A major benefactor (and beneficiary) to advancements in nanoscience has been the 
conglomerate IBM. One of their primary contributions to nanoscience and 
nanotechnology is the scanning tunnelling microscope (STM).1 This invention has 
allowed sub-nanometre imaging and also earned Gerd Binnigb and Heinrich Rohrer half 
the 1986 Nobel Prize for physics.2 The other half was awarded to Ernst Ruska (not 
affiliated with IBM) for his contributions to the development of electron optics for 
electron microscopy, another vital contribution for the rapid progression of 
nanoscience. 

The manipulation and construction of nanoscale features is also highly desirable. This is 
another area where IBM have offered significant advancement with their continual 
shrinking of features produced by optical lithography for processor chips. For example, 
their recent introduction of chemically-amplified photo-resists can produce features 
separated by only ~22 nm.2 There are also other prominent lithographic techniques 
such as dip-probe, scanning electron and nano-imprint, to name a few.3 The advantage 
of lithography is that there is a high level of control over the features produced. 
However, the limitation of lithography is that the features are constrained to two 
dimensions. 

The preparation of nanosized features can be extended to three-dimensions by way of 
colloidal syntheses. A colloid is the discrete partitioning of one medium that is dispersed 
in another. Typically (at least one of) the dimensions of the dispersed medium are 

                                                             
a Paraphrased from The Simpsons episode 171: “Homer vs. the Eighteenth Amendment” 
b In 1986 Binnig, in collaboration with Calvin Quate and Christoph Gerber, also introduced the 
atomic force microscope (AFM) another vital tool for nanoscience and nanotechnology. 
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between 1 nm – 1 µm.4 Colloidal syntheses exist for a broad range of materials and 
provide a multitude of indispensible properties, but for the purposes of this thesis I will 
focus on colloids of precious metal nanoparticles and their syntheses.  

The production and application of gold colloids extends back to around the 4th century 
A.D. shown by the famous Lycurgus Cup,5 Figure 1-1. However, this does not signify the 
initiation of scientific study of these systems. 

 

The work of Michael Faraday is widely recognised as the initiation of modern research 
into aqueous gold colloids. In this work, Faraday correctly attributed the colour of the 
suspension that he synthesised to the size of the nanoparticles relative to the 
wavelength of incident light.6 Work previous to Faraday typically referred to the gold in 
solutions or materials e.g. ruby glass, as either a compound or finely divided particles.7 
Another famous application of colloidal gold is the dye known as ‘Purple of Cassius’. 
Although there appears to be some contention regarding the true originator of the 
technique behind the striking colours produced, Andreas Cassius was certainly a major 
contributor.8 

Richard Zsigmondy is possibly the greatest recognised contributor to the advancement 
of gold colloids. He was awarded the 1925 Nobel Prize for his extensive characterisation 
and development of colloid chemistry.2 Zsigmondy also played a major role in the 
development of the ultramicrosope in collaboration with Henry Siedentopf. This work 
manifests in modern research as dark-field microscopy or spectroscopy of single metal 
nanoparticles. 

Zsigmondy also used a seeded growth procedure where he added a growth solution of 
ionic gold to a solution of gold nanoparticles in order to increase their volume such that 
they could be counted in a light microscope and thus the concentration of particles 
determined.9, 10 This work is analogous to the syntheses that led to the introduction of 
the seed-mediated synthesis of gold nanorods.11-13 

a) b) 

Figure 1-1 Roman ‘Lycurgus Cup’ from 4
th

 century AD photographed in a) reflected 

light and b) transmitted light. 

Images modified from reference [5] 
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The Turkevich method for preparing gold colloids is another well known example.14 This 
method was made famous by the publication of Turkevich et al. but was previously 
published 11 years earlier by Hauser and Lynn.15 A significant contribution of Turkevich 
et al. was their analysis of the features of various syntheses of gold colloids using 
electron microscopy.14 

Colloidal gold chemists appear to have had a slightly alcoholic inclination, with both 
Andreas Cassius in “De Operationibis Circa Aurum Chymicis” (some experiments in the 
alchemy of gold)8 and Richard Zsigmondy noting that the colour of a colloidal suspension 
of gold is “like a good red wine”.7 Again, in the analysis of the well known citrate-
reduction method, Turkevich et al. comment on the similarities of the colour to red 
wine.14 However, the colour of gold nanospheres has much greater significance than as a 
simile to red wine. In fact, the optical response is what makes gold nanoparticles such a 
hot topic for modern research. The mechanism responsible for the unusual optical 
properties of metal nanoparticles is referred to as the ‘localised surface plasmon 
resonance’, or more simply as the ‘plasmon resonance’. The primary influences on the 
plasmon resonance of metal nanoparticles will receive greater attention in Section 1.2 
and a broad range of applications of these exotic properties is reviewed in Section 1.5. 

Gold is the most popular option for the synthesis of plasmonically active nanoparticles. 
This is due to the vast array of methods for synthesising gold colloids as well as to their 
stability. The stability of the colloid is due in part to the nobility of the gold itself and the 
ability to preserve the integrity of the colloid through surface passivation.  The optical 
response of gold is not the strongest or most efficient of the plasmonically active 
metals16 but the ease of synthesis and manipulation are too attractive for most to 
ignore. 

The colour of gold nanoparticles is not only limited to red wine. One of the most 
effective ways to control the optical properties of a gold colloid is by the preparation of 
gold nanorods. By varying the aspect ratio of the nanorod (length to width ratio) the 
peak extinction wavelength can be tuned from green wavelengths (~520 nm) into the 
NIR (> 700 nm). A similar effect can be achieved by preparing gold nanoshells and 
varying the shell thickness. If the optimum cases for each respective colloid are 
compared, then nanorods show a higher optical efficiency.17, 18 Tuning the peak 
wavelength greatly expands the possible applications. 

The wet chemical synthesis of gold nanorods has developed faster than the 
understanding of the mechanisms involved. A typical synthesis involves the overgrowth 
of gold nanoparticle seeds in a growth solution of ionic gold, stabilising surfactant 
(hexadecyltrimethylammonium bromide, C	
TABr), slight excess of weak reducing 
agent (ascorbic acid, H�A) and a low concentration of ionic silver. Although numerous 
hypotheses have been presented there is, as of yet, no consensus for the formation 
mechanism of gold nanorods. Popular theories are based on a soft-template effect 
supplied by the surfactant micelles19-22, passivation of the flanks of the nanorod by AgBr13, 21, 23 or a AgBr complex24, underpotential deposition of Ag� on the flanks25 and 
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an electric field driven process.26 There is still no definitive explanation for the initiation 
of the nanorod geometry from seed to final product. 

For publications that utilise gold nanorods it is common place to refer to a standard 
method of synthesis, usually that of Nikoobakht and El-Sayed.21 The method in this 
paper is the earliest publication that represents the synthesis in its current form. The 
most notable modification to the original synthesis was the introduction of a C	
TABr 
stabilised seed which improved the monodispersity of the product. The initial synthesis 
was reported by Jana et al.13 

A major issue with the current gold nanorod synthesis is the fact that only ~15% of the 
initial gold concentration is used in the reaction.27 This problem is typically addressed by 
removing the unreacted gold by centrifuging the nanoparticle dispersion and discarding 
the supernatant. If the unreacted gold is left in the solution then the nanorods will ‘age’ 
which results in a decrease of anisotropy i.e. the aspect ratio decreases. For a typical 
synthesis the total mass of gold used in the preparation of a solution of gold nanorods is ~1 mg and so the mass wasted is not large for a small number of samples. However, this 
percentage loss could be unacceptable when the synthesis is scaled up to the 
commercial quantities needed to realise large scale applications,  

In the remainder of Chapter One I review the literature that is most relevant to the work 
that I have presented in this thesis. The majority of the review deals with gold nanorods 
but I have also included important points about gold nanoshells, which are the major 
competitors to nanorods. Following a discussion of the technical aspects of the 
properties and synthesis of each, I have reviewed the vast array of applications. 

I have collated the various techniques and procedures that I have used throughout my 
work into Chapter Two. This includes a description of all the syntheses that I have 
presented. I also discuss calibrations for the determination of AuBr�� concentration in 
solution, concentration of Au� in a gold nanoparticle solution and estimation of nanorod 
dimensions from UV-Vis-NIR spectra. I have also included a description of a 3D rendering 
script that I have developed to produce crystallographic representations of gold 
nanoparticles that are approximately to scale.  

Chapter Three describes the work that I have done with precious metals other than gold, 
and on different shapes of nanoparticles. I have synthesised gold nanorings, hollow gold 
nanoparticles, silver nanorods and platinum nanospheres. I have used UV-Vis 
spectroscopy to characterise the optical properties of all the nanoparticles mentioned. 
DDA calculations and Mie theory were used to simulate the optical properties of gold 
nanorings and platinum nanospheres respectively. TEM and SEM were used to observe 
the dimensions of gold nanorings. 

Chapter Four contains my optimisation of the gold nanorod synthesis. I use well-known 
solution conditions to validate the method that I use for the synthesis of gold nanorods. 
Evidence is provided for the disproportionation of AuBr�� as the mechanism of Au� 
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formation in the nanorod reaction. I also show the high dependence of the reaction on 
the concentration of excess weak reductant and how this is the result of the 
disproportionation mechanism. I also introduce the use of a co-reductant, sodium 
salicylate, which supports the disproportionation mechanism and highlights that there is 
a dependence on the efficacy of the excess weak reductant in the nanorod formation 
step.  

In Chapter Five I present my new growth model for the silver-assisted, wet chemical gold 
nanorod synthesis. I had designed the experiments in this chapter to solve the mystery 
of the initiation of the nanorod geometry. Although I did not achieve this specific aim, I 
did develop a new perspective into the formation of gold nanorods. A descriptive model 
was developed by analysis of the kinetics of gold nanorod formation using multiple 
techniques including UV-Vis-NIR spectroscopy, SAXS, cryo-TEM and SEM. Briefly my new 
growth model involves a very rapid initial growth event followed by a gradual 
development of the particle features to approach the familiar hemispherically-capped 
cylinder. An important factor in the growth model is that not all seed particles 
experience the initial growth event simultaneously. This indicates that different particles 
can be at different stages of growth at a given point of the reaction.  

1.1 Trends in Metal Nanoparticle Research 

Metal nanoparticles, in particular those formed from precious metals, represent a 
significant contribution to the now-established field of nanoscience and 
nanotechnology. There is a generally good understanding of many of the basic aspects 
of synthesis, handling and application of metal nanoparticles, and much of current 
research pursues some specific and relatively narrow aspect of the field. The trends in 
metal nanoparticle research are illustrated in Figure 1-2, which shows an analysis of a 
literature search using the database Scifinder Scholar. Starting with the keywords “metal 
nanoparticles” and refining for reviews and duplicates, the total number of publications 
has been steadily increasing for the past 15 years.c The sub-divisions in Figure 1-2 
correspond to refinements of the search data to establish the volume of the literature 
dealing with the keywords listed within the key.d These searches are heavily dependent 
on the keywords used so it should be noted that although metal nanoparticle research 
has been active for around 100 years the jargon used has changed over this period (e.g. 
sol generalised as colloid). Considering that the target here was to observe current 
trends, the popular term of ‘nanoparticle’ was selected. 

                                                             
c Data correct up to and including 20th January 2011. 
d Boolean operator “AND” is used to separate reviews that contain both keywords. 
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On closer analysis of the search data, the metal nanoparticle field has expanded so far 
that it is now commonplace to have focussed reviews dedicated to particular properties 
of these particles. This implies a significant depth in the literature where it has become 
necessary to collate with respect to each aspect as opposed to global basics. 

Analysis of the search results for metal nanoparticles with respect to standard journal 
document types (e.g. letter, article etc.) and refining for gold, silver, copper, platinum 
and palladium shows that the bulk of the research has focussed on gold,c Figure 1-3. This 
may be due to the transferral of the inert properties of the bulk metal to the nanoscale, 
which leads to quite stable particles. 

One of the primary developments in the research of gold nanoparticles is the deviation 
from the energetically favourable geometry of the solid nanosphere. This deviation 
brings with it a significant increase in the range of properties and hence applications for 
metal nanoparticles. Two simple geometric deviations are nanorods and nanoshells. 
There are other geometries that have been reported in the literature, such as nano-
triangles, but nanorods and nanoshells are the two most prominent. 

 

Figure 1-3 Scifinder Scholar analysis for metal nanoparticle research publications 

refined for precious metals 

Figure 1-2 Scifinder Scholar analysis for reviews of “metal nanoparticles” 

subdivided by keyword 
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A database search for “gold nanorods” and “gold nanoshells” shows that nanorods are 
more prominent in the literature than nanoshells,e Figure 1-4. This is a reasonable 
indicator of the general preference of particle geometry, or possibly a reflection of 
relative ease of synthesis. This trend is supported by comparative properties of each 
that will be discussed in later sections. 

 

  

                                                             
e This search was performed using the additional keywords “hollow gold nanoparticles” and “gold core 
shell nanoparticles” due to varied terminology. 

Figure 1-4 Scifinder Scholar analysis for a) “gold nanorod(s)” and b) “gold 

nanoshell(s)” research publications subdivided by keyword 

b) 

a) 
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1.2 Optical Properties of Metal Nanoparticles 

Optical response is the primary focus of the majority of research into plasmonically-
active metals, which can manifest in the work as application of, characterisation by, or 
direct focus on. Plasmons arise from the interaction between incident electromagnetic 
(EM) radiation and the nanoparticle. The plasma or electrons (usually considered as 
conduction or ‘free electrons’; see Section 1.2.1) oscillate in resonance with the incident 
electric field. If the oscillation is in the form of a standing wave on a discrete 
nanoparticle it is generally referred to as a localised surface plasmon (LSP), while if the 
oscillation is propagating along an interface it is more accurate to refer to this 
mechanism as a surface plasmon-polariton (SPP).28 In either case the light is coupled to 
the plasma.29 Figure 1-5 shows the response of the plasma to an incident EM wave 
(note: the EM wave and electron cloud are not to scale). The oscillation is sufficiently 
approximated as a dipole for the limit where the nanoparticles dimensions are small 
compared with the wavelength of the incident light.29 

 

The observation that the optical response of metal nanoparticles is due to their size is 
attributed to Michael Faraday who prepared and analysed various colloids of gold.6 
Faraday deduced that it was the very small dimensions of the gold particles that 
produced the macroscopic colour and scattering properties by studying aqueous and 
particulate films produced by chemical reduction and electric arc discharge respectively. 
Faraday also controlled the optical response of the colloid by varying the conditions 
under which the particles were prepared. Importantly, it was also determined that the 
particles were metallic gold, and not a compound. 

Figure 1-5 Schematic of a plasmon-polariton dipole resonance in a gold 

nanoparticle 
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The shape and relative size dependence of the optical properties of gold nanoparticles 
were also subject to Faraday’s intuition;6 

“I can see no reason to imagine any other variation than the existence of particles of 
intermediate sizes or proportions”. 

This comment was made in consideration of colour gradients in the preparation of gold 
particulate films and the gradual diffusion/settling of colloidal suspensions. 

1.2.1 Optical Response of Metals 

To model the optical response of metal nanoparticles the wavelength-dependent 
dielectric properties must be known. As the outermost electrons in metals tend to 
occupy the conduction band, transitions typically occur at relatively low energy. This 
allows for the electrons to be considered as ‘free’ and thus the optical response of a 
collection of ‘free’ electrons can be determined from the Lorentz harmonic oscillator 
model. This description is known as the Drude model and is expressed as follows:29 

 ���� = 1 − ����� + � � 1.1 

 

The plasma frequency, ��, is given by: 

 ��� = !"�
#$%� 1.2 

 

Where N is the density of free electrons, e is the charge on an electron, me is the 

effective mass of an electron,  = &'(  *+ 	,, b is the damping constant, - is the relaxation 

time and ε0 is the vacuum permittivity. 

Comparison of the Drude model with experimental data shows regions of significant 
departure from a pure ‘free’ electron model. This implies that there is an important 
contribution to the optical properties by interband transitions (due to bound electrons). 
Etchegoin et al have applied critical point transitions to the Drude model to obtain the 
following complex dielectric function for gold:30 

 ���� = �. − ����� + � �� + / 0112	,�
�1 4 "156�1 − � − � 1 + "�156�1 + � + � 17 1.3 

 

Equation 1.3 is presented in an analogous form to the Drude equation; where �. is the 
high-frequency limit dielectric constant. 

Comparison of Equation 1.3 with two of the most commonly used dielectric tables, 
Johnson & Christy31 and Weaver & Frederikse32 shows a significant improvement to the 
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Drude function, Figure 1-6. The values applied to Equation 1.3 are specifically chosen to 
fit the data of Johnson & Christy and are found in Table 1-1. 

Despite the improved accuracy of the function it is generally better to use the dielectric 
tables directly where possible, as even the modified Drude function can ignore the fine 
structure of the dielectric response. 

 

Table 1-1 Fit parameters for Etchegoin et al. complex dielectric function for gold 

Parameter (units) Value ϵ. 1.530 ω< �eV� 8.564 γ< �eV� 0.073 A	 0.940 ϕ	 �rads� − H4 ω	 �eV� 2.653 γ	 �eV� 0.540 A� 1.360 ϕ� �rads� − H4 ω� �eV� 3.752 γ� �eV� 1.321 
 

For modelling the optical properties of nanoparticles that satisfy the quasistatic 
approximation i.e. r << λ, the strength of response to the incident EM field is specified 
by the polarisability, α: 

 α�ω� = 0J εLM�ω� − εN�ω�εN�ω� + OPεLM�ω� − εN�ω�Q 1.4 

 

εR�ω� denotes the permittivity or dielectric function of the nanoparticle (NP) and 
surrounding medium (m) respectively. The inclusion of εN�ω� in the above term shows 
the dependence of the optical properties of the nanoparticle on the dielectric function 

a) b) 

Figure 1-6 a) Real and b) imaginary parts of the dielectric function for gold from 

various sources 
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of the surrounding medium.33 A is a strength factor and L is the depolarisation factor 
that affects the resonance position.34 V is the volume of metal in the nanoparticle. In a 
vacuum A and L are independent of the metal but are geometry dependent.29, 34 The 
volume of the nanoparticle also affects the resonance position but is not as significant as 
varying the geometry. The strength factor, A, can be omitted as it is a sum of the 
strengths in a multimode system.35 In the quasistatic limit the dipole mode is dominant 
and often unaffected by adjacent modes.34 

From the polarisability it becomes possible to determine the extinction, S$TU, and 
scattering, SVWX, cross-section of the nanoparticle:29 

 S$TU = Y Z#�[� 1.5 
 

 SVWX =  Y6H |[|� 1.6 

 

Where k is the wave vector of the incident EM radiation. These two results can be used 
to calculate the absorption cross-section, SX&V, as:29 

 S$TU = SX&V + SVWX 1.7 
 

Typically the extinction cross-section is expressed as an efficiency which is commonly 
defined as follows: 

 ]$TU = S$TU0W^_VV 1.8 

 

Where 0W^_VV is the cross-sectional area of the nanoparticle with the section taken 
perpendicular to the direction of propagation of the wave. However, it is more physically 
significant to express the optical cross-section with respect to the volume of the 
nanoparticle:29 

 ]$TU = S$TUJ  1.9 

 

Surface effects are another important consideration for the calculation of the optical 
response of metal nanoparticles. As the nanoparticle gets smaller the dimensions 
approach the mean free path for the electrons. This can be accounted for in the 
damping constant where the interaction of electrons with the surface boundary can be 
assumed as diffusely reflected:29  

  =  &`ab + cdO  1.10 
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cd is the Fermi velocity and L is the effective mean free path for collisions with the 
boundaries of the particle. The main effect of surface scattering on the optical response 
of nanoparticles is to broaden and attenuate the surface plasmon absorption peak.29 

1.2.2 Gold Nanorods and Gold Nanoshells 

The optical extinction spectrum of gold nanorods is characterised by three significant 
features (Figure 1-7); a ‘longitudinal’ resonance peak that is due to plasma oscillations 
along the length of the nanorod; a ‘transverse’ resonance peak that is due to plasma 
oscillations across the width of the nanorod and which is at ~520 nm; and absorption 
between ~350 – 450 nm which is due to interband transitions and is independent of the 
geometry. The absorption at ~400 nm can be used to approximate the volume of 
metallic gold in a dispersion of nanoparticles.22, 36 

 

As is evident from Figure 1-7, the longitudinal mode is the dominant feature in the 
optical response of a nanorod. The position of this resonance is controlled by changing 
the ratio of the length to the width, termed aspect ratio (AR): 

 AR = LengthDiameter 1.11 

 

Despite the oscillation being along the length of the nanorod, the resonance is primarily 
dependent on the aspect ratio i.e. nanorods with the same aspect ratio will have 
approximately the same longitudinal peak position (with larger volume causing a slight 
red-shift). Increasing the aspect ratio results in the longitudinal peak position being red-
shifted, as AR → 3 the longitudinal peak position shifts from ~520 nm (AR = 1, i.e. 
sphere) through the visible to the near-infrared, ~750  nm. For AR > 3, the longitudinal 
resonance peak will continue to red-shift from the NIR to the infrared (IR) and as the 

Transverse 
resonance peak 

Longitudinal 
resonance peak 

Interband 
contribution 

Figure 1-7 A typical gold nanorod absorption spectrum indicating primary features 
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length begins to approach the wavelength of light the scattering cross-section begins to 
dominate the extinction spectrum.  

Due to the anisotropic geometry the longitudinal and transverse plasmon resonances 
may be excited exclusively. If the polarisation of incident light is parallel to the 
longitudinal axis of the nanorod this will excite the longitudinal mode. When the 
nanorod is oriented perpendicular to the polarisation or the longitudinal axis is parallel 
to the direction of propagation of the EM wave then the transverse mode will be 
excited. 

In a colloidal solution the nanorods will be randomly oriented with respect to any 
incident light. For a nanorod that has its longitudinal axis at any angle other than parallel 
or perpendicular, with respect to the polarisation of incident light, inefficient coupling to 
either resonance mode results in partial excitation of each (e.g. Figure 1-8d). The 
relative intensity of the resonance is determined by the angle of the longitudinal axis to 
the polarisation. 

 

b) a) 

c) d) 

Figure 1-8 Gold nanorods in PVA film. 

a) TEM of unaligned nanorods  

b) TEM of aligned nanorods  

c) Photograph of gold nanorods in a PVA film with longitudinal axis 

parallel (blue) and perpendicular (red) to polarisation of light 

d) Absorbance spectrum of gold nanorod/PVA film with varied angle of 

polarisation with respect to longitudinal axis of gold nanorods 

Images reproduced from reference [37] 
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The polarisation dependence of the optical response of gold nanorods can be extended 
to the macroscale. A nanorod film may be prepared by dispersing a nanorod colloid in a 
poly-vinyl alcohol (PVA) matrix and dehydrating the mixture.37, 38 Upon stretching the 
film the nanorods align with the stretch direction, Figure 1-8b. By imaging (Figure 1-8c) 
or measuring (Figure 1-8d) the absorbance properties of these films with polarised light, 
it can be seen that the PVA-nanorod matrix displays polarisation-dependent optical 
properties. 

It is known that particle plasmons can couple strongly for identical adjacent 
nanoparticles separated by less than their diameter. Coupling effects depend on the 
size, geometry and orientation of adjacent particles.39 Calculations show that for axial39-

42(end-to-end) and lateral39-41 (side-to-side) orientations of nanorods of equal aspect 
ratio a red and blue shift of the particle plasmon will be observed, respectively. In the 
latter case the intensity of the longitudinal peak is also attenuated.40 The coupling 
effects of both arrangements can be closely approximated by the net structure 
approaching that of a single nanorod of double the original aspect ratio in the axial case 
or half the original aspect ratio in the lateral case. The origin of the resonances in 
adjacent nanorods has been discussed using plasmon hybridisation theory (see following 
discussion for  gold nanoshells) with the effects of direct contact, various spacing’s and 
relative angles having been considered.43  

 

Gold nanoshells have an optical response that is also the result of a geometric 
restriction. There are two dipolar modes which are attributed to the coupling of 
resonance modes at the outer surface (interface between metal and surrounding 

Figure 1-9 Hybridisation model for dipolar resonance modes of a metal nanoshell 

Image reproduced from reference [46] 
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medium) and the inner surface (interface between metal and inner dielectric core) .44, 45 
The hybridised modes that result from the coupling have been described in an 
analogous manner to molecular orbital theory where the overlap of orbitals results in 
bonding and anti-bonding orbitals, termed symmetric and anti-symmetric modes 
respectively for metal nanoshells.46 Figure 1-9 shows a diagram of the plasmon 
hybridisation model for the dipolar resonance modes of a metal nanoshell.46 In Figure 
1-9 �n corresponds to the plasma frequency (~8.55 eV for gold)47, 48 in Equation 1.2, �V� and �W are the resonance frequency of the surface and cavity respectively. 

Coupling efficiency of the inner and outer modes depends on the proximity of the 
surface and cavity, i.e. shell thickness. 

As the nanoshell gets thinner i.e. aspect ratio = ^6
r̂  → 1 (where +1 is the inner radius and 

+_ is the outer radius) the resonance frequency of the symmetric mode red-shifts to 
lower energies/longer wavelengths.49 This is a desired property of nanoshells, as 
synthesising nanoshells of varying thickness allows control of the optical response and 
hence broader application. The resonance frequency of the anti-symmetric mode is 
virtually fixed and is positioned near the bulk plasma frequency. As the position of the 
anti-symmetric resonance frequency is well outside the range of frequencies for which 
the most useful applications of nanoshells it will no longer be mentioned. 

Figure 1-10a shows typical extinction spectra for large gold nanoshells. The dominant 
peak in each trace of the plot corresponds to the dipolar symmetric resonance mode 
and the shoulder peak corresponds to a higher order mode which is a result of the large 
size of the nanoshell.50 Figure 1-10b shows typical extinction spectra for small nanoshells 
(within the quasistatic limit), specifically Au�S − Au (core – shell) nanoparticles.51 
Despite an improved absorption contribution, the tuneability of gold nanoshells in the 
quasistatic limit is greatly reduced due to a greater range of aspect ratios having 
dimensions less than the mean free path.52 This qualification is important as during the 
synthesis a distinct population of solid nanospheres is also present in the dispersion 
(evidenced by the ~520 nm peak) (see Section 1.4.1). The resonance peaks at longer 
wavelengths (lower energies) correspond to the nanoshells in the dispersion.51 

 

a) b) b) 

Figure 1-10 Typical spectra of a) large and b) small nanoshells 

a) Image reproduced from reference [50] 
b) Image reproduced from reference [51] 
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If the nanoshell thickness is decreased less than the mean free path of the electrons this 
will have the effect of broadening and attenuating the absorption peak.17, 53, 54 This effect 
can be countered by increasing the total volume of the particle but this in turn has the 
effect of increasing the scattering component of the extinction as the nanoshell 
dimensions approach those of the wavelength of incident light. 

Due to the core-shell structure the resonance position may be altered by varying either 
inner medium, outer medium or both.44 However, the peak position is more sensitive to 
the outer medium44, 55 as the symmetric mode frequency is primarily composed of the 
outer surface mode.44  

For a spherically symmetric nanoshell, the optical response is independent of the 
polarisation of incident light. 

Coupling effects in adjacent nanoshells have been determined, where strong red-shifts 
are observed for nanoshells in close contact.56  

As with nanorods, when anisotropy is introduced to convert the nanoshells to nanocap 
or semishell particles,57, 58 then a sensitivity to the polarization of the light occurs. 

To directly compare the relative optical performance of gold nanorods and nanoshells it 
is important to fix the volume of metal in each as well as to restrict the dimensions of 
calculated targets to experimentally achievable ranges. With both considered it is 
generally accepted that in an ideal situation the optical response of gold nanorods gives 
a higher extinction cross-section with a lower scattering contribution.17, 18 As noted by 
Cortie et al. the ideal situation is that the longitudinal resonance of the nanorod is being 
excited, as in a randomly oriented system the nanoshells may otherwise actually provide 
a stronger response per unit of gold used.17  

1.2.3 Modelling Optical Response of User Defined Targets 

Exact solutions to Maxwell’s equations for the extinction cross-section of spherical and 
ellipsoidal gold nanoparticles have been determined by Mie59 and Gans,60 respectively. 
Gans’ contribution was an extension of Mie’s theory to include ellipsoids/spheroids. 
Aden & Kerker introduced an extension of the Mie theory for nanoshells61. Although 
ellipsoids give a good indication of the effects of anisotropy on the extinction properties 
of rod-like nanoparticles, to model the optical response of gold nanorods a true 
representation of the particle geometry is required as aspects such as the particle fine 
structure (e.g. end-cap geometry) have a pronounced effect on the resonance 
conditions.62, 63  However, producing a more accurate geometric model for the 
nanoparticle results in a significant increase in the complexity which prevents an exact 
solution being found to Maxwell’s equations. This pronounced variance calls for a 
method in which an optical response can be estimated for any desired geometry. A 
method that satisfies this requirement is the discrete dipole approximation (DDA). 
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The DDA is the discretisation of a target geometry by interacting dipoles, on a regular 
lattice and polarisable by incident EM radiation. The polarisability of each dipole is 
related to the Clausius-Mossotti (CM) polarisability: 

 [1��� = 3tu
4H v%1���  − 1%1��� + 2w 1.12 

 

With %1��� the frequency dependent complex dielectric function of each dipole and the 

lattice spacing of each dipole, t = xyz{|} where J is the total volume of the target and ! 

is the number of dipoles. 

Draine & Flatau have implemented DDA in an open source code known as DDSCAT.64, 65 
A correction to the DDA, known as the lattice dispersion relation (LDR), has been applied 
in order to extend the applicability of the CM polarisability to large particle sizes.66 

The polarisation of each dipole �� =  1, 2, 3, . . . . . . , N� is dependent on the polarisability, [1, and electric field, �1: 

 �1 = [1�1  1.13 
 

Where �1  is due to the dipole’s interaction with the incident EM wave, �1�W,1 =��"1�b ∙ T� �U�, and the contribution from the other ! − 1 dipoles:64 

 �1 = �1�W,1 − / 01�����1
 1.14 

 

−01��� is the electric field contribution experienced at x�  that is due to the dipole 
polarisation, ��,  that is located at position x�, which includes retardation effects. The 
evaluation of the matrix element A is achieved by a combination of the iterative 
complex-conjugate gradient method (CCG) and fast, Fourier transform (FFT), which in 
most cases reduces computing time.64 This iterative process allows for the definition of 
an acceptable tolerance value at which to terminate the calculations. The process is 
however very computation intensive. 

Once the polarisation of each dipole is determined the extinction and absorption cross-
sections may be determined by the following: 

 S$TU = 4HY|��|� / Z#P�1�W,1∗ ∙  �1Qz
12	

 1.15 
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 SX&V = 4HY|��|� / �Z#��1 ∙ P[1�	Q∗�1∗� − 23 Yu|�1|��z
12	

 1.16 

 

�� is the amplitude of the incident EM wave and Y = �W . The scattering cross-section can 

be determined by rearranging Equation 1.7. 

DDSCAT includes extinction, absorption and scattering efficiencies as part of the 
calculation output, e.g.: 

 ]$TU = S$TU0$�� 1.17 

 

0$�� is the effective cross-sectional area of the target.  This is calculated by converting 
the volume of the target to an equivalent sphere i.e. a sphere of equal volume to the 

target xJ = J$�� = ��u +$��u {, and using the radius of the sphere to evaluate the cross-

section, 0$�� = H+$���  . As discussed previously (Section 1.2.1) this efficiency rating 
conveys less physical information and so ]$TU should be adjusted to be with respect to 
volume. This is especially important for anisotropic geometries as the effective sphere 
does not necessarily have the same cross-sectional area as the target. 

For analogous geometrical targets (e.g. sphere) DDSCAT gives results within a small error 
of Mie theory.64, 67 This is used as second-hand validation of the method for geometries 
where the exact solution is too complex. 

DDSCAT requires the input of a dielectric function or table to calculate the optical 
properties of the defined target. Greater accuracy is achieved if experimentally 
determined values are used because functions such as the Drude model (including any 
modifications) do not account for much of the fine structure of the dielectric function 
e.g. Figure 1-6. Choosing which dielectric data to use is quite contentious as there are 
numerous sources which do not necessarily correlate perfectly with respect to each 
other e.g. gold.31, 32 There is also the issue of whether electron scattering should be 
taken into account or not. However, because the mean free path of an electron is less 
than the length of most gold nanorods, and because the effect of taking the scattering 
into account in the transverse direction of the rod is only to attenuate the relatively 
unimportant transverse resonance, this is very rarely done for nanorod calculations.  

DDSCAT has been used to provide an empirical formula for gold nanorods in water 
correlating the aspect ratio (0�) with the longitudinal resonance peak (�'XT) :68 

 �'XT = 960� + 418 1.18 
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From the calculated spectrum of the desired target it is possible to simulate the colour 
of either a dispersion or large array of the nanoparticles using the CIE L∗a∗b∗ coordinate 
system.62, 69 L∗ refers to the luminance of the colour, a∗ is the green-red character and b∗ 
is represents blue – yellow.62 CIE L∗a∗b∗ was developed to approximate human vision a 
and so is a useful system to calculate colours.  Standard tables have been prepared to 
convert spectra into CIE L∗a∗b∗ coordinates.70 

1.3 Gold Nanorod Syntheses 

Gold nanorods are typically synthesised by relatively complex processes, in which 
numerous factors affect the morphology of the product. There are four primary 
strategies in the literature to produce gold nanorods. One is non-chemical in nature and 
relies upon the physical evaporation of gold and its deposition into a template. The 
other common methods are chemical and they are differentiated by the method for 
converting ionic gold to metallic gold (listed in order of prevalence): 

1) Wet chemistry 
2) Photochemistry 
3) Electrochemistry 

Despite this distinction, however, there are multiple crossover points such that an 
innovation in each respective method has at some point advanced at least one of the 
other methods. 

1.3.1 The Development of Gold Nanorod Syntheses 

The primary method of nanorod synthesis in the current literature is the seed-mediated, Ag� – assisted, wet chemical synthesis pioneered by Jana et al.13 This synthesis uses a 
growth solution of tetrachloro-auric acid, HAuCl�, hexadecyl-trimethylammonium 
bromide, C	
TABr, ascorbic acid and silver nitrate (in most cases). The growth of the 
gold nanorods is initiated by adding a small amount of spherical gold nanoparticle seeds. 
It has also become possible in recent years to purchase gold nanorods made by these 
means, for example from Nanopartz Inc.f 

Autocatalyticg seed-mediated growth of gold nanoparticles has been utilised since as 
early as 1906 where Richard Zsigmondy used the overgrowth of pre-synthesised 
particles to determine their concentration, by growing them until visible with an optical 
microscope.9, 10 

In 1989 Wiesner and Wokaun varied the seed particle to gold salt �HAuCl�� ratio to 
achieve varying degrees of anisometry in gold nanoparticles and discussed their 
resulting optical properties with respect to the geometry of particles present.9 However, 
very few nanorods were produced. 

                                                             
f http://www.nanopartz.com/ 
g Autocatalysis refers to a reaction where a product of the reaction is also the catalyst. 
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The first monodisperse sample of gold nanorods was produced by an electrochemical 
method. By using a nanoporous alumina template, that may also be prepared by an 
electrochemical method,71 gold can be deposited within the pores with the dimensions 
determined by the width of the pores and the deposition time.72 This method also had 
the advantage that the nanorods were produced in a thin film in a regular array. The 
conductive substrate used to electro-deposit must be removed to isolate the optical 
properties of a single nanorod or ensemble effect of single nanorods.73 

To produce an aqueous dispersion of gold nanorods from this method it is necessary to 
dissolve the template, coat the nanorods with a stabiliser, and then dissolve the 
sacrificial working electrode to disconnect the gold nanorods from the substrate.74  

A major drawback to the electrochemical template method is the two-dimensional limit 
of the zone in which to grow the nanorods. This is highlighted by the fact that from an 
area of ~200 mm� the synthesis needs to be repeated 5 – 10 times to obtain 1 mL of 
solution with sufficient optical density.74 

An important development for solution-based syntheses was the introduction of a long-
chain, cationic surfactant hexadecyltrimethylammonium chloride �C	
TACl�, coupled 
with photochemical reduction of �HAuCl��  this introduced a distinct population of long 
gold nanowires (although the primary nanoparticle geometry was still spherical 
particles).75 Previous photochemical methods only produced spheres.76 In previous work 
by these authors, the formation of an insoluble complex between AuCl�� − C	
TA� was 
noted.77 The insolubility is counteracted by increasing the concentration of free 
surfactant which results in the dispersion of the complex throughout the solution in the 
surfactant micelles. It was suggested that for the growth of nanowires the surfactant 
micelles acted as a soft template as for a high concentration of surfactant the micelles 
have a rod-like geometry. It is now known for syntheses that use C	
TABr that the 
complex is of the form AuBr�� − C	
TA�, even if the initial gold salt is HAuCl�.78-80 

One of the most important additives for the synthesis of low aspect ratio nanorods (AR 2 
– 10) is ionic silver, Ag�. This was first introduced in the electrochemical synthesis of 
gold nanorods by Yu et al,81 although not originally reported.82 The introduction of silver 
was crucial for increasing the yield of nanorods to above 90%. Another important 
constituent used by Yu et al. was C	
TABr (Figure 1-11).  

 

Again emphasis was drawn to the presence of the high concentration of surfactant in 
the solution as well as the use of agents known to elongate the C	
TABr micelles, a co-
surfactant, tetraoctylammonium bromide TC�ABr, and acetone as a facilitator to the co-

Figure 1-11 Structural representation of C16TABr 
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surfactant.81 A similar co-surfactant �TC	�ABr� was later shown to provide no 
advantage in the photochemical synthesis.83  

 

Structural characteristics were subject to early investigation as determining the 
crystallography of the particles could provide insight into how anisotropy was achieved. 
High resolution TEM (transmission electron microscope) images indicated that the 
electrochemically produced nanorods were single crystals and expressed primarily the 
FCC (Face Centred Cubic) <100> and <110> crystal faces84, 85 (Figure 1-12a and b 
respectively). The growth direction of the nanorods was along the <100> plane (Figure 
1-12d). These parameters were also suggested for the nanorods synthesized by wet 
chemistry after the introduction of the C	
TABr stabilised seed particles.25 It was also 
reported that the <110> surfaces underwent partial reconstruction to introduce notches 
of the most stable FCC face, <111>. This would reduce the net surface energy of the 
<110> face.86  

From this determination of the crystal structure it was suggested that the surfactant 
expressed a preferential attraction to the <110> facet and provided extra stability during 
and after growth.86  

a) b) c) 

d) 

Figure 1-12 Face-centred cubic crystal bounded by the planes with normal vectors 

a) < 1 0 0 >, b) < 1 1 0 > and c) < 1 1 1 >. d) Previously proposed crystallographic 

structure of a single crystal gold nanorod. 
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In a recent publication by the group of Liz-Marzán the structure for gold nanorods 
synthesised by the seed-mediated, silver-assisted method has been redefined.87 It is 
now suggested that the flanks of the nanorod are dominated by {250} type facets, Figure 
1-13. 

 

The cross-section of the nanorod in Figure 1-12 is octagonal (regular), which was 
deduced from dark-field TEM line profiles.85 For the redefinition of the nanorod 
structure Liz-Marzán et al. assembled the nanorods so that their longitudinal axis was 
perpendicular to the substrate. This was achieved through the use of gemini surfactanth 
which they also used in place of C	
TABr in the synthesis.88 This assembly allowed 
visualisation of the cross-section of the rods and by measuring the angles between the 
                                                             
h A gemini surfactant has more than one hydrophobic tail and hydrophilic headgroup. The 
surfactant used in this work has two C	� hydrophobic sections with two dimethylammonium 
headgroups the two sections are linked by an ethylene oxide group in the equivalent position of 
the headgroup for the third methyl group of a trimethylammonium headgroup. 

a) b) c) 

d) 

Figure 1-13 Face-centred cubic crystal (10 x 10 unit cells) bounded by the planes 

with normal vectors a) < 0 2 5 >, b) < 0 5 2 > where c) illustrates the surface atoms 

of b). d) Currently proposed crystallographic structure of a single crystal gold 

nanorod. 
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side facets in comparison with diffraction measurements the new structure was 
determined. The cross-section of the new structure, Figure 1-13d, is an irregular 
dodecagon where the flanks are dominated by the {250} facets. The point of intersection 
of the {250} facets is in the <011> direction, with respect to Figure 1-13d. 

Nanorods prepared without the aid of Ag� have a pentafold twin structure but also 
have <110> crystal faces along their flanks, although they are terminated by five <111> 
faces.89 This partial correlation gives support to the hypothesis that the growth 
mechanism relies upon the preferential binding of C	
TABr. The propagation of the 
twins is a likely contributor for the silver-less synthesis. Gold nanorods grown by the 
silver-less method and with the seeds tethered to a substrate have been shown to grow 
uni- or bi-directionally.90 

In the work leading to the earliest form of the current wet chemistry synthesis, the use 
of Ag� in the overgrowth of seed particles was shown to reduce the production of 
nanorods.11 However, it was highlighted that the counter-ion to the CTA� surfactant was Cl� and not Br�, an early indication of this crucial factor. Within this work the ascorbic 
acid was shown to be too weak to reduce Auu� → Au� and it was also noted that the 
reaction is autocatalytic.12 The presence of nanorods/wires throughout some of these 
samples led to the implementation of the yield-enhancing factors from the 
electrochemical process, i.e. C	
TABr and AgNOu, resulting in much higher yields.13, 91 
The requirement for a high concentration of C	
TABr was also emphasised, although it 
is possible to produce nanorods in a low concentration of C	
TABr but in that case the 
concentration difference must be compensated for by additions of NaBr.92 However, 
these nanoparticles are crystallographically different to the nanorods produced in the 
typical synthesis implying a change in growth process. Different aspect ratios were 
achieved by varying the amount of seed solution added to the growth solution and 
therefore the number of seed particles to gold salt ratio. For the syntheses that used Ag�  it was noted that the reduction of gold metal was slower than without silver.13  

The mechanism of involvement of Ag�  was hypothesised to be adsorption of AgBr at 
the gold surface to restrict growth, as ascorbic acid is too weak to reduce Ag� → Ag�,13 
although small gold clusters can be present in growth solution conditions prior to 
seeding.93 The presence of AgBr at the surface was shown to be possible from the 
surface enhanced Raman spectroscopy of gold nanorods,94 though not originally 
stated.21 It was noted that the Raman shifts for AgBr and AuBr overlap so no definitive 
assignment was possible. 

The seed particles used in this early synthesis were tri-sodium citrate stabilised gold 
nanoparticles, although borohydride was used as the reductant resulting in a smaller 
particle size �~1.5 − 4 nm�13, 25 than for typical citrate reduced particles. Despite using 
the same yield enhancing agents as the electrochemical method the geometry of the 
particles were not quite the same (“spheroidal and rod-like”).13 
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Thermogravimetric analysis (TGA) of electrochemically produced nanorods (in the 
presence of C	
TABr) revealed that the surfactants were bound to the gold surface as a 
bilayer. FTIR (Fourier transform infrared spectroscopy) determined that the inner layer 
was oriented such that the polar head group was bound to the surface,  and by 
deduction the outer layer with the head group facing outward.95 The presence of the 
bilayer was used as support for a “zipping mechanism” proposed by Gao et al. in 
reference to the formation of high aspect ratio nanorods produced by silver-less 
synthesis. They showed that by decreasing the length, and therefore micellar (bilayer) 
stability, of the surfactant the yield of nanorods was also decreased.96 

Following this success in improvement of the wet chemistry method Kim et al. 
introduced Ag�  and C	
TABr into the photochemical synthesis,23 where increasing the 
concentration of Ag� also increased the aspect ratio. Similar improvements in the 
nanorod yield were observed, and the same crystal structure and growth direction were 
produced as for the non-photochemical method. Additional work into the mechanism of 
involvement of Ag�  was also undertaken. In the absence of AuCl��, AgBr in the system 
was photochemically reduced to silver nanoparticles. When AuCl�� was reintroduced to 
the solution the nanoparticles were readily oxidised to AgBr. It was also noted that 
when silver nanoparticles were pre-synthesised and added to the reaction mixture a 
similar gold nanorod product was achieved, with the same crystal structure. Due to the 
role of silver made apparent by this investigation emphasis was drawn to the silver (or AgBr) as the shape-determining factor. A controlled aggregation of gold clusters was 
suggested as the formation mechanism. A similar modification to the photochemical 
synthesis was made by Niidome et al. where they added ascorbic acid as well as Ag�, 
which had the effect of increasing the rate of the reaction.83 In this work samples taken 
at various times throughout the reaction were imaged with TEM showing intermediate 
particle geometries with flared ends. 

The next aspect of the wet chemistry method to be improved was the gold nanoparticle 
seed. Instead of using the standard citrate-stabilised gold nanoparticles, Nikoobakht and 
El–Sayed used particles prepared by borohydride reduction but in the presence of C	
TABr.21 Ag� concentration was also varied to control the aspect ratio. C	
TABr − 
stabilised borohydride-produced seeds are ~1 − 2 nm25 diameter. As mentioned above, 
this innovation produced nanorods of the same crystallographic structure as those 
produced by the electrochemical method.25 This is likely due to the C	
TABr  – stabilised 
seed being single crystal and the citrate seeds having a five-fold twin.25 It should be 
noted, however, that it has been shown that a single-crystal gold nanoparticle, ~2 nm in 
diameter, can undergo a transition to a twinned particle and back again under electron 
beam irradiation.97  

Nikoobakht and El–Sayed also introduced hexadecyl-benzyldimethyl-ammonium 
chloride (BDAC) as a co-surfactant to C	
TABr.21 This allowed the synthesis of nanorods 
with aspect ratios from 6 to 10 by adding further growth solution to the synthesised 
nanorods. It also reduced the average diameter of the rods from 12 nm to 6 nm. 
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Sau and Murphy investigated the effect of varying various constituents of the wet 
chemical gold nanorod synthesis.22, 98 By holding all of the growth solution components 
constant and increasing the amount of seed solution added they determined that the 
aspect ratio also increased.22 This was despite the length decreasing and was due to the 
fact the width decreased by a relatively greater amount. Increasing the concentration of 
ascorbic acid generally led to different nanoparticle geometries.98 However, most of 
these samples were made with a large excess of ascorbic acid or decrease in C	
TABr so 
the effect of small fluctuations was unconfirmed. In the photochemical method the 
effect of increasing the ascorbic acid concentration gradually (while holding other 
factors constant) was to initially red-shift the longitudinal peak.20 After a threshold 
concentration was reached the longitudinal peak then blue-shifted. The primary effect 
on the nanorod product is the change in length, where the increase in ascorbic acid 
initially increases the length (and width), with a further increase the length decreases 
but width remains about the same.  

In 2004, Pérez-Juste et al. introduced the ‘electric-field-directed’ mechanism for the 
growth of nanorods.26 They pointed out that the points of highest curvature of a 
nanoparticle also have the greatest electric-field. This means that once a symmetry 
breaking event occurs for the spherical nanoparticle seed then the electric field 
contribution to the growth is self-catalysing as a higher aspect ratio nanorod has an even 
higher degree of curvature. Along with this new mechanism this specific paper is 
dedicated to optimising the silver-less synthesis, where re-confirmation of the 
detrimental effect of most co-surfactants, surfactant chain length, counter-ions and 
various seed-types are presented. Despite these parameters resulting in failure it is 
possible to replace C	
TABr with C	
TEABr (hexadecyl-triethylammonium bromide) 
which results in the slight elongation of the rods probably due to the increase in size of 
the head group destabilising the bilayer slightly.99 In work that led to the redefinition of 
the crystal structure of gold nanorods mentioned earlier, Guerrero-Martínez et al. 
reported that using a gemini surfactant, two C	�TABr molecules linked by an ethylene 
oxide between headgroups, resulted in a narrower distribution of aspect ratios 
produced by the synthesis i.e. longitudinal peak width decrease.88 The AuBr�� −C	
TA�complexi was also qualitatively shown to have a high-affinity for the C	
TABr 
micelles. A mechanism for the reduction of AuBr�� − C	
TA� to Au� with respect to the 
gold nanorod synthesis was also discussed. There are two possible pathways for the 
conversion of AuBr�� − C	
TA� to Au�: 

 3AuBr�� ⇌ AuBr�� + 2Au� + 2Br� 1.19 
 

or AuBr�� + e� ⇌ Au� + 2Br� 1.20 
 

                                                             
i The gold – surfactant complex was reported as AuCl�� − C	
TA� but due to current knowledge this 
has been changed here to AuBr�� − C	
TA� 
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Equation 1.19 is known as a disproportionation reaction where the reactant is both 
oxidised and reduced. AuCl�� 100 and AuBr�� 101 species have both been shown to 
undergo disproportionation reactions according to Equation 1.19. Also, this reaction is 
catalysed by a metallic gold surface such as a gold foil or perhaps a gold nanoparticle 
seed. The new atoms on the surface of the gold nanoparticle may provide a significant 
enough symmetry-breaking event for the postulated electric field growth mechanism to 
begin. Growth is unlikely to occur symmetrically due to the C	
TABr layer. In the 
presence of a gold surface it is suggested that the disproportionation occurs exclusively 
at the solution/solid interface.101 

However, for the nanorod synthesis Pérez-Juste et al. supported the mechanism in 
Equation 1.20, where AuBr�� is reduced by electron transfer at the electron-rich seed 
surface. This was due to their previous work which indicated that Auu� in the form AuBr�� − C	
TA� can oxidise metallic gold nanospheres and nanorods and thus would 
not allow the formation of nanorods.26, 36 There has been recent support for this 
mechanism where the synthesis of a gold – ascorbic acid complex has provided a 
pathway for the reaction in Equation 1.20.102 The Au� complex is said to undergo a one 
electron process to form Au� and an ascorbate radical that disproportionates to 
produce dehydroascorbic and ascorbic acid. This mechanism is further elaborated upon 
in Chapter 3. The disproportionation reaction in Equation 1.19 is still possible, however, 
as there is always the presence of excess ascorbic acid in the growth solution, usually 1.1 ≤ Auu�: ascorbic acid ≤ 1.5.21, 22, 27 This excess ascorbic acid could consume the AuBr�� formed by the disproportionation and thus drive the reaction forward. Despite 
this excess in reducing agent there is typically a significant proportion of unreacted gold 
left after the primary reaction.27 This can lead to ageing effects where the nanorods will 
gradually fatten with time (hours, days, etc.).103 Addition of excess ascorbic acid to the 
growth solution after the initial formation of gold nanorods usually results in different 
geometries, such as dog-bones, due to the presence of unreacted gold.104-106 However, if 
the ascorbic acid is added slowly then the nanorod geometry is preserved.107 An 
additional pathway to the consumption of the unreacted gold is to heat the solution 
which also results in the formation of dog-bone particles.104 The heating-induced 
reduction is most likely due to the oxidation and subsequent hydrolysis products of 
ascorbic acid, dehydroascorbic acid and 2,3 – diketo – 1 – gulonic acid respectively. Both 
of these species have mild reducing abilities due to the presence of −OH groups.104 

In 2005, Liu and Guyot-Sionnest proposed a mechanism where Ag� may be reduced to Ag� preferentially on the <110> surface of gold nanoparticles.25 It was noted early on 
that ascorbic acid is too weak a reducing agent to reduce Ag� in the nanorod growth 
solution.13 However, as noted by Liu and Guyot-Sionnest, this is only necessarily 
applicable to bulk properties. From this observation they proposed that Ag� may be 
reduced by ascorbic acid at the surface of the gold nanoparticles in the growth solution 
as mono- or sub-monolayers by underpotential deposition (UPD). This mechanism will 
only work if the work function of the metal to be reduced is lower than that of the 
substrate; silver has a work function ~0.5 eV lower than gold.25 Additionally, the 
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magnitude of the UPD shift generally increases with the decrease in stability of the 
crystal surface i.e. <111> < <100> < <110>. With respect to the new structure 
determined by Liz-Marzán et al., the possibility of the underpotential deposition of Ag� 
is expected to be aided by the dominant presence of higher index {250} type facets.87 
For gold nanorods this provides a mechanism in which the Ag� assists the development 
of the geometry by restricting the growth in the <250> and <520> crystal directions for a 
longitudinal growth direction of <001>. The presence of Ag� also supplies a reason why 
the diameter of the nanorods increases (aspect ratio decreases, longitudinal resonance 
peak blue shifts) as metallic silver will be replaced by ionic gold via galvanic 
replacement.108, 109  

From a method previously formulated for the overgrowth of nanospheres110 Jana 
introduced a mixture of strong (borohydride) and weak (ascorbic acid) reducing agents 
to streamline the synthesis of nanorods by removing the need for pre-synthesised seed 
solution.19 The ratio of these two reductants is important as the strong reducing agent is 
only required to reduce a very small fraction of the gold in the growth solution, 
equivalent to the amount in the previously added seed solution. The emphasis on 
micellar involvement in the formation mechanism was again stressed. Zijlstra et al. used 
this pseudo-seeded method to prepare nanorods at temperatures up to 97℃, where, 
although the aspect ratio is decreased, the reaction is complete in ~10 seconds.111 

The vast majority of gold nanorod syntheses are batch processes. However, Boleininger 
et al. introduced an automated continuous flow synthesis that has live monitoring of the 
optical properties of the product solution.112 This allows for in situ adjustment of the 
feed rates of the growth and seed solutions to achieve a target product and maintain 
those conditions automatically. 

As mentioned previously, the species at the surface of the gold nanorods was potentially AgBr. This has since been confirmed by various methods such as SALDI –  MS113 
(surface-assisted laser desorption/ionisation time-of-flight mass spectrometry), H	 − NMR and XPS24 (nuclear magnetic resonance spectroscopy and X-ray 
photoelectron spectroscopy respectively). In the work for the latter example the 
classification of the surface species was extended to a AgBr and C	
TABr complex, C	
TASBr.24 This was supported by the use of the pre-synthesised complex in place of Ag� (using an equal silver content) in the gold nanorod synthesis. The nanorod product 
was identical to the conventional synthesis. This does not, however, prove that the UPD 
of silver does not occur at some point during the reaction. 

Jiang et al. raised concerns over the gold nanorod synthesis as they presented results 
showing poor reproducibility for identical synthesis conditions.114 This highlights the 
hypersensitivity of the reaction and requirement for tight control over the reaction 
parameters. It was also noted in a later publication that the age of the seed particle 
solution used to initiate the reaction plays an important role in the nanorod product.115 
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A major problem for the synthesis of gold nanorods was highlighted by Smith and Korgel 
in that the gold nanorod product was highly dependent on the supplier from which the C	
TABr surfactant was obtained.116 This was soon after assigned to the presence of 
trace impurities of iodide by Smith et al.117 The iodide concentration in different batches 
and different suppliers of C	
TABr can vary significantly.117, 118 When used in 
conjunction with the silver-less synthesis the iodide impurities also give varied products 
but do not prevent nanorod formation.119 

1.3.2 Kinetics of gold nanorod syntheses 

Kinetic observations of the developing optical properties of growing nanorods have 
been reported since the earliest syntheses of these nanoparticles.22 It was observed that 
the longitudinal plasmon peak first rapidly red-shifts which is then followed by a blue-
shift. The red-shift coincides with the longitudinal axis growing very rapidly and reaching 
a maximum, with the following blue-shift a result of the diameter increasing.22 TEM 
images were taken at various stages in the process but no discussion of the images or 
comment as to how the samples were prepared for imaging was made.22 

In an attempt to prevent the ageing phenomenon (in which the end of the gold 
nanorods thicken) Zweifel and Wei added sodium sulphide, Na�S to halt the growth 
reaction.103 This successfully significantly reduced the ageing effect of gold nanorods by 
reacting sulphide with the unreacted gold in solution and stabilising the surface of the 
nanorods. They also added the sulphide solution to the nanorods during the growth 
process to probe the particle geometry at various stages. It was concluded that at times 
less than 15 minutes the nanorods underwent a very rapid growth in the longitudinal 
axis and for greater than 30 minutes a gradual development of the width, in between 
these times both length and width increased. The initial particles had flared ends with 
flat caps (dog-bone geometry) and the particles after 30 minutes developed straight 
flanks and rounded caps. No attempt was made to correlate particle dimensions to the 
optical data. 

Gulati et al. used an extensive bank of calculated optical data to approximate the 
dimensions of the nanorods at different times throughout the reaction.120 This involved 
approximating the nanorod structure as a prolate spheroid and calculating spectra using 
Gans’ theory. Spectra were calculated for diameters from 3 − 40 nm and lengths of 20 − 120 nm, aspect ratios were limited to 1 − 5. To extract the dimensions of the 
nanorods the experimentally determined extinction cross-sections and longitudinal 
resonance positions were compared to the calculated data. The region of intersection of 
these parameters gave a range of possible correlations and the dimensions were 
averaged. From the values for the average dimensions at different times they provided 
growth rates for the length of the nanorods which involved an initial rapid growth rate 
that decreased with time. The authors noted that an improvement in the results might 
be achieved if the geometry used for the optical calculations was more accurate. 
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Alekseeva et al. used a spherically-capped cylinder to fit their optical data and used 
these results to discuss the growth of gold nanorods.121 

Becker et al. used a “fastSPS” (fast single-particle spectroscopy) method to monitor the 
overgrowth of immobilised gold nanorods.122 FastSPS allows the simultaneous 
measurement of multiple nanoparticle scattering spectra. Two methods for determining 
the particle dimensions are used. First, the correlation to resonance energy and 
linewidth from a bijectivej function interpolated from DDA and Mie theory calculations, 
second the input of resonance position into an empirically determined function for 
aspect ratio and the scattered light intensity at the maximum which can be expressed in 
terms of the volume and length parameter. It is noted that the growth is not necessarily 
directly comparable to that of ‘free’ nanorods but it is a useful model, and an impressive 
technique. 

A model for the silver-less synthesis has been described by Takenaka and Kitahata,123 
however, assumptions made for this model include 100% yield of nanorods and all seed 
particles forming rods immediately. Any disagreement with the model is assigned 
primarily to these assumptions, the first of which is probably most significant for this 
synthesis. With respect to the photochemical synthesis, Miranda et al. have suggested 
that the growth process (nucleation and growth) of gold nanorods could be in parallel 
where each growth event is isolated to a micelle.20 They also reaffirmed the importance 
of micellar dynamics to the reaction. It is also possible that the number of particles in 
the solution is dependent on the temperature.111 

Small-angle X-ray scattering (SAXS) has also been paired with optical data to probe the 
growth kinetics of gold nanorods.124, 125 SAXS provides information for the dimensions, 
geometry and volume fraction of particles within the system. Henkel et al. produced 
time dependent functions for the development of the length and width of the growing 
gold nanorods.124 To fit their data they used a cylindrical model to extract data from the 
SAXS data. Comparison of the particle length determined from SAXS was compared with 
a function prepared for optical data to determine the aspect ratio using the spherically 
capped cylinder particle geometry68 and width values obtained from SAXS. Morita et al. 
modified the SAXS results obtained by Henkel et al. by fitting the spherically capped 
cylinder model and use the same equation for optical determination of aspect ratio.125 
Both publications consider the effects of mixed particle dispersions (i.e. nanorods and 
spheres). Once again, the assumption is that the number of nanoparticles in the solution 
is constant. 

Finally, an important clue to the formation of gold nanorods was recently published by 
Hubert et al.126 They reported a bifurcation in the particle dimensions observed in the 
product of the synthesis for gold nanorods. Nanoparticles were observed with 
dimensions in between those with a similar size to the seed particles and that of larger 

                                                             
j Bijective infers one possible correlation of a resonance position and linewidth pair to a length 
and width pair. 
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spheres and nanorods. Above a critical value (~5 nm), the nanoparticles were either 
spherical or nanorod-shaped. The occurrence of this bifurcation suggests that for the 
nanorod geometry to be achieved the symmetry breaking event must occur when/by 
the time the seed particle reaches ~5 nm in diameter. The presence of nanoparticles of 
a size similar to that of the seed particles within this final product distribution is a strong 
indication that not all seed particles actually grew. From the data, a length growth 
rate:width growth rate ratio of 15 is suggested. The final shape obtained however 
appears to be limited by the availability of the reactants as the final aspect ratio 
achieved for this sample was 4. 

1.4 Gold Nanoshell Syntheses 

Gold nanoshells, like the nanorods, have tuneable optical properties achieved by a 
simple geometry. Gold nanoshells have enjoyed a relatively high profile existence due to 
the extensive work by one of the major contributors in the field, the research group of 
Naomi Halas at Rice University, Houston, Texas, USA. The work by Halas et al has 
ultimately culminated in the commercialisation and current clinical trials for 
photothermal ablation of tumours by use of gold nanoshells through a company called 
Nanospectra Biosciences Inc.k 

The synthesis of gold nanoshell structures is achieved through diverse variations of the 
two main architectures; core-shell and hollow. 

1.4.1 Core – Shell Structures 

Core – shell nanoparticles consist of a dielectric core, which is commonly SiO�,50, 127-129 
polymer130, 131 or Au�S 132 and a metallic gold coating or shell (Figure 1-14).  

 

For SiO� and polymer core-shell particles the gold coating is grown by functionalising 
the surface and attaching pre-synthesised gold nanospheres. Additional gold is added, 
where the bound nanoparticles act as nucleation sites, until a continuous coating is 
obtained (Figure 1-15). SiO� and polymer core particles are limited for practical reasons 
to minimum diameters of ~100 nm. This causes them to exhibit large amounts of 

                                                             
k http://www.nanospectra.com/ 

Figure 1-14 Cross-section of a gold nanoshell on a dielectric core 
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scattering due to the relatively large volume of gold required to attain a continuous 
coating. 

 

Originally the Au�S − Au nanoshell growth conditions were considered to follow a 
diffusive reduction mechanism where Au�S is reduced to Au.132 This was followed by an 
adjusted two stage growth mechanism, supported by Mie theory calculations. The 
dielectric core, Au�S, develops rapidly in the first stage and concurrent growth of 
spherical gold particles and nanoshell deposition upon the core particles completes the 
second stage.133 

Due, however, to the nature of the synthesis for nanoshells, there has been some doubt 
concerning the source of the observed optical effects. For example, Au�S − Au 
syntheses form populations of nanoshells as well as nanospheres, as is evident from 
representative extinction spectra. This caused some debate as to whether the observed 
red-shifted peak was due to nanoshells or merely aggregates of nanospheres.51, 134-136 
However, evidence leans more towards nanoshells with two important examples. The 
first is sourced from characterisation of the growth kinetics of the reaction supported by 
Mie theory as presented by Averitt et al.133 Within this study the development of two 
extinction peaks is monitored, one peak is characteristic of spherical gold nanoparticles, 
the other is attributed (by the authors) to the development of a nanoshell of gold. As a 
nanoshell thickens the extinction peak blue shifts and narrows for low size distributions. 
Mie theory was used to support this growth mechanism by calculating the combined 
extinction spectrum of spherical gold nanoparticles and a gradually thickening nanoshell. 
This model fits the measured growth kinetics extremely closely. Additional evidence for 
nanoshell geometry was provided by Raschke et al. where single particle spectra were 
measured by dark-field analysis.51 This data provides good evidence for nanoshell 
geometry as the spectrum displayed a narrow linewidth and proved to be polarisation 
independent. It is unlikely that an aggregate will display spherical symmetry such as that 
observed in these experiments. 

Anisotropic nanoshells termed semi-shells137, 138 or nanocaps58, 139 may be synthesised by 
shielding part of the core (semi-shells) or depositing metal at an oblique angle onto a 
monolayer of polymer spheres (nanocaps).  

Figure 1-15 Silica – gold (core – shell) nanoshells with increased exposure to growth 

solution (left to right and top to bottom). Scale bar = 20 nm. 

Image reproduced from reference [50] 
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1.4.2 Hollow Gold Nanoshells 

Hollow gold nanoshells are synthesised by galvanic replacement of a sacrificial metallic 
template such as silver108, 140, 141 or cobalt.142 It is possible to preserve the cobalt 
template to give bi-functional (optical and magnetic) nanoparticles.143 The galvanic 
replacement takes place when HAuCl� solution is added gradually to a solution of 
template particles at an elevated temperature (with respect to room temperature). Gold 
metal is epitaxially deposited on the surface of the template particle, Figure 1-16. The 
final particle geometry is a hollow gold analogue of the template particle which means 
that the only limitation to this synthesis is the quality and shape of the template.108, 141 In 
the case of silver template particles the resulting nanoshell is an alloy of gold and silver, 
where upon further addition of gold salt pin-holes will form in the shell and ultimately 
result in fragmentation.140 This fragmentation can result in the formation of 
nanorings.144 To prevent the formation of pin-holes in the final structure, AuCl�� can be 
used in place of AuCl��,145 Figure 1-16. However, this results in less control over the shell 
thickness. 

 

1.5 Applications of Gold Nanorods and Nanoshells 

1.5.1 Pigments and colorants 

The use of gold nanoparticles to colour glass is now very well known.5, 146 The colour is 
due to the plasmon resonance peak at about 520 nm, which absorbs the green portion 
of white light, and to interband transitions at 300 to 400 nm, which absorb the blue. 
What is left is red light, and this is what we see, Figure 1-1b. If the nanoparticles are big 
enough to also scatter some of the light (as they are for the famous Roman Lycurgus 
cup, Figure 1-1)5 then the colour of the glass in reflection will be greenish (Figure 1-1a), 
corresponding to photons scattered by the particles by radiation damping of the 
plasmon resonance.  

Gold nanoparticles have also occasionally been used to dye textiles, a practice that dates 
back to at least 1794146 but which is occasionally still reported today in respect of silk,147 

Figure 1-16 Galvanic replacement of silver nanocubes with a) AuCl2
-
 and b) AuCl4

-
 

Image reproduced from reference [145] 

a) 

b) 
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wool and cotton.148 Reddish to purple colours are obtained. Stronger optical response 
and a unique range of colours make nanorods and nanoshells a possible choice for 
inks/colorants.149 

1.5.2 Spectrally selective coatings  

Spectrally selective coatings, as the description suggests, are intended to block or 
transmit a selected range of the electromagnetic spectrum. For example, coatings on 
the windows of buildings should ideally transmit the entire visible range but block all 
remaining wavelengths of the solar spectrum. Figure 1-17 shows the standard AM 1.5 
solar spectrum and the photo-optic response of the human-eye (ASTM E971-88). 
However, regular window glass blocks the majority of the ultraviolet anyway so, 
predominantly, the role of any coating on it is to attenuate the near-infrared (NIR) and 
infrared (IR) wavelengths. There are other applications for spectrally selective coatings, 
such as the dichroic filters used in optics40 but of course architectural windows 
represents by far the largest potential market. 

 

Currently, commercial exploitation of precious metals as spectrally selective coatings 
manifests in the form of continuous thin films. These films are used for their high 
reflectance of NIR and IR wavelengths, but in the case of Au films they also reflect some 
of the upper visible, giving them a reddish tinge in reflection and a green-blue colour in 
transmission. Some other issues with these films include the high cost of the vacuum 
systems required to produce them, while their high reflectance can cause intolerable 
quantities of glare in surrounding environments. The coatings are commonly 
characterised in terms of the ratio of transmitted visible light (weighted for ophthalmic 

response) to total solar radiation transmitted, a ratio designated as ¢£6¤¢¤r¥. Under 

standardised conditions the maximum possible value for ¢£6¤¢¤r¥  is 2.08 150 whereby the 

entire visible spectrum is transmitted and all outlying wavelengths reflected or 
absorbed. The ratio possible for thin films of gold varies between 1.0 and 2.0 151 but 
brightness in transmission is very low at the upper range of the ratio.  

Figure 1-17 ASTM E971-88 standard solar spectrum and photo-optic response of 

the human eye 
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Coatings of hemispherical gold nanoparticles deposited in high density or as aggregated 
films have been also demonstrated as spectrally selective coatings150, 152 but in this case 
the selectivity is achieved by selective absorption rather than reflection. Whereas 
isolated gold nanoparticles exhibit a distinct plasmonic absorption peak at about 520 
nm, which is nearly in the middle of the visible range of the spectrum, high densities of 
hemispherical nanoparticles exhibit a broadened and red shifted absorption peak that 
extends from the upper visible into the NIR. This peak shift is due to the interaction of 

the neighbouring particle surface plasmons. This increases the ratio of ¢£6¤¢¤r¥. So far, 

however, these films are not yet commercially competitive.150 

Spectrally selective coatings consisting of gold nanorods or nanoshells could increase the 
optical efficiency of nanoparticulate gold films due to their enhanced optical response 
and the more precise control possible over peak absorption maxima. It has been 
determined that the ideal nanorod-based spectrally selective coating would consist of a 
mixture of nanorods with varying aspect ratios, 3 –  10.153 An analogous optimisation is 
possible with nanoshells.154 A spectrally selective coating consisting of nanorods with 

aspect ratios of 3 −  10 would give a maximum ¢£6¤¢¤r¥  rating of 1.44 at a gold loading of 

0.26 g. m��. With gold prices currently about ~US$1400/troy ouncel this corresponds 
to a cost of about ©ª$11.70 . m�� for the coating without taking glass and production 
costs into account. This still presents a competitive option as commercially available 
coatings of similar ratings retail at a much greater price, commonly $50 −  $100. m��. 

As discussed previously (Section 1.2.2), the plasmons of adjacent nanoparticles can 
couple and change the frequency of the resonance. This puts a restriction of the particle 
density in a film or coating. However, the plasmon resonances of nanorods of different 
aspect ratios (and therefore different frequencies) do not interact much.40 Calculations 
of lateral arrangements of two nanorods of different aspect ratio, 2 and 4 (but equal 
volume), maintain distinct longitudinal peaks even at zero spacing i.e. touching. In the 
case of zero spacing between nanorods the intensity of the longitudinal resonance of 
the aspect ratio 2 nanorod is slightly enhanced whereas the intensity of the aspect ratio 4 nanorod is attenuated. In both instances, however, the position of the peak is red 
shifted noticeably. In addition to coupling effects the dielectric medium must be 
considered as the peak position will shift depending on the refractive index. For 
nanoparticles deposited on a substrate this problem is complicated by the fact that the 
particle is surrounded by at least two different media. An expression to adjust two 
distinct surrounding media into one effective medium is calculated and verified for gold 
nanorods on ITO (indium tin oxide) substrates in air by Vernon et al.155 

Due to the dependence of the optical properties of nanorods on the polarisation of 
incident light, their orientation also needs be considered for optimal spectral selectivity. 
Nanorods lying flat on the surface of the glass will give minimum absorbance at NIR or IR wavelengths (depending on longitudinal peak position) for angles of incidence 
                                                             
l Correct as of April 2011 
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approaching 0°. This means at times of maximum solar intensity (e.g. at midday) heat 
transfer due to NIR/IR transmittance will not be attenuated as much as at other times 
of the day (for a vertically oriented window). However, if the nanorods are oriented 
perpendicular to the plane of the window then the absorbance at times of high solar 
angle will be maximised.  

Laminates or polymer coatings containing dispersed rods or nanoshells could provide a 
cheap and effective solution for application of spectrally selective coatings of 
nanoparticles to existing structures. A PVA coating on architectural glass functionalised 

by nanorods of an average aspect ratio of ~4 can provide a ¢£6¤¢¤r¥ rating of ~1.03.156 It has 

also been proposed that the NIR/IR extinction properties of nanoshells could be used 
for coatings on protective eyewear or contact lenses.157 

In addition to spectral shielding applications, mixtures of nanorods and/or nanoshells 154 
may be prepared that would absorb the vast majority of the solar spectrum. Such a 
coating would have utility in solar harvesting for photothermal applications. 

Finally, due to the polarisation dependence of nanorods, colour change coatings could in 
principle be produced where nanorods are tethered to a substrate by a conformation 
switching molecule or polymer.40, 158 

1.5.3 High density data storage  

The ever-increasing requirement for storage of digital data has stimulated the 
introduction of a broad range of innovative technologies. Spectral encoding, i.e. the 
exploitation of optical rather than magnetic properties, is one of the modalities of data 
storage of interest. In this case, data is written and read by exploiting the optical 
properties of the data bit. Laser irradiation is used to induce a spectral change in the 
target region of the recording medium. Depending on the nature of the recording 
medium, the change may be folding of a protein or molecule, a phase change, or 
fragmentation or melting of a nanoparticle. In all cases the optical response of the 
‘written/recorded’ region is altered. 

Gold nanorods are an attractive option for optical data storage.159, 160 This is because 
their optical properties are polarisation dependent and tuneable, they are thermally and 
chemically stable, and they do not bleach or age. Very high data densities are in 
principle possible due to the nanoscale dimensions of nanorods (typically the diameters 
are 10 to 20 nm, and lengths are in the range 30 to 100 nm). However, with 
conventional optics a dark-field spectroscope is required to detect data bits of single 
nanoparticles and without modification is only applicable to a two-dimensional system. 
While a two dimensional system can represent an exceedingly high data capacity, 
current technology now provides the option of detecting single nanoparticle information 
from multi-layer devices using confocal dark-field161, 162 or two-photon luminescence 
spectroscopy,160 Figure 1-18. Confocal microscopy only images focussed light and so can 
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access different depths of a vertical data storage column. Two-photon luminescence is 
discussed in Section 1.5.7.2. 

 

Data storage devices based on gold nanorods are necessarily limited to the write-
once/read-many paradigm as the structural change responsible for the spectral 
modification is irreversible.163 However, these ideas can be extended to patterning and 
encryption applications.164 Polymer films doped with nanorods could be patterned with 
characteristic or coded features to prevent counterfeiting of documents or currency. 

Hollow gold nanoshells have also demonstrated utility as a high density data storage bit 
with the most important innovation being the use of deep-UV to write the data bits 
which increases the spatial resolution significantly.165 

1.5.4 Catalysis  

The fact that gold nanoparticles could, under some circumstances, be very effective 
catalysts was first noted independently in the 1980s by Haruta166, 167 and Hutchings.168 
There has been a growing activity in this field since then, driven by both scientific 
curiosity and commercial interest.169 Gold nanoparticle catalysts are interesting because 
they offer both the prospect of better yield or selectivity in some reactions, and because 
they appear to be effective at lower temperatures than many other catalysts. Gold can, 
for example, catalyse the oxidation of carbon monoxide at 217 K (−56℃)170 – a 
remarkable attribute.  

Gold nanorod catalysts are relatively unexplored but due to their geometry they offer 
stabilised forms of different crystallographic facets which may provide a catalytically 
active surface.171, 172 Using dark field spectroscopy the injection of electrons into a single 
gold nanorod by ascorbic acid (and subsequently an inferred oxidation of ascorbic acid) 
can be monitored which provides excellent proof of concept for surface chemistry at the 

Figure 1-18 Demonstration of five dimensional data storage using gold nanorods 

with wavelength indicated on the left, two-photon luminescence intensity on the 

right and polarisation indicated below. 

Image reproduced from reference [160] 
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surface of nanorods.173 The scattering peak shift observed is due to a change in the 
electron density. Electrochemical charging produces a similar effect.174 

Alternatively the surface of the nanoparticle may be modified with a catalytically active 
agent e.g. palladium, and the surface enhanced Raman scattering (SERS) signal can be 
monitored, a process demonstrated with gold nanoshells.175 

1.5.5 Sensors 

Spherical metallic nanoparticles, generally as a proof of concept, have demonstrated 
utility as substrates for sensor applications,176-178 however gold nanorods and nanoshells 
could be even better51, 179, 180 due to their more tuneable optical properties. 

The optical properties of gold nanorods can be exploited in at least three ways for 
sensing applications: polarisation dependence, where the orientation of a tethered 
nanorod is probed;181 local refractive index change resulting from surface environment 
properties changing with binding events of an analyte;179, 182-185 and aggregation induced 
by cross-linking of nanorods due to analyte/detecting molecule binding.186  

Gold nanoshells have also demonstrated three possibilities for sensing architectures. 
These are SERS detection of adsorbed analytes;129, 187, 188 dependence of scattering 
spectra on local refractive index;51, 180 and aggregation by cross-linking nanoshells 
resulting in extinction peak broadening and attenuation.189  

In order to achieve high sensitivity, a simple detection method capable of probing the 
optical response of single nanoparticles is required. Dark-field optical microscopy has 
been used to measure the spectrum of a single particle using conventional optics.51, 181, 

190-192 An alternative method to obtain scattering spectra of single particles is total 
internal reflection microscopy.193 

The polarisation dependence of the optical properties of gold nanorods affords the 
possibility of orientation based sensors.181, 194 A change in chemical environment (e.g. 
pH) or in a tether species (e.g. oxidation or specific binding) would trigger a 
conformational response in the tether. This switch of conformation directly affects the 
orientation of the bound nanorod and the optical properties in polarised incident light. 
Dark-field microscopy can be used to detect the orientation change of single gold 
nanorods by probing the polarised optical response of the sensing substrate and 
analysing the signal of individual particles. Polarisation-sensitive photothermal imaging 
may also be used.195 

As noted (Section 1.2.1), plasmonic response not only depends on polarisation and 
shape but also on the local refractive index of the surrounding medium. A change in 
local refractive index can be induced by varying the bulk medium in which the nanorod 
or nanoshell is dispersed, or by an increase or displacement of adsorbates at the 
interface of the nanoparticle and bulk medium. This effect can be exploited to construct 
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trace chemical or biosensors, where binding events in proximity to the nanoparticles 
trigger a shift in local refractive index and thus optical response.  

As an example, a nanorod sensor based on refractive index change has been suggested 
for the biotin – streptavidin couple.179, 183 In the case of detection of streptavidin, which 
has a very high affinity for the thiolated biotin molecule, an absorbance peak shift of 366 nm/refractive index unit (RIU) was observed.179 This corresponded to a limit of 
detection of 0.42 nM (25 ng/mL). This is superior to the results reported for a similar 
scheme based on gold nanospheres in which a shift of only 76.4 nm/RIU was achieved, 
corresponding to a limit of detection of 16 nM (~950 ng/mL) .196 Yu and Irudayaraj 
report even higher sensitivities and, importantly, that local refractive index sensitivity of 
gold nanorods increases with aspect ratio.185 Nanorods with aspect ratios with aspect 
ratios 2.8 –  7 gave sensitivities from 445 –  1100 nm/RIU. It has been claimed that 
nano-bipyramids are even better than parallel-sided nanorods for this type of sensor.197 
For nano-bipyramids single molecule detection has been demonstrated.198 

A more sophisticated type of system uses an array of gold nanoparticles attached to a 
substrate. Each nanoparticle could in principle be conjugated to detect a different 
analyte. This increases the efficiency of any potential assay by allowing multiple 
simultaneous analyses from one sample. Arrays such as these would be particularly 
useful in providing indicative results in emergency rooms or for field analysis in forensics 
or environmental sampling.  

Sensitivity to local refractive index of hollow gold nanoshells has also been reported by 
Sun et al. A maximum response of 408.8 nm/RIU was obtained by immersing nanoshells 
attached to a glass substrate in varying solvents and measuring extinction spectra.180 
However, the source of this value is uncertain as a calculated peak shift of 306.6 nm/RIU 
was determined for nanoshell dimensions approximated as representative. This 
discrepancy has been suggested as being due to polydispersity of the sample180 
supported by broad peak widths of ~325 nm (906 meV) as displayed by the spectrum. 
SEM and TEM images provided ‘typical’ particle dimensions of 50 nm total diameter and 4.5 nm shell thickness, dimensions that were utilised in the calculated value. 

Dark-field single-particle spectroscopy of gold nanoshells with an Au�S dielectric core 
has provided somewhat different results than those for hollow gold nanoshells.51 A 
measured value of 123.6 nm/RIU is reported in contrast to a calculated value of 162 
nm/RIU. In any case, an increased response to local refractive index variations is evident 
for nanoshell geometries with respect to spherical gold nanoparticles. Dependence of 
the plasmon peak position on the chain length of an alkanethiolate adsorbate on a 
nanoshell has been reported with a shift of ~2.94 nm/methylene unit.180 From this 
value the limit of detection for hexadecanethiol (HDT) was estimated to be ~27 nM. 

A figure of merit (FOM) for gold nanorod based refractometric sensors has been 
developed by the group of Sönnichsen by considering numerous aspects of the particle 
spectrum i.e. peak shift and linewidth, of gold nanorods.199  Consideration of the various  



 

 39 

factors indicates that the optimum aspect ratio for gold nanorods for sensing 
applications is ~3 − 4 (width 20 nm).199 Despite the specific use of nanorods in the 
development of the FOM it is suggested by the authors that it should be just as 
applicable to other geometries and creates a point of direct comparison in relative 
performance. 

Assigning a peak shift to the binding event of an analyte could be subject to interference 
by subtle changes of the refractive index of the bulk medium, particularly at trace levels. 
Such interferences could be a result of temperature fluctuations, surface charge or 
turbulence. This problem could be circumvented by the inclusion of unconjugated 
nanoparticles of distinct extinction peak to that of the conjugated particles. The 
presence of these particles would provide a reference peak to which the variations due 
to the medium could be assigned and removed from the detecting peak of the 
conjugated nanoparticles, leaving the shift due to adsorbed/bound species. In addition 
to providing a reference peak, a mixture of particles with distinct aspect ratios would 
allow multiplexing for the detection of multiple species simultaneously.185, 200  
Alternatively the single particle spectra could be monitored pre- and post addition of the 
sample using dark-field analysis where a “large” area can be monitored with detection 
achieved through digital analysis of the optical signal from the particles.  

1.5.6 Surface Enhanced Raman spectroscopy 

Analytical techniques that exploit non-linear optical properties have the capacity to gain 
from the intense near-field enhancement observed in the vicinity of gold 
nanostructures. This implies that previous detection limits may be surpassed up to the 
point of single molecule detection.201 

Raman scattering spectroscopy is one such technique for exploiting near-field 
enhancements: detection of a single DNA base molecule has been demonstrated using 
clusters of colloidal silver nanoparticles.202 Clusters of nanoparticles exhibit strong 
plasmon coupling, with near-field enhancements generally located at the points of 
contact between particles. Raman spectroscopy probes the inelastic scattering of 
photons by vibrational modes of chemical bonds (e.g. C – C). Different vibrational modes 
will give rise to characteristic shifts in the incident radiation. Signal intensity depends on 
the number of bond species present and Raman scattering events. Unfortunately only a 
small fraction of incident photons are Raman scattered with the majority undergoing 
elastic or Rayleigh scattering. Surface Enhanced Raman Scattering (SERS) was first 
observed in 1974 on a silver electrode roughened by cycled redox reactions.203 Originally 
the enhancement of the Raman signal was assigned to an increase in the surface area 
and thus an increase in adsorbed analyte, however, subsequent work has shown that 
the Raman effect is mostly amplified by the near-field enhancement of the electric field 
at the metal surface. 

Following a suggestion by Moskovits, Creighton et al. demonstrated SERS from 
adsorbates on silver and gold sols.204 Within this work, supporting evidence for the near-
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field enhancement mechanism was presented as the maximum enhancement coincided 
with the plasmon resonance of the metallic nanosphere. It should be noted that, 
following addition of the analyte to the sol, the absorbance spectrum developed a 
shifted peak most likely due to coagulation. This would have resulted in coupling of the 
particle plasmons potentially giving slightly inaccurate but elevated enhancements. 

An additional order of magnitude enhancement (with respect to spherical nanoparticles) 
was predicted for substrates comprised of prolate spheroids of silver and gold.205 
Following recent progress in the syntheses of nanorods, these predictions have been 
demonstrated experimentally.94 Analogous to the problems of agglomeration 
experienced in the case of nanospheres, replacing the shape-directing/capping 
surfactant on nanorods can be difficult. However, SERS has been recorded for the 
surfactant itself94 and some foreign analytes206, 207 in solution giving enhancements of 
approximately five orders of magnitude for plasmon resonant excitations. 

SERS on nanoshell substrates also shows large enhancements208 and is once again 
correlated with plasmon resonance.208, 209 A single Au nanoshell, with a rough surface, 
has a calculated SERS enhancement of  ~4 x 10� whereas an Au nanoshell dimer gives a 
polarisation-dependent enhancement of ~5 x 10¬.210 Arrays of Au or Ag semi-shells 
seem to offer considerable potential as a reproducible SERS substrate.211 

Off-resonance Raman enhancement has also been demonstrated for isolated 
nanorods,94 but no such effect seems to have been  observed for isolated nanospheres 
or nanoshells. SERS from the capping agent of the nanorods was probed resulting in an 
enhancement of 10� to 10­. This presented an additional one to two orders of 
magnitude enhancement over the Wang and Kerker model at the same excitation 
wavelength.  Discrepancy with the model in the off-resonance condition is attributed to 
the increase in the polarisability of the molecule adsorbed to less stable facets of gold 
nanorods94 i.e. (110) or (100). Another consideration for discrepancies between 
experimental results and early theoretical models is the exclusion of the effects of 
radiation damping which has a negative effect on the SERS enhancement.212  

Electric field calculations of isolated Au nanoshells and nanoshell dimers illustrate the 
regions of greatest enhancements (the ‘hot spots’). For a dimer configuration the 
strongest field enhancement is in the region of nearest separation of the nanoshells.210, 

213 It is also apparent that for dimer pairs of equal aspect ratio but varied volume the 
enhancement is slightly higher again.213 Calculations of surface roughened nanoshells 
indicate that they should cause greater enhancements than smooth nanoshells210. 

Films of aggregated nanospheres and nanorods have also been compared.214 SERS of 
analytes on aggregated nanorods are expected to give extremely large enhancements. 

Overall, there is considerable commercial interest in SERS and this creates the 
requirement that factory-made substrates should be stable for extended times, a factor 
that could favour the use of gold over silver. Shifting of the wavelength of the plasmon 
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resonance to the near-infrared by use of Au (rather than Ag) is also possibly useful since 
it allows the SERS measurement to be taken, in principle, through the ‘tissue window’215 
in live patients. 

As a final example of a SERS-based sensor, we note the “all-optical nanoscale pH meter” 
utilising a pH sensitive adsorbate on SiO� − Au (core-shell) nanoshells.187 In this case, 
the value of the pH is determined by analysing the SERS signal of 1,4-mercaptobenzoic 
acid (para-MBA) which is in a protonated, partially protonated or deprotonated state at 
low, intermediate or high pH respectively (in the range pH 5.80 to 7.60). An analogous 
functionality could be anticipated in respect of para-MBA conjugated nanorods. 

1.5.7 Use of gold in medical diagnostics 

1.5.7.1 General 

Gold nanoparticles have been the basis of diverse cell or protein-specific staining 
techniques for a few decades, a capability that was evidently pioneered by Faulk in 
1971.216  Being a heavy element, Au nanoparticles in tissue sections are particularly 
visible in an electron microscope.217 This fact is used in combination with the ability of 
gold nanoparticles to bind to selective antibodies to produce highly selective stains for 
biological tissue. Actually, since the gold nanoparticles also scatter visible light, such 
selective binding can often also be detected in an ordinary optical microscope, possibly 
using the dark-field techniques described earlier. Many of the relevant principles and 
procedures are summarised in an authoritative text on the subject.218 There has been 
continuing development of the technology, with the enhanced scattering properties of 
large gold nanoshells219  and nanorods220  having been recently exploited for the early 
diagnosis of cancer.  

Biomedical imaging techniques, in particular, multiphoton luminescence microscopy,221, 

222 optical coherence tomography223 and photoacoustic imaging224-226 have utilised gold 
nanorods as contrast enhancing agents. SERS has been demonstrated as a 
complimentary feature to diagnostic applications of conjugated nanorods whereby 
analysis of the Raman signal allows for distinction between benign and cancer cell 
lines207. Nanoshells have also demonstrated contrast enhancement for photoacoustic 
imaging,227 two-photon luminescence microscopy228 and contrast enhancement for 
optical coherence tomography.229 These enhancements of existing medical diagnostic 
techniques have implications for improved procedures which could lead to 
improvement in treatment due to early detection. Each will be discussed in turn below. 

1.5.7.2 Two-photon luminescence 

Two-photon induced luminescence (TPL) is a multiphoton process whereby absorption 
of two photons causes an electron to transit from ground to excited state by way of an 
intermediate virtual state.230 Relaxation results in the recombination of the electron-
hole pair and emission of a photon. Probability of two-photon absorption is very low, so 
high intensity irradiation is required for a measurable effect. Although this seems like a 
disadvantage it signifies that TPL will only be produced within a localised volume around 
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the focal point.230 This means that by scanning through x, y and z a detailed three-
dimensional image may be formed with boundaries on resolution being primarily limited 
to the spot size of the laser. Diagnostically, imaged data presented in two-dimensional 
slices is highly useful since it provides cross-sectional information of irregularities or 
areas of interest. Rendering the cross-sectional information into three dimensional 
reconstructions provides additional information, which can guide surgical procedures.  

Plasmon enhanced TPL of roughened metal substrates was characterised in 1986 by 
Boyd et al.231 Gold nanorods222 and nanoshells228 exhibit a plasmon enhanced TPL signal 
where the intense near-field present under resonant conditions enhances the relatively 
weak luminescence. A single gold nanorod produces a TPL signal ~60 times brighter 
than the two photon fluorescence from a single rhodamine 6G molecule, a common 
contrast agent (2320 GM and 40 GM for gold nanorod and rhodamine 6G respectively) 
.222 (Two photon emission intensities are quantified in terms of an action cross-section 
given in Göppert-Mayer (GM) units.230) Of course, semiconducting CdSe − ZnS quantum 
dots (QDs) have demonstrated TPL intensities of 2000 –  47000 GM 232 which is far 
greater than for gold nanorods. However, such QDs are highly toxic and although in vivo 
experiments have been performed,232 the protective layer coating the QDs could 
breakdown prior to excretion resulting in heavy metal (Cd) poisoning. Gold 
nanoparticles are generally considered as bio-inert.233, 234 

In vivo demonstrations of TPL with gold nanorods have been published utilising live 
mouse models. In this case unmodified nanorods were injected intravenously upon 
which single nanorod TPL signals were observed within the vasculature.222 Targeted TPL 
microscopy is also possible where conjugated nanorods are injected for specific location 
of, for example, tumour cells.221 Once located, the laser excitation can be focussed on 
the tumour cells to induce localised plasmonic heating and hence cell death (see the 
section on Medical Therapeutics to follow). Targeted TPL with gold nanoshells has also 
been shown by in vitro trials.228 

1.5.7.3 Magnetic resonance imaging 

Due to their geometry, incorporation of super-paramagnetic iron oxide nanoparticles 
(SPIO) into the core of metallic nanoshells allows for contrast enhancement for magnetic 
resonance imaging (MRI) and subsequent photothermal treatment.235 Super-
paramagnetic properties can also be imposed on gold nanorods by coating with iron 
oxide nanoparticles.236 MRI is a broadly applied diagnostic tool for discerning abnormal 
tissue deposits or for studying body mechanics at a fine scale. SPIO nanoparticles have 
been shown to provide strong contrast in MRI for numerous systems (e.g. bowel, liver, 
lymph nodes etc.).237 Super-paramagnetism refers to the absence of a net magnetic 
moment without an externally applied magnetic field. This property of the nanoparticles 
prevents them from self-aggregating due to magnetic attraction and protective coatings 
allow for separation after termination of the external magnetic field.  
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Gold nanoshells with an inner SPIO nanoparticle core have demonstrated high contrast 
efficiency for MRI.235, 238 In addition, the metallic shell can be conjugated with antibodies 
raised against a particular cellular trait (e.g. tumour cells), and upon NIR irradiation 
photothermal treatment may be administered and subsequently tracked using MRI.235, 

238 

1.5.7.4 Photoacoustic microscopy 

Photoacoustic microscopy is a sensitive diagnostic tool for detecting abnormalities in 
soft tissues such as skin and vasculature. This technique is non-invasive and, unlike X-ray 
imaging, non-ionising so there is no undue damage caused by the imaging process. A 
photoacoustic signal is induced by irradiating the target region with pulses from a laser. 
Body tissue within this region will absorb the incident radiation and undergo rapid 
thermal expansion. This rapid expansion induces an acoustic signal which is detected by 
an ultrasonic transducer.  

Formation of the image is analogous to conventional ultrasound. Two-239 and three- 240 
dimensional images can be formed using photoacoustic microscopy, with the three 
dimensional images being reconstructed from two-dimensional slices of incremental 
depth, a process known as tomography. As mentioned previously, wavelengths in the 
red-NIR range (650 –  900 nm) must be used to increase the penetration of the laser.215 
However, as the strength of the photoacoustic signal is proportional to the absorption 
coefficient and the absorption by unmodified soft tissue is minimal at these 
wavelengths, formation of acoustic images is difficult. Gold nanorods224-226, 241 or 
nanoshells227 tuned to express maximum absorption within the soft tissue window can 
be used to increase the absorption dramatically and thus increase the acoustic signal 
through plasmonic heating effects. Specific cell line targeting can be achieved by 
conjugating the surface of the nanoparticles with antibodies. This process can be used 
for diagnostics or observation of retaliatory systemic processes, such as nanorod 
enhanced imaging of early inflammatory response.225 Finally, systemic imaging can be 
performed such as, for example, improved contrast in brain images as provided by 
intravenous injections of nanoshells.227 This could result in early detection, and thus 
prevention, of life threatening conditions. 

1.5.7.5 Optical coherence tomography 

Optical coherence tomography (OCT) was first modified for biological systems by Huang 
et al in 1991.242 OCT provides high resolution, in vivo images of biological systems rapidly 
and non-invasively. The principal of operation is analogous to ultrasonic imaging but 
using NIR light in place of sound waves. A two dimensional cross-section is formed by 
analysing differential scattering signals using low-coherence interferometry. Time-of-
flight information is determined by use of a Michelson interferometer where the low-
coherence light source is split into two paths. One path reflects off a reference mirror 
the other is incident on the tissue sample. The amplitudes and delays from the sample 
reflections are quantified by scanning the reference mirror position. OCT has proven to 
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be a useful diagnostic tool and has made significant advancements for ophthalmic 
diagnoses,243 for such conditions as glaucoma and macular degeneration.  

Nanoshells tuned to exhibit high extinction in the soft tissue and OCT illumination 
window have been shown to provide high contrast enhancement for healthy tissue and 
tumourous tissue.229 These nanoshells were synthesised to exhibit both high absorption 
and scattering cross-sections. High scattering properties are essential for providing 
contrast in the OCT image.  

1.5.8 Therapeutic possibilities for nanoscale gold 

For medical applications gold nanoparticles are synthesised to express peak absorbance 
within the aforementioned ‘soft tissue window’, ~650 − 900 nm.215 Within this range 
haemoglobin and water, primary absorbers of visible and infrared (IR) wavelengths 
respectively, exhibit their lowest absorption coefficient, allowing penetration of light up 
to 10 cm.215 Implementation of gold nanoparticles into in vivo medical applications relies 
on characterisation of their effect on biological systems. In general, studies utilising gold 
nanoparticles have revealed that any cytotoxicity that they might have is due to species, 
usually surfactants or capping ligands, adsorbed onto their surface. There is broad (but 
not complete) agreement in the field that the gold itself is inert. For example, in the case 
of gold nanorods, the shape directing surfactant �C	
TABr� is a known cell lysing 
agent.244 Therefore, pre-treatment of the nanorods to remove excess C	
TABr in the 
surrounding medium is required.245 In contrast, C	
TABr coated nanorods themselves 
show low cytotoxicity246-249 but by using various layer-by-layer polymer coating 
architectures the toxicity can be further reduced and the surface properties engineered 
to produce a tuneable cell uptake.246 Another option is to replace the C	
TABr with a 
polymerisable analogue.250 Nanoshells are also reported as showing low toxicity for a 
range of cell lines.251, 252 Broader biological effects of environmental release of nanorods 
also show minimal detrimental effect. Using model estuarine mesocosms a sample of 
nanorods was determined by mass of gold to be widely distributed throughout biofilms, 
sediment, plants, animals and sea water.253 Despite being exposed to the gold 
nanoparticles there was no sign of adverse health effects for the species involved over 
the time frame of the experiment. 

The rational therapeutic use of gold nanoparticles254 is based on one of three modalities. 
The particles can be used (1) to deliver either a localised heating effect, or (2) as a 
platform onto which to attach cytotoxic or other organic molecules, or (3) as radioactive 
sources. Combined therapeutic and diagnostic applications of gold nanorods186, 222, 225, 247, 

248, 255-258and gold nanoshells 227, 229, 235, 259-267have been published. Particles with such 
dual functionality are sometimes described as ‘theranostic’.268  

The application of nanorods and nanoshells in the photothermal mode can be both 
primary and secondary. Both utilise the localised heating of nanoparticles induced under 
plasmon resonant conditions269 but they differ in terms of the effect sought from this 
heating. The heating effect for nanorods270 and nanoshells271 has been modelled for 
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aqueous systems. Primary nanoparticle treatment involves two main stages; first, 
nanoparticles are conjugated with antibodies for specific cell line targeting, upon 
injection the conjugated particles will bind to cells expressing targeted characteristics. 
Induction of cell death, stage two, is achieved by localised plasmonic heating at 
nanoparticle binding sites i.e. tumour site (target cells), using laser irradiation. This 
localised heating causes thermal stress resulting in cell death. 

Primary nanoshell applications mainly utilise photothermal tumour ablation in 
demonstrating the efficacy of nanoshells as therapeutic agents272, 273 and were 
pioneered by the group of N. Halas.219, 260, 262 Targeting excessive or inappropriate 
neovasculature, which is commonly a function of tumour development, is a suggested 
demonstration of hyperthermic nanoshell treatment.274 Examples of nanoshell 
photothermal therapy tend to utilise laser intensities of ~4 × 10� W. m�� , 229, 260,

262which are comparatively high. Post-surgical treatment has also seen improvement 
from plasmonic heating properties of nanoshells. Near-infrared laser tissue welding 
exploits a “bio-solder” to improve healing of surgical incisions.259 The “bio-solder” 
consists of a moderate concentration of nanoshells in a BSA (bovine serum albumen) 
solution. Near-infrared wavelengths are used to minimise damage to surrounding areas 
and increase penetration which ultimately results in a stronger, faster healing weld. 

In the case of gold nanorods, laser intensities as low as ~5 × 10� W. m�� have been 
used to induce cell death where dependence on total laser fluence rather than flux is 
emphasised (a minimum fluence of 30 J. cm��  seems required).247 At such low power 
less than 1% of healthy cells were killed whereas 81% of the target cells (to which the 
gold nanorod had been conjugated) were terminated. Several applications of primary 
nanorod therapeutics have been demonstrated ranging from targeted destruction of 
immune cells or macrophages247 to destruction of tumour cells,256 bacteria275  and even 
of protozoan parasites.248 Although the destruction of macrophage cells may seem 
counterintuitive in some cases it may prove beneficial276 assuming antibodies can be 
raised to differentiate between healthy and infected macrophages. 

Secondary nanoparticle therapeutic applications also utilise plasmonic heating 
properties. Nanorods277 or nanoshells278, 279 are embedded in a thermoresponsive 
polymer matrix doped with a therapeutic agent. The thermoresponsive polymer, 
commonly NiPAAm (N-isopropylacrylamide), could be injected as a colloidal solution of 
micrometre scaled beads or implanted as a pellet.263, 280, 281 Alternatively the core of the 
nanoshell could constitute the thermoresponsive polymer/therapeutic agent for 
diffusive release upon plasmonic heating.282 Sequestering the composite within the 
nanoshell leaves the surface for adsorption of antibodies etc. for targeting particular 
regions or species in the body to maximise therapeutic efficacy. Once inserted, NIR laser 
irradiation excites the plasmon of the nanoparticles whereby the surrounding medium is 
heated. This causes a conformational change of the polymer molecules leading to a 
decrease in volume of the composite. This decrease is accompanied by release of the 
therapeutic agent into the surrounding environment e.g. bloodstream. By controlling 
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the laser intensity or exposure of the polymer composite the rate of drug release could 
be controlled to achieve prolonged, constant administration to maximise therapeutic 
efficacy. 

Another, somewhat unrelated mode of therapy is to use the gold nanoparticles simply 
as platforms with which to transport a drug283 or genetic material284 into a cell. In this 
case there is no plasmonic heating required and the property of the gold that is being 
exploited is its surface chemistry. 

A major issue with the application of nanoparticles to medical applications is the 
relatively unknown effect that the particles themselves have over long periods. The 
broadest view is that they are excreted as waste in an unspectacular manner and are 
generally non-toxic.245 Dynamic light scattering has been demonstrated as a quantitative 
method for monitoring the concentration of nanoshells remaining in the bloodstream 
prior to administration and exhaustion of their therapeutic role.285 This method could 
also be applied to monitoring concentrations of nanorods, although interpretation of 
the results requires additional consideration due to the rod geometry.286 The uptake of 
gold nanoparticles into live cells seems to depend on their size, shape and the nature of 
any capping ligands present.233 

Finally, I note in passing that it has been claimed that gold nanoparticles can serve as an 
active adjuvantm.287  

1.6 Motivation 

In this introduction I have discussed the vast amount of research in characterisation and 
application of gold nanorods and nanoshells. From this review it is my opinion that when all 
factors, e.g. synthesis and optical performance, are considered gold nanorods show greater 
utility than nanoshells for a broad range of applications. For this reason I primarily focus on 
the synthesis of gold nanorods in this thesis. 

However, I have also drawn attention to the limitations in the understanding and 
implementation of the gold nanorod synthesis. A major consideration for the gold nanorod 
synthesis is the inefficient conversion of ionic to metallic gold. This problem is highlighted in 
the literature but it is not quantified. The concentration of gold that remains unreacted is 
significant, in most cases ~80 %. It is my aim to address this issue and provide a set of 
conditions whereby the synthesis is optimised. Additionally, altering the reductant 
conditions will provide deeper insight into the mechanisms involved in the reaction. 
Efficiency is a particularly relevant point for the aims of this research when considering the 
collaboration with the industrial partner. 

It is also my aim to simplify the gold nanorod synthesis by exploring and quantifying the 
parameter space of aspect ratio and particle sizes that is achievable for a constant gold 
nanorod growth solution where only the amount of seed added to initiate the reaction is 
varied. 
                                                             
m A substance that increases the efficacy of a vaccine 
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Another major hole in the current literature is a precise mechanism of formation for gold 
nanorods. The most significant factor is the mechanism of the transition from spherical seed 
to nanorod. I have designed experiments using multiple techniques to characterise the 
various stages of the gold nanorod reaction, in particular the early stages. 

The work in this thesis is designed to increase the awareness of the utility of plasmonically 
active precious metal nanoparticles as well as aid the development of new applications by 
simplifying synthetic procedures.  
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2 Experimental Methods and Materials 
This chapter describes the various experimental procedures that I have used for the wet 
chemical synthesis of gold nanorods as well as for selected other precious metals and 
particle geometries. Where variable concentrations of reagents were used, I have 
simplified the description here to indicate nominal amounts and/or ranges used. The 
specific concentrations actually used for each sample are noted with respect to the 
presentation of the data in later chapters. 

I prepared all aqueous solutions using ultrapure water from a Sartorius Arium 611 VF 
purification system with 18.2 MΩ. cm resistivity. I washed all glassware with either lab-
grade detergent or aqua regia and thoroughly rinsed with ultrapure water. 

2.1 Synthesis of HAuCl4 
Gold metal (99.99% purity) was obtained from AGR Matthey Australia. Hydrochloric 
acid (AnalaR) and Nitric acid (AnalaR) were obtained from BDH Chemicals. 

I synthesised HAuCl�. xH�O by dissolving pure gold metal in aqua regia (HCl: HNOu 3: 1 
v/v). The method may be found in the literature.288 Briefly, 4.9131 g pure gold was 
dissolved in excess aqua regia (~80 mL). The solvent was then evaporated under 
aspirator vacuum. To remove the HNOu the solution was strongly heated with 
concentrated HCl, twice. The resulting solution was then diluted to 100 mL to obtain an ~0.25 M HAuCl� stock solution. 

It should be noted that some gold precipitated from the solution and so the actual 
concentration was verified by ICP-MS as follows. I prepared a series of 5 mL Auu� 
calibration solutions from a 1 ppm standard solution (Choice Analytical) through dilution 
by mass. The Auu� concentration of the solutions were 10, 50, 100, 150, 400, 750 and 100 ppb. I diluted the ~0.25 M HAuCl� stock solution assuming no loss of gold by a 
factor of 491.31 × to achieve an approximate concentration of 100 ppb. The ICP-MS 
analysisn returned a Auu� concentration of 0.2306 M, this was diluted accurately to 
produce a stock solution of 0.1 M. 

2.2 Precious Metal Nanoparticles 
All other chemicals were purchased from respective suppliers with ≥ 95% purity and 
were used as-received. HAuBr� – Sigma Aldrich, C	
TABr – Nanjing Robiot and Alfa 
Aesar, AgNOu – Sigma Aldrich, sodium salicylate – Ajax Finechem and Alfa Aesar, KBH� 
– Sigma Aldrich, ascorbic acid – Sigma Aldrich and Alfa Aesar. 

2.2.1 Gold Nanoparticle Seed Solution 

I prepared the growth solution for the gold nanoparticle seed according to one of two 
procedures, slightly modified from the procedure of Nikoobakht and El-Sayed: 21 

                                                             
n ICP-MS analysis was performed at the University of Technology, Sydney by David Bishop using 
an Agilent Technologies 7700 series ICP-MS. 
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Seed A: 10 mL of µ mM HAuCl� −25 mM C	
TABr, where µ was typically of the order 
of 0.1 mM. Briefly, 0.091 g C	
TABr was dissolved in ultrapure water with some gentle 
heating �~45℃� and agitation. Next, an aliquot of 0.1 M HAuCl� was added to achieve 
the desired concentration (specific values noted later). Finally the solution was made up 
to 10 mL with ultrapure water. 

Seed B: 10 mL of 0.1 mM HAuCl� − 25 mM C	
TABr stock solution. A one litre 0.1 mM HAuCl� –  25.0 mM C	
TABr stock solution was prepared by dissolving 9.1118 g C	
TABr in ~800 mL ultrapure water by gentle heating �~45℃�, stirring and ultrasonic 
agitation. Then, 1.0 mL of 0.1 M HAuCl� was dispersed through the C	
TABr solution by 
gentle heating �~45℃�, stirring and ultrasonic agitation. The solution was then made up 
to one litre with ultrapure water. 

To form the gold nanoparticle seeds, 10 mL of seed growth solution was heated for 10 
minutes at 45℃, after which 0.5 mL of an ice cold, freshly prepared 0.01 M KBH� 
solution (26.97 mg KBH� made up to 50 mL with ultrapure water) was added with 
stirring. The seed was left to stand for one hour at 30℃ in a water bath before adding 
an aliquot to the nanorod growth solution. 

2.2.2 Gold Nanorod Growth Solution 

For the synthesis of gold nanorods I prepared growth solutions (GS) according to one of 
the two following procedures, both of which are based on the literature procedure by 
Jana et al:13  

GS method A: I prepared fresh 10 mL of growth solution for each sample, each 
contained  0.1 M C	
TABr,  0.5 mM HAuCl� , c mM H�A and ¶ µM AgNOu. Briefly, 0.3645 g C	
TABr was dissolved in ~8 mL of ultrapure water with aid of gentle heating 
and ultrasonic agitation. Then, 50 µL of 0.1 M HAuCl� stock solution was added and 
dispersed through the C	
TABr solution by gentle heating, stirring and ultrasonic 
agitation. An aliquot of 0.1 M H�A (final concentrations noted later) was added, with 
stirring, to reduce Auu� to Au�. I prepared H�A solutions fresh for each experiment.  AgNOu was then added as an aliquot of a 0.01 M stock solution (again final 
concentrations are noted later). Finally, this combination was made up to 10 mL with 
ultrapure water. 

GS method B: For this procedure I prepared a range of stock solutions to construct the 
nanorod growth solution with 8 mL 0.625 mM HAuCl� − 0.125 M C	
TABr stock 
solution, 1 mL · mM H�A, 1 mL 0.7 mM AgNOu stock solution. One litre of 0.625 mM HAuCl� − 0.125 M C	
TABr stock solution was prepared by dissolving 45.557 g C	
TABr in ~800 mL ultrapure water by gentle heating, stirring and ultrasonic 
agitation. This was then followed by addition of 6.25 mL of 0.1 M HAuCl� stock solution 
and was dispersed through the C	
TABr solution by gentle heating, stirring and 
ultrasonic agitation. This solution was then made up to one litre with ultrapure water 
and stored it in an ambient, dark place wrapped in aluminium foil. One litre of 0.7 mM 
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AgNOu stock solution was prepared by dissolving 0.119 g AgNOu in ultrapure water and 
making this up to one litre. I prepared H�A solutions fresh for each experiment at a 
millimolar concentration to add to the other solutions to result in a 10 mL total sample 
volume. 

The growth of the gold nanorods was initiated by the addition of an aliquot of seed 
solution, as prepared above, with the amount and method noted accordingly in Chapter 
4 and 5. 

All nanorod samples were thermostatted at 30℃  using a water bath for the duration of 
the reaction. 

2.2.3 Gold Nanorings/Hollow Nanoparticles 

I synthesised silver nanoparticles according to one of two procedures for use as 
template nanoparticles in the galvanic replacement reaction with AuCl��. Chemicals 
were used as received. Tri-sodium citrate – Sigma Aldrich, AgNOu and C	
TABr were 
sourced from the suppliers mentioned previously. A solution of 1 mM HAuCl� was 
prepared by diluting a 100 µL aliquot of the 0.1 M stock solution mentioned above 
(Section 2.1). 

Template 1: I prepared a 412 mL stock solution of C	
TABr stabilised silver template 
nanoparticles. Briefly, 36.5 mg C	
TABr was dissolved in ultrapure water with some 
gentle heating and agitation. To this, 17 mg AgNOu was added and stirred until it was 
dissolved. This solution was then made up to 400 mL with ultrapure water. Under 
constant stirring 12 mL of a freshly prepared 0.01 M KBH� solution (26.97 mg KBH� 
made up to 50 mL with ultrapure water) was added to reduce the Ag� to form silver 
nanoparticles. 

Template 2: A ~20 mL sample of silver template nanoparticles stabilised with tri-sodium 
citrate was prepared. Briefly, ~1.84 mg of tri-sodium citrate was dissolved in ultrapure 
water. Then, 0.625 mL of 0.01 M AgNOu was added and the solution made up to ~20 
mL with ultrapure water. 

Galvanic Replacement Reaction: A ¸ mL aliquot of template solution was refluxed at ~75℃ for 15 minutes. Following this step ¹ mL of 1 mM HAuCl� (100 µL of 0.1 M stock 
diluted to 10 mL) was added drop-wise. Specific volumes and template solutions are 
noted with respect to data in Section 3.1.1. The solution was refluxed for a further 20 
minutes or until the colour of the solution was stable. 

2.2.4 Ag Nanorods 

I prepared silver nanorods according to a modification of a procedure originally 
published by Jana et al.289 Stock solutions of 100 mL 0.08 M C	
TABr, 10 mL 0.01 M AgNOu, 100 mL 0.1 M H�A and 10 mL 1 M NaOH were prepared. The C	
TABr solution 
was prepared by dissolving 2.9158 g of C	
TABr and making up to 100 mL; the AgNOu 
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solution was prepared by dissolving 16.99 mg and making up to 10 mL; the H�A solution 
was prepared by dissolving 1.7612 g and making up to 100 mL; the NaOH was prepared 
by dissolving 0.4 g and making up to 10 mL; all solutions were prepared with ultrapure 
water. 

Silver nanoparticle seed: A 20 mL 0.25 mM AgNOu and 0.25 mM C	
TABr growth 
solution was prepared by adding 0.5 mL of 0.01 M AgNOu stock solution and 62.5 µL of 
0.08 M C	
TABr stock solution, this was then made up to 20 mL with ultrapure water. 

To this solution 0.6 mL of ice cold 0.01 M KBH� (26.97 mg KBH� made up to 50 mL 
with ultrapure water) was added, with stirring, to form the silver nanoparticle seeds. 
This solution was left to stand at 30℃ for one hour before adding to the nanorod 
growth solution. 

Silver nanorod growth solution: Five growth solutions were prepared all containing 0.25 mL of 0.01 M AgNOu stock solution, 0.5 mL of 0.1 M H�A stock solution and 10 mL 
of 0.08 M C	
TABr stock solution.  

To these growth solutions 2.00, 1.00, 0.50, 0.25 and 0.06 mL of seed was added 
respectively. The growth of the silver nanorods was initiated by adding a 0.1 mL aliquot 
of the 1 M NaOH stock solution. 

2.2.5 Platinum Nanoparticles 

Hexachloroplatinic acid, H�PtCl
. xH�O, was synthesisedo according to a similar 
procedure to the preparation of HAuCl�. xH�O. Briefly, ~0.293 g of platinum metal was 
dissolved in an excess of aqua regia (HCl: HNOu 3: 1 v/v). The solvent was then 
evaporated under aspirator vacuum. To remove the HNOu the solution is strongly 
heated with concentrated HCl, twice, in the same manner. The resulting solution was 
diluted to 25 mL accurately to obtain an ~0.06 M H�PtCl
. xH�O stock solution. PVP 
(polyvinylpyrrolidone, 10000 MW), TC�ABr (tetraoctylammonium bromide) and 
nonylamine – Sigma-Aldrich (≥ 95%�, toluene – BDH (AnalaR grade) were used as 
received.   

Aqueous synthesis: A growth solution was prepared with 10 mL of 0.06 M H�PtCl
 
stock solution and 0.1 g PVP which was then made up to 100 mL with ultrapure water. 
The formation of platinum nanoparticles was initiated by adding 10 mL of ice cold 0.1 M KBH�(53.94 mg KBH� made up to 10 mL with ultrapure water). Upon addition of the KBH� solution I noticed that a black precipitate formed in parallel to the pale brown 
colour of the solution. This was filtered before characterisation by UV-Vis spectrometry. 

Organic synthesis: I prepared platinum nanoparticles in an organic solvent using the 
Brust-Schiffrin method.290 Briefly, 1.5 g of TOABr  and 0.2865 g of nonylamine were 
dissolved in 50 mL of toluene. This was stirred with 10 mL of 0.06 M H�PtCl
 stock 

                                                             
o H2PtCl6was synthesised by Linda Xiao at the University of Technology, Sydney. 



 

 52 

solution until the colour transferred into the organic layer. The formation of platinum 
nanoparticles was initiated by stirring the organic layer, vigorously, with 10 mL of ice 
cold 0.1 M KBH�(53.94 mg KBH� made up to 10 mL with ultrapure water). I also 
noticed that a small amount of precipitate was formed in this method. 

2.3 Characterisation and Calibration 

2.3.1 Characterisation of Au(III) species 

HAuBr�, HAuCl� and C	
TABr were obtained from suppliers as mentioned above, while C	
TACl was sourced from Nanjing Robiot. All were used as-received. I prepared 10 mL 
solutions of all permutations, with respect to halide counter-ions, with 0.5 mM Auu� 
and 0.1 M C	
TA� concentrations. 

I also calculated the extinction coefficient for the AuBr�� − C	
TA� complex. Figure 2-1 
shows the UV-Vis spectra of the concentrations with respect to Auu� listed in the Figure. 
All solutions were prepared by dilution from a stock 0.5 mM Auu� –  0.1 M C	
TABr 
solution. 

 εuº­ = ~4776 L. mol�	. cm�	 2.1  
 

 »AuBr�� − C	
TA�¼�M� = Auº­4776 2.2  

 

where, %uº­ and Auº­ are the molar extinction coefficient and absorbance at 395 nm 
respectively. 

 

I used the lowest concentrations to calculate the extinction coefficient due to the upper 
range of data approaching the detection limit for the spectrophotometer. 

Figure 2-1 Calibration of AuBr4
-
 extinction in aqueous C16TABr solution 
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2.3.2 Calibration of Au0 Concentration in Aqueous Solution 

I used a similar procedure to the synthesis of gold nanoparticle seed A where 0.5 mM HAuCl� was reduced in the presence of 25 mM C	
TABr by an excess of KBH�. I 
prepared two independent solutions to validate the measurement. The size of the initial 
nanoparticles is expected to be ~2 − 3 nm in diameter. The solutions were allowed to 
age under ambient conditions until the plasmon resonance developed, signifying the 
Ostwald ripening of the fine particles to larger particles.  Figure 2-2 shows the 
absorbance spectra for the as prepared and aged gold nanoparticle solutions. 

 

As can be seen from Figure 2-2, the fresh particles suffer a size dependent contribution 
to the interband transition region which interferes with the amount of gold that is in the 
solution. 

The factor for calculating the Au� concentration (mM) from the aged samples of gold 
nanoparticles was determined using the Beer-Lambert law from the above data and is 
given by the equation: 

 »Au�¼ = 0.3551 × Auº� 2.3  
 

I have compared my calibration factor to data published by Orendorff et al.27 In this 
publication they determine the gold concentration in nanorod samples via ICP-MS. I 
used the optical data from the publication to calculate the Au� concentration. The 
values determined by each method are listed in Table 2-1. 

Table 2-1 Comparison of my optical determination factor with published ICP-MS results for [Au⁰]    
Aspect Ratio [Au⁰] ICP-MS (µM) [Au⁰] Optical (µM) 

2.0 71.0 76.0 
2.9 75.0 91.5 
3.5 71.0 84.7 
4.5 73.0 83.3 

 

Figure 2-2 Calibration for Au
0
 in solution 
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The values determined by my optical factor are within 20% of those determined from 
the Orendorff data, which may be an acceptable deviation for the purposes of a crude 
estimation of the Au�content of a colloid. In any case, for the ICP-MS results a 
discrepancy of ~20 µM between initial and recovered metal is evident anyway (as 
reported). The values determined by my optical factor are well within this and possibly 
closer to the true value if loss of gold is considered through the sample preparation for 
the ICP-MS study. My calculation factor was calibrated using an Agilent Technologies 
8453E photodiode array UV-Vis-NIR spectrophotometer so some discrepancy could be 
due to the use of different equipment as well. 

2.3.3 UV-Vis-NIR Spectroscopy 

The UV-Vis-NIR spectra I present in this thesis are measured using either a Shimadzu 
UVmini 1240 UV-Vis-NIR spectrophotometer or an Agilent Technologies 8453E 
photodiode array UV-Vis-NIR spectrophotometer. Samples were diluted as required with 
the final spectrum adjusted to reflect the original concentration or normalised within a 
sample set for clarity. UV-Vis-NIR spectra have been measured using polymer, optical 
glass or quartz cuvettes throughout my work. 

With respect to my experiments for measuring the kinetics of a gold nanorod solution 
during the growth process, the initial optical density is not great enough to provide a 
measureable spectrum when using a cuvette of 1 cm path length. Therefore, the earliest 
stages of the growth were monitored using a 10 cm path length, water-jacketed, quartz 
cuvette sourced from Starna. For later times a 1 cm quartz cuvette was placed in the 
spectrophotometer which contained an unmodified aliquot of the same growth 
solution. The temperature of the solution was maintained at 30℃ for the duration of 
the reaction. This was achieved for the 10 cm path length cuvette by circulating 
thermostatted water through the water jacket by use of a water bath and tubing. 
Continuous flow of the solution was achieved by using a Gilson minipuls 3 peristaltic 
pump.  The spectrophotometer has a thermostatted 1 cm cuvette holder. 

I have labelled the UV-Vis-NIR spectra for the nanoparticle samples presented herein as 
absorbance as this is the primary contribution to the extinction properties. Any 
contributions likely due to scattering are noted where relevant. 

2.3.4 SEM 

Samples were prepared for SEM imaging by a drop cast/desiccation method. First a 1.5 
mL aliquot of nanoparticle sample was taken and centrifuged at a minimum of 10,000 
rpm, at least twice. Following each intermediate centrifugation the supernatant was 
decanted and discarded, the pellet was redispersed with ~1.5 mL ultrapure water. After 
the final centrifugation ~0.1 mL of ultrapure water was added to redisperse the 
nanoparticles. Using a drop cast method a 2 –  3 µL aliquot of the concentrated pellet 
was deposited onto a small piece of silicon wafer that was fixed to an aluminium stub 
with an adhesive carbon tab. Conductive silver paint was used to ensure a good 
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electrical connection between the silicon and SEM stub. I then placed the sample in a 
desiccator for a minimum of 24 hours. I measured SEM images using a Zeiss Supra 55VP 
FE-SEM under high vacuum, ~10�­ torr, at 5 –  20 keV accelerating voltage. 

SEM images have been selected throughout this thesis to reflect the population of 
nanorods present. Not all samples have a high proportion of nanorods but this is 
indicated by the absorbance spectrum for each respective sample. It is extremely 
difficult to obtain a quantitative particle distribution from the SEM images of these 
samples as different nanoparticle geometries can accumulate in different regions of the 
substrate. 

Nanoparticle measurements from SEM images were performed manually using the 
image analysis software ImageJp. An algorithm for extracting length and width data for 
rod shaped objects from digital images has been written by Doughertyq. However, this 
was not used for the bulk of my analysis for the reasons discussed in Appendix A. 

I have also performed a kinetic observation of growing gold nanorods using the SEM. A 
growth solution with 0.60 mM H�A was prepared according to GS method B and the 
growth was initiated with 10 µL of freshly prepared gold nanoparticle seed B. This 
concentration of H�A was selected to reduce the rate of the reaction. At numerous 
times throughout the reaction (1, 5, 10, 15, 20, 30, 40, 50 and 60 minutes) a 1 mL 
aliquot of the solution was removed and centrifuged at 13,000 rpm for 2 minutes. The 
supernatant was decanted and discarded then the pellet was redispersed with ultrapure 
water. At this point the vast majority of the unreacted AuBr�� should have been 
removed from the solution. The aliquot was then centrifuged for a further 5 minutes at 13,000 rpm. Upon removal of the supernatant the pellet was redispersed in 100 µL of 
ultrapure water. A 2 − 3 µL aliquot of this was deposited onto a small piece of silicon 
wafer and placed into a desiccator. The 1, 5, 10 and 30 minute samples were imaged in 
the SEM. No nanoparticles were observed at 1 minute or less. 

2.3.5 Cryo-TEM 

Cryo-TEM experimentsr were performed to probe the early stages of development of 
gold nanorods. Images were taken using an FEI TECNAI F30 G2 TEM at 300 keV using a 
liquid nitrogen cooled sample stage under high vacuum. Images were captured with a 
Direct ElectronTM lens coupled CCD camera. 

For the cryo-TEM experiments I prepared two nanorod growth solutions according to 
procedure GS method B with 0.60 mM H�A and 0.65 mM H�A respectively. The 
nanorod growth was initiated by adding 10 µL of freshly prepared seed B.  

                                                             
p http://rsb.info.nih.gov/ij/ 
q Dougherty (http://www.optinav.com/Measure-Roi.htm) 
rOperation of the cryo-TEM and cryo-sample preparation was performed by Dr Matthias 
Flöttenmeyer at the University of Queensland. This work was performed with funding provided 
by the AMMRF travel and access program; grant number #9052 



 

 56 

TEM samples were prepared with the aid of an FEI Vitrobot system to ensure 
reproducible sample conditions. 2 –  3 µL of sample was taken and placed on a TEM grid. 
The TEM grid was held in a controlled environment at 30℃ and 100% relative humidity. 
A blotting time of 8 s was used to achieve an ice thickness of ~50 –  100 nm. After 
blotting, the TEM grid was plunged into a bath of liquid ethane to form a layer of 
vitreous ice. Multiple grids were prepared and subsequently stored in liquid nitrogen. A 
limiting factor in this procedure is the requirement to re-liquefy the ethane after ~10 
minutes. For the sample preparation no chemical changes were made to the standard 
growth solution as well as maintaining the reaction conditions for the samples observed 
with UV-Vis-NIR spectroscopy. Aliquots of the seeded growth solution were prepared at 
various time points to monitor the variation of the nanoparticle dimensions with respect 
to time.  

2.3.6 TEM  

Images of gold nanorings were collecteds using a Phillips CM 120 Biofilter TEM. An 
accelerating voltage of 50 – 370 keV was used. Sample grids were prepared by a drop 
cast/drying method. 

2.3.7 Estimation of nanorod dimensions from a UV-Vis-NIR spectrum 

I have written a Mathematica script to calculate the average dimensions of a gold 
nanorod suspension from the UV-Vis-NIR spectrum and concentrations used for the 
synthesis. An example of the script is provided as Appendix A. 

Briefly, the number of nanorods in the solution is estimated by dividing the number of Au� atoms in the added seed solution (determined from the concentration) with the 
number of Au� atoms in an ~2 nm diameter seed. There are some spheres produced in 
the reaction as by-products, however, as there is no way to separate an accurate 
diameter for the spheres i.e. an accurate volume, I assume that they have the same 
volume as the nanorods.t The volume of each nanorod is then determined using the 
number of particles in the solution and the concentration of gold as estimated from the 
absorbance at ~390 nm. The aspect ratio, AR, is calculated from the longitudinal peak 
position, �½, using the following equation:u 

 AR = �0.0084 × λ¿� + 3.1081 2.4  
 

                                                             
s Operation of the TEM was performed by Dr Annette Dowd at the University of Sydney. 
t For a nanorod of 8000 nmu this corresponds to a sphere with a diameter of ~25 nm, not 
unrealistic. 
u This equation was determined from an extensive set of DDA calculations for gold nanorods 
approximated by a hemi-spherically capped cylinder.  
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A hemi-spherically capped cylinder has been used as the model geometry for the 

nanorod and 0� = ¿�×À to produce an equation for the volume of a gold nanorod, JÁzÂ, 

where the only unknown variable is the radius: 

 VÃLÄ = 2π+u ÆAR − 13Ç 2.5  

This rearranges to give: 

 r = È VÃLÄ
2π xAR − 13{}  2.6  

 

The length is calculated using the aspect ratio equation. 

As with the calibration of Au� described previously, I have compared the particle 
dimensions calculated with my Mathematica script to the published values of Orendorff 
et al. The values for aspect ratio and seed diameter (3 nm) have been taken from their 
published data. The concentration of Au� has been calculated from their optical data 
using my factor to determine the volume of each nanorod. Table 2-2 compares the 
results produced by my Mathematica script with the published values for the nanorod 
dimensions as measured by TEM. The agreement for all but the shortest rods is very 
good. The deviation in the case of the shortest rods may be due to their shapes not 
complying with the hemispherically-capped right cylindrical model or that the 
population of nanorods is much lower for this sample (as indicated by the absorbance 
spectrum). 

Table 2-2 Nanorod dimensions calculated using my Mathematica script compared to TEM measurements 

Aspect Ratio 
Mathematica TEM 

D (nm) L (nm) D (nm) L (nm) 

2.0 14.9 29.7 18.2 36.0 
2.9 13.7 39.7 14.3 41.1 
3.5 12.4 43.6 12.3 42.0 
4.5 11.3 50.8 11.8 52.5 

 

2.3.8 Small-Angle X-Ray Scattering 

Small-angle x-ray scattering measurementsv have been performed on a growing gold 
nanorod solution as well on the various liquid components of the synthesis.  

                                                             
v SAXS data was recorded at the SAXS/WAXS beamline of the Australian Synchrotron using an X-
ray wavelength of 1.1985 nm by Dr Nigel Kirby with assistance provided by Dr David Cookson and 
Dr Catherine Kealley. 
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All SAXS measurements were recorded at constant temperature. To achieve this I 
constructed flow cells from a combination of Kapton (polyimide, inner diameter 1.46 
mm) and Tygon (PTFE, inner diameter 1.6 mm) tubing – John Morris Scientific. Briefly, 
two lengths of Tygon tubing were glued to either end of a section of Kapton tubing, ~3 − 4 cm. The other end of each length of Tygon tubing was then inserted into the 
reaction/storage vessel. The temperature of the reaction vessel was controlled by 
placing it in a water bath at 30℃. Continuous flow of the solution was achieved by using 
a Gilson minipuls 3 peristaltic pump. The total volume of the flow cell did not exceed ~5 
mL. The volume of each sample measured was 10 mL. 

For measurement of the samples the Kapton tubing section was placed in the beam 
path. 

Data was recorded at two camera lengths, 1 m and 8 m, on all samples to increase the 
range of data collected to cover the size ranges that I had predicted for the system. 

The raw synchrotron data (2D scattering image) was reduced using Wavemetrics data 
analysis software IGOR Pro 6.0 and the analysis package Irena.291 Two methods have 
been used to determine the radius of gyration, RÉ. I manually constructed Guinier plots 
with values directly from the ASCII data file from the output of the data reduction. Also, I 
used the small-angle scattering analysis software PRIMUS.292 Primus is a component of 
the software suite ATSAS developed by Svergun et al.293 PRIMUS was also used to 
determine the Porod volume. 

SAXS data was also obtained using a smaller, lab-based setup,w the results of which are 
not presented in this thesis. In these lab experiments it was noted that there was some 
interaction of the X-ray beam with the sample indicated by a coloured spot on the wall 
of the quartz capillary with the dimensions of the incident beam. This problem was 
addressed by using a polymer capillary, polyimide, and flushing the capillary with C	
TABr solution for the synchrotron experiments to prevent nanoparticle adsorption.  

2.4 Simulation of Optical Properties 

2.4.1 DDSCAT 

I have used an implementation of the discrete dipole approximation, DDSCAT,64, 294 to 
simulate the optical properties of gold nanorods and gold nanorings. This method has 
been used to validate my new growth model by simulating the proposed intermediate 
particle geometries observed in cryo-TEM experiments. The results of these calculations 
have been compared directly to experimentally measured data. 

The extinction spectra I have calculated have been for gold nanoparticles in water. For 
these simulations the gold dielectric table provided by Weaver and Frederikse295 has 
been used. As these values are determined for gold in a vacuum they must be adjusted 

                                                             
w Lab SAXS data was recorded at ANSTO by Dr Tracey Hanley and Dr Catherine Kealley. 
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by complex number division with the dielectric table for water. The complex dielectric 
table for this modification was obtained from the software application MiePlot and 
represent the optical properties of water at a temperature of 20℃. 

The wavelengths for the calculation must be modified for the refractive index shift from 
air to water for input into DDSCAT. This is achieved by using the equation:x 

 λÊËÌÍÀ = �λË�À − 0.0143�1.2995  2.7  

 

The units for wavelength in Equation 2.4 and for the input into DDSCAT are 
micrometres, µm.  For the conversion of the output, Equation 2.4 is rearranged to solve 
for λË�À. 

I used an evaluation version of CurveExperty to interpolate the calculated data within 
the upper and lower bounding wavelengths at an interval of 1 nm. A cubic spline was 
used for the interpolation. The interpolated data was used to simplify the combination 
of the spectra to approximate the mixed dispersions of intermediate geometries and to 
smooth the curve. 

I used desktop PCsz with Microsoft Windows XP or 7 as the operating system to run the 
DDSCAT calculations. 

2.4.1.1 Gold Nanorods and Intermediate Geometries for Growth Model  

The program CryoRods has been used to generate the target geometries for input into 
DDSCAT. This program was authored by Prof. Michael B. Cortie and was written to 
create DDSCAT shape files for the geometries that were observed in the cryo-TEM 
experiments. 

A wavelength range of 350 − 800 nm (with an interval of 12.5 nm) has been used for all 
the calculations of the extinction properties of the intermediate and nanorod 
geometries in my new growth model (Section 5.1.5). The results were evaluated to 
locate the longitudinal peak position for each particle and selected wavelengths around 
this position in smaller intervals to improve the definition of the peak. The calculated 
data was extended to 900 nm, with a maximum of 3 − 4 wavelengths, for each particle 
to match the UV-Vis-NIR spectra. All the intermediate and nanorod geometries have 
been calculated at three orientations and the contribution from each has been averaged 
to approximate a randomly oriented dispersion of nanoparticles. 

 The intermediate nanoparticle geometries have been designated as bow-tie (BT), 
conically-capped bow-tie (CBT), conically-capped cylinder (CC) and spherically-capped 
                                                             
x This correlation was determined by Prof. Michael B. Cortie. 
y http://www.curveexpert.net/ 
zI ran some of the calculations using the personal computer of Aiden Ichsan. Also some 
calculations were run by Prof. Michael B. Cortie. 
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cylinder (SC). A schematic of the cross-sections of each nanoparticle with their defining 
parameters are illustrated in Figure 2-3. 

 

I initially calculated the intermediate geometries where the BT was the most basic and 
then conical end-caps were added to this for CBT, this was followed by filling in of the 
waist of the nanorod, CC, and finally a spherically-capped cylinder, SC, Figure 2-4. The 
parameters that were used for the calculations in Figure 2-4 can be found in Table 2-3. 

 

 

Figure 2-4 Extinction spectra for the intermediate nanoparticle geometries 

calculated using DDSCAT.  
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Figure 2-3 Nanoparticle cross-sections of the geometries calculated for my new 

growth model indicating the parameters used to define the structure. a) Bow-tie 

(BT), b) conically-capped bow-tie (CBT), c) conically-capped cylinder and d) 

spherically-capped cylinder. 
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Table 2-3 Nanoparticle parameters used for the test calculation of the intermediate geometries 

Particle 
Length, L 

(nm) 

Diameter, 

D1 (nm) 

Diameter, 

D2 (nm) 

Spherical Cap, 

H1 (nm) 

Conical Cap, 

H2 (nm) 

BT 33.1 15.5 14.0 - 0.0 
CBT 46.1 15.5 14.0 - 6.5 
CC 46.1 15.5 - - 6.5 
SC 46.1 15.5 - 6.5 - 

 

From this test calculation I noticed that this particle progression provided the same 
trend observed in the UV-Vis kinetics of the nanorod reaction i.e. red shift followed by 
sustained blue shift. The wavelength shift, however, was significantly lower than 
observed for experiments and so this was accounted for by adjusting the particle 
volumes and relative aspect ratios to increase the shift and mimic the experimental 
data. The nanoparticle dimensions used for the model geometries are presented in 
Table 2-4. 

To fit the simulated data to the experimental data I applied several rules that were 
defined from observations of the experimental measurements. These rules are 
presented with the discussion of the analysis in Section 5.1.5. 

Table 2-4 Nanoparticle dimensions used for the DDSCAT calculations. 

Particle 
Length, L 

(nm) 

Diameter, 

D1 (nm) 

Diameter, 

D2 (nm) 

Spherical Cap, 

H1 (nm) 

Conical Cap, 

H2 (nm) 

BT 30.0 12.0 10.5 - 0.0 
CBT1 38.3 13. 5 11.8 - 2.2 
CBT2 46.7 14.6 12.8 - 4.3 
CBT3 55.0 15.5 14.0 - 6.5 
CBT4 54.9 15.8 14.8 - 6.5 
CBT5 54.7 16.2 15.7 - 6.5 
CC1 54. 6 16.5 - - 6.5 
SC1 49.3 16.8 - 6.5 - 
SC2 47.7 17.2 - 6.5 - 
SC3 46.1 17.5 - 6.5 - 
SC4 44.6 17.8 - 6.5 - 
SC5 43.1 18.2 - 6.5 - 
SC6 41.6 18.6 - 6.5 - 

 

2.4.1.2 Gold Nanorings 

DDSCAT has also been used to simulate the optical extinction properties of an aqueous 
dispersion of gold nanorings of different aspect ratios. 
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The Cartesian equation for a torus was used to build the shapeaa for the input file for 
DDSCAT calculations of gold nanorings: 

 x� − Î·� + ¸�{� + ¹� = +� 2.8  

 

+ is equal to half the thickness of the nanoring, i.e. + = U�, and � is equal to the outer 

diameter minus + i.e. � = ÏÐ − +. x, y and z are the familiar algebraic stand-ins for 
coordinates on a Cartesian axis. 

To ensure all modes were investigated I used two orientations. Subsequently, two 
polarisations for each orientation were calculated. The orientation was altered in the 
shape file prior to input into DDSCAT whereas the polarisation was set in the parameter 
file. The results from each polarisation and orientation were averaged to approximate a 
random dispersion of nanorings. 

The aspect ratio, inner and outer diameters of the nanorings that have been calculated 
are presented in Table 2-5. 

Table 2-5 Size Parameters for Gold Nanoring Simulations 

Aspect Ratio Outer Diameter (nm) Inner Diameter (nm) 

3 30 10 
4 40 20 
5 50 30 

 

2.4.2 MiePlot 

MiePlot is an implementation of Mie theory, an analytical solution to Maxwell’s 
equations for the interaction of electromagnetic waves with spherical particles of a 
desired diameter (nm to µm). MiePlot provides a convenient platform for determining 
the optical properties of metallic nanospheres. I have used MiePlot to calculate the 
optical properties of platinum nanospheres to compare with experimentally obtained 
spectra. 

For the simulation of the extinction properties of platinum nanospheres in an aqueous 
solution I have used the built-in complex dielectric function for water at 25℃ and Ñ =  1.4961 for calculations in toluene.295 

2.5 POV-Ray Diagrams of Gold Nanoparticles 
POV-Ray is an abbreviation of Persistence Of Vision – Raytracer. It is an open source 
program which allows the three dimensional construction and observation of user-
defined structures. POV-Ray has an extensive array of built-in features for constructing 

                                                             
aa I generated the shape file using an Excel spreadsheet and macro authored by Dr Martin G. 
Blaber. 
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shapes as well as directives for applying a multitude of textures, finishes and other 
media properties. There are also directives such as loops and functions for construction 
of periodic features. 

For some of the diagrams of gold nanoparticles throughout this thesis I have used a 
POV-Ray scene that I created to illustrate their crystallographic structure. The POV-Ray 
code for my gold nanoparticle generator is presented as Appendix . 

The FCC structure of gold has been replicated using nested while loops to place ‘atoms’ 
in the correct lattice positions for a pre-defined set of boundaries. In the simplest form 
of the scene these boundaries are simply the number of unit cells to draw in the ·, ¸ 
and ¹ axes. I have set the lattice parameter equal to one to reduce any issue with 
rounding errors in the placement of atoms and so any dimensions in the scene must be 
converted from nanometres accordingly with a factor of ~2.45, i.e. 1 nm = ~2.45 units. 

To achieve a simple geometry of nanoparticle e.g. a sphere, an #IF statement can be 
inserted into the innermost while loop which contains the Cartesian equation for the 
desired geometry. The condition for the #IF statement is that IF the coordinates satisfy 
the equation then an atom is drawn, else, it moves to the next set of coordinates etc. In 
this case the dimensions of the particle are inserted into the Cartesian equation e.g. for 
a sphere the equation is equal to the radius squared. For structures with particular 
crystallographic facets an #IF statement can be included for each crystal face. This 
increases the computation time by a factor of about five for particles with approximately 
the same number of atoms. The time taken for the simple case is ~1 minute and the 
crystal facet case ~5 minutes. This includes parsing and rendering time. In its current 
form the POV-Ray scene generates the crystallographic structure published by the group 
of Luis Liz-Marzán (Figure 2-5).87  

 

 

Figure 2-5 Gold nanorod with <052>, <025> and <011> side facets,<110> and <111> 

end-caps and the growth direction <100> 
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3 Other Precious Metal Colloids 
The bulk of this thesis focuses on the formation and characterisation of gold nanorods. 
However, the initial brief of the project was to investigate a wide range of precious 
metal nanoparticles with a view to selecting types that would be most interesting for 
possible commercial development. Therefore, during the course of my work I also 
prepared colloids of gold nanorings and nanocages, silver nanorods and platinum 
nanospheres. 

As discussed previously (Section 1.2.1), the optical properties of metal nanoparticles are 
heavily dependent on the composition and geometry of the nanoparticle in question. 
Using metals other than gold and/or changing the geometry of the nanoparticle, with 
respect to nanorods, allows access to different resonance wavelengths and/or 
geometric properties. For example, silver nanospheres have a resonance position, in 
vacuum, at 361 nm for a radius of 23 nm which provides the optimum absorption 
efficiency, ]X&V.296 For silver nanospheres in an aqueous environment this resonance 
will shift to ~400 nm. This implies that for silver nanorods (or nanoshells) the entire 
visible spectrum is accessible as the longitudinal resonance position may be red-shifted 
from the transverse resonance position by the aforementioned modifications to the 
geometry (Section 1.2.1). However, silver metal is much more chemically reactive than 
gold and so the nanoparticles may require extra treatment to maintain the desired 
optical properties. 

Platinum nanoparticles exhibit the weakest plasmonic response of the noble metals.16 
Therefore, despite having high nobility, the use of platinum as a plasmonically active 
metal is unusual. However, the catalytic properties of platinum are extremely potent.297, 

298 Also, due to platinum’s high conductivity it would also be possible to employ 
platinum nanoparticles as sinterable inks for microelectronic applications.299-301 

In this chapter I present methods for preparing gold nanorings and nanocages, silver 
nanorods, and platinum nanospheres. Simulations are used in part to help characterise 
the optical properties of nanorings and platinum nanospheres. The optical absorbance 
spectra of silver nanorods are compared with those from literature. Issues that arose 
during the course of preparation are also mentioned. 

3.1 Gold Nanorings 

Hollow gold nanoparticle analogues can be formed for any geometry of silver 
nanoparticles108, 302, 303 This is achieved by using a galvanic replacement reaction 
popularised by Xia et al.108, 140 The replacement takes place according to the following 
reaction:108 

 3Ag� + AuCl�� → Au� + 3Ag� + 4Cl� 3.1 
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This synthesis allows for the preparation of nanoshells, effectively, with the geometry 
limited only by the template nanoparticle. The nanoshell formed is not a pure gold shell 
as there is some silver remaining which forms an alloy with the gold. This fact is 
highlighted in the dealloying of the nanoshells by further addition of gold salt which 
forms pinholes in the shell.140. The pinhole formation can be prevented by using AuCl�� 
in place of AuCl��, which results in a 1: 1 stoichiometry (Ag: Au) and subsequently causes 
less reconstruction in the developing nanoshell. 145  However, using AuCl�� results in a 
broader range of shell thicknesses as the pinholes give more evenly distributed access to 
the remaining silver. 

Figure 3-1 shows a schematic for the galvanic replacement reaction. Steps 5 and 6 
illustrate the effect of adding HAuCl� after the formation of the continuous Au/Ag alloy 
shell.  

 

During the dealloying process it is possible that the pinholes are positioned such that a 
gold nanoring is eventually formed.144, 145 For template particles such as spheres and 
cubes this nanoring formation appears to be predominantly fortuitous. However, if a 
plate-like template particle is used then the gold will epitaxially deposit on the 
perimeter, forming a ring.302, 303 Gold nanorings have also been prepared by colloidal 
sphere lithography,304-306 imprint lithography307 and electron beam lithography.308, 309  

The optical properties of gold nanorings arise from the hybridisation of dipolar modes at 
the inner and outer surfaces of the nanoring.304 Analogous to nanoshells, the plasmon 
resonance is dependent on the ratio between the outer diameter and thickness (i.e. 
difference between inner and outer radius). 

Gold nanorings also exhibit a strong near-field enhancement and have been shown to 
provide a strong SERS enhancement.304, 306 

 

1. Ag nanoparticle  

2. Addition of HAuCl4  

3. Epitaxial deposition of 

metallic gold on the 

surface of the template 

nanoparticle  

4. Depletion of silver and 

formation of continuous 

Au/Ag alloy nanoshell  

5. Further addition of HAuCl4 

resulting in pinhole 

formation due to 

dealloying of shell  

6. Gold nanoparticle 

fragments after complete 

removal of silver 

Figure 3-1 Schematic for the formation of a hollow Au/Ag nanoparticle by the 

galvanic replacement of a silver nanoparticle template. Modified from [142] 
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3.1.1 Results and Discussion 

Template nanoparticles used for the galvanic replacement in aqueous solutions typically 
have dimensions of ~25 nm (cobalt template),142 ~20 nm,310 ~50 nm,108 ~75 nm140 and ~100 nm.141, 145  

I prepared particles by a method analogous to that used in the preparation of gold 
nanoparticle seeds for the synthesis of gold nanorods in an attempt to reduce the size of 
the silver template (synthesis details can be found in Section 2.2.3). I did not 
characterise the diameter of the silver template nanoparticles directly, however, the 
inner diameter of the resulting gold nanoparticles is a close indicator of the original 
diameter as the initial gold coating is deposited epitaxially.141 The silver template 
particles do not have a long lifetime at ambient conditions in a high halide solution and 
therefore no further characterisation was performed e.g. SEM. 

Figure 3-2 shows the UV-Vis spectra for silver template nanoparticles (pre−Auu� 
addition) and the resulting Au-Ag alloy particles (post−Auu� addition). I prepared the 
gold nanoparticles according to the procedure in Section 2.2.3 with 50 mL of “Template 
1” and 2.5 mL of 1 mM HAuCl� solution. 

 

To prepare the post−Auu� sample in Figure 3-2 I purposely added less than a 
stoichiometrically equivalent amount of gold (~5: 1, Ag: Au) in an attempt to produce a 
distribution of Au/Ag hollow nanoshells. By adding this amount of gold there would 
inevitably be unreacted silver present somewhere in the solution. From the nanoparticle 
spectra it would seem that there are silver nanoparticles remaining in solution (or 
nanoparticles with significant silver content) due to the peak contributions around 400 
nm. 

Figure 3-3 and Figure 3-4 show TEM and SEM images, respectively, of the nanoparticles 
after the reaction with AuCl��.  

Figure 3-2 Spectra for nanoparticles pre- and post addition of HAuCl4 



 

 67 

 

 

It is clear from these images that there is a mixed population of nanoparticles with 
nanorings, nanocages and fragmented particles representative of the distribution. This 
would signify, considering the mechanism of formation (Figure 3-1), that some template 
particles have reacted completely, due to the presence of fragmented and pin-hole 
nanoparticles (Figure 3-3 and Figure 3-4), and some not at all. A potential contributor to 
this effect is the high concentration of bromide in the reaction solution which may also 
cause the dealloying of silver from the nanoshell resulting in fragmentation. 

I also prepared silver nanoparticle templates in the presence of C	
TABr and tri-sodium 
citrate to investigate the effects of the stabilising surfactant on the geometry of the gold 
nanoparticles formed by the galvanic replacement reaction. I prepared the C	
TABr 
stabilised silver template nanoparticles according to the method “Template 1” and the 
tri-sodium citrate silver nanoparticles according to “Template 2”, Section 2.2.3. For the 
galvanic replacement reaction I added 1 mL of 1 mM HAuCl� to ~20 mL of each 
template nanoparticle solution. Figure 3-5 displays the absorbance spectra for the gold 

Figure 3-4 SEM image of gold nanorings and cages. Scale bar = 50 nm.  

a) b) 

Figure 3-3 a) Low and b) high resolution TEM images of gold nanorings. Scale bars 

50 nm and 10 nm for a) and b) respectively. Images courtesy of Dr A. Dowd. 
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nanoparticles prepared by galvanic replacement of silver nanoparticles stabilised with C	
TABr and tri-sodium citrate, respectively. 

 

The absorbance spectrum for the gold nanoparticles prepared in the presence of tri-
sodium citrate show a peak absorbance at ~440 nm with a shoulder at ~590 nm. The 
position of these two peaks indicates that there are Au/Ag alloy 
nanoparticles/nanoshells and gold nanocages or nanorings. SEM images of this sample 
show that there is a mixture of disc-like nanoparticles and nanorings, Figure 3-6a. 

The absorbance spectrum for the gold nanoparticles prepared in the presence of C	
TABr produces a shoulder peak at ~520 nm (data for these samples was not 
measured below 400 nm as the main aim was to compare the effect on gold 
nanoparticle formation). This peak could be due to Au/Ag alloy nanoshells but is 
probably more likely due to fragmented particles which should express a plasmon peak 
similar to spherical particles. The SEM images of this sample also show the presence of 
some nanorings with fragmented nanoparticles (Figure 3-6), as for the sample presented 
in Figure 3-3 and Figure 3-4. 

The absence of fragmented nanoparticles for the galvanic replacement reaction in the 
presence of tri-sodium citrate indicates that bromide could be affecting the silver 
present in the alloyed nanoparticles. 

Following the observation of the nanorings in the above samples, I used DDSCAT to 
approximate the extinction properties of randomly oriented, aqueous dispersions of 
nanorings with varied aspect ratios (Figure 3-7). The dimensions used for the 
calculations can be found in Section 2.4.1.2. 

 

Figure 3-5 Gold nanoparticles prepared by galvanic replacement of silver 

nanoparticles stabilised with citrate and C₁₆TABr molecules respectively 
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In the present work the aspect ratio of a nanoring, ARÀ�ÒÉ, was defined as the ratio of 
the outer diameter, OD, to the ring thickness, t: 

 ARÀ�ÒÉ = ÏÐÓ  3.2 

 

From Figure 3-7 it can be seen that nanorings exhibit two plasmon modes. The low 
intensity peak at ~510 nm corresponds to oscillations across the plane of the nanoring 
and is independent of aspect ratio. The dominant peak of the extinction spectrum is 
attributed to oscillations within the plane of the nanoring and is proportional to the 
aspect ratio. 

Figure 3-8 shows a schematic for the calculation of the extinction properties of a gold 
nanoring. The nanoring is oriented in the YZ plane with the wave propagating in the +X 
direction and polarised in the Z axis. 

a) 

b) 

c) d) 

Figure 3-7 Diagrams of gold nanorings with aspect ratios equal to a) 3, b) 4 and c) 5 

respectively. d) Corresponding extinction spectra for dispersions of gold nanorings 

of different aspect ratios calculated with DDSCAT 

a) b) 

Figure 3-6 SEM images of nanorings prepared from a) citrate stabilised and b) 

C₁₆TABr stabilised silver nanoparticles. Scale bars = 20 nm    
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The extinction spectra for all the calculated orientation and polarisation combinations 
are illustrated in Figure 3-9. This plot indicates that nanorings are polarisation 
independent when oriented perpendicular to the angle of incidence of the propagating 
EM wave (as in Figure 3-8) and polarisation dependent if oriented parallel.  

 

Intensities in the calculated extinction spectra are more than likely overestimated due to 
the small size of the nanorings and the exclusion of surface scattering effects in the 
DDSCAT calculations. The mean free path of electrons for bulk gold and silver are of the 
order of 40 – 50 nm.269 Oscillating electrons in nanoparticles smaller than this distance 
will suffer plasmon damping due to surface scattering events which reduces the 
intensity of the absorption and increases the peak width. Despite the thickness of each 
ring being 10 nm, the effective mean free path, Ô$�� (for surface interactions), is slightly 
greater and can be approximated using an expression determined for nanoshells by 
Granqvist and Hunderi311 (as cited by Mulvaney).312 

Figure 3-9 Plasmon resonance peaks for an aspect ratio 3 gold nanoring in various 

orientations. The traces are labelled for the respective plane of orientation and 

incident polarisation of incident light for a wave propagating in the x direction 

Figure 3-8 Gold nanoring oriented in the YZ plane (grey area) with incident EM 

wave travelling in the +X direction and polarised in the Z axis 
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 Ô$�� = Õ�tVÖ$aa − tW_^$��tVÖ$aa� − tW_^$� �}

2  
3.3 

 

The effective mean free path, as estimated using Equation 3.3, for the nanorings 
calculated here are 12.6, 14.4 and 15.9 nm for aspect ratio 3, 4 and 5 nanorings 
respectively. 

3.1.2 Summary 

With some refinement, the wet chemical synthesis I have presented here could provide 
a route to producing large quantities of gold nanorings with well-defined dimensions. 
When compared to nanorings prepared by lithographic techniques, the nanorings 
produced here will have a significantly smaller scattering contribution as they are well 
within the quasistatic limit. However, lithography has the advantage of being able to 
prepare ‘identical’ nanorings in ordered arrays, in principal, over large areas. 

Nanorings can show a well-developed plasmon resonance that can be either dependent 
or independent of polarisation depending on their orientation with respect to incident 
light. Nanorings dispersed on a two dimensional substrate oriented with their plane 
parallel to the substrate (i.e. flat) will be independent of the polarisation of incident light 
(for an angle of incidence of 90o). However, for rings oriented perpendicular to the 
substrate the transverse and planar plasmon modes may be excited selectively by 
changing the polarisation. From this characteristic the optical properties of gold 
nanorings can be considered a hybrid of gold nanorods and nanoshells. 

The efficacy of the optical properties of gold nanorings has been proven for applications 
such as SERS,304 however, due to their tuneable nature they could also be used in the 
same applications as nanorods and nanoshells (see Section 1.5.6). 
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3.2 Silver Nanorods 

Silver nanorods were synthesised with a wet chemical, seed-mediated growth 
procedure, originally published by the same group (Murphy et al.289) that had pioneered 
the currently used synthesis for gold nanorods. A key difference to the gold nanorod 
synthesis (Chapter 4) is the requirement for the synthesis to be performed at high pH. 
This is due to the inability of ascorbic acid to reduce Ag� at low pH. The reduction 
potential of ascorbic acid increases with increasing pH313, 314 (as does the degree of 
dissociation). Also, in contrast to gold nanorods, the aspect ratio of the silver nanorods 
is increased with decreasing volume of seed solution. This implies a radically different 
formation mechanism. 

The optical properties of silver are well known to provide a significantly enhanced 
plasmonic performance with respect to gold and many other plasmonic metals.16, 315, 316 
This is due, in part, to the diminished effect of interband transitions as indicated by 
smaller values in the imaginary part of the dielectric function, �′′, (Figure 3-10).31, 316 

 

This feature of the dielectric function of silver implies that it should have a high 
performance in proposed optical applications such as superlenses (which could provide 
sub-wavelength features for optical lithography317) and metamaterials.315 It also causes a 
decreased peak width33 for silver nanoparticles with respect to other metals. 

Although silver outperforms gold optically, use of silver nanoparticles in medical 
applications is not common, despite very good bactericidal properties318, as they show 
size dependent toxicity where gold nanoparticles do not.319 

Figure 3-10 Comparison of the imaginary part of the complex dielectric functions 

for silver and gold. Data from reference [295] 
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3.2.1 Results and Discussion 

The experimental procedure used for the original silver nanorod synthesis was identical 
to that of the original gold nanorod synthesis, where an aliquot of a tri-sodium citrate-
stabilised seed (~3 − 4 nm diameter) solution is added to a growth solution. The seed 
solution was modified in a later publication to utilise Au/Ag seed particles of ~1.5 nm 
diameter, although, the stabiliser was not mentioned.19 The effect of this seed particle 
on the range of aspect ratios was not published. 

I decided to use C	
TABr-stabilised seeds in place of tri-sodium citrate or Au/Ag seeds to 
see if this provided a similar enhancement to the silver nanorod synthesis analogous to 
the effect observed for the gold nanorod synthesis.21 Synthesis conditions for the silver 
nanoparticle seed may be found in Section 2.2.4. 

Figure 3-11 shows a comparison for the UV-Vis spectra of tri-sodium citrate and C	
TABr-stabilised silver nanoparticles respectively. Both spectra exhibit a peak position 
at the expected resonance wavelength of ~400 nm, however, the citrate stabilised 
nanoparticles have a sustained contribution across the entire visible spectrum into the 
near-infrared. This implies a mixture of particle shapes with varied geometries which 
have a red-shifted plasmon resonance with respect to spheres, e.g. disc-shaped 
nanoparticles.320 The peak position for the C	
TABr-stabilised particles appears to be 
slightly red shifted also but this could be due to the slightly more hydrophobic 
environment provided by the surfactant which is most likely bound to the particles in a 
bi-layer. 

 

Figure 3-12a shows the UV-Vis spectra for the silver nanorod samples. It can be seen 
that the longitudinal peak position does not shift over the same range when compared 
to the silver nanorods that were prepared from tri-sodium citrate stabilised seed 

Figure 3-11 UV-Vis spectra of C16TABr and tri-sodium citrate-stabilised silver seed 

particles 
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particles from the literature (Figure 3-12b). However, the peak width is narrower for the 
nanorods prepared from C	
TABr-stabilised seeds implying a tighter distribution of 
aspect ratios for each respective sample. From the ratio of the intensities of the 
transverse and longitudinal resonance peaks/shoulders it is also clear that there are 
fewer spherical particles in the samples prepared from the C	
TABr-stabilised seeds. 

 

Although the peak shift for the nanorods prepared from the C	
TABr-stabilised seed 
particles is not as significant, there is enough evidence from the absorbance spectra to 
indicate that there is an improvement in the product relative to that produced using 
citrate-stabilised seed as shown in Figure 5.12(b). 

I left the silver nanorod samples under ambient conditions for a few days which resulted 
in their discolouration. This indicated the oxidation of the silver which could be due to 
ambient oxygen or high halide concentration in the reaction solution. Due to the 
instability of the nanoparticles I did not obtain any electron microscopy images and I 
decided to focus on the preparation of gold nanorods instead. A potential solution to 
the oxidation problem would be to coat the silver particles with a layer of SiO�.321 

3.2.2 Summary 

In this section I have shown that the preparation of silver nanorods with a range of 
aspect ratios is possible. I used some modifications to the literature procedure to reflect 
similar efforts made in the synthesis of gold nanorods. These modifications appear to 
have improved the synthesis for silver nanorods because the resulting peaks due to 
plasmon resonance were sharper and better defined. Nevertheless, a further analysis of 
the modifications that were made to the synthesis technique for silver nanorods is 
required to fully evaluate their effect. 

a) b) 

Figure 3-12 Absorbance spectra for silver nanorods a) synthesised in the current 

work using different volumes of CTAB stabilised silver seed particles and b) 

literature procedure using citrate stabilised seed particles. 

Image in b) modified from reference [289] 
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Unfortunately, the lifetime of the nanoparticles is particularly short in the absence of 
some post-treatment of the silver to prevent oxidation. This has negative implications 
for the long term application of silver nanorods despite an improvement in optical 
performance.  
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3.3 Platinum Nanoparticles 

Platinum does not have a dielectric function suitable for a strong localised plasmon 
resonance; Figure 3-13 shows the comparison of the imaginary part of the complex 
dielectric functions for platinum and gold. As already discussed, the interband 
transitions in the optical response of gold are a major contributor to the losses 
associated with the plasmonic response. An indicator to the strength of these losses is 
the magnitude of the imaginary part of the complex dielectric function. As evident from 
Figure 3-13, platinum would suffer significant optical losses.16 For this reason application 
of platinum in plasmonic applications is not usually considered. However, it has been 
shown that platinum nanodisks can provide an increasingly red shifted optical response 
with increasing anisotropy.322 

 

Much more attention is directed toward the catalytic properties of platinum 
nanoparticles. In particular, control of the geometry of platinum nanoparticles is sought 
as this allows for the provision of specific crystal facets that provide an enhanced 
efficiency for catalytic activity.298, 323, 324 

The electrical conductivity of platinum is quite high, accompanied with a very low 
reactivity, which suggests application for electronics. However, as platinum is very 
expensive it would be advantageous to have a method that results in very little waste. 
The development of nanoparticle inks for use in consumer inkjet printers could be one 
such application.301 This was the idea that was explored here. 

Figure 3-13 Comparison of the imaginary part of the complex dielectric functions 

for platinum and gold. 
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3.3.1 Results and Discussion 

I have prepared colloids of platinum nanospheres in an aqueous environment and an 
organic solvent to demonstrate the efficacy of the synthesis for potential use as 
nanoparticle inks. 

Figure 3-14 shows the absorbance spectrum of platinum nanoparticles prepared in the 
presence of PVP (poly-vinylpyrrolidone), solid trace. Synthesis conditions may be found 
in the Section 2.2.5. This spectrum is compared to calculations performed using MiePlot, 
dashed traces in Figure 3-14. I noticed that during the synthesis a black precipitate 
formed in parallel to the pale brown colour of the solution. It is likely that the black 
precipitate is aggregated platinum particles. Before measuring the UV-Vis spectrum for 
this sample I filtered the solution to remove the precipitate.  

 

From the measured absorbance spectrum for the PVP stabilised platinum nanoparticles 
it can be seen that there is a peak at ~460 nm. This is not expected for a solution of ~10 nm diameter platinum nanoparticles, which is typical for the conditions used325 (as 
cited by Sastry et al.326). From this observation I investigated the possibility of a larger 
spherical contaminant in the filtered solution by simulating a range of platinum 
nanospheres with increasing diameters. I determined that the extinction spectrum of a 
100 nm diameter platinum sphere exhibited a peak in the same position, Figure 3-14, 
(which is primarily due to scattering at this particle size). However, the extinction peak 
for the 100 nm diameter sphere is very broad and so for this solution this contaminant is 
potentially also due to some other contributor e.g. degraded polymer. 

To implement a platinum nanoparticle solution as a nanoparticle ink it would be 
required that the particles be dispersed in a volatile solvent. For an aqueous solution, 
such as that prepared above, this can be achieved by a phase transfer method where a 
molecule with high affinity for platinum, e.g. thiol or amine, is dissolved in an organic 
solvent, e.g. toluene, and the two solutions are stirred vigorously. This process is usually 

Figure 3-14 Measured extinction spectrum of platinum nanoparticles synthesised in 

water compared with the MiePlot result for a 1 nm diameter platinum nanosphere 

and various mixtures of 1 nm and 100 nm diameter spheres, also in water 
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aided by an ionic surfactant, e.g. tetraoctylammonium bromide, with sufficient 
hydrophobicity to form reverse micelles and facilitate the transition. 

Alternatively, the nanoparticles may be synthesised in the organic phase by the Brust-
Schiffrin method, originally published as a method for the preparation of fine gold 
nanoparticles.290 Due to the partial formation of precipitate in the aqueous synthesis I 
decided to attempt to directly synthesise the platinum nanoparticles in an organic phase 
with the Brust-Schiffrin method, see Section 2.2.5 for details. 

Figure 3-15 shows the absorbance spectrum for the platinum nanoparticles prepared in 
toluene, by the Brust-Schiffrin method, in the presence of nonylamine as a stabilising 
agent. Once again there was the presence of a black precipitate but not as significant as 
for the aqueous synthesis. This spectrum is compared with the MiePlot result for a 1 nm 
diameter platinum sphere in toluene. A normalised extinction spectrum for a 1 nm 
diameter sphere was used as the shape of the spectrum does not change for 
nanospheres of platinum until the scattering contribution becomes noticeable i.e. large 
particle sizes. Also, this method typically produces nanoparticles of the order of 1 – 3 nm 
in diameter.290, 327 

 

The sintering properties of the nanoparticles prepared above have not been 
determined. However, published TGA results for octadecylamine stabilised platinum 
nanoparticles indicated a ligand desorption temperature of ~230℃.328 It is expected 
that desorption of the nonylamine stabilising agent could be achieved at a heating 
temperature below ~200℃ due to the desorption/sintering temperature decreasing 
with the length of the alkyl chain.299 

3.3.2 Summary 

Platinum nanoparticles were synthesised in an aqueous solution and an organic solvent 
and the colloidal suspensions characterised with UV-Vis and optical simulations. Some 
issues were encountered with the aggregation and subsequent precipitation of some of 

Figure 3-15 Measured extinction spectrum of platinum nanoparticles synthesised in 

toluene compared with the MiePlot result for a 1 nm diameter platinum 

nanosphere also in toluene 
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the platinum particles for each synthesis. Synthesising the platinum nanoparticles in an 
organic solvent with stronger stabilising agents appeared to reduce the problem of 
aggregation. 

Characterisation of the sintering properties were not performed in the present work. 
Nevertheless, implementation of platinum nanoparticles as sinterable inks is an 
attractive option particularly for microelectronic applications as fine structures can be 
deposited using, for example,  inkjet printing. This provides a bottom up approach 
without significant waste, a major concern for such an expensive material. 
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4 Optimisation of the synthesis of gold nanorods 

The wet chemical synthesis of gold nanorods has developed greatly within the last ten 
years. Details of this development are described in the literature review, see Section 
1.3.1. There are, however, many procedures where a more detailed understanding of 
the reaction mechanisms may lead to significant improvements in yields and/or control 
over the products.  For example, the presence of unreacted gold in the reaction solution, 
which results in a slow change in shape of the product during subsequent storage and a 
short ‘shelf life’, is a direct result of the amount of ascorbic acid used in the reaction 
solution. For a typical gold synthesis the concentration of ascorbic acid used in the 
reaction is usually below the stoichiometrically required amount to reduce all Auu� to Au�. With many syntheses producing only ~15 − 20% gold metal in the nanorod 
product,27 with respect to initial Auu� concentration, this provides an avenue to explore 
and provide an improvement on the methods of synthesis reported in the literature. 

All of the components in the nanorod synthesis can be considered variables i.e. changing 
the concentration of any component will result in alteration of the product. For 
example, it is well known that changing the silver concentration will result in different 
aspect ratios of nanorods. In this case it is hypothesised that the silver preferentially 
adsorbs13 or is reduced25 at different crystal faces of the developing nanorod. 

Another method for changing the aspect ratio is the volume of seed solution added to 
the growth solution. The concentration of the solution used to grow the gold seed 
particles is usually 0.25 mM and 0.1 M, for Auu� and C	
TABr respectively.21, 22, 25, 104, 116 
Use of a 0.5 mM Auu� concentration seed has also been reported.124 In general, 
addition of greater volumes of seed leads to an increase in aspect ratio.98 Alternatively 
the seed can be formed in situ by reducing a small fraction of the nanorod growth 
solution by adding an equivalent aliquot of strong reductant, BH��. 

In the following chapter, a systematic approach has been applied to the role of the weak 
reducing agent by introducing a co-reductant which reacts with Auu� in the same way 
but at a different rate. A broad range of seed parameters, with respect to Auu� and C	
TABr concentrations are also studied and discussed with respect to phenomena 
reported in the literature. 

Variation of Ag� and C	
TABr concentration are also explored as a validation of the 
procedure.  
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4.1 Results and Discussion 

4.1.1 Ag⁺ concentration 

 

The mechanism by which silver enhances the wet chemical synthesis of gold nanorods 
still holds some mystery but there is no question that it is vital to achieve product yields 
approaching 100%. ‘Yield’ here is the proportion of Au nanorods compared to 
nanospheres. Actually, as mentioned, only a small proportion of the gold in solution is 
typically reduced so ‘yield’ in the context of usage of gold is always rather low. It is 
hypothesised that the silver is reduced at the developing < 110 > crystal faces of the 
gold nanorod by some of the H�A.25 Typically H�A cannot reduce Ag� but at the surface 
of another metal, e.g. gold, underpotential deposition can occur. This involves the 
formation of a sub-monolayer of silver on the gold surface. The silver will not remain 
metallic for very long as under these conditions any Auu� remaining will undergo a 
galvanic replacement reaction to form Au�.108 Figure 4-1 shows an example of the effect 
of varying the concentration of AgNOu in the nanorod growth solution while holding all 
other components constant. All samples were prepared according to GS method A, with 0.55 mM H�A and growth was initiated with10 µL of 0.1 mM HAuCl� seed A solution. It 
is obvious from Figure 4-1 that slight variations in concentration of AgNOu can produce 
a broad range of aspect ratios. In Figure 4-1 there is an increase in the absorbance at 400 nm for the sample with 50 µM Ag�, with respect to the other samples (Au� as 
estimated by absorbance at 400 nm). The spectra for these samples were measured 
approximately two days after initiation of the reaction. There will be significant 
quantities of unreacted gold present in these samples due to the concentration of 
ascorbic acid used, see Section 4.1.4. This may indicate that the ageing process is faster 
in samples with a low concentration of Ag�. 

Figure 4-1 Increasing the silver nitrate concentration in the gold nanorod growth 

solution produces a proportional shift of the longitudinal plasmon peak. 
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4.1.2 C16TABr concentration 

From the initial use of surfactants in the synthesis of gold nanorods it has been 
hypothesised that surfactant micelles play an important role in the structural 
development of the nanoparticles. A typical nanorod synthesis will use a concentration 
that is ~100 times the first critical micelle concentration (CMC) of C	
TABr. The first 
CMC for C	
TABr is ~0.9 mM and the second CMC is ~20 mM,329 however these values 
drop significantly as the concentration of other electrolytes increases.330 The second 
CMC is an indication of the micelles taking on a more complex structure, e.g. rod-
shaped. Another reason for maintaining the concentration of C	
TABr at a high 
concentration is to solubilise the AuBr�� − C	
TA� complex which, as mentioned, is 
insoluble.  

Figure 4-2 shows the effect of varying the concentration of C	
TABr from 0.03 – 0.1 M. 
A minimum value of 0.03 M was selected as this is the approximate value for the 
concentration of AuCl�� used where complete solubilisation of the complex is 
achieved.26 Each sample was prepared according to GS method A with 0.1093 − 0.3645 
g C	
TABr for 0.03 − 0.1 M respectively, 70 µM AgNOu and 0.65 mM H�A. Growth was 
initiated with15 µL of 0.1 mM HAuCl� seed A solution. 

 

The optimum range for the C	
TABr concentration is between 0.08 and 0.1 M. This 
shows that there is a high reliance on the dynamics of the surfactant at concentrations 
well above the CMC. Micelle shape is presumably not a controlling factor as all of the 
concentrations used here are above the second CMC (which may be quite low 
considering the number of ionic species used). Concentrations of C	
TABr higher than 
the optimum are not deleterious. The proportion of nanorods relative to nanospheres 
also increases as the surfactant concentration increases. This is indicated by the relative 
intensities of the transverse and longitudinal peaks. The relative intensity of the peaks 

Figure 4-2 Varying the C16TABr concentration of the gold nanorod growth solution 

shows a dependence of the sample quality on the elevated concentration. 
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can be due to an increase in aspect ratio (and fixed volume) but this happens over a 
broader wavelength range than observed in Figure 4-2. 

4.1.3 Gold Source 

It is well known that halide ions other than bromide interfere with the formation of gold 
nanorods,11, 26, 117, 118 yet no attempt has been made to confirm that the chloride ions 
released from the ionic gold source, HAuCl�, during the reaction do not have a negative 
effect. By comparison with previously reported results,331, 332 or by consideration of 
cyclic voltammetry78 or EXAFS (extended X-ray absorption fine structure) 
measurements,80 it has been concluded in the literature78-80 that the chloride ions are 
replaced by bromide upon addition to a concentrated solution of C	
TABr. This 
indicates that the chloride is released early and could interfere with nanorod formation.  

To quantify the extent to which the chloride ions are replaced by bromide, I prepared 
solutions of analogous concentration to the nanorod synthesis, i.e. 0.5 mM Auu� and 0.1 M C	
TA�, with all permutations of counter-ions with respect to Auu� and C	
TA�. 
These solutions were then diluted by 2 and 10 times to bring the absorbance intensity 
to an acceptable range for the spectrophotometer.  

 

Figure 4-3 shows normalised absorbance spectra for each of these combinations with 
the trace labels referring to the original source of each respective component. As 
mentioned in a previous chapter (Section 1.3.1) the gold halide species are complexed 
to the C	
TA� surfactant molecule. From Figure 4-3 it can be seen that regardless of the 
origin of the Auu� the species present in a C	
TABr solution is AuBr��, i.e. the species 
present in the growth solution for the nanorod synthesis. The extinction coefficient for 

Figure 4-3 UV-Vis absorbance spectra of Au (III) – C16TA
+
 solutions indicating that 

the gold species present in the gold nanorod growth solution is AuBr₄⁻-CTA⁺.    
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the AuBr�� − C	
TA� complex is  %uº­ = ~4776 L. mol�	. cm�	, calculated using the 
Beer-Lambert law in Section 2.3.1. 

Following this confirmation, gold nanorod samples were prepared using identical seed 
and growth solution conditions with the exception of the gold compound used as the 
source of gold. The seed solutions were prepared using seed method A with the final 
concentration of Auu� being 0.1 mM. Growth solutions were prepared according to GS 
method A. Figure 4-4 shows representative absorbance spectra of the as-prepared 
products of this reaction. 

From Figure 4-4 it is clear that synthesis using either AuBr�� or AuCl�� will produce 
nanorods of good quality.  

 

Attenuation of the longitudinal peak and a slight increase in the transverse peak 
indicates an increase in the relative nanosphere population as the absorbance at ~400 
nm is fixed (absorbance at 400 nm provides shape independent indication of metallic 
gold in solution). Despite this, the use of HAuCl� does not suffer any significant 
disadvantage despite the presence of some free Cl�. 

4.1.4 Mechanism of Reduction 

An important component of the nanorod synthesis is the use of the weak reductant 
ascorbic acid (H�A). H�A has been used since the infancy of the wet chemistry nanorod 
synthesis to reduce AuBr�� to AuBr��. The concentration of H�A in the synthesis of 
nanorods is in slight excess of the concentration of AuBr��, typically 1: 1.1 –  1.6.21, 22, 27, 

124  This range is suggested to maintain the nanorod geometry with larger concentrations 
resulting in dog-bone shapes104, 107, 333 while a further large increase forms spiked 
nanoparticles.98 

Figure 4-4 Absorbance spectra of nanorods prepared with HAuBr4 and HAuCl4 
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It has been reported that H�A can reduce AuBr�� to Au� which results in the formation 
of Au	u clusters.93 These gold clusters are then hypothesised to aggregate on the surface 
of seed particles to form nanorods. TEM shows that these particles can appear in the 
preparation of the growth solution after addition of ascorbic acid to AuBr� − C	
TA� 
(Figure 4-5b). However, by adding insufficient concentrations of ascorbic acid to the Auu� solution it can also be seen that the Auu� is reduced in an almost 1: 1 ratio (Figure 
4-5a). If all the ascorbic acid was reducing the Auu� to Au� then there should be ~ 	u of 
the Auu� remaining for a 1: 1 ascorbic acid to gold ratio; this is not observed. Due to the 
slight deviation from 1: 1 reduction it is possible that some Au� is formed but any 
clusters formed will be present in a very small amount. 

 

The degree of dissociation of ascorbic acid in a C	
TABr solution is greater than in water 
alone and implies an interaction with the surfactant monomers or micelles,334 
furthermore the oxidation potential of ascorbic acid is lower in micellar environments.102 
Figure 4-6 shows the dissociation, oxidation and degradation pathway for ascorbic acid. 
2,3 – diketogulonic acid was chosen as the degradation product for the diagram as there 
is a specific reference in the literature to the potential involvement of this species in the 
ageing of untreated gold nanorod samples.104 

 Figure 4-6 Oxidation and degradation pathways for ascorbic acid 

a) b) 

Figure 4-5 a) Concentration of Au
3+

 measured by UV-Vis spectrometry for solutions 

with ascorbic acid approaching 1:1 with respect to initial Au
3+

 concentration b) 

Cryo-TEM image of solution of Au
3+

-C16TABr and ascorbic acid, scale bar = 50 nm 
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With respect to the gold nanorod synthesis Pérez-Juste et al. introduced a mechanism 
for the reduction of gold based on a one-electron process that relied on the introduction 
of seed particles to the growth solution:26 

 AuCl�� + e� ⇌ Au� + 2Cl� 4.1 
 

Zümreoglu-Karan has synthesized a gold-ascorbate complex (Figure 4-7) that implies a 
pathway for the above mechanism, Equation 4.1.102   

 

In the following mechanisms HA� is the ascorbate anion and DHA is the oxidation 
product of ascorbic acid, dehydro-ascorbic acid. Reduction of Auu� by HA� is achieved 
by an inner-sphere mechanism,bb which in the context of a typical gold nanorod 
synthesis is as follows: 

 AuBr�� + �1 + Ñ�HA� → ØAu�HA�Ù�� + ÑHA� + 4Br� 4.2 
 

 ØAu�HA�Ù�� + ÑHA� + �2 − n�Br�→ Ñ»Au�HA�Br¼� + �1 − Ñ�AuBr�� + DHA + H� 4.3 

 

Equation 4.3 represents the reduction of Auu� to Au� by the complexed HA� which is 
released into the solution as DHA and replaced by the excess HA� and Br� from 
solution. 

The inclusion of the AuBr�� in the second mechanism only applies for the condition 0 < Ñ <  1, i.e. a maximum initial gold to ascorbic acid ratio of 1: 2. If 1 < Ñ <  2 then 
there is no need for the uncomplexed AuBr�� term as there is sufficient HA� for 
complete complexation. It should be noted that although the AuBr�� is not complexed to HA� it is still complexed to C	
TA�. It is then hypothesized that the reduction of Au� to Au� takes place via another inner-sphere mechanism which produces Au� and an 
ascorbate radical, A∗ (Figure 4-6), while the ascorbate radical disproportionates335 to DHA and HA�: 

                                                             
bb Inner-sphere implies the redox species are bound to one another 

Figure 4-7 Au
3+

 - ascorbate complex 

Image reproduced from reference [102] 



 

 87 

 2Ñ»Au�HA�Br¼� Ú∗
→ 2ÑAu

�
+ ÑDHA + ÑHA

�
+ 2ÑBr

� 4.4 
 

The algebraic quantity Ñ represents the excess of H�A required for the reaction and 
shows the dependence on this value of the amount of metallic gold in the final product. 
For values of 0 < Ñ < 1 the formation of  HA

� from the disproportionation of the 
ascorbate radical could result in the further complexation of remaining AuBr�

� from 
Equation 4.3. The reaction would then proceed as a converging series with half the 
initial excess of HA

� feeding the subsequent steps. The point of convergence is the 
complete reaction of initial Au

u� concentration. From Equation 4.4 it can be seen that 
the disproportionation of ascorbate radical results in half of the concentration of  HA

� 
that preceded it. This suggests a possible mechanism for the gradual ageing process. It is 
also possible for the oxidation products of ascorbic acid, dehydroascorbic and 2,3 – 
diketogulonic acids to reduce Au

� or Au
u� ions.104 However, it is typically required that 

the solution is at high temperature, approaching 100°C, before this reduction is evident 
on a short time scale. It should be noted that the ascorbate complex mechanism does 
not account for the requirement to add nanoparticle seed. 

In the gold nanorod synthesis there is typically unreacted gold remaining in solution and 
so would indicate that the reaction is being limited by some factor. As noted by Henkel 
et al. the amount of ionic gold in the solution is the result of “a depletion of ascorbic 
acid”.124 As discussed previously Pérez-Juste et al. proposed that the reduction of Au

� 
with respect to the gold nanorod synthesis was occurring via a one-electron process as 
per Equation 4.1. This was suggested in favour of a disproportionation mechanism as the 
disproportionation of AuBr�

�
 results in the formation of AuBr�

�, Equation 4.5. The 
presence of AuBr�

� and C	
TABr oxidises gold nanoparticles.26, 36 However, any Au
u� 

reformed by disproportionation would be consumed by the excess H�A which, as 
mentioned, is a requirement for nanorod formation. 

AuCl�
�100 and AuBr�

�101 species in solution can disproportionate to form Au0 and AuIII 
species: 

 3AuBr�
�

⇌ 2Au
�

+ AuBr�
�

+ 2Br
�

     K = 2.112 × 10
­ 4.5 

 

The equilibrium constant for Equation 4.5 is estimated from the combination of the 
reaction Gibbs’ energies of the standard half equations at 25℃:295 

 AuBr�
�

+ e
�

⇌ Au
�

+ 2Br
�

           E
�

= +0.959 V 4.6 
 

 AuBr�
�

+ 3e
�

⇌ Au
�

+ 4Br
�

         E
�

= +0.854 V 4.7 
 

The reaction Gibbs’ energy is related to the standard reduction potential by: 

 ∆ÀG = −vFE
� 4.8 
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Where, v is the stoichiometric coefficient of the electrons transferred, F is Faraday’s 
constant and E� is the standard potential of the reduction half equation with respect to 
the standard hydrogen electrode, S.H.E. The equilibrium constant in Equation 4.5 is then 
estimated from the Gibbs’ energy of reaction by: 

 K = e�∆ßÃÄà  4.9 
 

An important factor in the disproportionation of gold species is that the reaction is 
catalysed by metallic gold.100, 101 This factor correlates with the reaction being initiated 
by the nanoparticle seed and is shown schematically in Figure 4-8. 

 

 

For disproportionation to be the driving mechanism in the formation of gold nanorods, 
the concentration of metallic gold expressed in the product of the reaction should 
display a proportional relationship to the excess concentration of reductant added to 
the growth solution. As a reminder, the excess reductant is hypothesised to be 
consuming the Auu� from the disproportionation reaction. From Equation 4.5 it can be 

a) b) 

Figure 4-9 a) Proportional increase of metallic gold concentration to excess 

reductant concentration in gold nanorod samples and b) corresponding 

longitudinal peak positions 

Au0 AuBr2
- AuBr4

- Br- 

 
 

Figure 4-8 Schematic of the disproportionation mechanism of AuBr2
-
 at the surface 

of a gold nanoparticle 
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seen that for any given ratio of excess ascorbic acid to initial Auu� the expected 
concentration of metallic gold in the nanorods will be twice the excess concentration of 
ascorbic acid. This correlation is closely represented in Figure 4-9a. (The concentration 
of Au� is approximated from optical properties as detailed in the experimental 
procedures, Section 2.3.2). 

 

Expected »Au�¼ in Figure 4-9a refers to the stoichiometrically expected concentration 
from the disproportionation mechanism with respect to the excess concentration of 
reductant used in each sample. With the exception of the ‘Expected »Au�¼’ trace, each 
data point in Figure 4-9a corresponds to a distinct sample prepared from identical 
growth solutions according to GS method Bcc. Nanoparticle growth was initiated with 10 
µL of seed B. Corresponding nanoparticle spectra for samples in Figure 4-9 can be seen 
in Figure 4-10 and Figure 4-11 for samples with 50 µM and 100 µM AgNOu respectively. 

The complexation pathway proposed by Zümreoglu-Karan is certainly possible, but it is 
likely that for this process to progress quickly enough the ascorbic acid must be in an 
excess of 1: 2 (gold:ascorbic acid) or more so that the cascade of reproduction of 
ascorbic acid can feed the formation of the nanoparticles. Also, the rate of 
disproportionation of ascorbate radical and its re-complexation needs to be rapid to be 
able to supply the amount of gold evident in Figure 4-9a.  

Although it has been reported that the concentration of Ag� in the growth solution 
controls the aspect ratio (Figure 4-1) of the nanorod product, it is clear from Figure 4-9b, 
Figure 4-10 and Figure 4-11 that the concentration of reductant displays a much more 
potent control over the aspect ratio with the longitudinal peak position reaching an 
equilibrium position for all Ag� concentrations before the onset of the development of 
dog-bone geometries occurs at elevated reductant concentrations. The presence of a 
                                                             
cc With respect to GS method B the highest concentration of ascorbic acid was added as a 1 mL 
aliquot of 10 mM stock solution. The other samples were made with appropriate aliquots of the 
10 mM stock and made up to the same total volume with ultrapure water. 

Figure 4-10 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 

contain 50 µM Ag
+
 and ascorbic acid as the sole excess reductant 
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third plasmon peak in the absorbance spectra is an indication of dog-bone particles333 
(Figure 4-18). At the equilibrium point ~70% of the initial Auu� concentration is present 
in the nanorod product. Therefore, to achieve a reasonable spread of aspect ratios 
through variation of Ag� concentration, a trade-off of limiting the amount of total gold 
reacted to < 70% is necessary. 

 

4.1.5 Sodium Salicylate as a Co-reductant 

Sodium salicylate (NaSal) was included in the nanorod synthesis to examine its influence 
based upon its strong interaction with C	
TABr. Upon addition of NaSal to a C	
TABr 
solution, where the concentration is above the critical micelle concentration, the 
salicylate anion passivates the charged head-group of the surfactant by inserting into 
the micelle. As »NaSal¼ → »C	
TABr¼ the micelles elongate and at high concentrations 
the solution becomes extremely viscous.336, 337  

 

b) 

a) 

c) 

Figure 4-12 a) Structure of the salicylate anion with intramolecular hydrogen bond 

indicated, b) probable structure of the salicylate di-anion and c) insertion of  the 

salicylate anion into a C16TABr micelle 

Figure 4-11 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 

contain 100 µM Ag
+
 and ascorbic acid as the sole excess reductant 
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I hypothesised that this interaction with the C	
TABr micelles would result in the 
formation of larger aspect ratios based on the growth model of the ‘soft templating’ 
effect. However, upon addition of NaSal to a AuBr�� − C	
TABr solution, a gradual 
decrease in the familiar colour of the AuBr�� − C	
TA� complex was observed. This is 
attributed to NaSal acting as a weak reducing agent. Figure 4-12 shows the salicylate 
anion (a), di-anion (b) and insertion into C	
TABr micelles (c). To date, there have been 
no reports of implementation of different weak reducing agents in the gold nanorod 
synthesis. 

Figure 4-13 shows the time dependent interaction of NaSal with AuBr�� − C	
TABr in a 1: 1 stoichiometric ratio. As time increases the spectrum approaches that of the growth 
solution for the nanorod synthesis, post H�A addition (Figure 4-14a). The traces from 
Figure 4-14a NaSal + �Au� and Auu�� are from the sum of each respective spectrum 
and not from mixed solutions of those components. The concentration of Auu� was 
determined from the extinction coefficient determined in Section 2.3.1. The time taken 
for complete reduction of AuBr�� by salicylate is significantly longer than for ascorbate, 
which is very rapid. 

In the presence of AuBr�� − C	
TABr the salicylate peak shifts from ~297 nm to ~306 
nm during the reaction. This could indicate complexation of the salicylate with Auu� or Au�. Complexation of salicylate with Alu� results in a red shift of the salicylate peak but 
also a significant increase in the shoulder of the peak.338 Figure 4-14b shows the 
attenuation of the shoulder of the salicylate peak due to increasing water concentration 
in an acetonitrile solution.339 The lack of a significant shoulder to the salicylate peak in 
Figure 4-13 could indicate that the salicylate is not complexing with the gold ions or that 
the solvent effect from water is reducing the strength of the peak. 

 

Figure 4-13 UV-Vis kinetics data for the interaction of sodium salicylate with AuBr4 – 

C16TABr at 30
o
C , dashed arrows indicate increasing time, solid arrows indicate isosbestic 

points. Inset shows decrease of Au
3+

 concentration with time 
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The red shift of the salicylate peak in this instance could also be due to the location of 
salicylate in the micelles. This shift would be due to the insertion of salicylate into the 
hydrophobic environment of the micelle, analogous to a solvatochromic effect. 
Isosbestic points indicated in Figure 4-13 show that no intermediates are resolvable for 
this experiment.  

 

The reduction of Auu� requires a two electron process in the conditions of the nanorod 
growth solution. From the inset of Figure 4-13 and considering the initial half life (see 
below), it is probable that the two electrons come from the one salicylate anion in one 
process. This is supported by the rapid decrease beyond half the initial concentration 
without an inflection in the kinetics for this stage of the reaction. An inflection may 
indicate dissociation of the counter ions of the salicylate anion. 

From standard plots340 for determining the rates of first and second order chemical 
reactions there are three stages apparent in the reaction of salicylate with AuBr�� −C	
TABr, Figure 4-15. In the first stage the reaction follows second order kinetics while 
there are two stages that follow first order kinetics in the later two stages of the 
reaction.  

 Figure 4-15 Integrated rate law plots for kinetics of the reaction of NaSal and Au
3+

 

a) b) 

Figure 4-14 a) Combinations of NaSal and Au
+
- and Au

3+
-C16TABr spectra and b) 

effect of water on the spectrum of salicylate anion in acetonitrile (arrow indicates 

increasing concentration of water) 

Image b) reproduced from reference [339] 
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Integrated rate law for a first order chemical reaction: 

 ln»Auu�¼ = −Yt + ln»Auu�¼� 4.10 
 

Integrated rate law for a second order chemical reaction: 

 
1»Auu�¼ = Yt + 1»Auu�¼� 4.11 

 

For Equations 4.10 and 4.11, »Auu�¼ is the concentration of Auu� at any given time, Ó, »Auu�¼� is the concentration of Auu� at Ó = 0 and Y is the rate constant for the 
reaction. 

It can be seen that for a first order reaction a plot of ln»Auu�¼ cá t will yield a linear plot 

with a slope of – Y. Similarly, for second order reactions a plot of 	»Úâ}ã¼  cá t will yield a 

linear plot with a slope of Y. 

The half-life of a first order chemical reaction:340 

 t	� = ln 2Y  4.12 

 

The half-life of a second order chemical reaction:340 

 t	� = 1k»Auu�¼� 4.13 

 

Rate constants and half-lives determined for each stage of the reaction can be found in 
Table 4-1. 

Table 4-1 Reaction rates and constants of the kinetics of the reaction of NaSal and Au
3+

 

Time (s) Reaction Order Rate Constant, k Half Life, Ó|å (s) 

0 –  1020  2nd  21.64 L. mol�	. s�	 185 1080 −  2760 1st 7.01 × 10��s�	 989 2820 − 4740 1st 4.26 × 10��s�	 1627 
 

The first stage of the reaction is most likely due to the reaction of free salicylate with Auu� at the surface of the micelle or immediate reaction upon inter-micelle exchange of 
molecules. The following two stages are related processes but differ slightly as they are 
associated with distinct rate constants. These stages could be determined by intra-
micelle reorganisation where the Auu� and NaSal are not initially adjacent within the 
micelle. 
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From the qualitative observation alone, it is clear that salicylate is much slower at 
reducing Auu� than ascorbate. This observation is reflected in the values for the first 
and second log scale dissociation constants, pKË, where pKË	 = 2.98 and pKË� = 13.6 
for salicylic acid and pKË	 = 4.10 and pKË� = 11.7 for ascorbic acid.295 It should be 
noted that the value for the first pKË for salicylic acid does not apply here as the proton 
is replaced by a sodium ion. Also the second pKË may vary due to the variation in the 
ionic strength, but not significantly. The greater magnitude of the second pKË with 
respect to salicylate indicates that the second de-protonation occurs less readily than for 
ascorbate. The conditions in the surrounding solution also require consideration. For 
instance the first pKË of ascorbic acid will be reduced if in the presence of C	
TABr.334 A 
similar effect is expected for the salicylate as it is known that the salicylate anion has a 
high affinity for C	
TABr micelles. 

To investigate the use of NaSal as a reductant in the synthesis of nanorods I prepared a 
growth solution with NaSal in place of H�A. In these samples, for concentrations of NaSal equivalent to H�A concentration in a typical nanorod synthesis, no nanoparticles 
were formed. However, when NaSal is used as a co-reductant to H�A the synthesis is 
equally as effective. The co-reductant effect of NaSal can be seen in Figure 4-9a. Each 
sample was prepared from identical growth solutions according to GS method B.dd 
Nanoparticle growth was initiated by addition of 10 µL of seed B. Some deviation from 
the expected trend is observed but this is probably due to the NaSal not having 
sufficient time to react with Auu� before the seed was added. This effect is discussed 
with respect to Figure 4-17.  

For each of these samples the concentration of H�A was maintained at 0.5 mM, i.e. in a 1: 1 ratio with the gold concentration. Figure 4-16 shows the corresponding nanoparticle 
spectra prepared with NaSal for the data points in Figure 4-9a. It is clear from the first 
data point in these samples that a 1: 1 ratio of reductant to gold is not sufficient to grow 
gold nanorods, Figure 4-9a, Figure 4-10, Figure 4-11 and Figure 4-16. 

                                                             
dd With respect to GS method B the highest concentration of sodium salicylate was added as a 0.5 
mL aliquot of 10 mM stock solution, the other samples were made with appropriate aliquots of 
the 10 mM stock and made up to the same total volume with ultrapure water.  
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Further evidence for the strong dependence of nanorod synthesis on the nature and 
concentration of reductant may be found by observing the effect of varying the order in 
which they are added. It is critical that NaSal is added before H�A in the preparation of 
the growth solution. Figure 4-17 shows the effect of changing the order of addition of 
the reactants to the growth solution. 

 

The samples in Figure 4-17 all contain identical concentrations of each constituent. The 
growth solutions were prepared according to GS method A with 0.55 mM H�A, 0.5 mM NaSal and 75 µM AgNOu. Nanoparticle growth was initiated with 15 µL of 0.1 mM HAuCl� seed A. The order of addition (post-C	
TABr and pre-AgNOu) is indicated in the 
legend of Figure 4-17 with the left-most component added first. After each addition the 
solution was mixed thoroughly. 

Figure 4-17 By varying the of order of addition of reactants for nanorod growth 

solutions containing H2A and NaSal as reductants a dependence of ascorbate as the 

excess reductant is evident 

Figure 4-16 Nanoparticle spectra for samples in Figure 4-9 where growth solutions 

contain 70 µM Ag
+
 and sodium salicylate as the excess reductant, traces are 

labelled according to NaSal concentration 
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From this result it can be deduced that the chief role of NaSal is to reduce the Auu� to Au�. This is implied by the samples where NaSal and Auu� are allowed to react before 
the addition of H�A. This also has the implication that the rate-limiting factor in the 
formation of nanorods is the efficacy of the reductant present in excess of the Auu� 
concentration. This supports the disproportionation mechanism because the 
consumption of Auu�drives the equilibrium toward the formation of metallic gold and 
the reduction by ascorbate is much quicker than by salicylate. This also implies that the 
nanorod formation step is very rapid. 

As with H�A, increasing the concentration of NaSal to great excess has a pronounced 
effect on the geometry of the nanoparticles produced, and in particular increases the 
proportion of ‘dog-bone’ shaped nanoparticles, Figure 4-18 and Figure 4-19. 

The growth solutions for each sample represented in Figure 4-18 and Figure 4-19 were 
prepared according to GS method A with 0.55 mM H�A and 75 µM AgNOu constant for 
all samples. The concentration of NaSal used was in the range of 0.25 − 500 mM and 
for each sample is indicated with respect to the data in Figure 4-18 and Figure 4-19. For 
samples with 0.25 –  2.00 mM NaSal, growth was initiated with 15 µL of 0.1 mM seed A. 
Samples with 5.00 –  100 mM NaSal did not require any nanoparticle seed with the 
growth initiated upon addition of H�A. Samples with NaSal concentrations 250 and 500 mM did not require H�A or seed to initiate growth. 

Figure 4-18 displays the effect of a low-range increase in the concentration of NaSal, 0.25 –  2.00 mM. As established above, H�A will be the reductant present in excess at 
the point of initiation of the reaction (seed addition) and so it is no surprise that the 
trend in nanoparticle geometry follows that observed for H�A. Figure 4-18a and Figure 
4-18b represent nanoparticles from the same sample which show distinct populations of 
nanorods and dog-bones. The growth solution for this sample has a concentration of 
reductant at the threshold of formation of dog-bones, 0.80 mM, Figure 4-9a and Figure 
4-16. When the NaSal is added to the C	
TABr solution it can be seen by eye that 
micellar aggregates are formed, indicated by the presence of a gelatinous mass. With 
thorough mixing this mass is dispersed until it is no longer visible. However, from this 
observation, and the consideration of the mixed dispersion of nanorods and dog-bones 
in Figure 4-18a and Figure 4-18b, it would seem that NaSal is not entirely evenly 
dispersed through the solution and, therefore, in regions of higher reductant dog-bones 
form. For higher concentrations of NaSal this effect is not observed i.e. there is 
sufficient reductant to form dog-bones only. 

No appreciable difference is apparent in the nanoparticle dimensions in the SEM images 
in Figure 4-18 that show dog-bones. However, if the absorbance spectra for these 
samples are normalised to fix the amount of gold in the solution (by adjusting the 
absorbance at 400 nm), Figure 4-18f, then the effect on the nanoparticles becomes 
more obvious.  The third peak in the spectrum indicates that the nanoparticles have an 
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additional growth phase in the transverse axis that is more pronounced with increasing 
reductant. 

 

The longitudinal peak appears to be relatively invariant for samples with a reductant 
concentration above the threshold for forming dog-bones. Examples of this can be seen 
in Figure 4-9b, Figure 4-10, Figure 4-11, Figure 4-16 and Figure 4-18. Variation of the 
concentration of Ag� is also less effective at shifting the longitudinal peak position 
under these conditions. 

In the case that a seed particle initiator is not required, i.e. »NaSal¼ = 5.00 − 100 mM, 
spiky or dendritic nanoparticles are formed, Figure 4-19a – e, rather than nanorods. It is 

a) b) 

c) d) e) 

f) 

Figure 4-18 a) – e) SEM images of nanoparticles formed with a) and b) 0.25 mM, c) 

0.50 mM, d) 1.00 mM and e) 2.00 mM NaSal in their respective growth solutions 

(all scale bars are 100 nm). f) Corresponding normalised absorbance spectra for 

samples a) – e) 
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likely that the micellar conditions for these samples are more complex than normal. The 
viscosity in this range of concentrations is noticeably higher and suggests that the 
micelles are increasingly elongated and entangled. Actually, spiked particles prepared 
with ascorbic acid and without the addition of seed particles have been reported at a 
concentration of ascorbic acid that is only double the Auu� concentration.341 However, 
that observation is puzzling because others who have investigated similar conditions (i.e. 
growth solutions with the same ascorbic acid concentration) found indefinite stability26 
i.e. no nanoparticle formation. 

The formation of the spiked features on the nanoparticles implies a multi-directional 
growth burst. Although the soft micelles may ultimately not provide any geometrical 
confinement of crystal growth, the distribution of reductant through the reaction 
solution may provide pathways for the reduction of gold to form nanoparticles with 
geometry proportional to the complexity of the micelles in the solution. The distribution 
of reductant in the seeded synthesis may also play a role in the formation of 
nanoparticles. However, for seeded samples the state of the seed during the early 
stages of growth may provide an equally limiting factor for nanoparticle growth, this will 
be discussed further in Section 4.1.6. 

Above the concentration of NaSal where the onset of spiked nanoparticles is observed a 
decrease in average particle size and the production of less anisotropic particles occurs, 
Figure 4-19a - e. If it is assumed that the number of particles in the solution is fixed then 
the decrease in size from the initial growth burst will leave unreacted AuBr�� which will 
lead to gradual ageing of the spikes to a lower energy structure. Alternatively the 
increase in reductant and stability of the micelle network could result in formation of 
finer, filament-like spikes that restructure with time or during the sample preparation 
process for imaging. 

When a great excess of NaSal is used, for example 250 and 500 mM (Figure 4-19f and 
Figure 4-19g respectively) the particle geometry reverts to a mixed distribution mostly 
represented by spheres and disc shaped nanoparticles. 

Figure 4-19h shows the absorbance spectra for samples with a concentration of NaSal in 
the range 5.00 − 500.00 mM. It can be seen from the SEM images and spectra that the 
proportion of spiked particles is very high. The lack of a significant peak at ~520 nm is 
also associated with the high yield of anisotropic nanoparticles. Although the extinction 
for these particles appears quite broad, the range of wavelengths where the strongest 
extinction occurs could still find use in some spectral shielding applications.156 
Alternatively, the sharp points found on these nanoparticles have strong implications for 
application in SERS.342, 343 
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Further validation of the NaSal co-reductant synthesis is provided in Appendix D. The 
seed volume added to the reaction was varied resulting in a red-shift of the longitudinal 
peak position. Also, the reliance on AgNOu is confirmed. In particular, low aspect ratio 
nanorods are not formed in the absence of Ag�. Samples prepared with an H�A 
concentration less than 1: 1 with respect to Auu� but high in NaSal still form nanorods. 

4.1.6 Gold Nanoparticle Seed 

The volume of seed solution used to initiate the growth is yet another factor that can be 
used as a variable to control the aspect ratio of gold nanorods. With respect to the Ag� − assisted synthesis, increasing the seed concentration also increases the aspect 
ratio22. When the number of seed particles increases the amount of ionic gold per 

a) b) c) 

d) e) f) g) 

h) 

Figure 4-19 a) – g) SEM images of nanoparticles formed with a) 5.00 mM, b) 10.00 mM, c) 20.00 mM, d) 

50.00 mM, e) 100.00 mM, f) 250.00 mM and g) 500.00 mM NaSal in their respective growth solutions. h) 

corresponding normalised absorbance spectra for samples a) – g). Scale bars a) – c), f) and g) are 200 nm, 

d) and e) are 100 nm 
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particle decreases. The primary effect of this is to reduce the width of the nanorods. I 
will show in Chapter 7 (Mechanism of Formation) that the width of the nanorod is 
strongly influenced by a secondary growth phase. 

To investigate the effect of the preparation conditions on the seed particles and 
subsequently the nanorod synthesis, I prepared the range of seed solutions represented 
in Figure 4-20. All seed solutions were prepared according to seed method A with 
appropriate amounts of C	
TABr and Auu� added to achieve the concentrations listed.  

For concentrations of »C	
TABr¼ < 50 × »Auu�¼ there appears to be a mixture of 
nanoparticle sizes formed, Figure 4-20. This is signified by the presence of the plasmon 
peak and an increase in the extinction at higher wavelengths which could be the result 
of an increased scattering contribution. This effect is attributed to a non-ideal 
distribution of the AuBr�� − C	
TA� complex; the solution appears cloudy which 
suggests fine crystals of the complex may be present. For the 10 mM C	
TABr − 0.5 
mM Auu� seed solution there is also a distinct population of nanoparticles with 
diameters less than ~5 nm. This is indicated by the shoulder at ~350 nm, which is 
present for samples that reproducibly form sub-5 nm diameter nanoparticles, e.g. 100 
mM C	
TABr − 0.1 mM HAuCl�. This is a commonly used seed and the particle size has 
been verified by TEM.25 

 

A good seed solution for a reliable nanorod product should have a size less than ~5 nm 
in diameter. The size/quality of the seed solution can therefore be inferred from the lack 
of a plasmon resonance peak at ~520 nm. With this consideration, an optimum range of 
concentrations is evident for 0.1 and 0.5 mM Auu�. For 0.1 mM Auu� this optimum 
occurs at concentrations of C	
TABr between 10.0 and 50.0 mM. Although the shape of 
the curve for the 100 mM C	
TABr is similar there appears to be a deviation from the 
tight distribution present for samples with 10 − 25 mM C	
TABr and so it has not been 
included in the ideal range. The optimum for 0.5 mM Auu� also occurs around this range 

a) b) 

Figure 4-20 Absorbance spectra for seed solutions with a) 0.1 mM and b) 0.5 mM 

HAuCl4 and a range of concentrations of C16TABr 
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with the exception of the 10 mM C	
TABr sample as it is below the optimum ratio of Auu�: C	
TABr. The slight variation in the seed solution for 100 mM C	
TABr is 
reflected in the samples with 0.5 mM Auu� and so would be an effect imposed by the 
concentration of C	
TABr. 

Synthesising seed particles at various Auu� concentrations allows for a wide variation in 
the number of seed particles per unit volume, assuming of course that there is no 
variation in the product size. Figure 4-21 displays the absorbance spectra of seed 
solutions with a range of gold concentrations at the optimum concentration of C	
TABr 
(25 mM). From Figure 4-21 it is clear that there is no significant difference in the optical 
characteristics over this range of Auu� concentrations. These solutions were prepared 
according to seed method A. 

 

Figure 4-22 shows SEM and optical data for gold nanorods prepared from the seed 
solutions in Figure 4-20a. All growth solutions for these samples are identical and were 
prepared according to GS method B with 0.6 mM H�A and 70 µM AgNOu. Growth was 
initiated with a 10 µL aliquot of 0.1 mM Auu� seed with the C	
TABr concentration as 
indicated. 

Particle dimensions for nanorods formed from seeds in the optimum range of C	
TABr 
concentration and for 100 mM C	
TABr are clustered together, Figure 4-22h. However, 
broadening of the transverse peak for the 100 mM C	
TABr indicates either the 
formation of dog-bones or the presence of large spherical particles. From the SEM image 
it is clear that the rod-like portion of the ensemble have the typical nanorod geometry. 
Therefore, there is an increase in the proportion of spherical particles. 

The proportion of nanorods is still reasonably high for samples prepared from seed 
solutions with a sub-optimum C	
TABr concentration. Despite the aspect ratio being as 
expected, the overall nanorod dimensions are increased quite significantly with respect 
to those produced under typical conditions.  This indicates that nanorods can form from 
seed particles with a diameter of ≥ 5 nm. This will be discussed below with respect to 
the literature and further experimental data. 

Figure 4-21 UV-Vis absorbance spectra of gold nanoparticle seed solutions 

prepared at different Au
3+

 concentrations 
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Figure 4-23 shows SEM and optical data for gold nanorods prepared from the seed 
solutions in Figure 4-20b. All growth solutions for these samples are identical and were 
prepared according to GS method B with 0.6 mM H�A and 70 µM AgNOu. Growth was 
initiated with a 10 µL aliquot of 0.5 mM Auu� seed with the C	
TABr concentration as 
indicated. Despite forming suitable seed particles within the optimum range with 
respect to the 0.5 mM Auu� concentration, the proportion of nanorods formed from 
these solutions is much lower. Those nanorods formed express particle dimensions 
within a similar range, Figure 4-23h. Again, the proportion of nanorods with respect to 
nanospheres drops for seeds formed in 100 mM C	
TABr. 

a) b) c) 

d) e) f) 

g) h) 

Figure 4-22 a) – f) SEM images for samples prepared using seed solutions with 0.1 

mM HAuCl4 and a) 0.5 mM, b) 1.0 mM, c) 10.0 mM, d) 25.0 mM, e) 50 mM and f) 

100.0 mM C16TABr respectively. g) Corresponding normalised absorbance spectra 

for a) – f). h) Nanorod dimensions for a) – f). Scale bars = 200 nm 
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Hubert et al. have reported a bifurcation in the particle dimensions observed for the  
nanospheres and nanorods produced in the nanorod synthesis.126 This bifurcation is 
assigned to a critical condition for the seed particles to either initiate the process of rod 
growth or to simply coarsen as a sphere. The bifurcation point was reported to be at ~5 
nm and was determined by plotting length vs. width (where these two dimensions are 
the same for spheres). Below the bifurcation point the only geometry of nanoparticles is 
nanospheres. Above the bifurcation point there are two branches in the data that 
represent the proportion of nanospheres and nanorods respectively. In this publication 
they use the modified synthesis method of Jana19 where BH�� is added to the growth 
solution in a concentration equivalent to the Auu��GS�: Au��seed� mole ratio, where 

a) b) 

d) e) f) 

c) 

g) h) 

Figure 4-23 a) – f) SEM images for samples prepared using seed solutions with 0.5 

mM HAuCl4 and a) 0.5 mM, b) 1.0 mM, c) 10.0 mM, d) 25.0 mM, e) 50 mM and f) 

100.0 mM C16TABr respectively. g) Corresponding normalised absorbance spectra 

for a) – f). h) Nanorod dimensions for a) – f). Scale bars = 200 nm 
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Au��seed� is the moles of gold in the added seed solution. This is a pseudo-seeded 
process as the seed particles are formed in the growth solution. For a typical synthesis 
this would require a »BH��¼ of ~75 nM (with respect to a »Auu�¼ of 0.5 mM and total 
sample volume of 10 mL). This low concentration could result in significant error in the 
final product as it is difficult to achieve reliable reproduction of such a low concentration 
and any variation would affect the amount of seed present. This was accounted for by 
Hubert et al by scaling the concentrations of the growth solution components to ~4 mM HAuCl�, ~4.8 mM H�A, ~1 mM AgNOu and 0.2 M C	
TABr. Although this method 
produces rods in high yield it is as yet not known whether the linear scaling of the 
components results in a proportional scaling of the nanorod product. The pseudo-
seeded process was initially introduced due to problems producing seed particles at 
higher concentrations.19 Also, from the samples in Figure 4-22 and Figure 4-23 it appears 
that the seeds form differently at the higher concentrations of C	
TABr i.e. similar or 
equal to the concentration of C	
TABr in the growth solution. 

The following samples were prepared over a range of seed concentrations and volumes 
in an effort to optimise the seeding process. Particle dimensions of the nanorods 
produced are also considered with respect to the bifurcation mechanism reported by 
Hubert et al. The spherical particles in these samples are acknowledged but not 
measured. These samples cover a significantly greater range of Auu��GS�: Au��seed� 
mole ratios than reported by Hubert et al. This ratio is explored from 150,000: 1 to 50: 1 
for samples A1 – E5 respectively. The range covered by Hubert et al. only spans ~1,500: 1 to ~30: 1. It is worth noting that at either end of their ratio range the 
population of nanorods was quite low. For the samples presented here the proportion 
of nanorods is significant for the majority of the samples as indicated by the UV-Vis and 
SEM data. This highlights a potential difference between the seeded and pseudo-seeded 
methods. 

All samples have identical growth solutions prepared according to GS method A with 0.6 
mM H�A and 70 µM AgNOu. This concentration of AgNOu is approximately half the 
proportional concentration with respect to Hubert et al. An increase in Ag� would have 
decreased the width of the nanoparticles produced.27 

Table 4-2 Seed parameters for samples A1 – E5 

 Seed Volume (µL) 

Seed »æçèéêë¼ (mM) 10 25 50 100 150 

0.005 A1 B1 C1 D1 E1 
0.010 A2 B2 C2 D2 E2 
0.100 A3 B3 C3 D3 E3 
0.500 A4 B4 C4 D4 E4 
1.000 A5 B5 C5 D5 E5 
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For the samples represented in Figure 4-24, Figure 4-25, Figure 4-26, Figure 4-27 and 
Figure 4-28 the concentration of HAuCl�ee in the preparation of the seed particle and 
the volume added to initiate the growth are represented by the information in Table 4-2 
and are hereafter referred to with respect to their grid position in the table. 

 

                                                             
ee This concentration refers to the 10 mL growth solution for each respective seed solution. After 
the addition of BH�� all seed solutions were made up to 15 mL as 5 mL was the greatest aliquot 
required for the reduction of the highest concentration of Auu�. Any calculations based on the 
added concentration of gold to the growth solution for nanorods have been adjusted accordingly. 

f) 

d) e) 

a) c) b) 

Figure 4-24 a) – e) SEM images for samples a) A1, b) B1, c) C1, d) D1 and e) E1. f) 

Corresponding absorbance spectra for samples A1 – E1. The inset of f) shows the 

nanorod dimensions measured from the SEM images. Scale bars = 200 nm 
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Figure 4-24 shows the SEM and optical data for the range of samples A1 – E1. As 
expected, the aspect ratio increases with an increase in the volume of seed added. As 
mentioned previously the increase in aspect ratio is attributed to a decrease in nanorod 
width, however, in this case both length and width decrease significantly and in 
approximate proportion as the number of added seeds is increased.  

For samples C1 – E1 the onset of a significant population of large spheres is implied by 
the broadening of the transverse peak. This implication is supported by the SEM images. 
The diameter of these spherical particles follows the same trend as the nanorod 
dimensions for this range of samples i.e. decreasing with increasing seed volume. The 
by-product nanoparticles in C1 could also be slightly more anisotropic than for samples 
D1 and E1. 

Figure 4-25 shows the SEM and optical data for the range of samples A2 – E2. As with 
samples A1 – E1, the aspect ratio increases gradually with increasing seed volume. The 
particle dimensions also decrease to achieve this effect. The particle dimensions for A2 – 
E2 are spread over a narrower range with respect to A1 – E1 but produce similar aspect 
ratios. However, a major difference between A1 – E1 and A2 – E2 is the reduction in the 
presence of spherical by-products in the A2 – E2 sample range. 

If it is assumed that the size of the seed particles prepared at each concentration of Auu�is the same then the effect of changing the concentration or volume is only to 
change the number of seed particles. I have shown that this assumption seems to be 
true for Auu� concentrations between 0.1 –  0.5 mM at an optimum C	
TABr 
concentration, Figure 4-21. The pairs of samples C1 & B2 and D1 & C2 have equal Auu��GS�: Au��seed� mole ratios, 30,000: 1 and 15,000: 1 respectively. Therefore, the 
aliquot of seed solution being added to the respective pair of samples should contain 
the same number of seed particles. The nanorod dimensions produced for each pair are 
reasonably similar. However, the samples in the first row of the table have a much 
higher proportion of spherical by-products. This indicates that the density of seed 
particles in the added solution is an important factor to control by-products as although 
there is the same number of moles of Au� in the seed solutions for each pair, the 
volume is halved for the samples in the second row of the table. 

The longitudinal peaks for samples D2 and E2 appear to have an asymmetry about the 
peak position. This asymmetry appears to favour the red-shifted side of the peak which 
would indicate either that there is a broad range of aspect ratios present above the peak 
distribution or that there is a significant distribution of equal aspect ratios but with 
increasing volume. The SEM data shows that the length and width of the nanorods in 
each of these samples varies by ~10 nm. The fact that the width varies by an equal 
amount to the length indicates that the aspect ratio is more significantly affected than 
the volume. This asymmetry in the longitudinal peak is also observed when monitoring 
the growth kinetics of a developing gold nanorod solution by UV-Vis-NIR spectroscopy, 
see Section 5.1.1. 
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Figure 4-26 shows the SEM and optical data for the range of samples A3 – E3. These 
samples produce the greatest shift in aspect ratio and the highest proportion of 
nanorods. Although the shift in aspect ratio is quite large, the nanorod dimensions for 
this range are within a reasonably tight distribution. For this reason samples A3 – E3 
represent very fine control over the nanorod product and so are examples of optimum 
seed parameters for these growth solution conditions.  

 

a) b) c) 

d) e) 

f) 

Figure 4-25 a) – e) SEM images for samples a) A2, b) B2, c) C2, d) D2 and e) E2. f) 

Corresponding absorbance spectra for samples A2 – E2. The inset of f) shows the 

nanorod dimensions measured from the SEM images. Scale bars = 200 nm 
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Sample D3 is the closest correlation of the Auu��GS�: Au��seed� mole ratio to the 
optimum conditions reported by Hubert et al. The range of nanorod dimensions for D3 
is shifted by +5 nm and +10 nm for the width and length with respect to those 
measured for the equivalent sample of Hubert et al. Considering the difference in 
relative AgNOu concentration between the growth solutions this correlation is 
surprisingly close. Therefore, within an optimum range, the seeded and pseudo-seeded 
methods can produce similar products.  

b) a) c) 

d) e) 

f) 

Figure 4-26 a) – e) SEM images for samples a) A3, b) B3, c) C3, d) D3 and e) E3. f) 

Corresponding absorbance spectra for samples A3 – E3. The inset of f) shows the 

nanorod dimensions measured from the SEM images. Scale bars = 200 nm 
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The longitudinal peak width broadens quite significantly as the aspect ratio increases for 
samples A3 – E3. This peak broadening corresponds to a broader range of aspect ratios 
as is observed in the SEM data and is evidently due to the increase in seed used. 

Figure 4-27 shows the SEM and optical data for the range of samples A4 – E4. For 
samples A4 – D4 the aspect ratio initially increases with increasing volume of seed 
added. However, this trend ends and reverses by sample E4. Nanorods for sample E4 
could not be found in the SEM and so no particle dimensions are supplied. 

 

a) b) c) 

d) e) 

f) 

Figure 4-27 a) – e) SEM images for samples a) A4, b) B4, c) C4, d) D4 and e) E4. f) 

Corresponding absorbance spectra for samples A4 – E4. The inset of f) shows the 

nanorod dimensions measured from the SEM images. Scale bars a), d) and e) are 

200 nm, b) and c) are 100 nm 
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Due to the trends in nanorod geometry, the dimensions of nanorods formed in E4 are 
expected to be of the order of ~15 nm × 5 nm. For this range of samples the onset of a 
significant proportion of spherical by-products is evident. Sample A4 has the same Auu��GS�: Au��seed� mole ratio as sample C3. Once again the nanorod dimensions 
produced for these samples are closely related. However, this time the increase in seed 
particle density (again assuming identical seed properties) increases the by-product 
formation. This is most likely because the density of added seed has departed from the 
optimum range. 

Figure 4-28 shows the SEM and optical data for the range of samples A5 – E5. The 
conditions under which this range of samples was grown are well outside of the 
optimum. Some nanorods were observed in SEM for A5. It may be deduced from the 
absorbance spectra for samples B5 – E5 that there are nanorods present but any 
particles formed are likely to be of very small dimensions. A5 shares the same Auu��GS�: Au��seed� mole ratio as sample D3. This is further evidence for the 
importance of keeping the volume of seed added within the optimum conditions. 

The bifurcation mechanism reported by Hubert et al. suggests that there is a critical 
condition for the seed particle to achieve before it will form a nanorod. According to 
their data this critical condition must occur at or by the point where the seed particle 
has a diameter of ~5 nm. The same approach applied to the data above does not 
provide a reliable linear fit, possibly due to insufficient data points.  

The particle dimensions for samples A1 and A2 are in the same range as nanorods 
formed from the larger seed particles in the low Auu� and low C	
TABr concentration 
(i.e. 0.1 mM Auu�, 0.5 and 1.0 mM C	
TABr) range , Figure 4-22h. This could indicate 
that the seed particles produced in these solutions are at ~5 nm and the bifurcation of 
nanoparticles occurs at 5 nm. Alternatively it could indicate that the bifurcation point 
can be shifted to greater diameters. Another possibility is that the critical condition for 
nanorod growth can be achieved in the seed solution before addition to the growth 
solution. This could be possible as the seed solution used in this method is allowed to 
age for one hour before addition to the growth solution. 
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If the particle dimensions from all of the above samples (which were prepared from 
different seed solutions) are plotted together then a general relationship for the length 
and width of nanorods develops. It appears that the width of the nanorods produced in 
these conditions follows a quartic relationship with respect to the length, Figure 4-29. 
The line of best fit applied to the data has a point of intersection with the 1: 1 line (i.e. 
spherical particle dimensions) of ~6 nm. This intersection provides a reasonable 

a) b) c) 

d) e) 

f) 

Figure 4-28 a) – e) SEM images for samples a) A5, b) B5, c) C5, d) D5 and e) E5. f) 

Corresponding absorbance spectra for samples A5 – E5. The inset of f) shows the 

nanorod dimensions measured from the SEM images.  Scale bar for a) is 50 nm, 

scale bars for b) – e) are 200 nm 
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correlation to the bifurcation point reported by Hubert et al. but implies a relationship 
that transcends an individual sample. 

 

Figure 4-30 shows the aspect ratios and longitudinal peak positions measured from the 
SEM and optical data (blue circles), respectively, for all the samples prepared from the 
numerous seed solutions. The red squares and green triangles in Figure 4-30 correspond 
to predictions of the aspect ratio based on the measured longitudinal peak position. 
These predictions are based on simulations for a range of aspect ratios of gold nanorods 
with various volumes calculated by Cortie (red squares) and Brioude et al. (green 
triangles). The data of Cortie was calculated to simulate a distribution of aspect ratios to 
assess nanorods as spectrally selective coatings for architectural glass.156 

 

Despite DDA being utilised in the determination of the results for both sets of data, 
there appears to be some discrepancy. One source of the discrepancy could be the use 

Figure 4-30 Comparison of optically and physically (from SEM data) determined 

gold nanorod aspect ratios 

Figure 4-29 Apparent quartic relationship for nanorod dimensions prepared from 

varied seed solutions. Green triangles indicate optimum range A3 – E3 
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of different dielectric data for the simulations; another could be in the precise details of 
the rod shape assumed.  Figure 4-31 shows some deviation in the real and imaginary 
parts of the dielectric data used for the simulations by Cortie, CRC (Weaver),295 and 
Brioude et al., Palik,344 respectively. 

 

As far as target shape is concerned, Cortie used a hemi-spherically capped cylinder 
which is commonly used throughout the literature. Brioude et al. note that they use the 
‘real shape’ for their calculations but do not describe explicitly the target they use. 

4.1.7 Summary 

This chapter has investigated some important aspects of the wet chemical synthesis of 
gold nanorods. To validate the methods used to prepare the samples I used the well-
known effects of varying Ag� and C	
TABr concentration to correlate my results with 
those of other researchers. 

Previous reports have noted that the gold species formed in the growth solution is AuBr��. This implies that the chloride ions from the original compound, AuCl��, are 
released into the reaction solution. Although it is well known that a large excess of 
chloride ions has a poisoning effect on nanorod synthesis, I have shown here that the 
release of these ions from the gold salt does not have a significant effect on the nanorod 
product. This was achieved by comparing the standard method with one in which HAuBr�  replaces HAuCl�. 

I have also shown that a significant shift in the aspect ratio can be achieved by slight 
variations in the amount of the reductant added to the growth solution. If this is used in 
conjunction with a varied Ag� concentration, the achievable aspect ratios converge as 
the reductant concentration is increased. Although the increase in reductant allows for 
better efficiency with respect to the amount of gold used in the reaction, a trade-off 
may be required to produce the desired aspect ratio. 

a) b) 

Figure 4-31 a) Real and b) imaginary parts of the dielectric data for gold from Palik 

and CRC Handbook of Chemistry and Physics 
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The gradual increase in reductant concentration also provides evidence for the 
disproportionation of AuBr�� as the mechanism by which Au� is formed. This is 
supported by replacing the excess concentration of H�A in the growth solution with NaSal. By changing the order of addition of reactants, it was shown that the formation 
of a significant quantity of nanorods requires an efficient reductant.  

Using a broad range of seeding conditions, an optimised process has also been 
determined for the growth solution conditions. The particle dimensions of the nanorods 
prepared from these samples also provided an insight into the process required for the 
seed particle to form a nanorod.  

From the experiments described here, I conclude that the seeded process offers a 
number of advantages over the pseudo-seeded process. First, BH�� solutions decompose 
quite rapidly and are difficult to control, and second, measuring the low concentration 
and low volume required for the pseudo-seeded process is prone to introduce errors. 
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5 On the Formation of Gold Nanorods 

Regardless of the precise mechanism of nanorod formation it is a necessity for the 
growth process to favour the longitudinal direction at some point in the reaction. 

There have been only a few studies in which the growth rates of nanorods have been 
specifically determined.111, 120, 124, 125 In these studies it has been concluded that the 
radial and longitudinal growth rates are comparatively rapid to start with, and then 
decline asymptotically to zero. A coupled pair of empirical growth models for Au 
nanorods has been proposed.124  

All of the methods used to determine a model for the growth of gold nanorods have 
combined their optical absorption properties with measured or inferred physical 
dimensions. (Inferred physical dimensions were invoked by Gulati et al. where they 
correlated the measured extinction cross-section to a large array of calculations 
performed using Gans’ theory for ellipsoids.) Although this method rapidly provides the 
exact solution for the extinction of the nanoparticle calculated it has the drawback that 
the non-ellipsoidal shape of real nanoparticles will result in significant differences with 
respect to features of the spectrum.63, 333 On the other hand, using a more accurate 
model for the nanorod geometry results in a significant increase in the computation 
time for the simulation. 

The physical dimensions of nanorods during growth have been probed using TEM22, 103 
and SAXS124, 125. For TEM studies it is essentially a requirement that excess surfactant and 
ionic species are removed from the solution in order to prevent interference in the 
imaging process. Zweifel and Wei have shown that the centrifugation process affects the 
nanorod geometry, typically shortening it, and therefore detailed analysis of the fine 
structure of the nanorods during the growth process using this method is 
compromised.103 However, by using a chemical agent to arrest the growth (confirmed by 
observation of the absorbance spectrum) they were able to show that the nanorods 
undergo a rapid initial growth phase (less than 15 minutes) followed by a subsequent 
slow phase in which they get wider. However, there is also no guarantee that the 
chemical agent does not affect the fine structure of the nanorod. 

SAXS can provide the physical dimensions of a colloidal solution without significant 
effect on the sample. It is then possible to analyse the intensities and shape of the 
scattering profile to extract parameters such as particle volume, shape and 
dimensions.345 However, in order to gain this information some prior knowledge of the 
particles must be available in order to apply the appropriate analysis functions. 
Analogous to the geometry effect on the optical absorption properties, approximate 
geometries, e.g. a cylinder124, may be used to roughly fit the SAXS data for nanorods, 
however, use of a more accurate model i.e. sphero-cylinder346, 347 improves the value of 
the parameters that are extracted125, 348. It should also be noted that the presence of 
particles with similar volumes but radically different geometries i.e. by-products, 
significantly affect the structural characterisation of the nanorods.348 Nevertheless, the 
nanorod dimensions obtained by SAXS studies fit into the range expected from 
representative TEM images. This includes the aspect ratio, which correlates reasonably 
well with the aspect ratio calculated from the longitudinal peak position using the 
equation of Brioude et al.68 
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In this chapter I investigate how data from various techniques can be combined to 
provide insight on the physical properties of gold nanorods during their growth process. 
The methods I have used to analyse the growth kinetics include UV-Vis-NIR 
spectroscopy, SAXS and cryo-TEM and SEM. I will show that if the results from these 
methods are considered individually then the implications from each are shown to be 
somewhat contradictory in context of globally accepted assumptions.  

A critical assumption in previous studies is that that all seed particles grow to rods 
simultaneously. Instead, I propose a new growth model, in which nuclei transform into 
rods at random times. This model satisfies all the observations made in the various 
experiments and is also supported by DDA simulations. This new model casts doubt on 
the globally assumed growth mechanism. 
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5.1 Results and Discussion 

5.1.1 UV-Vis-NIR Spectroscopy 

The optical extinction properties of gold nanorods are experimentally readily accessible 
and can be monitored during a time-dependent study of their growth. I have performed 
experiments to probe the optical properties of developing nanorod solutions with 0.60 
mM (Figure 5-1a and Figure 5-1c) and 0.65 mM H�A (Figure 5-1b and Figure 5-1d), 
respectively. I prepared the growth solutions for each sample according to GS method A 
to contain 0.50 mM HAuCl�, 0.1 M C	
TABr, 0.60 mM or 0.65 mM H�A and 70 µM AgNOu. Growth of the gold nanorods was initiated by adding 10 µL of freshly prepared 
seed A solution which had HAuCl� concentration of 0.1 mM.  

 

a) b) 

c) d) 

Figure 5-1 UV-Vis-NIR spectroscopy of the reaction kinetics of gold nanorods. 

Density plots for gold nanorods with a) 0.60 mM and b) 0.65 mM H2A in the growth 

solution respectively. The scale of these plots has been normalised to the 

maximum absorbance of the 0.65 mM dataset. Time-dependent, two-dimensional 

absorbance plots indicating the transition of the longitudinal resonance peak for 

gold nanorods with c) 0.60 mM and d) 0.65 mM H2A in the growth solution 

respectively. The insets in c) and d) are an enlargement of the earliest traces for 

each respective dataset. The arrows indicate increasing time. 
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Figure 5-1a and Figure 5-1b display density plots for the kinetic observation of gold 
nanorod growth up until one hour, where the absorbance intensity (represented by 
colour) is normalised to the maximum absorbance for the 0.65 mM H�A sample. I 
decided to stop measuring at this point in the reaction as the longitudinal peak position 
and the concentration of Au� (as indicated by the absorbance at 400 nm) appeared to 
have stopped changing significantly. This was confirmed by measuring the spectrum of 
the 0.60 mM H�A sample at ~24 hours, which revealed that there was a slight increase 
in the volume of gold and intensity of the transverse peak but no change in the position 
of the longitudinal peak. This could indicate that there is a slight increase in the particle 
dimensions (not significant enough to shift the longitudinal peak) or, in consideration of 
the absorbance intensity of the transverse peak, an increase in the population of 
spherical particles. 

Figure 5-1c and Figure 5-1d show two dimensional plots that provide a clear indication 
of the movement of the longitudinal peak position; the insets show the earliest recorded 
data for each respective dataset. I measured spectra at earlier times, however, there 
was some fluctuation in the intensity due to the low signal to noise ratio and so I have 
not included this data in any quantitative observations. 

The absorbance intensity of the kinetics data for the 0.65 mM H�A sample approached 
the limit for the spectrophotometer during the reaction (1620 s) so the sample was 
diluted for the remainder of the reaction. The Au� concentration for the 0.65 mM H�A 
sample follows the same curve shape (Figure 5-2) as the 0.60 mM H�A sample and so 
diluting the sample does not appear to have affected the reaction. 
In both samples the first spectrum shows that the position of the longitudinal peak is 
significantly red-shifted with respect to the transverse peak. This represents very rapid 
growth in the longitudinal axis, which happened well before the nanorods achieved a 
high optical density. Also, the longitudinal peak position reaches its maximum 
wavelength in the early stages of the reaction. If it is assumed that all of the seed 
particles form nanorods concurrently then this indicates that the longitudinal growth 
rate has reached its maximum before (or approximately at) the first measurable 
spectrum. The possibility of seeds forming nanorods in sporadic growth events i.e. at 
different times will be discussed below in Sections 5.1.4 and 5.1.5. 

The longitudinal resonance position gradually blue-shifts for the remainder of the 
reaction after the initial, rapid red-shift. Again, if it is assumed that all seed particles are 
reacting concurrently, then this indicates that the relative growth rates should be 
approximately equal or that the length growth phase is complete. The latter is unlikely 
because the concentration of Au� in the reaction is a very small fraction of the final 
concentration at this point in the reaction (Figure 5-2). 

During the blue-shift phase of the change in longitudinal peak position, the shape of the 
peak is asymmetric. Toward the end of the reaction this asymmetry reduces and the 
peak width narrows. This is difficult to account for in a concurrent seed growth model as 
it implies that the distribution of aspect ratios is biased towards higher values. If all of 
the nanorods are developing simultaneously then there should be no bias. This 
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asymmetry fits easily into a growth model that does not assume concurrent growth of 
seed particles and is discussed further in Section 5.1.5. 

In the final stages of the reaction the concentration of Au� reaches its maximum value 
before the longitudinal resonance peak becomes fixed, Figure 5-2. This indicates that the 
aspect ratio is still decreasing even though no further gold is being reduced. Therefore, 
at this point the length must decrease and the width increase, in order to 
simultaneously maintain the net concentration of Au� and a blue-shifting peak.  

 

As mentioned previously, the formation of gold nanorods is an autocatalytic process 
where the gold nanoparticle seed initiates the reaction and is a part of the final product. 
As further gold is deposited on the surface of the seed particles, the rate of the reaction 
will increase rapidly due to the increase in the amount of catalyst. From Figure 5-2 it is 
clear that the rate of Au� formation rapidly increases in the first half of the reaction and 
then decreases steadily until it reaches the endpoint. The disproportionation mechanism 
can be approximated by a second order autocatalytic reaction of the form 0 + � → 2�, 
where � is present on the left hand side of the mechanism in some concentration to 
initiate the reaction, has the rate equation:349 

 d»P¼dt = Y»A¼»P¼� 5.1 

 

Where, »A¼ is the reactant concentration, »P¼� is the initial catalyst concentration, ì»M¼ìÌ   is 

the rate of formation of P and Y is the rate constant. The integrated rate law for this 
reaction is defined by the equation:349 

 Yt = 1»A¼� + »P¼� ln v»A¼��»P¼� + »P¼��»A¼� − »P¼�»P¼�w 5.2 

 

Figure 5-2 Au⁰ concentration as a function of time for growing gold nanorod 

solutions with 0.60 mM and 0.65 mM H₂A in the growth solution respectively. 
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This relation can be expressed with the concentration of product, »P¼, as the subject:350 

 »P¼ = �»A¼� + »P¼��
1 + Æ»A¼�»P¼�Ç e��»Ú¼í�»M¼í�bÌ 5.3 

 

In consideration of the disproportionation mechanism provided in Section 4.1.4, if it is 
assumed that the H�A consumes the AuBr�� without any delay and the reaction 
progresses at first order with respect to AuBr�� and Au� then Equation 5.3 can be used 
to approximate the reaction kinetics for the formation of gold nanorods. The equation 
then takes the form: 

 »P¼ = x»AuBr��¼� + �AuîÍÍìî� ��{
1 + v »AuBr��¼��AuîÍÍìî� ��w e�x»ÚâïÀåð¼í��Úâñòòóñí �í{bÌ 5.4 

 

The rate constant for any given reaction is independent of the concentration of the 
species involved but highly dependent on the temperature.349, 350 As the reaction 
mechanism is the same and the temperature is constant for the two data sets this 
indicates that the rate constant is fixed. 

Figure 5-3 shows the application of Equation 5.4 to approximate the reaction kinetics of 
the formation of gold nanorods with 0.60 mM and 0.65 mM H�A in the growth solution 
respectively. The value of »AuBr��¼ used for the fit is indicated with respect to the 
corresponding trace in Figure 5-3. These values are selected to correspond with the 
initial gold concentration (i.e. absolute maximum for the product) of the growth 
solution, 0.50 mM, and the final values measured for each sample, 0.145 mM and 0.282 
mM for 0.60 mM and 0.65 mM H�A respectively. These measured values are close to 
the expected Au� concentrations predicted by the ascorbic acid driven 
disproportionation mechanism presented in Section 4.1.4. The value applied for the rate 
constant is = 22.5 L. mol�	. s�	 . 
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It is clear from Figure 5-3 that the fit for the second order autocatalytic rate described by 
Equation 5.4 is poor for this reaction. One reason for the poor quality of the fit is the 
exclusion of the concentration of H�A in the description of the reaction rate as this 
determines the final concentration of Au� present in the nanorods. However, in the 
initial stages of the 0.65 mM H�A the data correlates with the total gold concentration 
approximation and as the reaction progresses approaches that of the final measured 
value (which is closely predicted by the concentration of H�A used). In consideration of 
the disproportionation mechanism this indicates that the rate limiting step in the 
reaction is the reduction of AuBr�� → AuBr�� by H�A. It also appears that the primary 
effect of H�A on the progression of the reaction is to approach the rate for the limited 
concentration. 

A closer fit for the 0.60 mM H2A data can be achieved with a higher value of Y, but the 
same value applied to the 0.65 mM H2A data gives an unsatisfactory fit with the rate 
overestimated as the end of the reaction is approached.  

5.1.2 Estimation of nanorod dimensions from a UV-Vis-NIR spectrum 

The optical response of a colloidal solution of gold nanorods is dependent upon the 
average aspect ratio and number of particles with volume, J.  

By using these facts, and some assumptions, I have written a Mathematica script to 
provide an estimation of the physical dimensions of gold nanorods from the UV-Vis-NIR 
spectrum of a sample (details of which are provided in Section 2.3.7 and Appendix B. 

Figure 5-4 shows the change in nanorod volume over time using parameters obtained 
from the optical data presented in the previous Section 5.1.1. For this calculation I used 
a seed diameter of 1.8 nm as this produced a particle volume that correlates with data I 
have produced by SAXS on the 0.65 mM H�A growth reaction, Section 5.1.3. Also, I have 
assumed here that all seed particles grow concurrently. 

Figure 5-3 Second order autocatalytic growth model applied to the measured 

optical absorbance data for the growth of gold nanorods. 
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Figure 5-5 shows the effect of changing the diameter of the seed particle used for the 
calculation of the number of particles in the solution. As there is the same amount of 
gold in the measured solution, changing the number of particles used in the calculation 
will result in a variation of particle dimensions produced. A 3 nm seed diameter provides 
a better match to the range of values measured using SEM for these reaction conditions, 
sample A3 Section 4.1.6 (length ≈ 50 − 70, width ≈ 25 − 30). 

 

The shape of the optical extinction spectrum of a dispersion of gold nanorods is quite 
characteristic. However, there can be features of the spectrum that can be a 
contribution of a by-product of the reaction or an indication that the reaction has 
progressed to form a new geometry, e.g. dog-bones,333 Section 4.1.4. The extraction of 
particle dimensions using this set of equations (for the hemi-spherically capped cylinder) 
for nanoparticle distributions with geometries such as dog-bones would be inaccurate, 
as the longitudinal peak position in that case will be affected by the extent of the dog-
bone structure and not just the aspect ratio.333 

Figure 5-5 Particle dimensions estimated from optical data for the growth of gold 

nanorods with 0.60 mM H₂A in the growth solution using a 2 nm (2 nm D) or 3 nm 

(3 nm D) diameter nanoparticle seed. 

a) b) 

Figure 5-4 Physical properties of growing gold nanorods interpreted from UV-Vis 

spectra a) volume and b) length (L) and width (W). 
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5.1.3 Small-Angle X-ray Scattering 

Small-angle X-ray scattering is a technique that measures inhomogeneities of colloidal 
size. An inhomogeneity is considered to be a distinct change in electron density i.e. a 
distinct boundary between scatterer and medium. The scattered intensity is 
proportional to the square of the difference in the electron density between the 
scatterer and the surrounding medium.345 The scattering angle is inversely proportional 
to the size of the scattering object. Therefore the small-angle scattering profile may be 
analysed to provide dimensions of these colloidal features.  

I have used SAXS to probe the particle dimensions of gold nanorods during the growth 
process. I prepared the growth solution for the gold nanorods according to GS method A 
with 0.65 mM or 0.675 mM H�A and 70 µM AgNOu. Nanorod growth was initiated with 
10 µL of freshly prepared seed with a 0.1 mM HAuCl� concentration. 

I also prepared solutions containing 0.1 M C	
TABr, 0.1 M C	
TABr − 0.5 mM HAuCl�, 0.1 M C	
TABr − 0.5 mM HAuCl� − 0.65 mM H�A and 0.1 M C	
TABr − 0.5 mM HAuCl� − 0.65 mM H�A − 70 µM AgNOu with the intention of investigating the effect 
of the different growth solution components on the structure of the CTAB micelles. 
However, on observation of the scattering curves there did not appear to be any 
difference in the scattering profiles produced and so I did not complete any further 
analysis. SAXS data was also recorded for the kinetics of an ageing gold nanoparticle 
seed sample. Unfortunately a suitable background was not measured for all samples. In 
the majority of cases this resulted in negative intensity values. No suitable background 
was obtained for the short camera length data and therefore I have not used any of this 
data in my analysis.  

In this section I only present the analysis of one of the gold nanorod kinetics 
measurements (0.65 mM H�A) as the background for all other samples produced 
questionable or no results. Figure 5-6 shows SAXS data recorded at various times during 
the growth process of a gold nanorod solution. This data corresponds to the same 
growth solution and synthesis conditions as the 0.65 mM H�A used in Section 5.1.1. GS 
in Figure 5-6a refers to ‘growth solution’. This measurement was performed on a 
complete growth solution prior to seeding and I used this profile as the background for 
the growth profiles. I used a fresh growth solution for the measurement of the nanorod 
growth process. 

The peak at q ≈ 0.05 Å�	 is the correlation peak for a concentrated solution of C	
TABr 
micelles where the position indicates the average separation distance of the micelles.351 
This distance is calculated by: 

 d = 2π10q 5.5 
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The factor of 10 accounts for the conversion of angstroms to nanometres. Using 
Equation 5.5 the average separation of C	
TABr micelles in the nanorod growth solution 
is ~12.6 nm. It is clear that the effect of this peak is much more significant in the earlier 
data when there are few or no nanoparticles present. 

 

One of the simplest and more fundamental values obtained from SAXS is the radius of 
gyration, RÉ. The radius of gyration is defined as the ‘mean square distance from the 
centre of gravity’. The radius of gyration can be determined using the Guinier 
approximation/law: 345 

 I	�q� = I�0�e�÷åÄøåu  5.6 

 

By taking the logarithm of both sides this becomes: 

 ln I	�q� = − q�RÉ�3 + ln I�0� 5.7 

 

Therefore, a plot of ln I�q� vs q� will yield a straight line with a slope of − Äøåu . This is 

known as a Guinier plot and is valid in the limit 2θ → 0, therefore it is applied to the 
‘innermost’ range of the scattering curve i.e. lowest values of q. Figure 5-7 shows the 
Guinier plots for the various traces measured during the growth of gold nanorods. 

a) b) 

Figure 5-6 a) Raw SAXS data of a typical gold nanorod growth solution (GS) and 

during nanorod growth at various times. b) SAXS profiles of the kinetics data using 

the GS profile as a background signal. 
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Table 5-1 shows the RÉ values calculated from the background subtracted SAXS kinetic 
data for a growing gold nanorod solution using Equation 5.7.  

Table 5-1 Radius of gyration values extracted from SAXS kinetics data for growing gold nanorods (column 

2 obtained by fitting only low q data, column 3 obtained by fitting over a higher range of q).  

Time (s) Rg (nm) Rg* (nm) 

140 28.00 2.03 
215 22.70 3.60 
455 14.50 5.76 
665 14.00 8.00 

1100 12.50 12.50 
1565 14.20 14.20 
2705 15.40 15.40 

 

The values calculated for the times 140s, 215s and 455s are unlikely to be true values. 
For instance if an RÉ is calculated (using Equation 5.8 below) for a hemi-spherically 
capped cylinder with a radius of 2.0 nm (the approximate radius for an elongated C	
TABr micelle at this concentration)352 then the length needs to be ~95 nm to 
achieve an RÉ value of 28 nm. The high value for RÉ in Table 5-1 is most likely due to a 
poor background subtraction for the low q region. The effect of which is most significant 
for the earlier data. If the Guinier fit is applied to a higher q range then this gives values 
that are closer to what is expected but not necessarily reliable. These values are 
displayed in the RÉ∗  column in Table 5-1. 

The RÉ of a spherically capped cylinder (where the centre of the end-cap sphere may be 
positioned inside, outside or equal with the end of the cylinder) can be calculated using 
the equation derived by Kaya et al.:347 

Figure 5-7 Guinier plots for SAXS data of a growing gold nanorod solution where 

the profile for the growth solution has been used as a background. 
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RÉ� = ú125 �­ + �� Æ6ℎ + 32 OÇ + �u�4ℎ� + O� + 4Oℎ� + �� Æ3Oℎ� + 32 O�ℎÇ
+ 25 ℎ­ − 12 Oℎ� − 12 O�ℎu + 14 Ou+�
+ 32 O+�ü �4�u + 6��ℎ − 2ℎu + 3+�O��	 

5.8

 

Where R is the radius of the end-cap, ℎ is the location of the centre of the spherical end 
–cap (this value can be positive or negative) and O is the length of the cylinder.  

If Equation 5.8 is used to calculate the RÉ for the nanorod parameters estimated from 
the optical data at 45 minutes (~2705 s) (Figure 5-4) a value of ~13.1 nm is obtained. 
This is a good match with the RÉ estimated from the SAXS data. 

The average particle volume of a sample may be determined from the SAXS curve by 
using the equation: 

 V = 2π� ∙ I	�0�
ý q�.� dq ∙ I	�q� 5.9 

 

The intensity at zero angle, I�0�, is equal to the square of the total number of electrons 
in the irradiated volume.345 This quantity cannot be directly measured and is determined 
by extrapolation of the I�q� vs q curve.345  The integral in the denominator of Equation 
5.9 is known as the invariant and indicates that the entire scattering curve is used in the 
evaluation. In order to use this method it must be determined that the scattering 
intensity, I�q�, shows a dependence to q�� at the higher values of q.345, 353  This is known 
as Porod’s law and is confirmed by observation of the Porod plateau within a plot of I�q�q� vs q. Figure 5-8 shows the Porod analysis for my SAXS data with the Porod 
plateau highlighted by the green shaded area. 

 

Figure 5-8 Analysis of SAXS data using I(q)q⁴ vs q plot indicating Porod plateau 

(green shaded region).    
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The evaluation of the scattering curve using this method provides a weighted average 
volume and assuming the particles are homogeneous and the number of particles is 
fixed, the mean volume.124, 345 With respect to using this method for the kinetic analysis 
of gold nanorods, this indicates that the particle volume will only be correct if all the 
seed particles grow concurrently. 

Table 5-2 shows the mean particle volume from my SAXS data which I obtained using 
the application PRIMUS292 (from the ATSAS293 software suite).  

Table 5-2 Particle volumes extracted from SAXS data 

Time (s) Volume (nm³) 

140 - 
215 - 
455 - 
665 - 

1100 4755 
1565 6169 
2705 8159 

 

I was not able to determine the volume for the early data as this required removing too 
many data points to match the radius of gyration i.e. the Guinier law could not be 
guaranteed. The PRIMUS software automatically refuses a result if too many data points 
are excluded. 

The distance distribution function, P�r�, can be used to determine the largest particle 
dimension assuming a homogeneous dispersion of particles:345 

 P�r� = 12π� þ I�q� ∙ qr ∙ sinqr ∙ dq.
�  5.10 

 

Analysis of my data using the application GNOM354 (from the ATSAS293 software suite) 
gave unsatisfactory results (as indicated by quality factors within the software) and so 
further analysis was not completed.  

The subscript of the intensity in the above equations for calculating the radius of 
gyration and volume denotes the assumption that no interparticle effects contribute to 
the scattering profile. This assumption should be valid for the analysis where the 
nanorods dominate the scattering as they are present in an approximately nanomolar 
concentration. However, an interparticle contribution could be the reason for the 
unusual values calculated for RÉ at the earlier times. 

5.1.4 Cryo-TEM and SEM 

Cryo-TEM is the combination of advanced sample preparation with a familiar imaging 
tool. By a process called ‘rapid vitrification’ the solvated species is suspended in an 
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amorphous film of the solvent. The sample is applied to a regular holey-carbon TEM grid 
upon which the excess solution is blotted away. The grid is then plunged into a bath of 
liquid coolant which is usually ethane or propane as both have better thermal 
conductivity than liquid nitrogen.295 The purpose of the rapid freezing process is to 
prevent solidification and thus crystallisation of the solvent which interferes with the 
imaging process. The primary advantage of cryo-sample preparation is that the structure 
of solvated species is maintained.355 This is most significant for the imaging of soft 
matter structures such as micelles,356, 357 liposomes358 and cells.359 Also, due to the low 
temperatures used for the process any reactions will be essentially stopped. The growth 
of Au/Ag nanowires has also been observed with cryo-TEM.360 This technique is 
therefore ideal for monitoring the shape transition of the wet chemical synthesis for 
gold nanorods, as by taking aliquots at various times a snapshot of the reaction at that 
time step will be obtained. 

For the cryo-TEM experiments I prepared two nanorod growth solutions according to 
procedure GS method B with 0.60 mM HA and 0.65 mM H�A respectively. I initiated the 
nanorod growth by adding 10 µL of freshly prepared seed B. I chose cryo-TEM as it 
allowed me to image the nanorod sample without making any chemical changes. 

It was my aim to use cryo-TEM images to confirm the growth trajectory inferred from 
my UV-Vis-NIR data and Mathematica analysis. (See earlier. In summary, this was that 
the length of the nanorod appeared to increase relatively rapidly in the initial stages 
with a concurrent slight increase in aspect ratio. This was then followed by the gradual 
ageing process where the aspect ratio decreased at first due to the nanorod fattening 
but in the later stages by some actual shortening.) I was also expecting to see the stage 
of the reaction where the initiation of the nanorod geometry occurred. However, this 
did not eventuate. 

Figure 5-9 shows the images obtained from the cryo-TEM experiments for a) 2.5 
minutes, b) 15 minutes, c) 25 minutes and d) 24 hours. The sample at 24 hours was 
treated by centrifugation/redispersion prior to cryo-preparation. The surprising finding 
was that although the end profile of the rods found varied from flat-ended, through 
conical to hemispherical, as time progressed, the size did not change a lot. Even at 2.5 
minutes into the growth sequence there were already rods of nearly full size. The 
images in Figure 5-9 correspond to the 0.65 mM H�A sample. Images were also 
measured for the 0.60 mM H�A sample which shows similar results. The earliest 
observed nanorods for this sample were at 13.5 minutes, Figure 5-10. Importantly 
though, the nanorods observed at this time show particle dimensions that are a 
significant percentage of the final volume of nanorods synthesised in these conditions. 

It should be noted that at typical synthesis concentrations and the observed particle 
dimensions the nanorod concentration is on the order of nanomolar. This leads to the 
issue of locating nanoparticles in the TEM and thus obtaining a representative sample. 
However, the present work was sufficiently exhaustive that it can be safely concluded 
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that rods of a size intermediate between those shown and the starting seed must be 
exceedingly rare. 

 

The nanorods in Figure 5-9 and Figure 5-10 do not show any appreciable difference in 
particle dimensions at different times in the reaction sequence. In addition to their size 
they also display very different fine structure to the spherically-capped cylinder that was 
expected. The nanorods appear to have a ‘bow-tie’ like structure where the diameter in 
the middle of the particle is smaller than that at the ends. This could be where the seed 
particle is located and the initiation of the nanorod geometry is directed along the 
longitudinal axis with 180° symmetry. The end-caps of these particles are also 
somewhat different with a mix of virtually flat and conical geometries. For the aged 
nanoparticles, Figure 5-9d, this flared structure has disappeared and the familiar 
spherically-capped geometry is attained. The straightening of the flanks of the nanorods 
is also shown in the images of the 0.60 mM H�A sample taken at 38 minutes, Figure 
5-10d. I will discuss the intermediate structures further with respect to their simulated 
optical properties and my new growth model in Section 5.1.5. 

The arrow(s) in Figure 5-9 and Figure 5-10 indicate the presence of very small gold 
nanoparticles that have dimensions that I expect for the seed particles, ~2 nm. This is 
another strong indication of the possibility that seed particles do not grow concurrently. 

Figure 5-9 Cryo-TEM images of samples of a growing gold nanorod solution with 

0.65 mM H₂A taken at a) 2.5 min, b) 15 min, c) 25 min and d) 24 hours. Scale bars 

for a) – c) are equal to 10 nm and d) is equal to 50 nm. Arrows indicate fine gold 

particles with dimensions expected of seed particles. 

a) 

2.5 min 

b) 

15 min 

c) 

25 min 

d) 

~24 hrs 
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It should be noted that similar particles were observed in the cryo-TEM images of the 
growth solution without seed, Figure 4-5. Regardless of this fact, if the fine gold particles 
are present they should behave as seeds at some point in the reaction. Fewer seed-like 
particles are indicated for the 0.60 mM H�A sample as they were not as conveniently 
positioned near the nanorods. An example of a similar presence of seed-like particles for 
this sample is presented as Appendix E. 

 

These observed particle dimensions and the measured optical data are at variance with 
those produced by a model in which all the seeds grow concurrently. This is supported 
by the volume percent of gold (measured from the UV-Vis-NIR spectrum) where for the 0.65 mM H�A sample and the 2.5 –  3 minute mark (Figure 5-11) only about 1% of the 
gold has been reduced. However, the nanoparticles observed at this time in cryo-TEM 
images (Figure 5-9) have a volume that is already approximately 50 –  60 % that of the 
final nanorod. Similarly, for the 0.60 mM H�A sample at 13.5 minutes the volume 
percent of Au� is still only 5% of the final value but the nanorods found already have 
similar particle volumes as for the  0.65 mM H�A sample.  

This notion has been previously suggested by Miranda et al.; “nucleation and growth are 
sequential within a micelle but parallel between micelles”.20 This statement was made in 
reference to the photochemical synthesis (with AgNOu and H�A). 

a) 

13.5 min 

b) 

19 min 

c) 

29 min 

d) 

38 min 

Figure 5-10 Cryo-TEM images of samples of a growing gold nanorod solution with 

0.60 mM H₂A taken at a) 13.5 min, b) 19 min, c) 29 min and d) 38 min. Scale bars 

for a) – d) are equal to 20 nm. The arrow indicates fine gold particles with 

dimensions expected of seed particles. 
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Zweifel and Wei reported particle dimensions that, at 15 minutes, were ~30% of the 
final particle volume.103 If compared to my optical data for 0.60 mM H�A then the 
volume of metallic gold at this point in the reaction is ~6% of the final amount 
expected. The actual gold percentage with respect to their sample is actually expected 
to be less as the concentration of H�A used in their experiment was in a ratio of 1 ∶  1.1 
(~0.49 mM : ~0.54 mM, AuBr��: H�A). 

 

The initiation of the nanorod structure followed by expansion to such dimensions as in 
Figure 5-9 and Figure 5-10 must be an extremely rapid, burst-like growth event. A 
qualitative explanation of this event may be gained by considering the following form of 
Fick’s first law:349 

 J = −D dcd· 5.11 

 

Where, J is the reactant flux, Ð is the diffusion coefficient and ì�ìT is the concentration 

gradient of the reactant. This states that the flux of a reactant species is proportional to 
the concentration gradient. The adsorption of a AuBr�� molecule (or a few) on the 
surface of a seed particle could establish a concentration gradient. This could initiate a 
cascade effect where the AuBr�� molecules in the surrounding solution are drawn in the 
direction of the sudden drop in solvated AuBr��. This does not explain why the reaction 
halts. However, this may be a function of a localised equilibrium achieved by the build-
up of AuBr��, which is only removed by H�A. Following on from this idea, the formation 
of dogbones could be a subsequent product of this buildup at the tips as the excess of 
ascorbic acid results in growth at these points. 

From this surprising development I decided to try a simple experiment to confirm the 
presence of large volume nanoparticles in the early stages of the gold nanorod reaction. 
I prepared a growth solution with 0.60 mM H�A according to GS method B and initiated 
the growth with 10 µL of freshly prepared gold nanoparticle seed B. I chose this 
concentration of H�A to reduce the rate of the reaction. This was necessary to increase 
the efficacy of the following centrifugation steps (see Section 2.3.4 for details).  

Figure 5-11 Percentage of metallic gold (with respect to the final concentration) 

during the growth of gold nanorods with 0.60 mM and 0.65 mM H₂A, respectively. 
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Figure 5-12 shows SEM images representative of the samples taken at 5 − 7 minutes, 10 − 12 minutes and 30 − 32 minutes into the reaction. It should be noted that due to 
the centrifugation time it is possible that the reaction continued for some of this time. I 
have labelled the images with respect to this time range. It is also apparent that there 
are a significant population of spherical particles present (more than usual for these 
reaction conditions) and therefore the sample treatment process could also have 
affected the synthesis. The absorbance spectrum for the centrifuged sample at 60 
minutes is shown as Appendix F which shows a relatively large intensity for the 
transverse resonance peak. Another indicator of this is that the nanoparticles do not 
show the same geometries observed in the cryo-TEM images, e.g. with flat ends and/or 
‘bow-tie’ structure. Importantly, there are nanorods in the 5 − 7 minute sample that 
have dimensions of ~40 nm long and ~10 nm wide. Again this is much bigger than can 
be described using the concurrent growth model. Also, there are very fine gold 
nanoparticles that have the approximate dimensions that are expected of the seed 
particles, indicated by the white arrow in Figure 5-12a. 

The gold nanorods observed at 10 and 30 minutes appear to be quite well defined, with 
the 30 minutes sample showing a slight increase in the average volume of the nanorods. 
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From these results I have concluded that the gradual growth model for gold nanorods, 
where all seed particles grow concurrently, is not accurate.  

5.1.5 Simulated Optical Properties for New Growth Model 

Previous models for the growth of nanorods have assumed that the final geometry is a 
hemi-spherically-capped right cylinder. However, as I have shown, this is not strictly 
correct. Furthermore, the actual shape of the nanorods in an ensemble is expected to 
exert a significant effect on its optical extinction333 and therefore any conclusions drawn 
from the optical spectrum can suffer significantly. As I have shown in my cryo-TEM and 
SEM results it is now necessary to include sporadic, rapid growth events in the 
description of the gold nanorod reaction. 

a) 

b) c) 

Figure 5-12 SEM images of samples of growing gold nanorods taken at a) 5-7 min, 

b) 10-12 min and c) 30-32 min. Scale bars = 100 nm. The arrow in a) indicates fine 

gold particles with dimensions expected of seed particles. 
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An immediate clue to the presence of intermediate particle geometries can be seen 
from the kinetics data towards the end of the primary reaction i.e. sans ageing, where a 
refinement of the transverse resonance peak is evident (Figure 5-13).  

 

This point indicates that the average geometry of the distribution is changing and as it 
corresponds with a blue shift in the longitudinal peak this geometry change is happening 
along the flanks of the nanorods. It is also likely that this indicates the smoothing of the 
flanks where the flared geometry e.g. Figure 5-14b, is beginning to approach the final, 
familiar spherically-capped-cylinder (Figure 5-14d). A nanoparticle with a flared 
structure (e.g. dog-bones) will display an additional resonance peak adjacent to the 
typical transverse peak,333 Section 4.1.4. 

I have incorporated the effect of intermediate nanorod shape into the model for growth. 
Intermediate nanoparticle geometries can be approximated from the silhouettes in 
Figure 5-9 and Figure 5-10 by assuming rotational symmetry about the longitudinal axis. 
Figure 5-14 illustrates the resulting computer models for prototypical examples of these 
intermediate geometries and the designations that I have assigned to them. The end 
product in the growth sequence is the familiar spherically-capped cylinder (SC). 

Figure 5-13 Refinement of the transverse resonance peak in the later stages of a 

growing gold nanorod solution. The arrows indicate increasing time. 
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Using these prototypical shapes (and size ranges observed in the cryo-TEM experiments) 
I then calculated their corresponding extinction spectra using DDSCAT, Figure 5-15. The 
shapes intermediate between the prototypes were generated by assuming a linear 
progression of the particle dimensions. The dimensions I have used for the calculations 
can be found in Section 2.4.1.1. An increase in volume has a known small red-shifting 
effect on the main extinction peak but it is clear that the shape assumed for the rod has 
an effect too. 333 

 

Figure 5-15 Volume-normalised, DDA simulated extinction spectra of intermediate 

nanoparticle geometries modelled on TEM observations. Green dashed arrow 

indicates growth direction. Black solid arrows link diagrams of nanoparticles with 

their corresponding extinction spectrum. 

d) Spherically-capped 
cylinder (SC) 

b) Conically-capped 
bow-tie (CBT) 

c) Conically-capped 
cylinder (CC) 

a) Bow-tie (BT) 

Figure 5-14 Nanoparticle geometries used for DDA simulations. a) – c) Intermediate 

nanoparticle geometries modelled from observations in cryo-TEM images. d) Final 

nanorod geometry. 
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I have assumed that the BT particle geometry is the most primitive (resolvable in the 
absorbance spectrum) in the growth sequence and the progression thereafter in 
morphology is as indicated by the dashed arrow in Figure 5-15. For this assumed particle 
formation pathway it would be expected that the longitudinal peak should red shift at 
first, corresponding mainly to an increase in aspect ratio, and then blue shift when the 
waist of the particle begins to develop and/or the rod decreases in length and the end-
caps change geometry (conical to semi-spherical). This sequence of peak movements is 
observed in the experimentally measured data. 

If the following rules, drawn from observations of the experimental data, are applied to 
the simulated data in Figure 5-15, it is possible to achieve a representation of the 
experimental peak shift, Figure 5-16. 

1. Each time is composed of a distribution of the calculated particles. 

2. Subsequent times are constructed with respect to the previous. 

o Positive progression from BT →  SC only i.e. once a particle is created it 
is considered for the following spectra 

3. New particles are introduced up until gold percent ~30%. 

o BT particle volume = 30% of the final particle (SC) volume. 

4. Primary CBT intermediate is present in adequate proportion until 20 minutes. 

o The longitudinal peak edge remains red-shifted until this point despite 
blue shift in peak centre. 

5. CC and SC represent the majority of the spectrum after 30 minutes. 

o Volume at 99 –  100% 

6. Each simulated spectrum is normalised to the volume of gold for the 
corresponding spectrum from the measured experimental data 
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The experimental data has a broader peak shape than the simulated data. This is due to 
the fact that the experimental data represents a broader distribution of particle sizes 
where the simulated data represents the average for each distribution of particle sizes. 
In consideration of rule 4 above, the experimental peak width and shape fit well with 
the idea that the nanorods are at different stages of development, with respect to each 
other, during the reaction. 

I have already established that the gold nanorod reaction is highly dependent on the 
concentration of H�A in the growth solution, Section 4.1.4. If the data in Figure 4-9 and 
Figure 4-10 are again considered, it can be seen that the longitudinal peak also initially 
red-shifts with the increase of the H�A: Au� ratio before blue shifting gradually. The 
shape of the peak during the blue shift can also show a fairly significant asymmetry. In 
the context of the current discussion it is possible that the progression of the 
distribution of nanoparticle geometries during the course of a nanorod reaction is fixed 
(with respect to all other reactants except H�A). Therefore the endpoint that is achieved 
is controlled by the concentration of H�A in the growth solution. This does not mean 
that there will always be BT or CBT particles if the sample is imaged, as the sample 

a) b) 

c) 

Figure 5-16 a) Experimentally measured absorbance spectrum of a growing gold 

nanorod solution with 0.65 mM H2A in the growth solution. b) Distributions of 

simulated nanoparticle spectra combined according to several rules to mimic 

experimental spectra in a). c) Comparison of the peak positions for the 

experimental and simulated data in a) and b) respectively. 



 

 138 

treatment required for imaging results in geometry changes, as I have shown (Figure 
5-12). 

By using Equation 5.8 I have estimated the radius of gyration of the intermediate 
geometries that I have presented for the new growth model, Table 5-3. 

Table 5-3 Estimated Rg values for intermediate nanoparticle geometries of the gold nanorod reaction 

Shape Rg (nm) 

BT 9.64 
CBT 15.45 
CC 15.46 
SC 12.36 

 

The values in Table 5-3 do not follow the same trend as those determined by SAXS 
measurements i.e. gradually increasing (Table 5-1). However, this is expected as the 
result produced by SAXS measurements is a weighted average of the particles in a 
solution. In context of sporadic nanoparticle growth events, this means at early times 
the RÉ will be greatly underestimated as the majority of particles are seeds. As the 
reaction continues the number of larger particles gradually increases which influences 
the RÉ proportionately. The value for RÉ measured at 45 minutes appears to indicate 
that the particle geometry represents the CC or something between the CC and SC 
particle geometries. This also correlates with the rules I have applied to the simulated 
spectra. 

5.1.6 Summary 

In this chapter I have provided a detailed analysis of the kinetics of gold nanorod 
formation. I have presented results from experiments performed using UV-Vis-NIR 
spectroscopy, cryo-TEM, SEM, SAXS and DDA simulations. I have also provided a novel 
analysis of a UV-Vis-NIR spectrum that produces realistic nanorod dimensions without 
the need for any imaging techniques. 

I have combined the experimental results from the multiple techniques utilised to 
introduce a new model for the growth mechanism of gold nanorods synthesised by the 
well known wet chemistry procedure. This growth mechanism contradicts the broadly 
assumed notion that all seed particles grow as nanorods concurrently in the growth 
solution. 

My growth model introduces the concept that the initiation of the nanorod geometry is 
extremely rapid and does not occur simultaneously for all seed particles. It follows that 
the nanorods in the solution can be at different stages of their development during the 
reaction. As the concentration of H�A is depleted the growth of the nanorods 
approaches the endpoint of the reaction. If the concentration of H�A is low enough the 
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endpoint can be within the stage of the reaction where there is a broad distribution of 
nanoparticles and this can manifest as an asymmetry in the longitudinal resonance peak. 

I have also validated this new growth model by comparing the simulated optical 
properties of intermediate nanoparticle geometries observed in my TEM experiments 
with the measured UV-Vis-NIR spectra. 
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6 Conclusions 

Plasmonically-active, precious metal nanoparticles have physical and chemical 
properties that make them uniquely suited for exploitation in diverse forms of 
nanotechnology. Gold is the most popular metal for the synthesis and application of 
plasmonically active nanoparticles. Applications of gold nanoparticles have been greatly 
strengthened by the advancement in synthetic procedures for control of their geometry. 
In particular, nanorods and nanoshells provide a simple yet effective means to exploit 
the features of nanoscale gold. The variations in physical dimensions and morphologies 
provide seemingly limitless options for exploitation of these effects. In general, it 
appears that synthesis of nanorods provides the simplest route to a reliable, 
monodisperse product.  

Unfortunately, there is a very inefficient use of gold in the current synthetic procedures 
for producing gold nanorods. In this thesis I have addressed this problem, and found  
conditions for improving the amount of gold used in the nanorod synthesis. The revised 
methods of synthesis offer a means to increase the yield of useful product in the 
reaction. The dispersion of product sizes is not deleteriously effected and it remains 
possible to produce a range of desirable aspect ratios. 

I have also produced evidence for the mechanism by which metallic gold is formed in 
the gold nanorod reaction. By introducing a co-reductant and changing the order of 
addition of reactants, I have shown that the formation of a significant quantity of 
nanorods requires an efficient ‘weak’ reductant. 

I have provided a novel analysis of UV-Vis-NIR spectral data that produces realistic 
nanorod dimensions without the need for any imaging techniques. 

Unfortunately, the mechanism by which a spherical seed particle converts to the 
nanorod geometry could not be determined. However, a significant advance in the 
understanding of the growth process was made using a new growth model in which the 
initiation of the nanorod geometry is extremely rapid and does not occur simultaneously 
for all seed particles. It follows that the nanorods in the solution can be at different 
stages of their development during the reaction. I have also validated this new growth 
model by comparing the simulated optical properties of intermediate nanoparticle 
geometries observed in my TEM experiments with the measured UV-Vis-NIR spectra. It 
is not clear why the longitudinal axis of the nanorod stops growing. If the 
disproportionation mechanism is considered with respect to the surface of the 
developing nanorod, then it is possible that the accumulation of AuBr�� at the ends of 
the rods establishes equilibrium where further growth is much slower. This could also 
provide an explanation for the effect observed at higher H�A concentrations where dog-
bone particles form indicating a higher ionic gold presence or attraction at the ends. 
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Finally, some other types of nanoparticle with potential technological applications were 
also considered in this thesis. The synthesis of colloidal gold nanorings was explored and 
their useful optical properties demonstrated. The optical properties of gold nanorings 
can be considered a hybrid of gold nanorods and nanoshells. Due to their tuneable 
nature they could also be used in the same applications as nanorods and nanoshells. 
Some improvements in the synthesis of silver nanorods were found, but they do not 
show good stability anyway, which would be a concern for most applications. A 
synthesis method for platinum nanoparticles with a short-chain stabiliser was 
developed. This type of nanoparticle could conceivably be used in sinter inks for 
printable electronics. 

Future Work 

The question of the origin of the nanorod anisotropy still stands. Using the methods 
presented herein, it may be possible to capture this process if the concentrations of the 
growth solution are increased while maintaining the respective ratios. However, the 
efficacy of this is not guaranteed as, for instance, the ratio of Auu�: C	
TABr must be 
kept at ~1: 50 to ensure that upon mixing the ensuing complex is solubilised.  

Further evidence for the rapid particle formation event could be investigated using dark-
field spectroscopy with increased time resolution. However, it will be difficult to 
separate diffusion based adsorption events to sudden growth events. A micro-fluidic cell 
with a seeded but static growth solution may be sufficient. 

A further clue to the initial growth event may be present at the surface of the nascent 
seed particles. Time resolved SERS could be utilised to probe surface species during the 
nanorod reaction. 

With some refinement, the wet chemical synthesis I have presented here could provide 
a route to producing large quantities of gold nanorings with well-controlled dimensions. 

Characterisation of the sintering properties of platinum nanoparticles for use as 
sinterable inks is an attractive option particularly for microelectronic applications as fine 
structures can be deposited using, for example,  inkjet printing. This provides a bottom 
up approach without significant waste, a major concern for such an expensive material. 
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Appendices 

Appendix A 

 

Figure A shows the analysis of an SEM image using ImageJ software. The regions 
indicated in the figure represent the same region after each treatment. An immediate 
problem for the determination of particle sizes from SEM images is the orientation of 
the nanorods on the substrate. If the particles are oriented at any angle other than 
parallel to the substrate (with respect to the longitudinal axis) then the algorithm will 
return false particle dimensions.  

The sample in Figure A was prepared by a drop-cast/desiccation method. Using this 
method most nanoparticles end up in a ring at the perimeter of the original droplet. This 
ring is probably a few hundred nanometres thick. In many cases the nanorods will self 
assemble (as in Figure Aa) to give ordered layers. However, due to the thickness of the 
layer it is also possible for the nanorods to align perpendicular to the substrate. A quick 
resolution to this problem is to analyse the particles anywhere within the perimeter of 
the ring. This method could give a false representation of the particle distribution as it is 

a) b) 

c) d) 

Figure A Analysis of an SEM image of gold nanorods with ImageJ software and particle analysis plug-in by 

Dougherty (http://www.optinav.com/Measure-Roi.htm), arrows indicate an example of insufficient greyscale 

difference from the original image and circled regions indicate regions where nanorods are oriented at an 

angle other than parallel to the substrate with respect to the longitudinal axis. a) Original image b) image 

threshold where greyscale values below the threshold are set to 0 and those above set to 1 c) particle 

analysis with default parameters d) particle analysis with area constraints applied to remove unseparated 

particles and suspect particles (low areas) 
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undetermined if the capillary forces endured during desiccation deposit different 
geometries or volumes at different regions of the drop. 

Another problem with the use of SEM for automated particle analysis is lower resolution 
(with respect to TEM) which results in a less defined particle profile and potentially 
“over”-thresholding to separate the particles. The effect of “over”-thresholding is most 
apparent for nanoparticles in very close proximity where applying a threshold value to 
separate the particles can result in the loss of relevant data. The resolution in the SEM 
images is good enough to define particles by sight but the greyscale is too close to apply 
a threshold on a global scale (with respect to the total image).  

Reducing the concentration of particles in the drop applied to the substrate could 
prevent these issues by increasing the instance of isolated particles. However, this 
would reduce the number of particles in the field-of-view as even at low concentrations 
the nanoparticles tend to coalesce. 
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Appendix B 

The following images show the Mathematica script that I have written to extract the 
dimensions of gold nanorods from their UV-Vis spectrum. I have included comments in 
the script to describe the role of each step and how it is achieved. 
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Appendix C 

Below I have included the variables and components of my POV-Ray scene for drawing 
gold nanoparticles of a desired shape/structure. 

 

The #IF statements below produce the current structure published for gold nanorods by 
the group of Liz-Marzán (reference [87]).  

 

The nested while loops for placing the gold atoms in the desired geometry are shown 
below. In this example a sphere of radius 20 units will be drawn (radius ≈ 8 nm). To 



 

 170 

draw a facetted nanoparticle the Cartesian equation for the sphere is replaced with 
multiple statements (such as those above) for all of the desired facets. It should be 
noted that in the example given above that not all of the facets required for a nanorod 
model are given. This set of statements is only for the negative half (the rod is centre at 
(0,0,0)) of a nanorod. I have split the particle into two halves in the scene to include the 
option of producing bow-tie shaped nanoparticles. 
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Appendix D 

 

 

 

 

 

 

 

Figure D1 Nanorod spectrum for sample prepared with ascorbic acid to gold (III) 

concentration below 1:1, with supplemental sodium salicylate 

b) 
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Appendix E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E Cryo-TEM image of sample 0.60 mM H2A with seed-like particles indicated 

by the arrows. 
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Appendix F 

Figure F Absorbance spectrum for gold nanorods sample after centrifugation 

during growth process. 
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