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Abstract

The use of gold and silver nanoparticles has experienced a renaissance over the last 10 years
and their number of uses in a variety of commercial products has dramatically increased. The first
chapter of this thesis addresses the current and future uses of gold and silver nanoparticles, the
methods employed in synthesising them and the theory behind their fascinating surface plasmon

resonance properties.

For the remainder of this thesis we will revisit one of the most common methods for
growing gold nanoparticles, the Turkevich method, and then experimentally modify this method as
our basis for growing gold nanoparticles in various ways. The second chapter deals with the slow
decrease in average particle size observed in gold colloids grown by the Turkevich method where we
establish why this occurs based on the nanoparticle formation mechanism. In the third chapter we
investigate the effect of changing reagent concentration and activation method (thermal heating,
microwave-assisted heating, ultra-violet light and sonication) on the average particle size. In the
fourth chapter we investigate the effect of replacing the tri-sodium citrate reducing agent used in
the Turkevich method with various ketones. In the fifth chapter we investigate how the Turkevich
method can be used to grow primarily silver-gold core-shell particles a one-step and how these
particles interact with methylene blue dye. In the sixth chapter we investigate a two-step route to
gold-silver core-shell particles by employing gold “seeds” grown by the Turkevich method and the

subsequent effect of using ascorbic acid as a co-reducing agent alongside tri-sodium citrate.

<l>



Declaration
I, Madeeha Akram Uppal, confirm the work presented in this thesis as my own. Where
information has been derived from other sources, | confirm that this has been indicated in this

thesis.

<Il>



Dedication

| would like to dedicate this work to my supervisor, Prof. lvan Parkin, for his continued
support and guidance. | would also like to thank my secondary supervisor, Prof. Mike Ewing, for his
support and advice as well as my fellow researchers | worked alongside over the years, including my
husband Andreas for showing me the ropes around the laboratory when | first embarked on my
research journey. | would like to thank Dr. Steve Firth for his diligent help with transmission electron
microscopy at UCL, Dr. Teck Lim and the Oxford team for their help with the high resolution
transmission electron microscopy studies at Oxford University, Mr. Kevin Reeves for his help with
scanning electron microscopy studies at UCL and Dr. Abil Aliev for his help with nuclear magnetic

resonance imaging studies at UCL.

| would like to thank my parents for their love and support. | would like to extend my love

and affection to Zeynab, the joy of my life.

<>



Table of contents

AABSTRACT ..etttteeteeaiuttttteeesaauere et eeeesaauue b et e e eesaaanr s et eeeesaaanns e e et eeeaaane s e e e e eeeaaanns b e eeeee e e e nnsbeeeeeeeeannnreeeeeeeseannraneeeeeaannnnee |
DECLARATION ..cttttteeeeeeuutttteee e e e sttt e e e e s eauaabateeeeeaaaunbee et eeeaeaunbe et e e e e s e s anbe et e aeeeaaansbeeeeeeee e anseeeeeeeeesaunsenaeeeesesannsaneeaeens I
DEDICATION .11t eutteeuteeeuteeeteeesseesaseeaseesaseeasseessseaasseessseaasssansssansseansssanssesssesanseesnsesanseeassassnsessssesssssensseesssesnsssessssnnseen 11
TABLE OF CONTENTS . uettteteeesaauuertteeesesaauueseeeeesesauneseeeeeesaaasssaeeeeeesaasaseeeeeeesannss s e e eeeeeaansnnneeeeeeeaannnseeeeesesansnnnneeesanan Y
L. INTRODUCTION «..eiittttteeeee ettt eeaeseaaabet e e eeeeeauusae et eeeeeaanseeeeeee e e anbeeeeeeeaaannbeeeeeeeeaaansbeeeeeeeaaaunsseaeeeeeasannsaneeeeesannns 1
1.1. Current and future uses of gold and silver NANOPAILICIES ............cc.covueemoeeesiierieeiieeeeeeeeeeee e 1
1.2. The surface plasmon resonance properties of gold and silver nanoparticles ...............ccccccveeevvveecnenn.. 2
1.3. Current gold and silver nanoparticle synthetic Methods ...............coeeccueeeeceeeeeiiiieesiieeeecee e, 5

2. THE EXTENDED TIME EVOLUTION SIZE DECREASE OF GOLD NANOPARTICLES FORMED BY THE TURKEVICH METHOD ...cccuveeueiee.. 10
2.1 OVEIVIEW ...ttt ettt e st e ettt e et e et e e et e e e asse e e s st e e aaatseeensneeesasseeesnssesennans 10

D B [ 1o Yo [V oo o ¢ OSSR UPPPPI 10
2.3 EXPEIIMENTQ ...ttt ettt e e e ettt e e e e e ettt e e e e e e et atsasaaaeeaasstsssaaaesessssssssaaeeaasnnres 12
2.3, L. SYNENESIS ettt ettt h e et eea bt b e e sa et e b e e s a bt e be e e R e e e hae e bt e nhee e beenare e beenareenaneens 12
0 T A V- Y1V 1SN 12

2.4, RESUILS QNA GISCUSSION ...ttt ettt ettt sttt s e s te e st e s ateesateesateenseaensaeenseeen 12
2.5, CONCIUSION....cooeeeeeeeeeeeee et ettt ettt e e ettt e e sttt e ettt e e et a e s aatt e e s austaassatseaesstaassasseaasnsteaesnans 19

3. THE EFFECT OF ACTIVATION METHOD ON THE SIZE, MONODISPERSITY AND SHAPE OF GOLD NANOPARTICLES FORMED BY THE

TURKEVICH METHOD .. ..ttteesuttteeeuureeesttteseuteeesanseeessaseeesaasseeesanseeesnseeesanseeesansseessaseeesassseessnsseesanneeesanseeesanseessasseenans 21
3.0 OVBIVIBW ..ttt ettt e e ettt e e e ettt e e e e et s et e e e e ea st e e e e e seaasnaneeeeeaannnnes 21
I (1 o Yo [V o1 Lo USSP RUPUPRRN 21
3.3  EXPEIIMENEQL..c...ceeeieeeee ettt ettt ettt ettt e s ettt e et e e ateeaee s 22
3.4, RESUILS QNA GISCUSSION ...vveveeeieeeieeeiiest ettt ettt ettt e st e st e st e s baesaseesataesatassstaenssasnstasnsesen 22
3.5, CONCIUSION ..ot ettt ettt e e sttt e e st e e et e e et e e st e e saastaassatteaesstaassauseaasnstenennans 35

4. NEW ROUTES TO THE FORMATION OF GOLD NANOPARTICLES FROM REACTIONS WITH KETONES ....vvvvervreeeesnreeesnneeeesveeaens 37
1. OVEIVIBW ...ttt ettt e e st e ettt e ettt e e st e e s st e e e ass e e e asseeesasseeeaasnesesaanneesnanenenas 37
3 1o Yo (1 ot o oL BTSRRI 37
4.3. The reaction of cyclohexanone and auric acid at room temperature.............cccceeecveeeeeevveeescvveerscrennnn. 39

B.3.0. OVEIVIBW ..ttt ettt ettt ettt e ettt e et e e e bte e e e abb e e e e ab e e e e abb e e e e abb e e s eab e e e e st et e aabb e e s aab e e e eabbeesaabbeesaabeeeeabneeeannnee 39
e 10 4 e Yo [V £ o] o U P PP RUPUPUPPPPOt 39
e T T o q oY= a0 V=T ] | OO PO RRPPURIRPPPRRRRt 40
0 TR T8 T3V 4 o 1T U PRRR 40
e T B0 Y o = 1Y RSN 41
B A T U] L (=T o e [ Yol U I ISR 41
4.3.5. MECNANISTIC STUTIES ..uveeritieiiieieerite ettt ettt e st e st e sat e s bt e sat e e bt e sabeesbeessbeesabeeabeesabeebeesabeenbeesasean 50
I B TR 0 Y o ol [ ] e o TS 53
4.4. The reactions of acetone, acetylacetone or 3-pentanone and auric acid at reflux................cccueeeuuee.. 55
B4, 1. OVEIVIEW ..eeeeeiieeeeeiiiette e e e e ettt e e e e e asee et e e e e e s s reeeeee e e aneseeeeeaaann s e et eeesaannseeeeeeeesaansseeeeeeaannseeeeeeeeaannsneeeeeesannnnnnnens 55
oy [ 4o Yo [N ot i o o OSSR 55



e T o d oY= a0 =T | | OO P SR PRUPSUPPPRRRRt 55

e B YY) o o ] OO ROP OO RSO PUPROPRN 56
e T Vo - V2 £ OSSPSR 57
4.4.4. ReSUIES aNd diSCUSSION ...eiuviriiiiiitiiiiiticicreet ettt sr e st b e sb bbb sbe b sbe b e sbeennes 57
4.4.4.1. Acetone as a reducing agent in the synthesis of gold colloids ..........coveeriiinieniiiiieeeeeeee 57
4.4.4.1.1. Possible reaction MECNANISIM .....c..ciiiiiiiirieie ettt sttt st b e st saee b snne e 68
4.4.4.2. 3-pentanone and acetylacetone as a reducing agent in the synthesis of gold colloids ..........c.cceeeuneee. 72
4.4.4.2.1. Possible reaction MeChaniSIMS .......c.ciiiiiiiiiieeeeee ettt st e st e be e sareesneesareenaneeas 77
A.4.5. CONCIUSIONS ..ottt ettt b e e a et b e bbb s bt e bt e bt et e s bt e bt e he et e sbe et e ebe et e sbe et e sbeennesbeeanes 79
4.5. Comparisons of gold nanoparticle reactions with cyclohexanone and other ketones.......................... 81
4.6. A comparison of the gold nanoparticle reactions explored thus far................ccoueevvveeeecvvreescireeescrennnn. 86
5. NEW ROUTES TO THE CONTROLLED GROWTH OF CORE-SHELL SILVER-GOLD AND GOLD-SILVER NANOPARTICLES.........cceeeennn... 89
B0 QVBIVICW ..ottt ettt e e ettt e e e e sttt et e e e s s st e e e e e e s s astbteaaeessssustaneaaeeannanntes 89
I R [ 1o e [V ot o] OSSR URPPRI 90

5.3. One-pot synthesis of silver-gold core-shell nanoparticle solutions and their interactions with

MELAYIENE DIUC UYE.......ceeeeeeeeeeee ettt ettt ettt ettt e s et e s e et senateenaee s 92
TR R I O AT 1= PPN 92

T B [ o o [V T AT o IO U SO P PSP OPROIUPOPPTPRN 92
LT T B o (o 11 41 411 - | U RU PP RPN 93

LT TR 0 YV 1 =T [ TP PPPRN 94

530302, ANAIYSIS ettt ettt b et e e bt e bt e b et et e e e he e e be e eab e e b e e ean e e beenareenhneeneenee 94

5.3.3.3. Methylene blue dye titrations........cccuiiiiiiiecee ettt e e e e e e ate e e e eabe e e ebaeeenaraeeenes 95

5.3.4. ReSUIS @Nd diSCUSSION ...euviiiiiiiiiiiiiiiiicectc sttt st besbe b e besine s 95
5.3.4.1. Methylene blue dye titrations........coceeriieiieiieeee ettt s e es 107

53,5, CONCIUSION ...ttt ettt b ettt e bt e bt e ae e bt s bt e bt e bb et e e bt e bt ebs et e sbe e bt ebnebesbeebeennenne 113

5.4. Two-step synthesis of core-shell gold-silver NGNOPArticles..............cccueeeceeeeecceeeeciieeesiieeesiieeeseeenn, 114
5.4, L. OVEIVIEW ..ttt ettt e b e s aa e e bt e s bt e bt st e e s h e e bt e b e e b e s et e b e s an e e b e s n e reesane s 114
5.4, 2. INEFOTUCTION ..ottt b e e b e st e bbb e b s b e e bt e as et e s bt e bt san e b e sbeebesbnenne 114
54,3, EXPEIIMENTAL ...ttt sttt e st et e st e bt e e st e e et b e e bt e sh b e et e e s ab e e be e s ab e e bneeabeenneenareen 115
Lo T YV 1 4 T=T [OOSR URRPRPR 115

LR B 1Y o = 1YY [ OO UTPUPRP 117

5.4.4. ReSUIES @ QISCUSSION ....eiiiieiiiiiiiiieeiee sttt sttt sttt st et e sab e bt e st e e sas e s bt e sseeeabeesaseeaseesaseenbnesnseensnesasean 117
5.5, CONCIUSION ...ttt ettt ettt ettt h e bt et e st e bt e bt e ab e b e e bt e bt e be et e e bt e bt ebs et e sbee bt ebsenbesbeebeennenne 123

6. THESIS SUMMARY AND CONCLUSIONS . ....uvuvvvusuusrerssnssssserssesssssssssssssssssssssssesesesesememesemetemememm. 125
6.1. Future outlook and PoSSible @XPEIIMENTS............ccccuueeeeccieeeeiieeeeeitieeeeeteeee e e essaeeeessesessseaaessaeaeeans 126

7 REFERENCES ..ttt iuuttteeittteseittte s sttt e s ettt ssat e e st e e s sttt e s s e e e s s b e e e s e bb e e e s mb b e e s s b e e e s aaba e e s saba e e e s b bt e e s mbaeesanbeeesanbenesnnns 128
Y = N0 TP PT P UPPPP \

<V>



1. Introduction

This thesis presents new routes for synthesising gold, silver and gold-silver/ silver-gold core-
shell nanoparticles. Through investigating new pathways of forming gold and gold-silver core-shell
nanoparticles we hope to gain further control of the size and shape distribution of the colloid
formed and also open the door to greener and more efficient syntheses that can be tailored to their

current and future applications.

1.1. Current and future uses of gold and silver nanoparticles

The use of gold and silver nanoparticles has experienced a resurgence over the last 15 years
and their number of uses in a variety of commercial products has dramatically increased.! Given
their bio-compatibility, gold nanoparticles have been used primarily as contrast agents in the
imaging of biological assays.” They have also been applied in home pregnancy test kits under the
brand Clearblue™ in which a thin-film of gold nanoparticles clump together and turn pink upon
exposure to specific hormones that are present during pregnanancy.® Such thin-films of gold
nanoparticles are also used to detect lone molecules and DNA in forensic analysis by surface
enhanced Raman spectroscopy (SERS).*> However, the two most promising future uses of gold
nanoparticles in catalysis are yet to be commercialised. One promising use is in early stage cancer
detection. Gold nanoparticles that are bound to cancer-specific antigens preferentially attach
themselves to cancerous cells, enhancing their detectability by several orders of magnitude
compared with current commercial immunoassays.® In addition, the gold nanoparticles efficiently
convert light into localised heat, which can be exploited for selective laser photo-thermal therapy of
cancer.’ Another promising use of gold nanoparticles is in low temperature heterogeneous catalysis
for the selective oxidation of numerous organic species.” Given the large surface area per unit
volume of such nanoparticle catalysts, economical levels of gold can effectively catalyse such
reactions. In one case they have been shown to catalyse the room temperature formation of carbon
dioxide from carbon monoxide (CO) when supported on mesoporous silica.® This promises future
applications in breathing apparatus, air cleaning devices and catalytic converters that remove
poisonous CO gas ejections’ as well as in methanolic fuel cell devices that inhibit the catalytic
poisoning of the anodes by preferential CO adsorption.’ In another case gold nanoparticles have
been shown to act as tuneable active catalysts for efficiently oxidising olefins to epoxides in air,
without the need for any sacrificial reductants.'’ With the exception of ethene, such epoxide
formation reactions require harsh oxidising agents such as hydrogen peroxide, however, it is
predicted that gold nanoparticles will replace these harsh chemicals in future and provide a greener

route for the mass-production of epoxide groups, an important stepping stone in many
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pharmaceutical processes. Several alternative future applications of gold nanoparticles have also
been suggested. One such application is within semiconductor thin-films for improving their

1'>1% and functional properties.’* Another application is in the lethal photo-sensitisation of

optica
bacteria, where the activity of photo-sensitising agents such as toluidine blue has been shown to
increase dramatically when linked to gold nanoparticle light mediators.”>™’ The potential use of gold
nanoparticles in targeted drug delivery'® or the rapid colorimetric detection of toxins such as

cholera®® have also been demonstrated.

2021 and are

Silver nanoparticles have been applied in single molecule and DNA detection
commonly found medicinal application.?? This is primarily due to their oligodynamic anti-bacterial
and anti-fungal properties®® and has been most prominently applied in topical wound dressings.*
For similar reasons they have also been commercially applied in deodorants and anti-microbial
sprays>> as well as surface coating technologies such as Silver Nano.”® With their intense light
absorbing properties combined with their high susceptibility to reversible oxidation and reduction,
silver nanoparticle technology has also been applied in photo-chromic glass lenses.”’ When silver
chloride ions are dispersed throughout the lens, exposure to harmful UV light causes the chloride
ions to release electrons, reducing the silver (I) ions present to silver metal that then cluster to form
silver nanoparticles. This reduces the level of UV that can be transmitted through the lens and
protects the eye from UV damage. An extension of this technology, multi-colour photochromism,
was recently demonstrated by loading silver nanoparticles of highly distributed size and shape onto
a titania support.?® Upon exposure to particular portions of visible light, the silver particles of the
corresponding size range absorb the light, oxidise and become transparent to this light, thus making
the film identical in colour to the incident light to which it was exposed. Upon exposure to UV light,
the titania support photo-generates electrons that reduce any oxidised nanoparticles back to their
original coloured state. Such reversible colour changes have potential applications in smart windows
and displays, re-writable colour copy paper and multi-wavelength optical memory devices.” In
addition to this, silver nanoparticles have also been incorporated within metal oxide composite thin-

films to improve the material’s optical and functional properties.*

1.2. The surface plasmon resonance properties of gold and silver nanoparticles

The applications of gold and silver nanoparticles have principally been driven by their
intense and tuneable surface plasmon resonance (SPR) properties.>! The physical origin of the strong
light absorption occurs when all free conduction band electrons coherently oscillate when
interacting with an electromagnetic field (Figure 1.2.1). This resonance condition occurs when the

frequency of incident light matches the natural frequency of surface electrons against the restoring
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electric component of light

Figure 1.2.1: The interaction of spherical noble metal particles with an electric field at the resonance
condition where the frequency of light matches the natural frequency of surface electrons in balance
with the restoring force of positive nuclei. This induces a dipolar oscillation of the conduction band
electrons with period T, causing surface plasmons to propagate in a direction parallel to the particle-

solution interface. This effect is known as the surface plasmon resonance.

force of positive nuclei. In this manner a periodic dipolar oscillation (T) of the free electrons is

formed.

The surface plasmons that are generated propagate in a direction parallel to the particle-
solution interface. These oscillations are very sensitive to any change at this boundary, like the
surface adsorption of molecules or a change in medium i.e. replacing the solvent in which the colloid
is dispersed. Such changes form the basis of surface enhanced Raman spectroscopy (SERS), where
the electric field enhancement at the surface of the nanoparticle magnifies the intensity of incident
light which will excite the Raman modes of the loaded molecules being studied. This in turn

increases the signal of the Raman scattering.*?

By solving Maxwell’s equations for a radiation field interacting with a spherical metal particle
under the appropriate boundary conditions, Mie was the first to provide an exact solution for the
strong absorption band observed in spherical gold colloids.*® The solution leads to a series of
multipole oscillations for the extinction cross-section of the nanoparticles.>® Through a series
expansion of the involved fields into partial waves, the following expressions for the extinction cross-

section (o,,¢) and scattering cross-section (g5.4) are obtained:*
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21 -
Gy = WZ(ZL + 1Re(a, + by) (1.1)
L=1

2 [ee]
Osca = ﬁ;(ZL + 1)(|aL|2 + |bL|2) (1.2)
where
gl R m) 0 — mi o). ()
L — L

my, (mx). (%) — Py, (mx). 1y, (x) Ym0y () — mapy (ma).m, ()

Re spans only the real axis, m = n/n,, where n and n,, are the complex and real parts of the
refractive index of the nanoparticle and the medium respectively, x = |k|r where k is the wave-
vector and 7 the radius of the nanoparticle, 1, and 7, are the Riccati-Bessel cylindrical functions>®
and y; and 7, the respective differentials and L is the summation index of the partial waves where L
= 1 corresponds to the dipole oscillation as illustrated in Figure 1.2.1 while L = 2 is the quadrupole

oscillation and so on.

The absorption cross-section g,;,;0f the nanoparticle is simply derived from the following

relationship:

Oabs = Oext — Osca (1.3)

For particles much smaller than the wavelength of light (2 << A) only the dipole oscillation
contributes significantly to the extinction cross-section and the Mie relationship can be reduced to
contain solely the L = 1 term.?” However, for larger nanoparticles that are typically 20 nm or greater
in diameter, such is often the case with gold or silver colloids, the dipole approximation breaks down
and the plasmon resonance depends explicitly on the particle size and dielectric medium. This is due
to higher order modes (L > 1) becoming observable. As these modes require lower energy to be

excited the centre of the plasmon band red-shifts with increasing particle size.

For any monodisperse colloid, the plasmon band width is primarily associated with the
relaxation time of the coherent electron oscillation.* Larger band widths correspond to more rapid
losses of the coherent electron motion. Such relaxation times are of the order of a few
femtoseconds and strongly suggest that the process is due to electron — electron collisions.*® For
increasingly smaller particles the plasmon oscillation becomes increasingly broad and weak. Where
particles become less than about 2 nm in diameter the surface plasmon band typically disappears
altogether.”® This is due to the number of free electrons in the “conduction” band becoming very

small where the assumption that bulk-like electronic bands and optical properties associated with
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the electronic structure of the nanoparticles becomes questionable. In particular, the use of the bulk
dielectric constant which enters the Mie equation (1.1 and 1.2) cannot be justified any longer.
Reducing the size of the nanoparticle has a pronounced effect on the energy level spacing as the
system becomes more confined.*! Similar to a particle in a box, the energy separation between
adjacent levels increases with decreasing dimensions. This is most pronounced for semiconductor
nanoparticles where the bandgap energy increases with decreasing size and the onset of the
bandgap transition is shifted to higher frequencies.*” These quantum size effects become apparent
in metallic nanoparticles when the spacing of intra-band transitions within the conduction band
exceeds the thermal energy (about 26 meV). This generally coincides with the size region where the

surface plasmon band is lost (N = 100 and below = 2 nm in diameter).**

As silver and gold share near identical crystal packing® they readily form core-shelled
colloids.** When the level of each metal is controlled, the optical properties of the resulting colloid
can be tuned to specific wavelengths.”” Such an exploitation of the surface plasmon resonance band
has been explored for uses as optical filters,*® photon energy transport devices,*” more wavelength
specific active surfaces for surface-enhanced Raman spectroscopy,*® fluorescence scatterers,*

chemical/ biological sensors®® and catalysts.>*?

Core-shell combinations that expose silver at the
surface have even demonstrated enhanced anti-bacterial activity.® Therefore, by studying the
various shapes and sizes of gold-silver core-shell particles and its effect on the surface plasmon

resonance properties, one can tailor colloids to a specified function.

1.3. Current gold and silver nanoparticle synthetic methods

The global value of the gold nanoparticle industry was more than $204.6 million in 2006 with
the expectation of steadily increasing growth.” As the industry continues to expand, finding
“greener” and more cost efficient ways of mass-producing gold colloids as well as acquiring a better

understanding of the mechanisms by which they form is of growing commercial importance.

A vast range of techniques have been used to produce gold and silver nanoparticles where
preparation methods range from chemical methods to metal vapour synthesis.> Common to each
method is the presence of some protective capping agent, generally in the form of a polymer or
surfactant, which stabilise the nanoparticles that form. This allows the kinetically favoured product
to form (nanoparticles) and inhibits the colloid from reaching its thermodynamically favoured state,

which would eventually form the bulk metal if given enough time.

One typical synthetic method involves the use of sonolysis.*® In the general case, a metal salt
is dissolved in a suitable liquid medium in addition to a suitable reducing and/ or capping agent (as

some reagents can act as both the reducing and capping agent). By propagating sonic waves
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throughout a liquid medium acoustic cavities form that lead to the implosive collapse of bubbles.
When these bubbles collapse, a large amount of kinetic energy is released and converted to highly
localised heat. As the compression of these bubbles during cavitation is more rapid than thermal
transport the localised hot-spots are short-lived.>’ At these hot-spots the activation energy barrier
for the reduction of the metal ions can be surpassed, which leads to the eventual formation of metal
atoms that nucleate and grow. At the latter stages of nanoparticle growth an optimum size is
reached that can depend strongly on the nature and concentration of the capping agent used. A
similar method that is often used to form colloidal gold and silver involves the use of microwave

58,59

radiation. Quite analogous to sonolysis, localised pockets of heat form through the dielectric

heating of a polar liquid medium in which the metal salt reductant and capping agents are housed.

0061 X-ray®* and

An alternative method involves the use of high energy radiation such as ultra-violet,
gamma radiation.®® This method employs the use of free electrons and/ or radicals generated in
solution through radiolysis to induce the reduction of metal salts and nanoparticle growth. A twist of
this method involves using high powered light in the form of a laser to ablate a submerged metal
target, releasing metal ions into solution that nucleate and grow and become encapsulated by a

648> Other methods of forming metal colloids include electrolysis® and

stabilising capping agent.
metal vapour synthesis.®” In order to synthesise nanoparticles of particular shape and size the
reduction of metal precursors can be conducted in constrained media such as zeolite cavities,?®
porous alumina® and micelles.”” However, shape and size directing reducing and capping agents are
more often employed to achieve this. A more modern emerging theme in gold and silver
nanoparticle formation is green chemistry, where naturally occurring reducing agents are being

more frequently used to induce nanoparticle growth such as yeasts,”* proteins,’” fruit’”* and plant

extracts.74

The two most commonly applied methods in the formation of gold nanoparticles are the
Brust=Schiffrin”> and Turkevich method.”®’” The Brust-Schiffrin method is generally used when
nanoparticles of the order of 5 — 6 nm in diameter are required that are dispersed in an immiscible
organic liqguid medium such as toluene. This is achieved by reducing a metal salt (such as auric acid
for gold nanoparticle formation or silver nitrate for silver nanoparticle formation) with sodium
borohydride in the presence of a capping agent such as tetraoctylammonium bromide (TOAB).
Nevertheless the most widely used method for forming gold nanoparticles is the Turkevich
method.”’ This method involves the thermally aided reduction of auric acid with tri-sodium citrate in
water, which acts as both the reducing and capping agent. Depending on the gold/ citrate
concentration the resulting colloid produces nanoparticles with an average diameter of = 10 — 30 nm

in size with excellent reproducibility. A typical reaction conducted in boiling water proceeds in less
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than 10 mins. The mechanism by which these primarily spherical particles form has been well

studied by various groups.”®’®”

The original studies conducted by Turkevich et. al. showed the nucleation of gold
nanoparticles proceeds through four stages: (i) a slow induction period, (ii) a short and rapid
nucleation stage followed by (iii) a slow and more constant linear nucleation stage finished up by (iv)
a decay portion.”” These nucleation stages coincide with incredibly varied changes in solution colour,
changing from colourless to black and then purple during the rapid nucleation stage that is followed
by a sharp transition from blue to deep red during the slow nucleation stage that continues to

deepen in colour up to a maximum point.

It was clear from the overall reaction that Au** ions from auric acid were reduced to metallic
Au® that nucleated to form gold nanoparticles. On the other hand, through investigating the
chemistry of the tri-sodium citrate reducing agent it was observed that its oxidation product yields

acetone dicarboxylic acid:

HO 0
= 0
] o] 3 o (1.4)
== OH —>
HO / o, //
OH o -H,0 OH o

In replacing tri-sodium citrate for acetone dicarboxylic acid from the outset, the nanoparticle
formation reaction proceeds without a slow induction period. It was thus proposed that the
formation of acetone dicarboxylic acid is the first intermediate step by which the nanoparticle
formation reaction may proceed. Further oxidations of acetone dicarboxylic acid formed formic acid

and formaldehyde by-products.

Using both UV-visible spectroscopy and transmission electron microscopy (TEM) Chow et. al.
monitored the nanoparticle formation reaction in situ.” They observed an initial plasmon band form
in the red region (4,4, = 590 nm) during the rapid nucleation stage. This plasmon band steadily blue
shifted over the course of the linear nucleation period whilst also increasing in intensity to a final
value of (Ad,,4x = 525 nm). In accordance with Mie theory,*® this corresponded to the initial large
formation of gold clusters (= 100 nm in diameter) that decreased in size to a uniform colloid (= 20
nm in diameter). TEM imaging of solution aliquots that were removed periodically from the solution
during the nanoparticle formation reaction confirmed spectroscopic observations. During the rapid

nucleation stage, large multi-core particles (100 — 150 nm) composed of smaller particle clusters (5 —
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15 nm) were observed. These particles gradually broke apart during the linear nucleation period,

decreasing in size to a monodisperse spherical colloid, 15 nm in diameter.

Through iodometric titrations it was observed that the critical tipping point where the large

multi-core particles collapse corresponds to:
[Au3t]/ [Au®] < 0.7 (1.5)

That is, the reaction accelerates when 30 % of the initial auric acid is consumed. At this point
the solution suddenly turns from purple to deep red and is followed by a rapid increase in the
number of smaller particles. It was therefore summarised that the nanoparticle formation
mechanism proceeds by the initial reduction of Au** to Au® by acetone dicarboxylic acid. Through
atomic force microscopy studies it was observed that these Au® atoms preferentially absorb to free
auric acid and form Au® clusters. Due to their low surface potential, these surface clusters aggregate
and form large multi-core structures. As the auric acid to which these clusters are bound is
eventually consumed, the surface potential grows to a point where the electrostatic repulsive forces
drive particles out of the shallow minimum. This causes the large particles to break apart into
smaller particles and the eventual formation of a uniform colloid. By performing this reaction at
various temperatures the activation energy was determined (E, = 70 £ 5 kJ mol™). The Turkevich
method for gold nanoparticle growth has been more recently studied using time-resolved methods
including Small-angle X-ray scattering (SAXS) and X-ray absorption near edge structure (XANES).*
Using these techniques, Polte et. al. showed how the reaction proceeded through a four step
process: (i) nucleation, (ii) aggregation, (iii) slow further growth and (iv) fast final growth.

Interestingly, the large multi-core structures observed by Chow et. al.,”®

where not observed by
Polte et. al. This is because SAXS could only see the average gold particle crystal size and not how
these small crystals aggregated. Of note, time-resolved methods showed that a similar particle
growth process is observed using the Brust—Schiffrin’> method, where the first step involves a rapid
conversion of the ionic gold precursor into metallic gold nuclei followed by particle growth via
coalescence of smaller entities.?! Of note, one must also consider the pH of the nanoparticle solution
when trying to understand how the reaction will proceed. For instance, Polte et. al. found a pH-
dependent equilibrium of the formation of AuCl,,(OH), complexes. At concentrations typical for

most nanoparticle syntheses (i.e. below 1 mM), the pH is above 3. Therefore, other gold complexes

will be present, such as AuCl;(OH)".%

In the second chapter of this thesis we revisit the Turkevich method, which is the most

common thermal route to forming gold nanoparticles. Although the mechanism by which a gold
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colloid is formed by the Turkevich method has been well established on the minutes to hours

787983 the change in nanoparticle size over an extended period of storage from days to

timescale,
weeks has not been investigated. In this chapter we show how over an extended period of storage
digestive ripening, which is effectively the inverse of Ostwald ripening, smaller particles grow at
expense of the larger ones. Taking the concept of revisiting the Turkevich method further, in Chapter
3 we then demonstrate a systematic study of the effect of the type of energy used to initiate and
propagate the reaction; where sonolysis, microwave and ultra-violet radiations were investigated.
Moving away from the use of the tri-sodium citrate surfactant used in the Turkevich method we
then studied a range of ketones and their function as both reducing and capping agents in the
synthesis of colloidal gold in Chapter 4. This led to the discovery of a new room temperature self-
activated synthesis of colloidal gold using cyclohexanone, where the mechanism was also
established (Section 4.3). The microwave-induced reflux of common ketone alternatives was also
studied (Section 4.4). Lastly, novel methods to gold-silver/ silver-gold core-shell were investigated in
Chapter 5. A one-pot synthesis, analogous to the Turkevich method, led to primarily silver cored gold
coated core-shell nanoparticles, where their interactions with methylene blue dye and optimum
synergic light capture was studied (Section 5.3). For gold core silver shell colloids a two-step seed
mediated route was investigated, where the synthesis was similar to the Turkevich method but the

effect of the addition of ascorbic acid was studied (Section 5.4).
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2. The extended time evolution size decrease of gold nanoparticles formed

by the Turkevich method

2.1. Overview

This chapter reports on how gold nanoparticle solutions were synthesised by the Turkevich
reduction method and stored in either the light or dark. All solutions were monitored on a daily basis
using UV-visible absorption spectroscopy and showed surface plasmon resonance (SPR), typical of
gold nanoparticle colloids. Over time, an increase in SPR intensity, a narrowing of the SPR peak and a
gradual shift towards lower wavelengths were observed. This was indicative of a decrease in average
nanoparticle size and the formation of a more mono-dispersed colloid. After two weeks of storage
no further changes were observed by UV-visible absorption spectroscopy. A series of transmission
electron micrographs (TEM) taken during this period confirmed that the plasmon resonance shifts
were due to a decrease in particle size. This systematic size decrease was also observed in solutions
that were centrifuged straight after the reaction to remove any excess/ unreacted tri-sodium citrate
surfactant and auric acid gold source. This decreased the likelihood of the size decrease being due to
an extended reaction of any remnant auric acid and surfactant that were yet to react. The gold
nanoparticle evolution followed an inverse Ostwald type growth, where the size of nanoparticles
decrease, an effect also known as “digestive ripening”. The aging process provides a reliable route to

fairly mono-dispersed gold nanoparticles of ca 11.5 — 12.5 nm in size via the Turkevich method.

2.2. Introduction

The synthesis of gold nanoparticles formed by the Turkevich reaction has previously been
monitored by in situ UV-visible spectroscopy and transmission electron microscopy (TEM) methods
in tandem.®*®*> The inter-relationship between the SPR peak and average nanoparticle diameter was
derived. The reaction kinetics of gold nanoparticle formation using this method was also investigated
by Kimling et. al. for a range of reagent concentrations.’”® The reaction was monitored by UV-visible
absorption spectroscopy in situ where the nanoparticle diameters were predicted by Mie theory.*®
These were found to be in strong agreement with nanoparticle diameters determined using X-ray
diffraction. An Ostwald ripening®® type growth was observed, whereby particles increased in size
during the reaction and levelled out at a maximum size — the whole process spanning a 50 second
period. Rodriguez-Gonzalez et. al. also synthesised gold nanoparticles using the Turkevich method,
where solutions were heated more slowly allowing for a slower reaction that was progressively
monitored by UV-visible spectroscopy, electrochemistry and by TEM using sample aliquots.”®”® The
reaction took approximately 12 hours to complete, after 1 minute, large nanoparticle clusters (ca.

100 nm) composed of smaller particles (5 — 10 nm) initially formed. A sharp increase in the
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conductivity after 10 hours of heating led to the formation of nanoparticles ca. 15 nm in size,
coupled with a shift in the SPR band to higher energy. Similar to Chow and Zukoski’s conclusions on
the mechanism of gold nanoparticle formation from the Turkevich method, it was surmised that in
the early stages of the reduction reaction only a fraction of the gold salt was consumed and that a
complex was formed between gold chloride and citrate/citrate oxidation products.” The absorption
of AuCl, on the large clusters that formed led to a reversible aggregation, resulting in a progressive
increase in the surface potential. An accelerated loss of AuCl, was seen when the [AuCl,]: [Aug] ratio
reached 0.7, corresponding to a rapid change in the solution colour from light purple to red, and a
rapid decrease in size of the large clusters particles seen by TEM.” It is recognized that citrate
formed Au nanoparticles are water stable for long periods of time—years in fact; however it is not
documented whether changes in particle size, distribution or concentration occur in such solution
solutions. Previous time evolution studies of Au nanoparticles formed in various ways have focused

solely on smaller time-scales of up to a few hours.®*®®

The phenomenon of an average particle size
decrease is uncommon as it opposes reductions in interfacial free energy gained by the particle from
increased size.® However, by refluxing polydisperse Au nanoparticle solutions in the presence of
surface active ligands, Prasad et. al. observed such a phenomenon, with an overall reduction in

nanoparticle size and a conversion to monodispersity.” > This inverse Ostwald ripening process,

termed digestive ripening,”® occurred over a 90 minute period of reflux.

In this chapter we present an analysis of the extended time evolution of citrate formed Au
nanoparticles stored in both light and dark. By monitoring the change in SPR band shift coupled with
TEM imagery, it was found that nanoparticle sizes slowly decreased from their Ostwald ripened
maxima and levelled out over subsequent days of standing, regardless of being stored in the light or
dark, with a decrease in average size from ca. 15 to 12 nm. A time evolution narrowing of the
particle size distribution from the tightening of SPR bands as well as dynamic light scattering
measurements was seen. Notably we show after removing the free citrate and auric acid from the
solution when still purple in colour (i.e. the early stages of the reaction) the nanoparticles still reduce
in size, forming a red solution. We believe that interactions between the larger particles that initially
form can lead to the eventual re-ordering and formation of a smaller monodisperse colloid. This
phenomenon of inverse-Ostwald growth can be described as digestive ripening. TEM imagery not

only showed an overall decrease in particle size but also showed a narrowing of the size distribution.
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2.3. Experimental

2.3.1. Synthesis

All glassware was washed with aqua regia (3HCI : 1HNOs) and rinsed with copious amounts
of deionised water. Stock solutions labelled X and Y were made up; solution X consisting of
HAuCl;.3H,0 (170 mg) dissolved in 100 mL deionised water (5 mM) and solution Y consisting of
NasCgHs07-2H,0 (250 mg) dissolved in 50 mL deionised water (20 mM). A 1 mL aliquot of solution X
was dissolved in 18 mL of deionised water and uniformly heated in an oil bath with constant stirring.
When the solution began to boil, 1 mL of solution Y was allowed to fall drop wise through a frit over
a period of 6 min. After a characteristic colour change to lilac was observed the solution was
removed from the oil bath and allowed to cool to room temperature whilst being stirred. Solutions
were not refluxed as this encouraged rapid digestive ripening of the colloid, pushing the reaction
and evolution to completion before a thorough analysis of the phenomenon could be studied. Five

repeat Au nanoparticle solutions were synthesized in this manner, labelled Solutions A — E.

2.3.2. Analysis

Solutions A — D were divided into two portions: one was stored in the light and the other in
the dark. Changes in SPR and colour were monitored daily by UV-visible spectroscopy using a
PerkinElmer Lambda 25 UV/VIS spectrometer and digital images taken using a Kodak C813 digital
camera, respectively, over three weeks. Particle diameters of all four solutions stored in the light
were calculated via dynamic light scattering (DLS) on a Zetasizer 3000 (Malvern, UK). Particle
diameters of light stored Solution A were also directly measured on Days 1, 4, 7 and 12 to
progressively monitor the digestive ripening process using a Jeol 4000EX HRTEM, where samples
were prepared by evaporating solution droplets on lacey carbon coated copper grids. Solution E,
pre-ripening (Day 1), was also divided into two 9 mL portions and both centrifuged on a Beckman
Coulter Avanti Centrifuge J-26 XP at 20,000 rpm (= 48,000 g) causing the nanoparticles to rest at the
bottom of the solution. Most of the excess un-reacted citrate was removed from one solution and
replaced with distilled water. This process was repeated thrice. Solutions were vortexed in order to
re-disperse the nanoparticles at rest, once more forming homogenous light pink coloured solutions

where their subsequent evolution was monitored by UV-visible spectroscopy.

2.4. Results and discussion

Gold colloid solutions were prepared by the addition of sodium citrate solution to heated
auric acid solutions. Upon addition of citrate all solutions initially displayed a colour change from
colourless to lilac. After allowing them to cool with stirring, a relatively fast colour change to light

red was observed after = 3 mins. Although the oil bath that completely encapsulated the reaction
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flask was heated homogenously using a temperature controlled resistance wire and the citrate
added at a consistent rate, the rate of transition from colourless to lilac to red and the depth of final
colour differed slightly for each repeat synthesis. Over time the red solutions deepened in colour
regardless of light or dark storage. This was tracked by UV-visible spectroscopy, where an increase in
the intensity of the SPR band was observed. The deepening in colour was suggestive of a post-
reaction that took place over several days that was due to either: (i) an incomplete initial reduction
of auric acid during the heating stage where a subsequent post-reaction occurs with the excess
citrate that is present in solution, or (ii) a greater number of smaller nanoparticles are formed from
larger nanoparticles due to the digestive ripening of the colloid. A visual example for both light and

dark stored solutions of this colour deepening is shown in Figure 2.4.1 for Solution A.

ljﬁ
DAYS
DARK -E- A b

Figure 2.4.1: Chronological images of Solution A, a gold nanoparticle solution produce by the method

removed from the heat whilst still purple in colour and allowed to age in both light and dark

conditions.

2.4.1. Time Evolution Studies

In the first week, a systematic shift of the SPR band to lower wavelengths was observed for
Solutions A-D (light or dark), demonstrating an average size decrease and digestive ripening of
nanoparticles in solution. SPR band maxima increased in absorbance intensity, corresponding to the
deeper colour seen by eye (Figure 2.4.1). An eventual narrowing of the SPR bands was also
observed, indicative of a reduced size distribution of nanoparticles in solution. All these phenomena

are clearly seen in Figure 2.4.2(a) from stacked UV-visible absorption spectra taken from Solution A.

Integrating the SPR peaks over the 460-720 nm range quantified the initial increase and
levelling of the depth in colour for all solutions. A plot of the SPR peak integrals as well as the SPR
band centres for both light and dark stored solutions over a 17 day analysis period is shown for

Solution A in Figure 2.4.2(b). The SPR centre decreases systematically from 540 — 526 nm and
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Figure 2.4.2: (a) 3D UV-visible absorption spectra for Solution A stored in the light at

select days 1, 2, 4, 7 & 17 and (b) A daily plot of SPR band centre for both light and dark

stored solutions of Solution A - Au nanoparticle solutions produced by the Turkevich

method and removed from heat whilst still purple in colour.

<14>



subsequently levels out at 522-523 nm for Solutions A — D, regardless of light or dark storage, clearly
demonstrating the mechanism for this digestive ripening process is not a light activated/ dependent

process.

Although on Day 1, there were deviations in the position in SPR band centre, after an extended time
period of digestive ripening, all SPR bands maxima fell within 1 nm of each other. Although best
efforts were made to conduct the syntheses in the most reproducible way, these initial differences
in SPR band position were always seen. Nevertheless, the subsequent ripening process causes an
eventual movement of all SPR bands to approximate equivalence in monodispersity (SPR broadness)
and size (SPR centre). After a further month of storage in both light and dark samples, partial
precipitation of colloidal gold occurred in some samples; however, SPR centres only deviated by + 1

nm (if at all), consistent with what was previously seen.

Table 2.4.1: Table of information collected from UV-visible absorption spectroscopy, *calculated

), dynamic light scattering (DLS) and transmission

particle diameters (using the Haiss formula
electron microscopy (TEM) for light stored Solutions A—D; Au nanoparticle solutions produced via

the Turkevich method and removed from heat whilst still purple in colour.

Day
1 21 1 21 21 1 4 7 12
UV-visible spectroscopy <particle diameter> * standard deviation (nm)
SPR centre (nm) Calculated* PCS TEM
(e0] N~ n N
%) ~ %) ~ —
A 538 522 64 6 + + + + +
o < — ~ <
- o) o ~N —
i — i i
(gl
B 535 522 57 10 + : \ | '
o
(gl
(gl
C 526 522 35 9 + . \ . .
o
(gl
i
— N
D 540 523 67 10 + . \ \ +
N~ <
! ™
i
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The hydrodynamic diameters of all four light stored Au nanoparticle Solutions A — D were
measured from dynamic light scattering (DLS). The experiment was carried out three times and the
values reported in Table 2.4.1 are averages of the central position of the peak maxima. Insufficient
correlations in PCS measurements made on Day 1 did not allow the nanoparticle diameters to be
accurately determined, and were thus omitted. This was attributed to the wide size distributions
indicated by the wide SPR band observed on Day 1 (Figure 2.4.2(a)). The measurements
demonstrate the hydrodynamic diameters of the nanoparticles (i.e. the gold nanoparticle plus its
surfactant and water solvation shell) and were thus approximately double in size compared with

particle diameters measured by TEM.

Transmission electron microscopy (TEM) was carried out on light stored Solution A at Days 1, 4, 7
and 12 (Figure 2.4.3). Au nanoparticle diameters were calculated from the resulting images, whereby
an average particle size and associated standard deviation were extracted (Table 2.4.1). Au
nanoparticles of significantly different average size and distribution were observed for Solution A at
Day 1 (Figure 2.4.3(a)) and Day 12 (Figure 2.4.3(d)). An = 20 % decrease in nanoparticle diameter
over the ripening period from an average of 15 + 6 nm to 12 £ 2 nm was in line with the digestive
ripening process observed by shifts in the SPR band (Figure 2.4.2(b)). A Welch’s t-test demonstrated
the high probability that the nanoparticle diameters were significantly different. A decrease in the
nanoparticle size distribution, indicated by a sizeable reduction in the standard deviation of sizes,
demonstrated a time evolution towards monodispersity and correlated with the narrowing of the
SPR band also seen sprectroscopically (Figure 2.4.2(a)). In order to assess whether the inverse-
Ostwald nanoparticle growth was dependent upon the presence of excess un-reacted citrate,
Solution E was separated in two equal volumes and vigorously centrifuged to force the Au
nanoparticles to the bottom of a clear solution. The excess citrate dispersed in aqueous solution
above the resting gold was replaced with distilled water in one of the samples. The process of
centrifugation was repeated a further two times to make Solution E. After re-dispersion of the
nanoparticles by rapid vortex, causing the solution to become purple once more, the time evolution
of both Solutions E and E” was monitored by UV-visible spectroscopy; the changes in SPR centres are
shown in Figure 2.4.4(a). A systematic shift and levelling in the SPR centre to lower wavelengths was
indicative of an equivalent digestive ripening process occurring in both Solutions E and E”, analogous
to non-centrifuged Solutions A — D. TEM images of Solution E” at Day 1 and 12 are shown in Figure
2.4.4(b) and Figure 2.4.4(c) respectively. A similar pattern of size decrease and distribution
narrowing to Solution A is observed, with the average size decreasing from 14 — 11 nm. This

demonstrated the independence of digestive ripening to the presence of excess citrate and un-
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Figure 2.4.3: TEM images of light stored Sample A; a gold nanoparticle solution produced by the
Turkevich method and removed from heat whilst still purple in colour, at (a) Day 1 and (b) Day 4 (c)

Day 7 and (d) Day 12 with a histogram plot of the size distribution.
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Figure 2.4.4: (a) A plot of SPR peak centre (nm) for

Sample E and the tri-centrifuged and purified Sample E”

and TEM images of Sample E™ at (b) Day 1 and (c) Day 12;

a pair of Au nanoparticle solutions produced by the

Turkevich method and removed from heat when purple

in colour.

reacted auric acid and indicated that the inverse-Ostwald growth was likely due to interactions

between the gold clusters that initially formed in solution.

Although the Au nanoparticle diameters, derived from the Haiss formula® of SPR band
centres, were approximately double what was seen in TEM images pre-ripening (Day 1), the
difference between prediction and observation post-ripening was minimal (Table 2.4.1). This would
indicate that the nanoparticles initially formed in solution tended to agglomerate, as indicated in
TEM images (Figure 2.4.3(a)). Even though nanoparticle diameters calculated from UV-visible
absorption data post-ripening were of the same order to what was seen from TEM images, they
tended to under predict the size. In addition, when predicting larger Au nanoparticle diameters, the
equation seemingly breaks down altogether and can only be treated as a rough guide. While post-
ripened Au nanoparticle diameters predictions were in line with what was seen in TEM images, they
were significantly different from those determined by PCS, which seemingly over-represents Au

nanoparticle size given that a hydrodynamic size is measured.
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It was evident that initial SPR band position attained from UV-visible spectroscopy did not
directly correlate and furthermore demonstrated that the degree of initial Au nanoparticle
formation, which differed quite substantially between samples, had no effect on the final
nanoparticle size achieved after allowing particles to sufficiently digestively ripen. However, if the
solutions are allowed to sufficiently age, near monodisperse nanoparticles are obtained. Notably this
synthesis did not give rise to rod-shape nanoparticles. After allowances for aging most of the

particles were near spherical in shape although the occasional triangular facet was noted.

Collective assessment of UV-visible, PCS and TEM data clearly shows that a gradual
nanoparticle size decrease to an optimum as well as an increase in the monodispersity of sizes
occurred for all five Solutions A — E. The rarity of this phenomenon is unsurprising given the process
avoids the reduction of interfacial free energy gained from particle aggregation; however by
considering the electrostatic interactions between particles computational models have accounted
for this behaviour for systems under reflux.*® Some groups have exploited this process in creating
monodisperse Au nanoparticle solutions by refluxing polydisperse colloids with a series of alkylthiols

invoking digestive ripening.

The works of Chow and Zukowski”® and Rodriguez—GonzaIez,78 discussed in Section 1.3, gave
strong insight into the formation mechanism of colloidal gold from the Turkevich method. In both
works the reactions were heated until completion (i.e. a deep red coloured solution was formed). In
this investigation, solutions were removed from reflux as soon as a purple coloured solution was
observed — previously established by Rodriguez-Gonzalez as the tipping point where inverse-Ostwald
growth begins.”® By cutting the reaction short at this point, we were able to monitor the inverse-
Ostwald growth process over an extended period of time at room temperature. Moreover, by
removing any unreacted reagent sources by centrifugation, we were able to demonstrate how this
process was due to interactions between gold clusters alone — a conclusion that was in line with

those found previously whilst heating over shorter time-scales.

2.5. Conclusion

A simple Turkevich method was used to produce five Au nanoparticle solutions that were
stored either in the light or dark. Daily monitoring of the solutions with UV-visible absorption
spectroscopy identified a gradual time evolutionary shift in the SPR centre of solutions to lower
wavelengths, indicating a decrease in particle size. An eventual stabilization of SPR centres at
approximately 522 nm for all samples, both light and dark, demonstrated the independence of
lighting conditions upon the mechanism of this inverse-Ostwald growth (i.e. digestive ripening). A

size decrease from roughly 15 nm at synthesis to around 11 — 12 nm at stabilization was confirmed
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by TEM imaging. An overall increase in the monodispersity of sizes after the ripening period was
indicated by a tightening of the SPR bands alongside particle size analysis of TEM images. In
removing reaction by-products and excess reagents we were able to prove that this process was not
an extended chemical reaction but rather a physical process of re-ordering. Further examination
showed that this long term process of particle re-ordering (from days — weeks at room temperature)
could be dramatically sped up by thoroughly refluxing the colloid (in a matter of minutes). This study
has shown that Au nanoparticles of increasingly consistent size can be obtained the Turkevich
method by either harvesting for a pre-determined time period or heating reaction solutions for a

prolonged period of reflux.

In the next chapter we explore the effect of changing the way in which Turkevich gold
nanoparticle formation reactions are initiated and propagated on the size, shape and
monodispersity of the colloid produced. This was investigated for the standard thermally heated
reactions in addition to microwave, ultra-violet and sonolysis activation for a range of solution
concentrations. In varying the initiation method we found that the size, shape and monodispersity of
the colloidal gold would distinctively change, thus allowing the surface plasmon resonance

properties of gold nanoparticles to be tuned, simply by changing the method of activation.
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3. The effect of activation method on the size, monodispersity and shape of

gold nanoparticles formed by the Turkevich method

3.1. Overview

This chapter describes the growth of gold nanoparticle colloids using heat, sonolysis,
microwave (MWA) or UV light (254 nm). The solutions were formulated analogous to Turkevich et.
al. and contained an auric acid gold source and different amounts of sodium tri-citrate reductant
and stabiliser. The effect of activation method was studied, showing marked differences in the
monodispersity, size and shape of particles formed — elucidated by transmission electron microscopy
(TEM) imaging. Properties such as average particle size and shape were directly related to changes in

the surface plasmon resonance (SPR) band from UV-visible absorption spectra.

We show how a variety of basic activation methods can be used to synthesise near
monodisperse gold colloids. More importantly, demonstrate how the activation method is
fundamental to the eventual size of the particles formed; with sizes ranging from 11.0 — 11.9 nm in
thermal reactions, 16.9 — 18.0 nm in sonolysis reactions, 11.3 — 17.2 nm in MWA reactions and 8.0 —
11.2 nm in UV initiated reactions. Possible reaction pathways and mechanisms are put forward to

explain these marked differences.

3.2. Introduction

In order to investigate the effect of activation method on the resultant properties of the
colloid, a single system that is versatile to several activation methods was employed. As discussed
earlier in Chapters 1 and 2, the most commonly observed system for gold nanoparticle growth is the
thermal tri-citrate reduction of auric acid in water, devised by Turkevich et. al.”®”” The mechanism by

78,79,83 and

which the predominantly spherical particles are formed has been studied by several groups
by ourselves (Chapter 2). In addition, the effect on the reaction kinetics, monodispersity and
eventual size of particles formed in accordance to varying the sodium tri-citrate to auric acid ratio,
heating rate and temperature have also been comprehensively studied; where gold nanoparticles

ranging from = 10 — 100 nm in median size can be grown.’®’87%%

In this chapter, we investigate the effect of activation method in the formation of gold
colloids from the reduction of auric acid by tri-sodium citrate (i.e. the Turkevich method). We believe
this to be the first instance in which UV light has been shown to initiate gold nanoparticle growth in
this system, this is to our knowledge the first comparative study of activation methods for gold
nanoparticle formation by the Turkevich method. Surprisingly near monodisperse particles could be

made with a median size and distribution of sizes governed by the activation method used.
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3.3. Experimental

All reagents were purchased from Sigma-Aldrich UK unless otherwise stated. All glassware
was washed with aqua regia and rinsed with copious amounts of deionised water before use. Four
solutions of differing tri-sodium citrate (Na3;C¢Hs0;.2H,0) concentrations and constant auric acid
(HAuCl,.3H,0) concentration were made up for each activation method tested; labelled as Solutions
A — D. Solutions were made up to a volume of 10 ml in distilled water, with masses and

concentrations of reagents shown in Table 3.3.1.

Table 3.3.1: Mass and concentration of auric acid (gold source) and tri-sodium citrate (reducing
agent/ surfactant) in 10 ml of distilled water in solutions labelled A - D. Solutions A - D were made up
each time and the reduction reaction initiated by either (i) thermal heating (ii) sonication (iii)

microwave and (iv) UV light (254 nm).

Solution Identifier Auric acid Tri-sodium citrate
A 0.85 mg, 0.28 mM 0mg, 0 mM
B 0.85 mg, 0.28 mM 2.5mg, 0.96 mM
C 0.85 mg, 0.28 mM 5.0 mg, 1.94 mM
D 0.85 mg, 0.28 mM 10 mg, 3.88 mM

A set of Solutions A — D were made up each time for each activation method tested; thermal
heating, sonolysis, microwave (MWA) or UV light. A table of the reaction protocol for each type of

synthesis is shown in Table 3.3.2.

3.4. Results and discussion

A range of activation methods was used to form gold nanoparticles from reaction of auric
acid with tri-sodium citrate. This enabled a comparative study of how the size, shape,
monodispersity and surface plasmon resonance (SPR) properties of the nanoparticles formed varied

with thermal, sonolysis, microwaves and UV irradiation.

Colour changes characteristic for the formation of gold nanoparticles by citrate reduction of auric
acid were observed in Solutions B - D for all activation methods tested; with final colours ranging
from light lilac to deep red (Figure 3.4.5). No colour changes were seen in Solution A, regardless of

the activation method used. Solution A differed from Solutions B - D, as it did not contain any tri-
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sodium citrate reducing agent. The results showed the importance of the reducing agent in the

formation of gold nanoparticles; regardless of the activation method used.

Table 3.3.2: A list of the protocol undertaken for initiating the reduction reaction of auric acid in tri-
sodium citrate in Solutions A - D for the formation of gold nanoparticles. Solutions were activated by

either (i) thermal heating (ii) sonication (iii) microwave or (iv) UV light (254 nm).

Activation
Protocol
Method

Heated homogenously in an oil bath with a temperature controlled resistance
wire (Banstead Electrothermal 230V/200 W) from room temperature to 100 °C.
Thermal heating
Removed from the heat after boiling for approximately 10 mins and then

allowed to cool to room temperature.

Sonicated (Fischer Scientific; 35 W — 1.5 L capacity) in a distilled water bath at
Sonolysis room temperature for 60 mins at 60 Hz and then left to stand for 24 hr at room

temperature.

Microwave heated (Proline MicroChef ST22 750 W) for 3 mins under reflux and
Microwave
allowed to cool to room temperature.

Photo-irradiated with hard UV light (254nm - Vilber Lourmat 2 x 8W VL-208G) in
Hard UV light shallow glass dishes (7 cm diameter) for 60 mins. Lamp to sample distance was =

10 cm.
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Figure 3.4.1: The colour observed after 24 hrs storage of Solutions A-D; aqueous
auric acid solutions with varying tri-sodium citrate concentrations after reaction by
each activation method tested (thermal heating, sonication, microwave and UV

light).

Bright ruby-red coloured solutions were formed in MWA reactions; with more pink-purple
coloured solutions formed by thermal heating and UV activated reactions. Initially, colourless
solutions were observed in sonolysis reactions after 60 mins of sonication; however, colour began to
show after leaving the solutions to stand (= 3 — 6 hrs) and deepened to a final dark red-purple colour

after = 24 hrs.

The resultant gold nanoparticle solutions from each reaction of auric acid and tri-sodium
citrate (B - D for each activation method tested) were analysed by UV-visible spectroscopy 24 hrs
after activation, as shown in Figure 3.4.2. SPR bands centred between ca 519 — 530 nm,
characteristic of gold nanoparticle growth, were observed in solutions B - D for all methods of
activation. Changes in the SPR band heights and centres ranged from 0.28 — 0.59 Abs units and 519 —
529.5 nm respectively (Table 3.4.1). This corresponds with variation in colloidal properties; such as

the average nanoparticle size, monodispersity, shape and degree of agglomeration. All solutions
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showed a weak additional absorption band at = 260 nm. This peak corresponded to the presence of
some un-reacted auric acid, the gold source in the nanoparticle formation reactions.*® Solutions
activated by MWA showed a more prominent absorbance at this position than any other reaction
type (Figure 3.4.2). Although this indicated the MWA reactions were less complete than others, their
average SPR band absorption height (0.47 Abs units) was of the same order as other activation

methods (0.50, 0.43, 0.51 — thermal, UV, sonolysis respectively); with values of individual solutions
shown in Table 3.4.1.
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Figure 3.4.2: Stacked UV-visible absorption spectra for gold nanoparticle solutions formed by the
reduction reaction of auric acid (0.28 mM) by tri-sodium citrate of varying concentration (Solutions B

— D, 0.96 — 3.88 mM) where the reactions were activated by either thermal heating, sonication,

MWA or UV light. Numbers on each profile show the position of the SPR band centre.
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Table 3.4.1: Table of SPR band centres and absorption maxima from UV-visible absorption
spectroscopy studies in addition to the average nanoparticle size and standard deviation error of
sizes from TEM imaging of Solutions B - D (tri-sodium citrate 0.96, 1.94, 3.88 mM in B-D respectively,

auric acid consistently 0.28 mM) activated by either thermal, MWA, UV or sonolysis.

TEM Surface Plasmon Band
Median particle size Absorbance
Centre (nm)
+ deviation (nm) Maximum

Thermal 11.4+2.2 519.0 (5) 0.55 (1)

@ MWA 17.2+2.4 520.0 (5) 0.59 (1)
s
5

3 uv 8.0t1.4 520.0 (5) 0.44 (1)

Sonolysis 16.9+2.1 529.0 (5) 0.50 (1)

Thermal 11.0+1.9 520.0 (5) 0.48 (1)

o MWA 11.6+0.9 521.0 (5) 0.28 (1)
s
5

3 uv 10.8 + 2.4 529.0 (5) 0.41 (1)

Sonolysis 18.0+5.0 529.5 (5) 0.48 (1)

Thermal 11.9+2.0 520.0 (5) 0.48 (1)

o MWA 113+ 1.6 520.0 (5) 0.56 (1)
s
5

3 uv 10.9+2.3 527.0 (5) 0.43 (1)

Sonolysis 179z+6.1 528.5 (5) 0.54 (1)

It had been previously reported by Rodriguez-Gonzalez et. al. that the gold nanoparticle
formation mechanism in the thermal reduction of auric acid proceeds via the formation of tiny gold
clusters (= 1 — 2 nm in diameter) that bind together to form large grape like structures up to 100 nm
in diameter, which subsequently break apart to form the resultant colloid consisting of Au particles =

10 nm in diameter.”® It was also shown using titrations and electrode potential measurements that
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the concentration of Au(lll) ions in solution decreased steadily upon boiling until complete reduction
occurred.® These AuCl, ions are initially reduced by electron transfer from citrate ions to AuCl,,
which preferentially absorb excess chloride ions present in solution over citrate.”® Excess AuCl,” ions
present in solution were continually absorbed on the surface of Au (l) particles and subsequently
reduced by further electron transfer from citrate. Au (1) particles continued to growto =1 -2 nm in
diameter, whilst stabilised by surrounding chloride ions. Due to their almost zero net charge,
flocculation was induced and large particle clusters formed that were = 100 nm in diameter. When a
saturation limit of AuCl,” was reached, further citrate reduction produced Au atoms that ejected the
surrounding chloride ions and chemisorbed with lightly bound surrounding citrate ions. This
peptization process occurs rapidly, forming many smaller particles that are = 10 nm in diameter.
Although the final colloid contains a majority of medium sized nanoparticles of around 10 nm in
diameter some of the smaller gold clusters (= 1 — 2 nm in diameter) remain. As the 1 — 2 nm gold
clusters do not show SPR properties, being below the SPR limit, they are not detectable by UV-visible

spectroscopy but can be seen in low concentration using transmission electron microscopy (TEM).

In this study, gold colloids were grown from the analogous reaction of auric acid and tri-
sodium citrate by various activation methods. For reactions activated by MWA radiation, the height,
width and position of the resulting SPR bands were similar to those formed by thermal heating (with
the exception of solution C, see Table 3.4.1). This was a strong indication that the final
concentrations of gold nanoparticles formed were similar using both methods. However, a
significantly larger presence of un-reacted auric acid was observed by UV-visible spectroscopy (peak
at = 260 nm) in reactions activated by MWA radiation. If we assume that both methods produced
solutions of equal gold nanoparticle concentration, this demonstrated two possible differences
where either: (i) MWA reactions were more efficient at converting auric acid to gold nanoparticles or
(ii) the MWA had a lower propensity to form tiny gold clusters (= 1 — 2 nm in diameter) that do not

show SPR properties, assuming the mechanism proceeded analogously to thermal reactions.”®

If we assume that the nanoparticle formation mechanism in MWA reactions proceeded
analogously to thermal reactions, we can guess that a more highly efficient conversion of the large
multi-core particle intermediates to the resultant colloid occurred. However, the lower propensity
for consumption of the auric acid source is not easily explained. It is well known that MWA heating
causes in situ rapid heating of solution pockets to occur, which may have induced the localised

growth of nanoparticles, elsewhere leaving un-reacted auric acid in cooler solution packets.

In UV light reactions, comparatively broader SPR bands were observed (Figure 3.4.2). This

indicated a number of possibilities such as decreased monodispersity, increased particle
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84859 A significant red-shift in the SPR band centre

agglomeration or changes in nanoparticle shape.
from 520 nm (Solution B) to 529 nm (Solution C) was also observed. The effect was attributed to the
two-fold increase in the tri-sodium citrate concentration from Solution B to C. A small blue-shift to
527 nm was seen upon further increase in the tri-sodium citrate concentration in Solution D. The
change in particle size observed when increasing reductant concentration could not explain the
subsequent red and blue shifts in the SPR band. TEM imaging studies later confirmed the presence

of elliptical particles with varying degrees of aspect ratios, which provided an explanation for the

changes in SPR properties (Figure 3.4.3).

Solutions activated by sonolysis remained colourless after 1 hr of sonication. A slow
nanoparticle formation reaction proceeded upon leaving the solutions to stand. Initial signs of colour
were observed after 6 hrs, which deepened in colour to a plateau after 24 hrs. SPR bands of the
resultant colloids were red-shifted with respect to thermally activated reactions, ranging relatively
invariantly from 528.5 — 529.5 nm. This implied the presence of significantly larger nanoparticles,
which was later confirmed in TEM studies (Figure 3.4.3). It is well documented how sonication can
agitate H,0 and generate H and OH radicals. However, Nagata et. al. found that H radicals readily
combine with atmospheric O, forming HO2 radicals that compete with auric acid reduction.” The
competition reaction provides an adequate explanation as to why Solution A of this study did not
show any evidence of colloidal gold formation, given tri-sodium citrate was not added (Table 3.3.1).
Gold colloids were similarly grown by Su et. al. by sonicating auric acid and tri-sodium citrate
solutions.”” The presence of the tri-sodium citrate reducing agent was found to be fundamental to
the formation of gold nanoparticles. H' NMR evidence indicated the reduction mechanism
proceeded from the removal of the OH group from tri-sodium citrate — scavenged by H radicals
generated in water by sonication. These tri-sodium citrate radicals subsequently reduced Au®*
species in solution to Au’. Subsequent nucleation of the Au® atoms into larger particles is followed by
capping with tri-sodium citrate surfactant. In this study, the red coloration showing colloidal gold
formation appeared several hours after sonication. Examination of the sonolysis reduction
mechanism indicates a two-step process whereby the initial sonication energy induces the formation
of Au® particles that require significant periods of time (= 1 day) to fully nucleate and cap to form a

stabilised colloid.
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Figure 3.4.3: TEM images of gold nanoparticle solutions formed by the reduction reaction of auric
acid (0.28 mM) by tri-sodium citrate in differing concentrations (0.96, 1.94, 3.88 mM in Solutions B —
D respectively) where the reaction was activated by either thermal heating, sonication, microwave
(MWA) or UV light (254 nm). All images were taken at 100,000x magnification, where the width of

each image represents a distance of 300 nm.

The gold nanoparticles formed in Solutions B - D by each activation method were
investigated by TEM. Solution droplets were cast onto lacey carbon-coated copper grids and air-

dried before analysis. All reactions of Solution A showed no sign of nanoparticle growth; this
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corresponded with the absence of a colour indicating no SPR band (Figure 3.4.2). This verified the
importance of the tri-sodium citrate reducing agent for inducing nanoparticle growth, irrespective of
the activation source used in this study. Representative images of all colloids formed are shown in
Figure 3.4.3. Median and standard deviations in the measured nanoparticle diameters, from sets of

at least 70 - 100+ measured particles are listed in Table 3.4.1.

Thermally activated reactions showed almost invariant average particle size (11.0 — 11.9 nm)
and monodispersity (1.9 — 2.2 nm standard deviations) with an increased tri-sodium citrate
concentration from 0.96 mM in Solution B to 3.88 mM in Solution D. This supported the UV-visible
absorption studies, where no significant change in position, width or height of the SPR band was
observed (Table 3.4.1). For thermally activated reactions, Student t-tests showed that the average
nanoparticle size in Solution B (11.4 nm) had little chance of being significantly different from either
Solutions C (11.0 nm) or D (11.9 nm); indicating equivalence (less than 1 %). Within the tri-sodium
citrate concentration range tested, little effect on the resulting colloid was observed (0.96 — 3.88

mM).

Contrary to thermal reactions, TEM images of Solutions B - D activated by MWA radiation
showed a transition from larger nanoparticles formed in Solution B from 17.2 nm diameter on
average to significantly smaller particles in Solutions C and D with 11.6 and 11.3 nm in average
diameter. The monodispersity of all solutions was high, with relatively low standard deviations
ranging from 0.9 — 2.4 nm. In contrast to what was seen in thermally activated reactions, a
concentration dependence of the tri-sodium citrate reductant was observed; where doubling the tri-
sodium citrate concentration from 0.96 mM to 1.94 mM vyielded smaller particles. A further increase
in the reductant concentration from 1.94 mM (Solution C) to 3.88 mM (Solution D) did not form
smaller particles. Student t-tests showed that the probability that nanoparticles formed in Solution B
was different from Solutions C and D was 99.9 %; verifying the differences observed statistically
(Table 3.4.1) and by eye (Figure 3.4.3). The t-tests also showed that Solutions C and D were most

likely equivalent.

Solutions activated by UV light were not only relatively monodisperse but showed lower
average particle sizes; with the lowest average size seen in Solution B at 8.0 nm. However, the
colloids became increasingly more elliptical in shape with increased tri-sodium citrate concentration

as seen in Figure 3.4.4.
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Figure 3.4.4: TEM images of gold nanoparticle solutions formed by the reduction reaction of 0.28
mM auric acid with tri-sodium citrate of varying concentration (a) 0.96 mM, (b) 1.94 mM and (c) 3.88
mM activated by UV light (254 nm). All images were taken at 100,000x magnification, where the
width of each image represents a distance of 130 nm. Histogram plots of the variation in aspect ratio

of the elliptical nanoparticles are plotted adjacently; median and standard deviations are quoted.
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Measurement of the size aspect ratios of particles quantified the differences observed.
Solution B, containing the lowest tri-sodium citrate concentration, yielded the most spherical
particles with an average size aspect ratio of 1.08 + 0.07. Increases in citrate concentration caused
an increase in the elliptical nature of the particles formed, with 1.96 mM Solution C and 3.88 mM
Solution D showing size aspect ratios of 1.37 + 0.26 and 1.56 + 0.56 respectively. These disparities in
shape might explain the unconventionally large shifts in the SPR band with little change in average
nanoparticle size (Figure 3.4.2).” Student t-tests showed that Solutions C (10.8 + 2.4 nm) and D
(10.9 + 2.3 nm) could not be said to be significantly different from all other solutions made in this
study; however it was 99.9 % probable that Solution B (8.0 + 1.4 nm) was significantly smaller in

average nanoparticle size than all other colloids.

Nanoparticle syntheses activated by sonolysis were significantly larger than particles formed
by thermal, MWA and UV light. Average particle sizes ranged from 16.9 to 18.0 nm. Although the
colloids showed generally lower degrees of monodispersity (Table 3.4.1), Student t-tests confirmed
that they were significantly different (by > 98 % chance) than all other colloids formed, bar one,
MWA - Solution B. The average red-shift in the SPR band (by = 9 nm on average) of sonicated
solutions compared with thermally activated solutions was complemented by an average increase in
particle size by = 6 nm in diameter. This was in contrast with UV and MWA activated solutions where

little correlation between the SPR band centre and average nanoparticle size was observed.

Previous work by Turkevich et. al.”’

not only established the nucleation and growth process
of colloidal gold by thermal reduction of auric acid with tri-sodium citrate, but also investigated the
effect of adjusting reductant concentration, gold concentration and temperature. With the auric acid
concentration kept constant at 0.25 mM, a range of tri-citrate concentrations of 0.20, 0.38 and 1.96
mM were investigated forming average nanoparticle sizes of 25 + 5, 18 + 4 and 14 + 2 nm

respectively (Table 3.4.2).

In our work the solutions were of almost equivalent concentration to one of those
formulated by Turkevich et. al., with Solution C consisting of 0.28 mM auric acid and 1.96 mM tri-
sodium citrate. In the thermal reduction reaction in this study, Solution C formed gold nanoparticles
11 £ 2 nm in size, whilst the almost analogous reaction by Turkevich et. al. quite similarly formed
nanoparticles 14 + 2 nm in size. The slight variation in average size could be attributed to a number
of differences in experimental procedure. For instance, Turkevich et. al. boiled their solutions for
half the time (5 mins). In addition, Turkevich et. al. added tri-sodium citrate to a boiling auric acid
solution whereas we added the tri-sodium citrate to a room temperature auric acid solution that

was then heated to the boil.
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Table 3.4.2: A table comparing the synthetic conditions and resulting average particle diameters of
gold colloids prepared by other groups who have similarly produced gold nanoparticles from the
reduction of aqueous auric acid solutions by tri-sodium citrate using thermal heating, microwave

(MWA), soft UV light (365 nm) or sonication.

Concentrations (mM) Average particle diameter +
Activation Method error (nm) Reference
Auric acid | Tri-sodium citrate
Thermal .
0.25 0.20, 0.38, 1.96 25+5,1844,14+2 Turkevich
(100 °C, 5 mins) et. al.
MWA 0.9,2.2,3.5, 7518,22+2,20+2, s
° °C mint 1.0 Liu et. al.
(162050 \(/:\'/8105 inTr:g) ’ 6.0,7.5 18+1.5,25+5
Sonolysis
(4°C, 20 kHz, 15 - 0.49 1.9,2.9,3.9 18.9- 19'4'_1;40_ 209,169 1 5, et. 017
30 mins) '
UVA -
(365 nm, 1 mWem?, | 2.0 2.0 30 - 70 (median = 60) K'ma'/"7% et
2 hrs) '

The colloids made by Turkevich et. al.”” were spherical and relatively monodisperse,
analogous to gold nanoparticles formed by thermal heating in this study. Yet Turkevich et. al.
witnessed significant changes in average nanoparticle size upon varying the tri-sodium citrate
concentration. The average nanoparticle size increased in their solutions from 14 to 25 nm on
increasing the tri-sodium citrate concentration from 1.96 mM to 0.20 mM (= a factor of 10 decrease
in reducing agent concentration). In this study, the tri-sodium citrate concentration was varied

merely by a factor of 2 and did not yield significant changes for thermally activated reactions.

Gold nanoparticles formed by the tri-sodium citrate reduction of auric acid were also

activated by MWA radiation in the work reported by Liu et. al.*®

A wide range of tri-sodium citrate
concentrations were examined; from 0.9 mM to 7.5 mM solutions with the auric acid solution kept
consistent at 1 mM; almost four times more concentrated than in solutions formulated in this study.
The average nanoparticle size of the resulting colloid was dependent upon the tri-sodium citrate
concentration with a similar trend to results from this study. Liu et. al. observed a sharp decrease in

average nanoparticle size from 70 + 8 nm to 20 + 2 nm upon increasing the citrate concentration

from 0.9 mM to 2.2 mM. Further increases in the reducing agent concentration from 2.2 mM to 6.0

<33>




mM vyielded no further change in colloidal particle size. A similar dependency was observed in this
study, where an increase in tri-sodium citrate concentration from 0.96 mM to 1.96 mM yielded an
initial decrease in average nanoparticle size from 17 £+ 2 nm to 12 £ 1 nm with a further increase in
reducing agent concentration causing no significant change (3.88 mM, 11 * 2 nm). Although both
sets of colloids formed by MWA activation were highly monodisperse and spherical, contrasting
differences in average nanoparticle size were observed and could be attributed to a number of
factors; for instance the microwave used by Liu et. al. was 25 % less powerful and solutions were
irradiated for only 3 mins in our study compared to the 15 mins by Liu et. al.>® In light of the work
conducted by Turkevich et. al.”’ that established the high dependency of the tri-sodium citrate/ auric
acid concentration on the resultant average nanoparticle size, the contrasting size differences
between MWA activated reactions in our study and that of Liu et. al.*® could be attributed to the
consistent factor of four difference in the auric acid concentration; with 0.28 mM used in our study

and 1 mM used in their work.

Work conducted by Su et. al.”’” utilised sonication to induce nanoparticle formation form
auric acid and tri-sodium citrate. A range of citrate concentrations from 0.49 mM to 3.9 mM were
examined with the auric acid concentration kept constant at 0.49 mM. Lower levels of tri-sodium
citrate from 0.49 mM to 1.5 mM caused large nanoparticle clumps to form upon sonication, ranging
in size from 100 — 400 nm. Increasing levels of sonication lead to the formation of spherical and
monodisperse colloids 17 — 22 nm in average diameter with a small size deviation of 1 — 2 nm.
Although no particle clumping was seen in colloids formed by sonolysis in our study, there were
several differences in experimental procedure. For instance, Su et. al. used ice-cooled solutions (= 4
°C) and sonicated at a frequency of 20,000 Hz whereas reactions in this study were conducted at
room temperature at a much lower sonication frequency of 60 Hz. Additionally, solutions formulated
by Su et. al. contained approximately double the gold content compared with our work. In
comparing the effect of the tri-sodium citrate: auric acid ratio upon the resultant average
nanoparticle size, Su et. al. demonstrated little change over the 3: 1 to 8: 1 citrate: auric acid regime
with particles formed 17 — 22 nm in average size.”® In our study, a 3.5: 1 to 14: 1 citrate: auric acid
regime was investigated with particles ranging quite similarly in average size from 17 — 18 nm.
Although a sonication frequency orders of magnitude more powerful was used by Su et. al. and a
length of activation up to four times longer was used in this study, the resultant particle sizes

compared well.

Hard UV irradiation was used to initiate the formation of colloidal gold from solutions of

auric acid with a tri-sodium citrate reductant. We believe this to be the first instance in which UV
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light (254 nm) has induced nanoparticle formation from this set of reagents, however, Kimling et. al.
demonstrated this process could be also induced by UVA (365 nm light) irradiation.”® A
comparatively larger auric acid concentration of 2.0 mM with a similar level of tri-sodium citrate was
used by Kimling et. al., which lead to the formation of colloidal gold with a larger size distribution
ranging from 30 — 70 nm and nanoparticles = 60 nm in average diameter. Far smaller and more
monodisperse colloids were formed in this study ranging 8 — 11 nm in average size with deviations of
1 -2 nm. The elliptical nature of nanoparticles formed in this study was not observed by Kimling et.
al. Higher tri-sodium citrate: auric acid ratios were used in this study ranging from 3.5: 1 to 14: 1
compared with a 1: 1 ratio used by Kimling et. al. Interestingly, we found that higher tri-sodium
citrate: auric acid ratios increased the deviation from spherical to elliptical from an aspect ratio of
1.08 at 3.5: 1 to 1.56 at 14: 1. As such, we believe that the increase in elliptical nature is not due to a
harder UV light source being used herein but rather an effect of using UV light to activate reactions

in conjunction with a high tri-sodium citrate: auric acid ratio.

Although several groups have individually investigated the thermal, sonolysis, MWA and UV
activated formation of colloidal gold from auric acid and tri-sodium citrate, we believe this is the first
complete study that has investigated the effect of all sources together. By testing equivalent sets of
solutions over a range of tri-sodium citrate concentrations we were able to observe the contrasting

differences the activation method had upon the resulting colloid.

3.5. Conclusion

Near monodisperse gold nanoparticle colloids were formed by a variety of activation
methods (thermal, microwave assisted, hard ultra-violet light and sonication) for a range of solutions
that contained a constant concentration of auric acid (0.28 mM) and varied concentrations of tri-
sodium citrate (0 — 3.88 mM). Gold nanoparticle solutions did not form unless tri-sodium citrate was
present, regardless of the activation method used. When the reducing agent was present,
monodisperse gold nanoparticle formation occurred in every case. Nanoparticle solutions formed in
the presence of the reducing agent by the tradition thermal method devised by Turkevich et. al.
were unaffected by increases in the citrate concentration and formed spherical particles 11.0 - 11.9
nm in average diameter. Gold nanoparticles formed in sonolysis reactions were also unaffected by
increases in the citrate concentration and formed larger spherical particles 16.9 — 18.0 nm in average
diameter. MWA reactions were concentration dependent at 0.96 mM, forming spherical
nanoparticles 17.2 nm in average diameter and smaller nanoparticles at higher citrate
concentrations that were 11.3 — 11.6 nm in average diameter. UV light activated reactions typically
formed smaller nanoparticles, 8.0 — 10.9 nm in average diameter, where particles were more

elliptical in nature. In this study, an independence to changes in the citrate concentration was
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observed over the 0.96 mM to 3.88 mM range; barring one exception. In simply changing the
activation method, one can create monodisperse gold nanoparticle colloids of significantly variable

average diameter (8.0 — 18.0 nm).

In the next chapter we investigate new routes to the formation of gold nanoparticles from
reactions with ketones with auric acid. We investigate four ketones; cyclohexanone, acetone, 3-
pentanone and acetylacetone. The first part of the chapter (Section 4.3) deals with the room
temperature reaction of cyclohexanone and auric acid. The second part of the chapter (Section 4.4)
deals with the MWA reflux of acetone, 3-pentanone or acetylacetone with auric acid. The effect of
each ketone on the resulting particle size and shape is assessed and compared. In addition, a viable
mechanistic route to the formation of gold from the reaction of each ketone with auric acid is
suggested; where the mechanism for the reaction of cyclohexanone and auric acid (Section 4.3) is

established in greatest detail.
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4. New routes to the formation of gold nanoparticles from reactions with

ketones

4.1. Overview

Gold nanoparticles have been synthesised by heating auric acid solutions with a variety of
fruit extracts.”” These fruit extracts contained several ketone functional groups and it may be that
these functional groups mediate the formation of multi-shaped nanoparticles. Such multi-shaped
gold nanoparticles have been used to investigate the biological toxicity of gold nanoparticles in
zebrafish embryos®® and mammalian cells®® but are yet to be applied in a functional material. Silver
nanoparticles of different shapes and sizes have also been found to induce multi-colour

photochromism when bound to TiO, surfaces.?®

The use of ketones in precious metal nanoparticle synthesis has been reported — however,
all reported routes required heating and no formation mechanism was proposed. Huang et. al.
demonstrated how truncated gold nanocubes could be produced using an electrochemical approach
and an acetone injection stage.'®'°* Multi-core nanoparticle structures comprised of Pd have been

synthesised by Tong et. al.'®

This involved the reaction of the Pd acetate salt mixed with ethylene
glycol and KOH in a methyl isobutyl ketone solvent and was activated by microwave heating and
formed multi-core structures that were = 50 nm wide. The formation of large 2D triangular and

hexagonal nanoplates have also been observed. ‘%%

By mixing gold seeds with a mixture of CTAB,
PEG and the ketone polymer PVP a slow room temperature reaction over 8 hours produced platelet-
type particles that were typically = 5 nm thick and = 200 - 500 nm wide. It was also shown by Tsuji et.
al. that microwave heating (85 °C) of aqueous solutions of auric acid with long-chained PVPs yielded
similar structures.’® Mixing aqueous auric acid solutions with a lemongrass plant extract
(cymbopogon flexuosus) at room temperature produced nanoplate mixtures with lengths on the
micrometer scale, where the directional growth was related largely to the ketone groups present in

the extract.’” In this chapter we will investigate novel routes to gold nanoparticles from reactions of

ketones and auric acid, where the ketone will act as both the reducing agent and surfactant.

4.2. Introduction

To our knowledge, the simple reaction (either at room temperature or at reflux) of a
common ketone with aqueous auric acid has not been studied. In this chapter four common ketones
were investigated including cyclohexanone, acetone, 3-pentanone and acetylacetone. We found that
in all cases gold nanoparticles were formed. In the case of cyclohexanone, no heating was required
for the reaction to initiate. However, in the case of the remaining three ketones, heating under

reflux was necessary to activate the reaction. The chapter is thus separated into two parts. Section
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4.3 deals with the room temperature reaction of cyclohexanone and auric acid. Section 4.4 deals
with the microwave induced reflux of acetone, 3-pentanone or acetylacetone with auric acid. The
effect of each ketone on the resulting particle size and shape is assessed and compared. In addition,

viable mechanistic routes are suggested.
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4.3. The reaction of cyclohexanone and auric acid at room temperature

4.3.1. Overview

A new method for the synthesis of gold nanoparticles from the addition of cyclohexanone to
aqueous solutions of auric acid at room temperature is presented. By understanding this process we
have discovered new organic chemistry for the transformation of cyclic ketones to a-chloro ketones.
Contrary to conventional gold nanoparticle syntheses, the reaction “self-activates” at room
temperature and forms an increasingly red solution over = 60 mins. By studying the gold colloid’s
formation using transmission electron microscopy we saw how large multi-core (63 = 21 nm
diameter) structures made of clustered particles (6.4 + 1.3 nm) were initially formed. These multi-
core structures then compacted into an array of denser shapes that slowly increased in size until the
reaction was complete. The most prominent shapes formed were primarily spherical (43 + 6.8 nm);
other more distinct shapes included dodecahedra (39 + 10 nm), triangular (= 50 nm in height) and
hexagonal (= 70 nm wide) nanoplates. The solution was stable to precipitation for over 3 months.
During this period the nanoplate structures substantially increased in size (triangular = 250 nm,
hexagonal = 320 nm) whereas other structures showed no further growth. X-ray diffraction studies
demonstrated that the gold nanoparticles were crystalline. The formation of the 2-
chlorocyclohexanone by-product was observed in solution phase *C NMR, gas phase
chromatography and IR spectroscopy. A mechanism was suggested to account for this by-product

and the reduction of auric acid to gold.

4.3.2. Introduction

To our knowledge, the use of cyclohexanone in initiating a self-propagating gold
nanoparticle formation reaction has not previously been reported. Nevertheless, Biswas et. al. did
use cyclohexanone/ water/ isopropanol mixtures in synthesising a range of copper based
nanoparticles'® and Sarkhosh et. al. used cyclohexanone as solvent and capping agent for forming
gold nanoparticles through laser ablation of a submerged gold target.'® Marin et. al. demonstrated
how aryl ketones can photocatalytically reduce solutions containing Au®" to Au®.™® The growth
mechanisms for traditional gold nanoparticle formation methods have been investigated using in
situ monitoring methods such as UV-visible spectroscopy, dynamic light scattering, electrode

potential measurements or by TEM imaging sample aliquots at set times during the reaction.”®”

In this section we will show how cyclohexanone reacts with auric acid and causes a “self-
activated” room temperature nanoparticle formation reaction to commence. During this reaction
the particles undergo several shape changes. Initially, large multi-core structures composed of

smaller aggregates form that later compact primarily into spherical particles and alternative 3D

<39>



structures such as triangular prisms and dodecahedrons and large flat 2D hexagonal and triangular
nanoplates. We also provide an insight into the reaction mechanism through determination of
reactions by-products. This new method of multi-shaped nanoparticle synthesis is reproducible and,
to our knowledge, one of the simplest ever reported in that it involves no heating/ external
activation, occurs at room temperature and requires just one step (simply mixing aqueous auric acid
with cyclohexanone). Furthermore, the nanoparticles formed (unlike some methods) do not

precipitate from solution and appear to be indefinitely stable as stored at room temperature.

4.3.3. Experimental
All reagents were purchased from Sigma-Aldrich UK. All glassware was washed with aqua
regia and rinsed with copious amounts of deionised water before use. All reactions were performed

in beakers.

4.3.3.1. Synthesis

The nanoparticle solution was made by mixing auric acid (HAuCl,.3H,0 - 0.85 mg, 0.28 mM)
in distilled water (9.5 ml) with cyclohexanone ((CH,);CO — 0.50 ml, 0.47 g, 0.48 M). This solution did
not require thermal activation (or any alternative energy source). This “self-activated” led to the
formation of gold nanoparticles throughout the solution when conducted under room light or in a
dark cupboard, as indicated by its colour change to a red-coloured solution. A further experiment
was conducted where the cyclohexanone was added gently onto the surface of the aqueous auric
acid solution, forming a separate organic layer due to immiscibility of the two solvents. In this case,
the nanoparticle formation reaction occurred only at the interface of the two solvent layers as
judged by the diffusive change in colour (from red at the interface spreading down into the solution
with time). The effect of temperature on the reaction was investigated by mixing auric acid (2.6 mg,
0.28 mM) in distilled water (28.5 ml) with cyclohexanone (1.5 ml, 1.4 g, 0.48 M) at = 20, 30, 40, 50
and 60 °C. After heating the aqueous auric acid solution to the desired temperature, the
cyclohexanone reducing agent was injected, causing a thorough mixing of the two immiscible
solutions forming an emulsion. The rate of consumption of auric acid in the reaction was determined
by titrating solution aliquots during the reaction.** This was achieved by scaling the reaction up by a
factor of 5 and taking 2 ml aliquots out every 5 mins for analysis. The nanoparticle formation
reaction was quenched as soon as the aliquots were extracted by addition of excess Kl (0.02 g). This
caused all auric acid present within the aliquot to be consumed to Aul, forming an |, side-product.
The level of |, formed, and thus the amount of auric acid originally present, was measured by
titration against K,5,0; (1 mM) using potato starch indicator (0.02 g), where the disappearance of

blue-black colour indicated a complete reaction of K,S,03; with 1.
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4.3.3.2. Analysis

The size and shape of nanoparticles formed at room temperature by rapid mixing of the
solution were investigated using transmission electron microscopy (TEM) using a Jeol 4000EX
HRTEM device. Solution aliquots were taken out from the nanoparticle reaction after 5, 20 and 65
mins of reaction and placed onto lacey carbon-coated copper grids and allowed to air dry before

being investigated by TEM.

Nanoparticles solutions formed at room temperature by rapid mixing were freeze dried to
remove the aqueous solvent and any excess cyclohexanone to form a nanoparticle powder. The
powder was analysed by X-ray diffraction (XRD) using a micro-focus Bruker GADDS powder XRD with
a monochromated CuK, (1.5406 A) source and CCD area detector. After mixing the powder within a
pressed KBr disc, the infrared (IR) spectrum of the solid was taken using a Perkin Elmer RX-I

instrument.

Nanoparticle solutions were centrifuged on a Beckman Coulter Avanti Centrifuge J-26 XP at
20,000 rpm (= 48,000 g) causing the gold particles to rest at the bottom of the solution. The liquid
layer above was removed and passed through a gas chromatograph (Clarus 500, PerkinElmer)
equipped with flame ionisation detector and 30 m capillary column (Ellite-1, cross-bond 100%
dimethyl polysiloxane) and compared with standards to elucidate the reaction by-products. The
gases released from the nanoparticle reaction were analysed by IR spectroscopy and compared with
the pure gas phase spectra of cyclohexanone and 2-chlorocyclohexanone. This was done by casting 1
mL of the nanoparticle reaction solution at the base of an IR gas cell, and then gently placing under
vacuum. Three samples were examined by both 'H and **C nuclear magnetic resonance (NMR)
spectroscopy using a Bruker AV600 (600 MHz) instrument: (i) a gold nanoparticle solution (diluted by
a factor of 100) formed from the reaction of auric acid and cyclohexanone in D,0 at room

temperature, (ii) cyclohexanone in D,0 and (iii) 2-chlorocyclohexanone in D,0.

4.3.4. Results and discussion

The self-activated formation of gold nanoparticles was induced by reacting a thousand fold
excess of cyclohexanone with aqueous solutions of auric acid at room temperature. Several
photographs were taken at set time intervals during the self-activated nanoparticle formation
reaction, as displayed in Figure 4.3.4.1. Two reactions were studied; (i) the mixing of cyclohexanone
with auric acid and (ii) the layering of cyclohexanone on top of the aqueous auric acid layer. In the
case of thorough pre-mixing of the cyclohexanone reducing agent with the auric acid solution (Figure
4.3.4.1(a)) no colour change was observed until after = 10 mins when the solution turned a slight

pink. This colouration became more intense as the reaction proceeded. After = 40 mins of reaction
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(b)

Figure 4.3.4.1: A series of images of the same solution taken at time intervals of 0, 10, 20, 30, 40, 50

and 60 mins reaction time (from left to right) in the self-activated gold nanoparticle formation
reaction of auric acid solution with cyclohexanone that was (a) shaken into the solution or (b)

layered gently on top of the aqueous layer.

the solution appeared purple and was more strongly coloured. After =~ 60 mins of reaction, the
solution did not further deepen in colour, signifying the end of the gold nanoparticle formation
reaction. When the solution was viewed off-angle, a two-tone effect was revealed where the
solution showed a more orange tone when viewed at high angles and a more purple tone when

looked at directly.

In the case of the gentle layering of cyclohexanone at the surface of the aqueous auric acid
solution, an emulsion layer was formed at the interface in which the colour-change and hence
nanoparticle formation reaction occurred solely at the cyclohexanone-water interface. Figure
4.3.4.1(b) shows that just after addition of the reducing agent (0 mins), two separate immiscible
layers can be observed. Approximately 20 mins into the reaction a pink layer began to form within
the aqueous layer at the interface. As the reaction progressed, the pink layer deepened in colour
and penetrated deeper into the aqueous layer as the nanoparticles diffused. After 60 mins of

reaction, almost half of the aqueous layer had turned pink. On comparing the two reactions, one can
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see by eye that the nanoparticle formation is more rapid in the solution that was thoroughly mixed.
However, one can also infer the importance of the partial miscibility of the cyclohexanone on the

mechanism of nanoparticle formation.

The nanoparticle formation reaction, where the cyclohexanone initiator was well-mixed, was
also followed using UV-visible spectroscopy over the 190 — 1100 nm range, as shown in Figure
4.3.4.2. The spectra showed the formation of a band at 540 — 575 nm corresponding to the surface
plasmon resonance (SPR) of Au nanoparticles. The UV-visible spectrum was taken every = 70
seconds until the SPR band stopped increasing. Approximately 10 mins after the cyclohexanone was
added a SPR band started to appear. This continued to increase at a relative steady rate until after =
65 mins after cyclohexanone addition, when the SPR band suddenly stopped increasing in
magnitude. The overall baseline also increased its absorbance during the process — this stopped its

upward shift at the same time as the SPR band showed no further increase in magnitude.
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Figure 4.3.4.2: UV-visible spectrum monitoring the growth of gold nanoparticles in situ during their
self-activated formation from the reaction of an aqueous auric acid solution with cyclohexanone.
Each spectrum was taken every 70 seconds where the plasmon band appeared = 10 mins after the
addition of cyclohexanone. The spectra are shown as recorded and no shift was applied to the

baseline.
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The centre (nm) and height (absorbance) of each progressively growing SPR band was
extracted and plotted against reaction time (minutes), as shown in Figure 4.3.4.3. As observed in UV-
visible absorbance spectra, an SPR band (543 nm, 0.01 absorbance units) first appeared 10 mins
after the addition of cyclohexanone. The SPR band then grew in height at a relatively steady rate of
roughly 0.012 absorbance units per minute. The centre of the SPR also shifted to longer
wavelengths. These two properties continued to increase until exactly 64 mins after the addition of
cyclohexanone, where they both reached a plateau. From 64 to 75 mins reaction time both the SPR
centre and height did not change significantly. Over the reaction period the SPR height increased
from 0 to 0.61 absorbance units. In addition, the SPR centre shifted from 543 to 576 nm. The
solutions were highly stable to precipitation and altered little after being stored for 3 months,

although the SPR centre decreased to 563 nm and the absorbance dropped to 0.59.
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Figure 4.3.4.3: A plot of the centre (nm) and height (absorbance) of the progressively growing
surface plasmon resonance band extracted from UV-visible spectra monitoring the growth of gold
nanoparticles in situ during their self-activated formation reaction from auric acid solution and

cyclohexanone.
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It is well known that an increase in SPR centre wavelength signifies an increase in average
nanoparticle size.”” Using the relationship derived by Haiss et. al.,"** the increase in SPR centre from
543 to 576 nm signifies an average increase in nanoparticle diameter of = 34 nm, assuming the

particles are predominantly spherical.

The rate of consumption of auric acid in the reaction was determined by titrating solution aliquots

during the nanoparticle formation reaction.'*!

The level of auric acid was found to decrease linearly
over the time period (Figure 4.3.4.4); decreasing from 0.26 mM at the start of the reaction (0
minutes) at a rate of 6.2 uM.min™ to there being no presence of auric acid after 45 mins of reaction.
This was in contrast with nanoparticles formed by the reaction of auric acid and citric acid (the
Turkevich method), where during the reaction a sharp change in auric acid concentration is observed
at a critical point.” From our spectroscopic studies it was observed that surface plasmon band
formation, indicating the formation of gold nanoparticles, terminated after = 65 mins of reaction,
whereas our titrations showed that the auric acid was depleted after 45 mins. This showed that
there was a 20 minute lag between the complete reduction of gold ions and their subsequent
growth to form nanoparticles at room temperature.
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Figure 4.3.4.4: Auric acid (mM) depletion in the self-activated gold nanoparticle formation reaction
of auric acid (0.28 mM) with cyclohexanone (0.48M). This was measured by quenching the reaction
in sample aliquots with iodide salt and measuring the level of |, side-product by titration with
thiosulphate using starch indicator. The decrease in auric acid concentration was strongly linear (r* =

0.99).
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The gold nanoparticle formation reaction was repeated with solution aliquots being
extracted 5, 20 and 65 mins after the addition of cyclohexanone and placed on lacey carbon-coated
copper grids for TEM analysis. Representative TEM images are shown in Figure 4.3.4.5. Figure
4.3.4.5(a) shows that after 5 mins of reaction multi-core structures had formed, which ranged in size
from 20 to 93 nm in diameter. The average diameter and standard deviation of these multi-core
structures was 63 £ 21 nm. On closer inspection it can be seen that these multi-core structures are
composed of clusters of smaller particles. These particles were predominantly spherical and ranged
in size from 4.0 to 10 nm. The average diameter and standard deviation of the spherical particles of
which the multi-core structures were composed was 6.4 + 1.3 nm. Figure 4.3.4.5(b) shows a less
magnified image of the same sample. Some well formed gold nanoparticles had formed alongside
the multi-core structures. Mainly spherical shapes (11 = 6.7 nm) were observed, however
dodecahedral (21 + 2.1 nm) and rod-like (33 + 17 nm in length) gold nanoparticle shapes were also
present. Intriguingly, large nanoplates (flat structures) were also observed that were mainly
triangular in shape (29 + 12 nm in height). Figure 4.3.4.5(c) shows that after 20 mins of reaction
these large multi-core structures had disappeared and only more compact looking and more
regularly shaped gold nanoparticles were present. Spherical nanoparticles were still the most
abundant shape, but had more than doubled in average size from 11 + 6.7 nm after 5 mins of
reaction to 25 £ 6.4 nm after 20 mins of reaction. Dodecahedral (28 + 4.7 nm), rod-like (49 £ 23 nm
in length) and triangular nanoplate (29 + 5.3 nm in height) structures were also still present.
However, some extra shapes, not previously observed after 5 mins of reaction were now observed,
such as decahedra (31 + 3.9 nm), trigonal bipyramids (35 + 5.6 nm) and triangular prisms (30 + 5.2
nm). Figure 4.3.4.5(d) shows the final state of the nanoparticles after they had been allowed to react
completely (65 mins total reaction time). Interestingly the size of each shape increased by = 20 nm
on average from 20 to 65 mins of reaction. Spheres were still the most predominant shape,

increasing in size from 25 + 6.4 nm to 43 £+ 6.8 nm.

The colloids were stable to precipitation on prolonged storage (at least 3 months). A TEM
image size analysis of such a solution after 3 months of storage demonstrated how little the
predominantly spherical nanoparticles changed in size (49.8 + 9.5 nm). However, the primarily flat
nanoplate structures showed an almost 5-fold increased in size (Figures 4.3.4.5(e) and 4.3.4.5(f)).
These nanoplates were similar in size and shape to those formed by Tsuji et. al. from the microwave

heating (85 °C) of aqueous solutions of auric acid with long-chained PVPs.'*
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Figure 4.3.4.5: TEM images of solution aliquots taken from the self-activated gold nanoparticle
formation reaction of auric acid solution and cyclohexanone after (a & b) 5 mins, (c) 20 mins and
(d) 65 mins of reaction. After 3 months storage larger (e) hexagonal and (f) triangular nanoplate

structures were also present.
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Figure 4.3.4.6: Histogram plots of nanoparticle size (nm) and count for the various nanostructures
observed after (a) 5 mins, (b) 20 mins and (c) 65 mins of reaction from the self-activated gold
nanoparticle formation reaction of auric acid solution and cyclohexanone and (d) after 3 months

storage.

The distribution of nanoparticle shapes and sizes is summarised in the histograms shown in
Figure 4.3.4.6. The histogram plots for the nanostructures observed after 20 and 65 mins of reaction
and 3 months storage were approximately Gaussian in distribution. The histogram after 5 minutes
reaction was very much skewed to the left due to the large number of tiny spherical particles that
were present within the large multi-core structures that initially formed. The overall average
diameter of all nanostructures increased during the reaction period from = 15 nm after 5 mins, to =
25 nm after 20 mins, to = 40 nm after 65 mins of reaction. After 3 months in storage the average

nanoparticle size did not change much, showing how the nanoparticle formation reaction was

<48>



complete after 65 mins of reaction. Although a multitude of 3D shapes and flat nanoplate structures
were observed, spherically shaped nanoparticles were present in majority (70 % presence on
average) throughout the reaction. For the duration of the reaction it was observed that the SPR
band centre shifted from 543 to 576 nm (Figure 4.3.4.3), denoting an average increase in size of = 34
nm.™? From TEM studies, a similar size change was observed for the spherical particles that were
present in majority, increasing in average size from 11 + 6.7 nm after 5 mins of reaction to 43 + 6.8
nm after 65 mins of reaction. This corresponded to a 32 nm average increase in size, correlating well

with shifts in SPR band centre (Figure 4.3.4.2).

A gold nanoparticle solution that had been allowed to react to completion (> 65 mins) was
freeze dried to form a powder for XRD analysis. The pattern, shown in Figure 4.3.4.7, was phase
equivalent to that of bulk gold showing face-centred cubic (FCC) symmetry (FM3M, a = 4.0781 A).*"3
Through fitting the pattern to a Le Bail refined model, a slightly larger unit cell than bulk gold was
observed (a = 4.1031 A), which equated to an average unit cell expansion of 1.5 %. In measuring the
relative heights of each diffraction peak, slight preferred growth was observed in the (200) plane.
Through applying the Scherrer equation to each diffraction peak, an average crystallite size of 14 nm

with a standard deviation of 1.4 nm was observed. This indicates that the particles observed by TEM

with average size ca 40 nm are in fact on average composed of multiple crystal grains.
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Figure 4.3.4.7: X-ray diffraction pattern of a colloidal powder suspension. The powder was acquired
through freeze-drying a gold nanoparticle solution, formed from the self-activated reaction of auric

acid solution and cyclohexanone that was allowed to react to completion (> 65 mins).
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The freeze dried powder was also investigated using IR spectroscopy within a pressed KBr
disc. Cyclohexanone solution was investigated as a standard for comparison. The presence of no
organic compound other than cyclohexanone was observed in both spectra. This indicated that
cyclohexanone not only acts as a reducing agent in the self-activated formation of gold nanoparticles
from auric acid, but also seems to play a surfactant-type role for stabilising these particles. In
addition, the carbonyl C=0 dimer bond stretch did not shift within error in the gold nanoparticle
powder (1714 cm™) compared with that of pure cyclohexanone (1715 cm™). In Sarkosh et. al.’s IR
study of gold nanoparticles formed by ablating a gold target submerged in cyclohexanone solution
an = 24 cm™ decrease in this C=0 stretch was observed and was attributed to the capping of
cyclohexanone molecules to the gold nanoparticles through their C=0 bond at oxygen. In
comparison, this indicates that either cyclohexanone did not preferentially bind through this
functional group to gold in the colloid reported in this paper or that a number of cyclohexanone

layers were present, stacking randomly around each nanoparticle.

4.3.5. Mechanistic studies

Gold nanoparticles were formed by simply mixing cyclohexanone with an aqueous solution
of auric acid. The reaction took place at room temperature, unlike typical gold nanoparticle
syntheses, without the need for any activation i.e. thermal activation, sonication, photo-activation
etc. This ruled out the photocatalytic mechanism observed by Marin et. al. with aryl ketones in the
reduction of auric acid (Au®*) to gold (Au®).*® For our reactions, three components were present in

the solution: water, auric acid and cyclohexanone.

The reaction was repeated in D,0 so that any by-products could be examined using and *C
NMR. Several peaks not relating to the presence of the excess reducing agent, cyclohexanone [*C
NMR (600 MHz, D,0) &(ppm) 25.1, 27.2, 41.8, 128.2, 209.2 {Appendix 1(a)}], were observed. These
peaks [*C NMR (600 MHz, D,0) & 22.7, 23.9, 33.8, 36.8, 39.2, 41.2, 65.2, 67.0, 95.2, 210.2, 216.3
{Appendix 2}] well-matched a pure spectrum of 2-chlorocyclohexanone [*C NMR (600 MHz, D,0)
6(ppm) 22.6, 24.7, 27.7, 30.9, 33.8, 37.4, 39.1, 41.2, 65.9, 67.0, 94.9, 210.1, 216.0 {Appendix 1(b)}].
The two missing peaks at 6(ppm) 27.7 and 30.9 of 2-chlorocyclohexanone were masked by the large
presence of cyclohexanone in this region. Additional peaks of lower intensity were observed but not
identified. Nevertheless, the majority by-product was identified as 2-chlorocyclohexanone. This was
supported by gas chromatography measurements. Gas chromatography of the nanoparticle solution
(containing the by-product) and clean measurements of pure 2-chlorocyclohexanone were
performed. Two matching peaks at the same retention time of 17.9 mins were observed. Further
clarification of 2-chlorocyclohexanone being formed was found by IR spectroscopy. Measurements

of the gas phase taken during the nanoparticle formation reaction in a gas-tight vacuum-pumped cell
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showed the progressive release of 2-chlorocyclohexanone (Figure 4.3.4.7). A maximum
concentration of 2-chlorocyclohexanone was reached after approximately 30 mins, in line with
titrations that indicated the complete reduction of auric acid in a similar time-frame (Figure 4.3.4.4).
Although cyclohexanone possesses a higher vapour pressure (4.5 mmHg, 25 °C) than 2-
chlorocyclohexanone (0.28 mmHg, 25 °C), the far poorer solubility of 2-chlorocyclohexanone in
water (0.02 g.L'™") compared with cyclohexanone (87 g.L™") was perhaps the over-riding factor that led
to its observation in the gas phase. Assuming the 1: 1 formation of 2-chlorocyclohexanone from
auric acid, 0.32 mg would have formed during the reaction (0.16 mg above the solubility limit in 10
ml of water thus encouraging vaporisation). On the other hand, when mixed thoroughly,

cyclohexanone (0.47 g) was fully soluble, being 0.4 g under the solubility limit.
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Figure 4.3.4.8: IR spectra of the gas phase above the solution taken during the self-activated gold
nanoparticle formation reaction of auric acid (0.28 mM) with cyclohexanone (0.48M). Gas phase

measurements of 2-chlorocyclohexanone and cyclohexanone are shown for reference.

The tautomerism of secondary ketones such as cyclohexanone is well known, forming an
enol functional group with greater capacity for oxidation.'** The presence of this tautomer was
indicated in this study as aqueous solutions of cyclohexanone discoloured bromine water (indicating
an alkene group was present) and turned an acidified solution of K,Cr,0; from orange to green upon

slight heating (primary/ secondary hydroxyl group present). In fact, a slight difference in the UV-
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visible absorption spectrum of aqueous cyclohexanone compared with pure cyclohexanone was

observed, when the peak at 913 nm in pure cyclohexanone disappeared in the agueous mixture.

With the reaction by-product (2-chlorocyclohexanone) and keto-enol chemistry in mind, a
mechanism by which Au®** could be reduced to Au’ is presented (Equation 4.1). The mechanism was
based in part on the similar chemistry observed between the pentavalent bismuth salt of Ph3Bi(V)Cl,
with cyclohexanone that leads to chlorine addition at the a-position on cyclohexanone in a 2e’
process forming 2-phenylcyclohexanone.™ Furthermore, Kochi demonstrated the reaction of CuCl,
with acetone in forming a-chloro ketones, again a 2e” transfer process.'*® To our knowledge, the

comparable reaction of auric acid (HAuCl,;) and cyclohexanone has not been reported.

Auric acid can release HCI freely in solution, leaving AuCl; (Equation 4.1a). The acid can
tautomerise cyclohexanone to the enol catalytically (Equation 4.1b). Trigonal planar AuCl; is then
nucleophilically attacked by the lone pair on the enol leading to the Sy2 release of CI" (Equation 4.1c).
The locality of the Cl-Au-O bond to the carbon a-position induces a cyclic nucleophilic attack starting
from the alkene bond. This leads to the reduction of gold from Au®>" (AuCls) to Au'* (AuCl,) and the

formation of 2-chlorocyclohexanone.

HAuCl, s AuCl; + HCI (4.1a)
LHoCr H
o) COI o~
H
HCI » (4.1b)
— — + HCI
cat
Cl Cl )
N Q:I (¢]]

Au | n

/ _H (:/H
cl kO Ci \LO . O| o 0 (4.1¢)
9 e 7Y 0

As the reduction of a metal chloride by a ketone is a 2e” transfer process,'*>*'® the direct
reduction of AuCl,” to Au® by cyclohexanone was not possible. Therefore, the disproportionation of

AuCl, to Au® was the only viable route to Au°

3AuCl; — 2Au® + AuCly + 2C1~ (4.2)
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According to Gammons et. al., the disproportionation of AuCl, to Au’ takes place at room
temperature.”” However, the rate of disproportionation increases rapidly with AuCl,” concentration
and temperature. Moreover, the reaction is catalysed in the presence of Au foil."*” The fact that Au®
catalyses the disproportionation of AuCl,” to Au® indicates that Au® growth at Au® sites will be
favoured, leading to the nucleation and growth of nanoparticles through the continued absorption

and disproportionation of AuCl,.The sequential steps can be summarised as:

—3C5HoCOCL
3CsH,(,CO + 3HAuCl, ——— 3H* + 3HCL + 3AuCl; - 2Au® + HAuCl, + 5HCl (4.3a)

and the overall reaction as:

—3C5HyCOCL 0
3CsH(CO + 2HAuCl, ——— 2Au” + 5HCI (4.3b)

Our TEM studies showed that large multi-core structures initially formed 5 mins into the
nanoparticle formation reaction. These structures then collapsed into smaller and denser particles
with a variety of shapes. A similar growth mechanism to the formation of gold nanoparticles from

1.7 Large multi-core particles

auric acid and tri-sodium citrate at 70 — 100 °C observed by Chow et. a
that were = 100 nm in diameter initially formed that collapsed over the course of the reaction into
predominantly spherical shaped nanoparticles that were = 20 nm in size. Such a similarity in growth
mechanism demonstrates the similar behaviour of the surfactants in these processes. The gold
nanoparticles formed in the reaction of auric acid and cyclohexanone were relatively monodisperse.
It was therefore evident that the gold atoms nucleated after the collapse of the multi-core structures

to a critical energetically favourable size; with the average diameter of the spherical particles formed

being 43 £ 6.8 nm.

4.3.6. Conclusion

A new and perhaps one of the simplest ever method for the synthesis of multi-shaped
colloidal gold is presented. By simply adding cyclohexanone to aqueous solutions of auric acid at
room temperature a self-activated and self-propagating reaction results in the formation of a gold
colloid. Such room temperature self-activated reactions are unique compared with traditional
methods (i.e. the Turkevich method), where solutions require near boiling temperatures to react.
Large multi-core structures initially formed at early stages in the reaction that collapsed into denser
particles of a variety of shape and size (though most prominently spheres). The particles were highly
crystalline and were stabilised by the presence of cyclohexanone that dually acted as a reducing
agent and a surfactant. By identifying the majority by-product, 2-chlorocyclohexanone, a mechanism
was proposed. Furthermore, a new method of converting cyclic ketones to a-chloro ketones was

discovered. This new synthetic route to colloidal gold is straightforward and fast, forming
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nanoparticles with a range of shapes. The resulting nanoparticle solution is indefinitely stable to

precipitation at room temperature.

In the next chapter we will examine three alternative ketones: acetone, 3-pentanone and
acetylacetone. As these ketones did not react at room temperature with auric acid, each reaction
was induced by microwave-assisted reflux. The effect of each ketone on the resulting particle size

and shape is assessed and compared. Viable mechanistic routes are also suggested.
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4.4. The reactions of acetone, acetylacetone or 3-pentanone and auric acid at reflux

4.4.1. Overview

Gold nanoparticles were synthesised from the reaction of auric acid and a ketone at
microwave induced reflux. The three ketones examined were acetone, 3-pentanone and
acetylacetone. Contrary to the reaction of auric acid and cyclohexanone, these reactions showed no
visible sign of reaction when kept at room temperature for several hours; thus the reactions were
instigated by thermal stimulation for a brief period of time (between 1.5 to 6.0 mins by microwave-
assisted reflux). Reactions with acetone were not complete after the initial reflux period and took
several days to complete when stored at room temperature thereafter. These progressive changes
were assessed using UV-visible spectroscopy and transmission electron microscopy (TEM). Reactions

with acetylacetone and 3-pentanone were primarily complete after the initial reflux period (6 mins).

4.4.2. Introduction
The use of ketones in the synthesis of nanoparticles is uncommon. However, some examples

100,101

include the use of acetone in the formation of truncated gold nanocubes, methyl isobutyl

2

ketone in the formation of multi-core Pd nanoparticles’® and the ketone polymer poly-vinyl-

pyrrolidone (PVP) in the formation of triangular gold nanoplates.'®**%

In this chapter the use of three common ketones in the formation of gold nanoparticles from
auric acid after microwave induced reflux including: acetone, 3-pentanone and acetylacetone is
investigated. For reactions with acetone in low concentration we saw several transformations in the
particle shape and size before the final product was reached. These transformations were analogous
to those underwent by cyclohexanone in Section 4.3. This involved the initial formation of large
multi-core structures composed of smaller aggregates (Day 1) that later broke apart and compacted
into dense gold particles of varied shape and size (Day 8). Given the similarity in growth mechanism
to reactions of auric acid and cyclohexanone (covered in Section 4.3), we propose an analogous
pathway to gold. Moreover, the different effect of each ketone on the resulting particle size and
shape is assessed and compared. Interestingly, reactions of auric acid with 3-pentanone were
complete after 6 mins of reflux, reactions with acetylacetone were almost complete and reactions

with acetone were hardly complete taking several days thereafter to end.

4.4.3. Experimental
All reagents were purchased form Sigma-Aldrich UK unless otherwise stated. All glassware
was cleaned with aqua regia (3HCl: 1HNOs) and rinsed with copious amounts of deionised water

prior to use.
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4.4.3.1. Synthesis

Au nanoparticles were formed from reacting aqueous auric acid (0.28 mM) solutions with a
ketone compound under reflux using microwave energy (Proline MicroChef ST22 — 750 W). In each
case, the ketone acted as a reducing agent in forming Au nanoparticles (Au®) from the auric acid

(Au*). Three ketones were studied: acetone, 3-pentanone and acetylacetone (Figure 4.4.3.1).

(a) (b) (c)
o 0 o) o)

N PN

Figure 4.4.3.1: The ketones used as reducing agents in the synthesis of Au nanoparticles from
aqueous auric acid solution (0.28 mM) under microwave radiation; (a) acetone, (b) 3-pentanone and

(c) acetylacetone.

Table 4.4.3.1: The type of ketone used, volume added, irradiation time (mins) and solution label for a

range of aqueous solutions in auric acid (0.28 mM, 10 ml total volume) used to form gold colloids.

Ketone
Acetone 3-Pentanone | Acetylacetone

Volume (ml) 0.5 0.5 0.5 0.5 2.0 0.5 0.5
Irradiation

1.5 3.0 4.5 6.0 6.0 6.0 6.0
time (mins)

Solution
A-15 | A-3.0 | A-45 A-6.0 | A*-6.0 P-6.0 AA-6.0
label

A more in depth study of reactions involving acetone was conducted. This entailed the
systematic investigation of microwave time (1.5, 3.0, 4.5 and 6.0 mins) and acetone volume (0.5 or
2.0 ml) in aqueous auric acid (0.28 mM). The total volume of each solution was kept at 10 ml. For
reactions involving 3-pentanone and acetylacetone a single reaction was studied which each
involved 0.5 ml of the ketone for a microwave time of 6.0 mins. After approximately 45 seconds of

microwave radiation the solutions started to reflux, where an almost instantaneous transition from a
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colourless to bright ruby red solution occurred; indicating the formation of Au nanoparticles. The
solutions were continually refluxed using microwave energy for a set period of time. The microwave
energy was then turned off and the solution was allowed to cool to room temperature under
ambient conditions. The constituents of each solution, microwave time and solution label are listed

in Table 4.4.3.1.

4.4.3.2. Analysis

The UV-visible absorption spectrum of each solution was assessed using a PerkinElmer Lambda 25
UV/VIS spectrometer. The size and shape of the particles formed were investigated using a Jeol
4000EX HRTEM microscope. Samples for TEM analysis were prepared by evaporating purified

solution droplets onto lacey carbon film coated copper grids.

4.4.4. Results and discussion
Au nanoparticle solutions were synthesised in a one-step process from the reaction of a
selected ketone and auric acid under microwave induced reflux. The ketone acted as both the

reducing agent and surfactant for stabilising the Au nanoparticles that formed.

4.4.4.1. Acetone as a reducing agent in the synthesis of gold colloids

The UV-visible absorption spectra for the colloids grown using acetone are shown in Figure
1. The effect of leaving the solutions to age under ambient conditions (in the dark) was investigated.
Spectra were taken on the day that the nanoparticles were synthesised (Day 1 — Figure 4.4.4.1(a)), 2
days (Day 3 — Figure 4.4.4.1(b)) and 7 days (Day 8 — Figure 4.4.4.1(c)) thereafter. The most distinct

changes were observed in Solution A —1.5.

On Day 1 almost no SPR band was observed (A = 544 nm, Abs = 0.0034), however, by Day 8 a
prominent SPR band was present (A = 561 nm, Abs = 0.3167). This demonstrated that a post
nanoparticle formation reaction took place; an effect similar to the digestive ripening phenomenon
observed in our gold nanoparticles formed by the Turkevich method (discussed in Chapter 2).
Similarly, the SPR bands of Solutions A — 3.0, A — 4.5 and A — 6.0 also increased in height, but to a
lesser degree. This was also attributed to an extended nanoparticle growth reaction. What this
showed is that a reaction time between 1.5 to 6.0 mins was insufficient to induce complete
nanoparticle growth when 0.5 ml of acetone was used. However, a reaction was instigated that
continued at room temperature over several days (something that did not occur in non-refluxed
samples). On the other hand, when 2.0 ml of acetone was used in a 6.0 minute reaction we see little
change in the SPR band after the first 2 days. This showed how the reaction went to completion
when higher concentrations of acetone were used. Interestingly, the SPR absorption maximum

began to fall by Day 8, which indicated that the nanoparticles where not wholly stable.
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A summary of the changes in SPR centre and absorption are shown in Figure 4.4.4.2. Interestingly
little correlation between the SPR band centre and microwave-assisted reflux time was observed
over the 7 day storage period (Figure 4.4.4.2(b)). Where the SPR band centre increases from A = 544
nm (Day 1) to A = 561 nm (Day 8) for Solution A — 1.5, the SPR band centre decreased by varying
degrees for all other solutions. This showed how nanoparticles in Solution A — 1.5 grew in size over
the 7 day storage period whereas nanoparticles shrunk in size in the remaining solutions (i.e.
digestive ripening). The behaviours of Solutions A — 3.0 and A — 4.5 were similar, decreasing from A =
557 nm to A = 547 nm over the storage period. The SPR band centres of Solutions A — 6.0 and A* —
6.0 differed quite substantially, irrespective of their shared reflux time, where A — 6.0 ended at A =
541 nm and A*- 6.0 ended at A = 555 nm. The change in SPR band centre was minimal in Solution A*

— 6.0, decreasing by only = 3 nm over the 7 day storage period.
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Figure 4.4.4.2: A summary of the changes in the SPR band (a) centre and (b) absorption for the gold
nanoparticle solutions formed by refluxing auric acid (0.28 mM, 10 ml total volume) with acetone (A

= 0.5 ml, A* = 2.0 ml) using microwave energy for 1.5, 3.0, 4.5 and 6.0 mins.
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Figure 4.4.4.4: TEM images of gold
nanoparticles formed from the reaction of
auric acid (0.28 mM, 10 ml total volume) and
acetone (0.5 ml) under microwave-assisted
reflux for 3.0 (a=A-3.0),45(b&c=A-4.5)
or 6.0 mins (d & e = A—6.0) at Day 1.
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The size and shape of the gold nanoparticles formed from reactions with acetone were
investigated by TEM at Day 1 and after several weeks of storage in the dark for comparison. Selected
images from samples A — 3.0, A — 4.5 and A — 6.0 are shown at various magnifications in Figure

4444,

In Solutions A — 3.0, A — 4.5 and A — 6.0 we see a similar formation of large multi-core
structures made up of smaller particles. The average diameter of the multi-core structures and the

smaller particles were measured (Table 4.4.4.2).

Table 4.4.4.2: Average diameters (nm) of the multi-core nanoparticles and the tiny spherical
particles within them. The error is taken as the standard deviation of the measured dataset (N > 50).

The SPR band centre is stated for comparison.

Sample
A-3.0 A-45 A-6.0
spheres 129+6.1 23.0+6.5 11.1+75
multi-core 47.2 +28.7 94.3+34.2 69.4+17.2
(made of spheres)
SPR band centre 557 558 548

By extending the reflux time from 3.0 (A — 3.0) to 4.5 mins (A — 4.5), an increase in average
particle size was observed in both the multi-core structures (47.2 + 28.7 nm to 94.3 + 34.2 nm) and
the smaller spherical particles that they were composed of (12.9 + 6.1 nm to 23.0 + 6.5 nm).
However, this did not correlate with a substantial shift in the SPR band (557 vs. 558 nm). A further
increase in the reflux time from 4.5 (A — 4.5) to 6.0 mins (A — 6.0) led to a decrease in average
particle size in both the multi-core structures (94.3 + 34.2 nm to 69.4 + 17.2 nm) and spheres (23.0 +
6.5 nm to 11.1 £ 7.5 nm). This decrease in size correlated with a decrease in the SPR centre (558 to

12 \we see in

548 nm), as band centres at lower wavelength represent particles of smaller diameter.
Figure 4.4.4.4(a), particles in Solution A — 3.0 were far less defined and more elliptical in shape than
the particles formed in Solutions A — 4.0 and A — 6.0 (Figure 4.4.4.4). As such, it was assumed that
this change in definition (i.e. crystallinity) may have altered the relationship between particle size

and SPR shift between Solutions A—3.0 and A—4.5.
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Figure 4.4.4.5: TEM images of gold nanoparticles formed from the reaction of auric acid (0.28 mM,
10 ml total volume) and acetone (0.5 ml) under microwave induced reflux for 3.0 (a & b = A —3.0)

and 6.0 (c & d = A—6.0) mins at Day 8.

When these particles were stored in the dark, UV-visible spectroscopy revealed a time
dependent change in SPR band centre and height. For example, in Solution A — 3.0 the SPR band
centre decreased from 557 nm (Day 1) to 547 nm (Day 8) and the SPR band height increased nearly
four-fold from 0.06 Abs units (Day 1) to 0.22 Abs units (Day 8). Similarly, in Solution A — 6.0 the SPR
band centre decreased from 548 nm (Day 1) to 541 nm (Day 8) and the SPR height more than
doubled from 0.20 Abs units (Day 1) to 0.44 Abs units (Day 8). These changes indicated that the
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Figure 4.4.4.6: (a) Average particle diameter (nm) and (b) their relative abundances (%) for Solutions
A —3.0and A-6.0 at Day 8 (N > 80); gold nanoparticles formed from the reaction of auric acid (0.28
mM, 10 ml total volume) and acetone (0.5 ml) under microwave induced reflux for 3.0 or 6.0 mins

respectively.

average particle size decreased in both solutions over the period (inferred from decreases in SPR
band centre). Likewise these changes also indicated that the concentration of the colloid was
increasing (inferred from increases in SPR band absorbance) and that the nanoparticle formation
reaction continued for several days after the short period of reflux. These changes were investigated
in more depth by TEM (Figure 4.4.4.5). At day 8, wide-ranging nanoparticle shapes and sizes were
observed including spheres, triangular prisms, decahedrons, dodecahedrons and flat truncated
triangular structures. This was in stark contrast to the multi-core structures initially observed at Day
1 (Figure 4). The average particle diameter (Figure 4.4.4.6(a)) and abundance (Figure 4.4.4.6(b)) was

determined for each solution.

A similar population of each nanoparticle shape was seen across both samples (Figure
4.4.4.6). The most prominent were spheres (50 — 60 %), then dodecahedrons (= 25 %), decahedrons
(= 10 %) and the two types of triangular structure; flat truncated triangles (= 8 %) and the triangular
prisms (= 2 %). This revealed a trend, where particle shapes with a higher number of faces were
more abundantly formed. This indicated that multi-faceted structures were more energetically
favourable in this system, irrespective of total reflux time (for the range of times investigated). A
wide distribution of average particle sizes was observed across both solutions (Figure 4.4.4.5(a)).
Comparing the two solutions, the average diameter of spheres, decahedrons and dodecahedrons

were similar. However, the average diameter of the triangular prisms and flat truncated triangles
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Figure 4.4.4.7: The exponential decay relationship between the number of shape faces for a given
particle and its average diameter (nm) for the gold nanoparticles formed in Solution A — 3.0 at Day 8
(r* = 0.99); formed from the reaction of auric acid (0.28 mM, 10 ml total volume) and acetone (0.5

ml) under microwave induced reflux for 3.0 mins.

differed substantially, almost halving in size from Solution A — 3.0 to A — 6.0. The spheres were
smallest on average in both samples, although marginally larger in Solution A—6.0 (49 £ 5 nm versus
37 £ 7 nm). The next smallest shape was the dodecahedrons (= 45 nm) and then the decahedrons (=
50 nm). The triangular structures were substantially larger; the prisms ranging in size between = 60 —
120 nm and the flat truncated triangles between = 130 — 260 nm. Interestingly, this revealed another
trend, where the average particle diameter increased with a lower number of particle shape faces.

This relationship is shown diagrammatically in Figure 4.4.4.7 for Solution A —3.0.

A first order exponential decay relationship was revealed with good correlation (r* = 0.99)
where:
-n’ faces
< diameter (nm) >= 686¢e 175 + 42.8 (Eq 4.4)
The relationship between the number of shape faces and the eventual size was most likely
controlled by the particle formation mechanism. At Day 1 large multi-core nanostructures (= 50 —

100 nm in diameter) composed of smaller spherical units (= 10 — 20 nm in diameter) were formed.

These were formed during microwave-assisted reflux for a set period of time (between 1.5 — 6.0
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mins). When stored for 1 week in the dark, the particles evolved, changing dramatically in size and
shape in forming a range of structures from dense spheres to flat truncated triangles. This was only
observed when the solutions had been refluxed, where solutions kept at room temperature showed
no observable reaction. The initial period of reflux instigated a chain reaction that continued over a
period of several days, which demonstrated the requirement of an activation energy barrier to be
surpassed before the reaction could proceed. This was averse to reactions with cyclohexanone

(Section 4.3), which proceed at room temperature.

In order to see if the nanoparticle formation reaction with acetone was dependent on the
ketone concentration, the experiment was repeated for a 6 minute reflux with 4 times the amount
of acetone (Solution A* — 6.0). The SPR absorbance maximum increased over the period of 1 week
storage for the solutions of lower concentration. However, in Solution A* — 6.0 the SPR absorbance
reached its maximum at Day 1. This showed that the reaction was complete immediately after
reflux; in contrast to the other solutions that required aging to complete. The size and shape of the
particles formed immediately after reflux was investigated by TEM (Figure 4.4.4.8). The particles
observed at Day 1 in Solution A* — 6.0 were similar to those observed at Day 8 in Solution A. The
large multi-core structures observed at Day 1 in Solution A were not observed. This showed that
when the acetone concentration was quadrupled the nanoparticle formation reaction progressed far

more rapidly, reacting to completion during the period of microwave-assisted reflux. The shapes and

sizes of the nanoparticles formed in Solution A* were very similar to those formed in Solution A.

omn ¥
.

200 nm #

Figure 4.4.4.8: TEM images of gold nanoparticles formed from the reaction of auric acid (0.28 mM,
10 ml total volume) and acetone (2.0 ml) under microwave induced reflux for 6.0 mins (Solution A* —

6.0) at Day 1 immediately after reflux.
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Figure 4.4.4.9: The spectrum of shapes observed in Solution A* — 6.0 at Day 1; a gold nanoparticle
solution formed from the reaction of auric acid (0.28 mM, 10 ml total volume) and acetone (2.0 ml)
under microwave induced reflux for 6.0 mins. From the top row to the bottom row we have the
name of the shape, a representative TEM images, a 3D graphical representation and the number of

shape faces.

The various shapes observed by TEM are shown in Figure 4.4.4.9. The average size and shape of
each particle were measured for comparison [N = 140] (Figure 4.4.4.10). Similar trends to Solution A
at Day 8 were observed in Solution A* at Day 1. For instance, the abundance of a shape increased
with the number of shape faces. In addition, the average particle diameter decreased with the
number of shape faces in an exponential manner as previously observed (Figure 4.4.4.7). However,
there were some clear differences. For instance, the average particle diameters of the spheres,
dodecahedrons and decahedrons were significantly larger (by = 20 nm). The flat truncated triangular
structures (195 nm) were also larger than those observed in Solution A — 6.0 at Day 8 (130 nm) but
smaller than those observed in Solution A — 3.0 at Day 8 (262 nm). In addition, the populations were
more lop-sided to shapes with higher numbers of faces, where the formation of spheres was more

dominant (75 % abundance).
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Figure 4.4.4.10: Average particle diameter (nm) [left axis] and their relative abundance (%) [right
axis] for Solution A* — 6.0 at Day 1 (N = 140); a gold colloid formed from the reaction of auric acid

(0.28 mM, 10 ml total volume) and acetone (2.0 ml) under microwave induced reflux for 6.0 mins.

Comparing the two solutions of equal reflux time (6.0 mins) but differing acetone volume (0.5

and 2.0 ml) we see several differences when quadrupling the acetone concentration:

(i) A dramatic increase in reaction rate (i.e. the SPR absorbance maximum is doubled at Day 1
and the nanoparticle formation reaction does not require ageing to complete)
(ii) An = 40 % increase in the average diameter of the spherical particles formed (from 49 nm in
Solution A —6.0 to 69 nm in Solution A* — 6.0)
(iii)  An increasing presence of spherical shapes, a similar presence of large flat truncated
triangles and a lower presence of decahedral structures.
(iv) A decrease in the SPR absorbance maximum with time (= 17 % reduction over 1 week of

storage in the dark)

What was of particular interest was how the SPR absorbance maximum decreased over 1 week.
This indicated that the nanoparticles were not indefinitely stable in solution when a higher
concentration of acetone was present. Moreover, a prolonged storage led to nanoparticle
precipitation, where a small gold-coloured was observed at the bottom of the Solution A* — 6.0 after

two weeks.
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One of the key benefits of making colloidal gold with a higher acetone concentration (2.0 ml
over 0.5 ml) was the complete formation of the nanoparticles after the 6 minute reflux period.
However, their instability in solution begs the question of how they can be made more stable? The
high solubility of acetone in water makes it difficult to remove. We propose that by increasing the
reflux time of solutions with low levels of acetone may vyield a quicker formation of gold

nanoparticles (i.e. at Day 1) with better long term stability.

In the Solution A series, it was generally observed that the SPR absorbance maximum increased
with the initial microwave induced reflux time (Figure 4.4.4.2(b)). An example of this trend at Day 3
is shown in Figure 4.4.4.11 revealing a shallow first order exponential relationship of strong

correlation (r? = 0.99)
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Figure 4.4.4.11: The relationship between the initial microwave induced reflux time (mins) and the
SPR absorbance maximum at Day 3 for the Solution A series; a set of gold colloids formed from the
reaction of auric acid (0.28 mM, 10 ml total volume) and acetone (0.5 ml) under microwave induced

reflux for 1.5, 3.0, 4.5 or 6.0 mins.

4.4.4.1.1. Possible reaction mechanism
With the exception of Solution A — 1.5, the SPR absorbance maxima had reached a plateau by
Day 8. The final point of plateau was higher with a longer initial microwave induced reflux time. This

showed how the final concentration of the gold nanoparticles formed was limited by the initial reflux
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time — giving insight into the formation mechanism. This shows that heat is required to initiate the
reaction but is not completely self-propagating. Rather, the period of reflux is what controls the
eventual concentration of gold formed. TEM analysis of the solutions at Day 1 (Figure 4.4.4.4) and

Day 8 (Figure 4.4.4.5) shed further light on the reaction mechanism:

(i) Reflux/ heat initiates the reduction of auric acid (Au**) by acetone to metallic gold (Au®)

(ii) Further reduction of auric acid occurs at Au® sites or Au® atoms aggregate to form small,
non-dense and spherical-like Au® particles (= 12 — 20 nm in diameter [Figure 4.4.4.4 & Table
4.4.4.2))

(i)  These non-dense Au® particles either encourage the formation of more non-dense Au°
particles at their surface or aggregate to form large multi-core structures (= 50 — 100 nm in
diameter [Figure 4.4.4.4 & Table 4.4.4.2])

(iv) Once these large multi-core structures are present, their collapse to dense Au® of defined
shape and size is imminent; taking several days to do so when a low concentration of
acetone is used (0.5 ml in the Solution A series [Figure 4.4.4.5]) or immediately when a high
concentration of acetone is used (2.0 ml in Solution A* — 6.0 [Figure 4.4.4.8])

(v) The final size and concentration of the dense nanoparticles formed increase with reflux
time. In addition, the fraction of spherically shaped particles increases with reflux time and

acetone concentration.

At first glance, the collapse of the large multi-core structures to the dense nanoparticles of well-
defined shape seems to be the rate limiting step. This is because their collapse took place over
several days in the Solution A series. The use of a higher concentration of acetone seems to increase
the speed at which this occurs. However, we suggest that this could be due to two plausible
phenomena: (i) a greater presence of acetone facilitates the break-up of these particles to dense
structures or (i) increases the rate at which Au®* is reduced to Au® and thus the rate at which the

multi-core structures reach a critical size and break apart.

The mechanism of the Turkevich reaction (the aqueous reaction of auric acid with tri-sodium

.”%”° Through TEM studies Rodriguez-Gonzalez et. al. showed

citrate) has been studied in great detai
that large multi-core structures (ca. 100 nm in diameter) composed of smaller particles (5 —10 nm in
diameter) were initially formed.”® A sharp increase in the conductivity after prolonged heating led to
the formation of dense nanoparticle structures ca. 15 nm in diameter. Chow and Zukowski showed
that only a fraction of the gold salt was consumed in the early stages of the reaction, forming a

complex between gold chloride and citrate/citrate oxidation products.” The absorption of AuCl, led

to reversible aggregation resulting in a progressive increase in the surface potential. An accelerated
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loss of auric acid was seen when the Au**/Au° ratio fell below 0.7 corresponding to a rapid change in
the colour from light purple to red and the break-up of the large multi-core structures.” It is
therefore the rate at which this critical ratio between Au®* and Au® that facilitates the break-up of

the multi-core structures.

Given the similarities in the two reaction mechanisms (i.e. auric acid reduced by acetone/ tri-
sodium citrate) we suggest that the increase in acetone concentration merely increases the rate at
which Au** is reduced to Au® and therefore the rate at which the critical ratio is reached (Au3+/AuO <
0.7). The fact that the multi-cores took several days to collapse in the Solution A series is not simply
explained. For instance, if the Au*/ Au® ratio truly dictates the point at which the multi-cores
collapse then the ratio must change over the storage period in the dark without heat. This suggests
that the auric acid can be reduced by the acetone without heating. However, no reaction was
observed without first heating the samples. The reduction of auric acid to Au® is not a one-step
process. To rationalise our observations we propose reduction process that includes two key stages.
The first stage possesses a high activation energy barrier that requires heating to be surpassed. The
second stage contains a lower activation energy barrier that can occur at room temperature, albeit
more slowly than at reflux. Studies of the Turkevich reaction conducted by Rodriguez-Gonzalez et. al.
showed that the reduction of auric acid (Au®*) to AuCl, (Au™) controlled the induction time of the
gold nanoparticle formation reaction.” Only when a sufficient level of AuCl,” had formed, nucleation
could ensue. We suggest that the initial period of microwave induced reflux allows auric acid to be

rapidly reduced to AuCl,:
AuCly + 2e™ —» AuCl; +2C17, E® = 4+0.926 V (NHE) (Eq 4.5)

The reduction of auric acid to AuCl,” possesses a high activation energy barrier (E® = +0.926
V) and could only take place at higher temperatures (i.e. under reflux). The accumulation of AuCl,

subsequently leads to its disproportionation:

3AuCly — 24u® + AuCly + 2C1- (Eq 4.6)

116 the

As the reduction of a metal chloride by acetone must be a 2 electron transfer process,
direct reduction of AuCl,” to Au® was not possible and the disproportionation of AuCl, to Au’® seemed
to be the only viable route to Au’. According to Gammons et. al., the disproportionation of AuCl, to

7 However, the rate of the

Au® takes place at room temperature, albeit quite sluggishly.
disproportionation reaction increases rapidly with AuCl,” concentration and temperature. Moreover,
the reaction was catalysed by the presence of Au foil. In consideration of their studies we propose

that the disproportionation of the AuCl,” complex to Au® was slow and the rate-limiting step in the
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overall reduction process. The slow kinetics in the conversion of AuCl, to Au® would explain why it
took several days for the critical ratio of AU**/AU° to be reached, where the multi-core structures fall
apart. It also explained why a higher acetone concentration increases the speed of Au® formation,
where AuCl, is more rapidly formed by the increased supply of electrons from the reducing agent
and its disproportionation accelerated due to its high concentration dependence. The fact that Au®
catalyses the disproportionation of AuCl, to Au® indicates that Au® growth at Au® sites will be
favoured, leading to the nucleation and growth of Au particles through the continued absorption
and disproportionation of AuCl,. Based on the chemistry of pentavalent bismuth salts with
cyclohexanone® and copper chloride with acetone,"*®and our observations of the reactions of AuCls

and cyclohexanone (Section 4.3.5), a reaction mechanism for the reaction of auric acid with acetone

was suggested:

HAuCl, = AuCl; + HCI (Eg 4.7a)

HCI cat (Eq 4.7b)

Cl
Cl Cl

\A [H// H
N N
C

I Cl (0] . fo)
-Au Cl;
—_— E——
-Cl -H* cl
(Eq 4.7¢)

Auric acid (HAuCl,) forms an equilibrium in solution with the release of HCl and formation of

AuCl; (Eg 4a). The release of HCl catalytically encourages the tautomerism of the ketone group of

acetone to the enol (Eq 4b). Trigonal planar Au Cl; is then attacked by the nucleophilic lone pair on

oxygen in the enol group leading to the Sy2 ejection of CI" (Eq 4c). The locality of the ClI-Au-O bond to

1l to Aul

the a-alkene bond leads to the cyclic nucleophilic attack of Cl, the reduction of gold from Au
and reformation of the ketone functional group. This leads to the formation of AuCl, alongside the

by-product, chloroacetone. These reduced Au' complexes disproportionate in accordance with
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Equation 4.6 to form Au® atoms and auric acid (Au"). The sequential steps in the reduction reaction

can be summarised as:

—3CH3COCH,Cl
3CH;COCH; + 3HAuCl, ———"5 3H* + 3HCI + 3AuCl; - 2Au® + HAuCl, + SHCI

(Eq 4.8a)

and the overall reaction as:

—3CH3COCH,Cl
3CH3;COCH; + 2HAuCl, —— > 2Au® + 5HCI (Eq 4.8b)

The Au® catalytically promote the disproportionation of AuCl,” (Eq 3) and thus encourage the

localised growth of Au® particles.

4.4.4.2. 3-pentanone and acetylacetone as a reducing agent in the synthesis of gold colloids
Preliminary reactions were conducted with the alternative ketones 3-pentanone or
acetylacetone in the place of acetone (Table 4.4.3.1). The UV-visible spectra of the solutions formed

are shown in Figure 4.4.4.3.

0.5
—3-pentanone
- - acetylacetone
0.4
03 -
c
©
2
o
172}
202 -
0.1 -
0.0 T T T T
200 400 600 800 1000

Wavenumber (nm)
Figure 4.4.4.12: The UV-visible absorption spectra of the gold nanoparticle solutions formed by the

microwave-assisted reflux of auric acid (0.28 mM, 10 ml total volume) with either 0.5 ml of 3-

pentanone (sample P — 6.0) or 0.5 ml acetylacetone (sample AA — 6.0) for 6.0 mins at Day 1.

The time evolution of the UV-visible absorption profile was not investigated. Gold plasmon
bands were present in both solutions, indicating the formation of colloidal gold. The nanoparticle

solution formed using acetylacetone behaved strikingly similar to that formed from acetone over
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(a)

(b)

20 nm

Figure 4.4.4.13: TEM images of gold nanoparticles formed from the reaction of auric acid (0.28 mM,
10 ml total volume) and acetylacetone (0.5 ml) under microwave induced reflux for 6.0 mins

(Solution AA —6.0) at Day 1 immediately after reflux.
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the same reflux time of 6.0 mins. The solution formed from acetylacetone showed an SPR band with
A =550 nm, Abs = 0.1993 whereas the solution formed from acetone showed an SPR band with A =
548 nm, Abs = 0.2035 on Day 1. On the other hand, the nanoparticle solution formed from 3-
pentanone possessed two plasmon bands. In this case we observed an initial SPR band centred at A;
=558 nm, Abs = 0.4240 and a secondary SPR hump located at around A, = 692, Abs = 0.3975 were
observed. This indicated one of two phenomena: (i) a non-Gaussian distribution of nanoparticle sizes
of equivalent shape (i.e. two distinct average sizes were favoured) or (ii) a substantial deviation from
spherically shaped particles (i.e. the formation of non-isotropically shaped particles that display

plasmon properties that differ with the incidence of light such as nanorods™).

The particles formed at Day 1 were investigated by TEM. Sample images of the gold
nanoparticle solution formed using acetylacetone (Solution AA — 6.0) as the reducing agent are
shown in Figure 4.4.4.13. As opposed to the two situations observed previously (either large multi-
core structures made up of small particles or dense nanoparticles of various sizes and shape) we see
an intermediate situation between the two; where dense particles are partially formed and smaller
fragments of the multi-core structures are present (Figure 4.4.4.13(a)). If we assume that the
formation of smaller fragments came from the densification of the large multi-core structures, these
images reveal an intermediate stage where the multi-core have partially collapsed and are still in the
process of forming compact shapes. This indicates that at equal volumes of acetone and
acetylacetone (0.5 ml), the nanoparticle formation reaction is faster when acetylacetone is used. A
higher presence of the multi-core fragments was present at the edges and cracks of these dense
particles. A high magnification image shows the high presence of these multi-core fragments at the
edge of a truncated triangle nanosheet (Figure 4.4.4.13(b)). The small particles were roughly 5 nm in
diameter; a similar size to those round particles formed within the multi-core structures in reactions

with acetone (0.5 ml) at Day 1.

The particles formed in reactions with 3-pentanone (Solution P — 6.0) were also investigated
by TEM. Sample images of the gold nanoparticle solution formed using acetylacetone as the
reducing agent are shown in Figure 4.4.4.14. At lower magnifications there is little difference
between the range of particles and sizes observed in reactions with 3-pentanone (0.5 ml) at Day 1
(Figure 4.4.4.14(a)) with acetone (2.0 ml) at Day 1 (Figure 4.4.4.8(a)). However, at higher
magnifications we see that particles were more elliptical with aspect ratios ranging roughly between
1 and 3 (Figure 4.4.4.14(b)). It is well known that gold nanorods show two SPR bands.” As such, the
presence of elliptical particles in reactions with 3-pentanone explains why two SPR bands were

observed at 558 nm and 692 nm (Figure 4.4.4.12).
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Figure 4.4.4.14: TEM images of gold nanoparticles formed from the reaction of auric acid (0.28 mM,
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10 ml total volume) and 3-pentanone (0.5 ml) under microwave induced reflux for 6.0 mins (Solution

P —6.0) at Day 1 immediately after reflux.

Excluding the measurement of elliptical particles, the abundance and average diameter of
each type of shape observed were determined for reactions with acetylacetone (Solution AA — 6.0)
and 3-pentaonen (Solution P — 6.0). The results were tabulated alongside the results obtained from
reactions of acetone (Solution A — 6.0) at Day 8 (Table 4.4.4.3). The three reactions were similar in
the sense that a range of particles shapes of various sizes were formed, including the truncated
triangular nanosheets. However, significant differences in the abundance of each shape and its
average size were observed. To more easily compare trends, bar charts of the particle abundances

(Figure 4.4.4. 15(a)) and sizes (Figure 4.4.4. 15(b)) were drawn.

Looking at the change in shape abundance, we see that reactions with acetone were almost
twice as liable to form spheres (60 %) than reactions with acetylacetone or 3-pentanone (= 35 %).
However, reactions with acetylacetone were most liable to form dodecahedrons (23 %) and
reactions with 3-pentanone were most liable to form decahedrons (24 %). The relative abundances
of triangular structures were similar. Although there was a general trend, where particle diameter
increased as the number of shape faces decreased, the sizes of each shape differed substantially
between reactions. Spheres formed in reactions with acetone and acetylacetone (= 50nm in
diameter) were more than twice the size of those formed in reactions with 3-pentanone (= 20 nm in

diameter). However, the dodecahedrons and decahedrons formed in reactions with acetone were >
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40 % larger than those formed in reactions with acetylacetone or 3-pentanone. Moreover, any
triangular structure formed in reactions with acetone was nearly twice as big as those formed in

reactions with acetylacetone or 3-pentanone.

Table 4.4.4.3: The abundances (%) and average diameters (nm) of the variety of dense shapes
formed in the reaction of 0.5 ml of acetone (Day 8), acetylacetone (Day 1) or 3-pentanone (Day 1)
with auric acid (0.28 mM, 10 ml total volume) under microwave induced reflux for 6.0 mins. The

error in diameter is taken as the standard deviation of the measured particles (N > 60).

A-6.0 AA-6.0 P-6.0 A-6.0 AA-6.0 P-6.0
acetyl- 3- acetyl- 3-
acetone acetone
acetone pentanone acetone pentanone
Abundance (%) diameter (nm)
spheres 60 35 36 49.0+10.6 | 50.3+9.8 21.8+4.3
dodecahedrons 6 23 17 53.0+15.1 329+7.4 29.0+4.1
decahedrons 23 16 24 52.2+16.6 | 39.2+7.5 31.6+3.3
trigonal 0 9 7 - 61.1+13.1 | 353+2.6
bipyramidal
triangular 2 4 3 64.1+37.5 | 395493 | 348+2.7
prisms
flat truncated 8 14 12 1304243 | 71.9+9.1 | 493+6.1
triangles

A general trend was observed, where particle size were generally larger in solutions formed
with acetone, an intermediate size when formed with acetylacetone and smallest when formed with
3-pentanone. The average particle diameter, irrespective of shape, was determined; quantifying this

trend:
56.9 nim (acetone) > 48.2 nm (acetlyacetone) > 30.1 (3 pentanone) (Eq 4.9a)
This size decrease corroborated with spectroscopy, where the SPR band increased from:
541 nm (acetone) < 550 nm (acetlyacetone) < 558 nm (3 pentanone) (Eq 4.9b)
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Figure 4.4.4.15: Bar charts showing (a) the abundance [%] and (b) the average diameter [nm] of each
type of shape formed from the reaction of 0.5 ml of acetone [A — 6.0 (Day 8)], acetylacetone [AA —
6.0 (Day 1)] or 3-pentanone [P — 6.0 (Day 1)] with auric acid (0.28 mM, 10 ml total volume) under

microwave induced reflux for 6.0 mins.

4.4.4.2.1. Possible reaction mechanisms
3-pentanone possesses two equivalent a-carbons (C2, C4) that can tautomerise to the enol;

forming either the E or Z isomer:

OH

- | e (Eq 4.10a)

E z

where K; = 3.7 x 10%."® Assuming the reaction of 3-pentanone and auric acid was mechanistically
similar to the reaction of cyclohexanone and auric acid (Section 4.3.5) we predict the more
favourable reaction of the E isomer. This is because the alkene bond is more open to nucleophilically

attack gold once it is anchored at the hydroxyl group:
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-AuCl,;

/ o / -H* cl

(Eq 4.10b)

Trigonal planar Au"'Cl; is attacked by the lone pair on oxygen in the enol group leading to the
Sn2 ejection of CI" (Eq 4c). The locality of the anchored Cl-Au-O bond to the open alkene leads to the

cyclic nucleophilic attack of Cl, the reduction of gold from Au" to Au' and reformation of the ketone.

This leads to the formation of AuCl, alongside the by-product, 2-chloro-pentan-3-one. AuCl,

disproportionates forming Au® atoms and auric (Au"

) acid (Equation 4.6). The Au® catalytically
promote the continued disproportionation of AuCl,” and thus promotes the localised growth of Au°

particles.

Acetylacetone possesses two non-equivalent pairs of a-carbons (C1, C5' and C3, C3’) that

can tautomerise to the enol. The two pathways are shown below:

0
H. He
o/ 0 0 0 o/ ™o
- M - M\ | ‘
HO
E

z

(Eq 4.11a)

where K; << K, = 5.5.*°

Enolisation at either C1 or C5’ leads to the formation of the 1-ene-2-ol
(pathway K;). Enolisation of the C3, C3’ pair leads to the generation of the 2-ene-2-ol (pathway K,);
forming either the Z (omega form) or E (sickle form) isomer.'?® The formation of the omega form is
favoured. This is due to the greater acidity of protons at position C3 than protons at C1 (K, >> K;) in
addition to the stability gained by delocalisation of electrons across the alkene bond a to the ketone

group (Z>>E).
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Assuming the reaction of acetylacetone and auric acid was also mechanistically similar to the
reaction of cyclohexanone and auric acid (Section 4.3.5) we predict the more favourable reaction of
either the 1-ene-2-ol (pathway K;) or the E isomer of the 2-ene-2-ol (pathway K,). Once again, this is
due to the alkene bond being less sterically hindered to nucleophilically attack gold once anchored
by the hydroxyl group. The reaction mechanism for the E isomer of the 2-ene-2-ol (Equation 4.11b)

and the 1-ene-2-ol (Equation 4.11c) are shown below:

o)
‘ T
cl (‘01 ¢ -AuCl, cl
~ | | Ao
x_ et
cl ? CI/ ) /
| » :
H
(Eq 4.11b)
0
cl
(Eq 4.11¢)

In the case of the 1-ene-2-ol, the hydrogen on the hydroxyl group is stabilised by the ketone
at C4; decreasing the polarity and nucleophilicity of the hydroxyl group (highlighted in red —
Equation 4.11c). Therefore, of the two routes, we predict the reaction with the E isomer of the 2-

ene-2-ol is favoured as the hydroxyl group is more nucleophilic and free to react (Equation 4.11b).

4.4.5. Conclusions

Gold nanoparticles were synthesised from the reaction of auric acid and a ketone at
microwave induced reflux. Three ketones were examined; acetone, 3-pentanone or acetylacetone.
Reactions with acetone in low concentration (0.68 M) were not complete after the initial reflux
period and took several days to complete when stored at room temperature thereafter. These
progressive changes were assessed using UV-visible spectroscopy and transmission electron
microscopy (TEM) over 8 days. Several transformations in the particle shape and size were observed.
This involved the initial formation (Day 1) of large multi-core structures [= 50 — 100 nm wide]

composed of smaller aggregates [~ 10 — 20 nm wide] that later (Day 8) broke apart and compacted
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into dense gold particles of varied shape and size [mostly 40 — 50 nm wide]. The transformations
were analogous to those underwent in room temperature reactions of cyclohexanone with auric
acid (Section 4.3). Given the similarity in growth and chemistry of the two reactions, an analogous
mechanistic pathway was proposed, where acetone reduced Au®** ions in auric acid forming
chloroacetone and Au'* ions in AuCl, that later disproportionate to Au®. Conversely, reactions of
auric acid with acetylacetone or 3-pentanone were primarily complete after the initial reflux period
(6 mins). Particles formed from 3-pentanone were significantly smaller and more elliptical than

those formed from acetone or acetylacetone.
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4.5. Comparisons of gold nanoparticle reactions with cyclohexanone and other ketones
The relative rates for the reaction of auric acid with acetone, acetylacetone or 3-pentanone
was assessed by comparing the heights of their SPR absorption bands immediately after reflux. The
reaction with acetone (Figure 4.4.4.2, Solution A — 6.0) showed an SPR band positioned at A = 548
nm with an absorbance of 0.20. The reaction with acetylacetone (Figure 4.4.4.12, Solution AA — 6.0)
showed an SPR band positioned at A = 550 nm with a similar absorbance of 0.20. The reaction with
3-pentanone (Figure 4.4.4.12, Solution P — 6.0) showed a most intense SPR band at A = 558 nm with
an absorbance of 0.40. The self-activated room temperature reaction of cyclohexanone with auric
acid showed an absorbance of 0.63 after 65 mins of reaction. Comparing absorbance alone we see

the following trend in rate:
cyclohexanone > 3 pentanone > acetylacetone = acetone (Eq 4.12a)
The respective concentrations of each ketone in these reactions were:

cyclohexanone [0.48 M] = 3 pentanone [0.47 M] = acetylacetone [0.49 M] < acetone [0.68 M]
(Eq 4.12b)

However, in relation to our proposed reaction mechanism for ketones with auric acid (see Section
4.3.5), the concentration of the enolised form (pK,) of the ketone is more important than the

concentration of the ketone itself, where:'*#**°

acetylacetone (—0.74) < cyclohexanone (6.38) < 3 pentanone (7.43) < acetone (8.33)
(Eq 4.12¢)

The pK, of acetylacetone (-0.74) was several orders of magnitude lower than the pK, of any
other ketone examined. This means that on average 99.8% of the ketone is in its enolised form.
However, this value represented the pK, in forming the 1-ene-2-ol form; the form that we believe to
be less nucleophilic to reactions with auric acid (see Eq. 4.11c). In fact, the pK, of the more sterically
favourable 2-ene-2-ol form is, to our knowledge, unknown. The pK, of cyclohexanone (6.38) was an
order of magnitude lower than that of the E isomer of 3-pentanone (7.43) and two orders of
magnitude lower than the pK, of acetone (8.33). Nevertheless, a pK, of 6.38 means that on average
only 0.004 % of the ketone exists in its enolised form. If we now account for differences in pK, and

ketone concentration we see the following trend in enol concentration:

acetylacetone [0.49 M] >» cyclohexanone (20 uM) > 3 pentanone (1.8 ) > acetone (0.32 uM)
(Eq 4.12d)
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As the pK, of the more nucleophilic enol form of acetylacetone (2-ene-2-ol) was not known,
the true effect of enol concentration on the reaction rate could not be studied for this ketone. This
was not the case for the remaining three ketones. The enol form of cyclohexanone was = 12 times
more concentrated than the least sterically hindered enol form 3-pentanone (the E isomer) and was
= 62 times more concentrated than the enol form of acetone. This could explain why the reduction
reaction was nearly twice for 3-pentanone over acetone. Going further, this may also explain why
reactions with cyclohexanone can take place at room temperature given the high concentration of

the enol form relative to 3-pentanone and acetone.

Overall, by comparing the pK, of the stereochemically active enol forms a direct trend
between enol concentration and reaction rate with auric acid was observed. This should serve as a
guide for those wishing to examine alternative ketones, where non-sterically hindered ketones
possessing low pK, values should provide a more rapid reaction. Future studies of ketones with high
tendencies to form non-sterically hindered enol forms would prove this theory true and may lead to
the discovery of ketones besides cyclohexanone that can self-activate the formation of gold colloids
at room temperature. Of additional interest would be reactions of aldehydes with auric acid, given
their relatively higher acidity and propensity to enolise compared with ketones. For instance some
common potential candidates include ethanal (pK, = 6.23),"** phenyl acetaldehyde (pK, = 3.07 for
the non-sterically hindered E isomer)'?? and 2-indanone (pK, = 3.84)'3 — examples that all possess

pK, values far lower than cyclohexanone (pK, = 6.38).

Upon comparing all nanoparticle formation reactions, we find no rational trend between the
ketone used and the size and shape of the particle formed. For instance, when acetone or
cyclohexanone was used, the presence of each type of particle formed (i.e. sphere, dodecahedron
etc) and its average diameter was similar (Table 4.4.4.3 and Figure 4.3.4.6). When acetylacetone was
used the average particle sizes were similar but a significantly lower presence of spheres (= 30% less)
and a significantly higher presence of dodecahedrons were present (= 20% more). The greatest
anomaly was 3-pentanone, where the average particle diameters were substantially smaller (by =

50%). This was attributed to the higher tendency of elliptical particle formation (Figure 4.4.4.14(b)).

Where the nanoparticle shape and size was examined in the early stages of the reaction,
large multi-core clusters composed of smaller spherical particles were consistently formed. This
phenomenon was similarly observed in the formation of gold nanoparticles from the reaction of
auric acid and tri-sodium citrate.”®”® It was explained by Rodriguez-Gonzalez et. al. that as Au’
particles are formed there is a direct competition for adsorption sites on the gold particle surface

sites between chloride ions and the surfactant.”® During reduction, there is a net positive electronic
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charge on the gold, which is almost completely neutralized by adsorbed chloride ions. However, as
the zeta potential is low, the nuclei form weakly charged Au’ aggregates — leading to the formation
of multi-core clusters (i.e. Figure 4.4.4.4). When the auric acid is almost consumed, the particle
redox potential dramatically shifts towards more negative values. As the last remaining gold ions are
reduced, the chloride ions absorbed on the surface of Au® particles are replaced by surfactant (i.e.
the ketone). This induces peptization as the particle surface becomes more electrically neutral. The
chemisorbed surfactant creates a negative zeta potential which leads to the dispersion of the small
particles within these multi-core clusters. These small particles recombine and form more compact
and dense shapes. An interesting example of the latter part of this process was observed in reactions
with acetylacetone (Figure 4.4.4.13). Interestingly, the differing rate of gold nanoparticle formation
when using different ketones allows this mechanism to be studied in greater depth. For instance,
ketones with high pK, values (i.e. low presence of the enol form) such as acetone (pK, = 8.33)"
and butanone (pK, = 8.76)"'® could be used to study the transformation from auric acid to dense

gold particles in a step-by-step fashion.

Previous work on the formation of gold nanoparticles using a ketone as the reducing agent is
scarce. For reactions concerning cyclohexanone, the most similar example found in the literature
was by Sarkhosh et. al.’® Instead of using auric acid, a gold target was submerged in cyclohexanone
and gold nanoparticles were formed by laser ablation of the target. This led to the growth of
spherical particles that were typically 50 nm wide. A less similar example was demonstrated by
Marin et. al. in their use of cyclic aryl ketones that could photocatalytically reduce solutions

110 peactions of a-phenylbenzoin with auric acid yielded

containing Au®*"/ Au® ions to Au® particles.
primarily spherical and partially truncated triangular structures ranging between 20 — 24 nm in
diameter. Reactions of benzophenone with auric acid yielded more spherical and smaller particles =
7 nm wide. Interestingly, the process was catalytic, where the aryl ketone could be recovered at the
end of the reductive process. Another direct example of the use of cyclohexanone was
demonstrated by Biswas et. al, however this was in the formation of copper based nanoparticles.'®
The copper particles were grown from a copper sulphate source in cyclohexanone: water:
isopropanol: oil mixtures between = 25 — 50 °C. Moreover, the particles that formed, be it Cul (3 — 30
nm wide) CuCrO, (30 — 60 nm wide) or CuS (40 — 100 nm wide) were ellipsoidal. From our work it
was established that cyclohexanone can be used to form a variety of gold nanoparticle particle
shapes of ranging size when reacted with aqueous auric acid at room temperature (Figure 4.3.4.6).

108 : 109,110
light

What separates our synthesis from the literature is the non requirement of heat, or

any external energy source for the reaction to proceed with cyclohexanone. In addition, the
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chemical and physical mechanisms by which these gold nanoparticles form is presented (Section

4.3.5).

There are other examples in the literature where alternative ketones are used to produce
gold nanoparticles. For example, Huang et. al. electrochemically induced the growth of truncated
gold nanocubes from a gold electrode in an aqueous bath containing surfactants and acetone.’®***
The cubes formed were highly monodisperse averaging 32.6 nm in width. In other examples
triangular nanoplates,’® hexagonal nanoplates’® or a range of dense 3D particles'® have been
grown using the polymer ketone poly-vinyl-pyrrolidone (PVP). Ali Umar et. al. demonstrated the
growth of primarily triangular platelet-like particles that were typically = 5 nm thick and = 200 - 500
nm wide in a two step room temperature process.'” First a gold nano-seed (3 — 4 nm wide particles)
was formed from the reaction of auric acid and NaBH,: tri-sodium citrate over 2 hrs. The nano-seed
was then mixed with cetyltrimethylammonium bromide (CTAB), polyethylene glycol (PEG) and the
ketone PVP for 8 hrs. In the absence of PVP, large nano-flakes were formed. Interestingly, in the
absence of PEG, a variety of particle shapes of ranging sizes were formed — analogous to our studies.
Wang et. al. demonstrated the growth of = 10 micrometer wide hexagonal nanoplates in a single
step thermally activated process.'® This was achieved in a similar fashion by refluxing reacting auric
acid with CTAB, PEG and PVP for 30 mins at = 150 °C. Other examples have shown that microwave-
assisted reactions of auric acid with PVP and dimethylformamide, methanol or ethanol produced

1% particles ranged in size from 10 — 200 nm

dense 3D shapes of quite varied shape and size.
adopting spherical, triangular, hexagonal, pentagonal and rod-like shapes. To our knowledge, neither
3-pentanone nor acetylacetone have been used to produce gold nanoparticles. Moreover, the
microwave-assisted reaction of auric acid and acetone, 3-pentanone or acetylacetone is to our

knowledge a new pathway to the growth of gold nanoparticles.

From our studies it was shown that the growth of gold nanoparticles from the reaction of
auric acid and a ketone (be it a room temperature reaction with cyclohexanone or a microwave-
assisted reflux with acetone, 3-pentanone or acetylacetone) proceeds in stages. Firstly large multi-
core structures are formed (= 50 — 200 nm wide), composed of small spherical particles (= 10 nm
wide). These large structures then break apart and rearrange themselves into dense structures. The
dense structures formed were a variety of shapes and sizes — forming spherical, triangular,
hexagonal and pentagonal 3D shapes (= 20 — 60 nm wide) and truncated triangular 2D nanoplates (=

50 — 500 nm wide). Stable multi-core nanoparticle structures have previously been achieved.'**% |

n
one instance, Jena et. al. grew Au multi-core structures (= 200 nm wide), deemed nano-flowers, by

simply reacting 5-hydroxyindole-3-acetic acid (HIAA) with auric acid at room temperature for 30
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min.103

In another case, Tong et. al. grew smaller Pd multi-core structures (= 50 nm wide) under
microwave heating from the reaction of Pd acetate with ethylene glycol, KOH and a methyl isobutyl
ketone.'® The most similar gold colloid to those formed in our ketone syntheses was demonstrated
by Ali Umar et. al. from the reaction of gold nano-seeds with CTAB and the ketone polymer PVP at

room temperature.lzs

In the next section we will present a summary of our results from chapters 1 — 4 thus far. It
will primarily be a summary of the different reagent concentrations and methods of activating the
reactions employed (i.e. thermally activated, microwave-assisted etc) in the synthesis of our gold
nanoparticles and the average size and abundance of the various shapes that form. This will be of

particulate benefit to the reader if they desire to grow gold nanoparticles of a particular shape/ size.
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4.6. A comparison of the gold nanoparticle reactions explored thus far
After revisiting the Turkevich synthesis (Chapter 2), various new methods of growing gold

nanoparticles were explored (Chapters 3 & 4). Two major avenues were explored, where either:

(i)  thereducing agent or
(ii) the method for activating the reduction reaction
was changed.

The auric acid concentration was kept constant (0.28 mM). The effect of changing the tri-
sodium citrate reducing agent (used in the Turkevich synthesis) was investigated (from 0.96 to 3.88
mM). A range of activation methods were also investigated: (i) the traditional thermal route, (ii)
microwave-assisted heating, (iii) ultra-violet light activation or (iv) sonolysis. The novel use of
acetone, acetylacetone, 2-pentanone and cyclohexanone ketones as reducing agents was also
explored. A table summarising the gold nanoparticle sizes and shapes formed from these syntheses

is presented (Table 4.3.1).

It was found that altering the tri-sodium citrate concentration from 0.96 to 3.88 mM did not
significantly change the shape or average size of the gold nanoparticles formed. Changing the
activation method had a larger impact where ultra-violet light resulted in the formation of the
smallest particles (from = 8 — 11 nm in diameter) and sonication resulted in the formation of the
largest particles (from = 17 — 18 nm in diameter). Most shapes formed were spherical, irrespective of
the activation method or tri-sodium citrate concentration examined. Only a slight deviation from
spherical to ellipsoidal shapes was observed then activated using ultra-violet light. More substantial
changes were observed when the reducing agent was replaced with various ketones. Firstly, a
greater variety of shapes were observed from spherical to more defined dodecahedra, decahedra,
trigonal bipyramids and other shapes. Secondly, the average particle sizes were larger ranging from
= 40 — 400 nm in diameter. Spheres were still the most common shape in all of the colloids formed
from ketones. However, acetylacetone showed the greatest propensity to form a variety of shapes.
The particles grown using 2-pentanone showed some ellipsoidal nature, with aspect ratios in
particles ranging from 1 to 3 (i.e. purely spherical to strongly ellipsoidal). Large “2D” triangular
nanoplates were observed for all ketones explored. The size of these nanoplates ranged from = 50
nm using 2-pentanone to = 80 nm using acetylacetone to = 100 - 200 nm using acetone to = 250 —
400 nm using cyclohexanone. Interestingly, the reaction of auric acid and cyclohexanone occurred at
room temperature and required no external activation source. A more than quadruple increase in
the acetone concentration resulted in only marginal increases in average particle size (from = 50 to

70 nm).
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Table: 4.6.1: A summary of the sizes, shapes and abundance of each shape of the particles formed in the gold colloid syntheses investigated in Chapters 2 —
4. Reagent concentration shown in square brackets; Thermal denotes reactions heated at 100 °C for 10 mins; MWA denotes microwave-assisted (750 W)
reactions heated at reflux for the time indicated in brackets; Sonolysis denotes sonication (60 Hz) for 60 mins; UV denotes irradiation with 254 nm (16 W)
for 60 mins. *Ellipsoid diameters are an average of the projected length and width. tShapes measured from the point of a vertex that bisects the projected

image. ¥Self-activates at room-temperature where the shapes and sizes shown are for a solution after 3 months (i.e. a “ripened” solution).

Reagent Activation Particle shape, size and population
[concentration] method Sphere EIIipsoid*/ Dodecahedrat Decahedrat .Trigon.a\l Tria.ngular Triangular Hexagonal
aspect ratio bipyramidst prismsT nanoplatest | nanoplatest
Thermal 11.4+2.2 - - - - - - -
. . . MWA (3 mins) 17.2+2.4 - - - - - - -
tri-sodium citrate 8014/
[0.96 mM] w ) 1.08 £ 0.07 ) ” ” ) ) )
Sonolysis 16.9+2.1 - - - - - - -
Thermal 11.0+1.9 - - - - - - -
. . . MWA (3 mins) 11.6+0.9 - - - - - - -
tri-sodium citrate
[1.94 mM] uv : 108+2.4/ : . . . . .
1.37+£0.26
Sonolysis 18.0+5.0 - - - - - - -
Thermal 11.9+2.0 - - - - - - -
N . . . MWA (3 mins) 11.3+1.6 - - - - - - -
auric acid tri-sodium citrate 109123/
[0.28 mM] [3.88 mM] uv - 1.56 + 0.56 - - - - - -
Sonolysis 17.9+6.1 - - - - - - -
cyclohexanonet 43+7 41+9 325 355 27550 325+75
[0.48 M] i [= 50%)] i [= 20%)] [= 5%] [= 5%] i [= 5%] [= 5%]
acetone 685+7.7 65.9+8.8 66.9+10.8 9731143 120+ 20 200 £ 36
[2.72 M] (75 %] ) [9 %] [4 %] [4 %] (3 %] [6 %] i
acetone 49.0+10.6 i 53.0+15.1 52.2+16.6 i 64.1+37.5 130+ 24 )
[0.68 M] MWA (6 mins) [60 %] [6 %] [23 %] [2 %] [8 %]
acetylacetone 50.3+9.8 329+7.4 39.2+7.5 61.1+13.1 39.5+37.5 719+9.1
[0.49 M] 135 %] } [23 %] [16 %] [9 %] (4 %] [14 %] j
2-pentanone 21.8+4.3/ 29.0+4.1 31.6+3.3 353+2.6 348+2.7 493 +6.1
[0.47 M] j =1-3[36 %] [17 %] [24 %] [7 %] 13 %] [12 %] j
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In the next chapter we will begin our investigations of core-shell silver-gold and gold-silver
particles. We will start with the case of silver core- gold shell nanoparticles and investigate the effect
of changing the gold/ silver ratio on the physical properties of the colloids and their functional
capacity to enhance the absorption of methylene blue dye. In the penultimate section we will revisit
traditional methods in forming gold core- silver shell particles and briefly investigate the effect of

changing metal concentrations and ascorbic acid as an additive.
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5. New routes to the controlled growth of core-shell silver-gold and gold-

silver nanoparticles

5.1. Overview
Recently, a lot of attention has been paid to the synthesis and characterisation of bimetallic

nanoparticles due to their unique catalytic, electronic, optical, structural, and thermal properties**®

129-132

128 as well as their technological applications as catalysts, sensors,™® within nano-electronic

134136 o1 as biosensors.” It is the current understanding that the versatility of nano-

devices,
materials may be attributed to their size and shape dependent properties;*® however, the
combination of noble metals, either as alloy or core-shell structures, are tuneable factors and also

138-140

contribute to bimetallic systems. There are five different cases of bimetallic nanoparticle that

can form. An example for a gold and silver bimetallic nanoparticle is shown in Scheme 5.1.1.

Au-Ag

E—Au

11T IV V

Scheme 5.1.1: A diagram depicting the five different types of bimetallic nanoparticle that can form
when gold and silver constituents are combined. Type | = Ag core - Au shell, Type Il = Au core — Ag
shell, Type lll = Ag rich core — Au rich shell, Type IV = pure Au — Ag alloy, Type V = Au rich core — Ag

rich shell.

There have been several studies of bimetallic noble metal nanoparticle including
combinations of Pt-Ru, Cu-Pd, Pt-Mo, Pt-W, Pt-Ni, and Au-Ag.'**™* The Au-Ag system has been the
most extensively studied due to the fact that both Ag and Au nanoparticles display distinctive optical
plasmon absorbances in the visible region.*****® The optical and catalytic properties of Ag and Au

nanoparticles have been demonstrated for use in a wide range of applications.”*?
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Current research has employed Au and Ag nanoparticles for the destruction of bacteria,**’”
1% photo-switches, improvements in detection of cancer,’ DNA™ and single molecules by

154

surface enhanced Raman spectroscopy (SERS)™" and for improving the optical properties of thin-film

semiconductors by forming composites.’**>>™*° By combining these two metals into a single entity,

132
d

catalytic properties can be further enhance and localized surface plasmon absorption can be

tuned continuously between the two limits of monometallic Au and Ag.'®°

In the bulk, Ag and Au form alloys for all compositions with very little surface segregation.
This is due to their analogous face-centred cubic packing of almost identical lattice size (Ag = 4.068
A, Au = 4.078 R)'®" and similar chemical properties.’®* Nanoparticles with either alloyed (Scheme
5.2.1, Type IV),"*'”® or core—shell segregated structures (Scheme 5.2.1, Type | and II) can be

synthesized by a variety of techniques.”’*”

The most common method for forming Au-Ag
nanoparticle alloys involves a Turkevich-type co-reduction of auric acid and silver nitrate in the
presence of a stabilising agent such as tri-sodium citrate in water or micro-emulsions.'*>™® A variety

of other synthetic routes to bimetallic Au-Ag alloys have been developed, including inverse micelle

167 168 0 |169

methods, replacement reactions, laser-assisted formations,’”® alcoho or borohydride

1

reductions,”’* laser ablation,™® ultrasound irradiation'’> and metal evaporation-condensation

3

reactions;'’”® where the synthesis of core-shell nanoparticles is dominated by two-step seed

mediated processes.'’**"

5.2. Introduction

In this Chapter we will investigate two new methods for producing core-shell colloids of gold
and silver. The first part, Section 5.3, deals with the one-pot synthesis of silver-gold core-shell
nanoparticles. Five types of particles were made, ranging from pure gold at one end of the spectrum,
through three kinds of core-shell of varied composition, to pure silver at the other end of the
spectrum. The size and shape of three colloids were investigated, that of the pure gold, pure silver
and the 50: 50 silver-gold core-shell. Moreover, their interaction with methylene blue dye was
assessed for their potentially increased functionality as light activated agents in the lethal
photosensitisation of bacteria. The second part, Section 5.4, deals with the two stage synthesis of
gold-silver core-shell nanoparticles. This was achieved using a modified two-stage synthetic route
that yielded primarily spherical Au-Ag core-shell particles. The gold cores were formed through the
co-reduction of auric acid by tri-sodium citrate. The silver coating was formed over these gold cores
using silver nitrate, tri-sodium citrate and ascorbic acid. The effect of altering the reagent
concentrations during the silver coating stage was studied. An interesting effect was observed where

increasing levels of ascorbic acid led to the progressive increase in the central position of the SPR
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band, its absorbance and the radius of the encapsulating silver shell. These observed trends were

compared with relevant examples in the literature.
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5.3. One-pot synthesis of silver-gold core-shell nanoparticle solutions and their

interactions with methylene blue dye

5.3.1. Overview
A one-pot modified Turkevich synthesis was used to synthesise a range of colloids from pure
Ag, through core-shell Ag-Au mixtures to pure Au by addition of tri-sodium citrate to auric acid and

silver nitrate mixtures.

The colloids were analyzed by X-ray diffraction (XRD) and wide-beam energy dispersive X-ray
(EDX) analysis. UV-visible spectroscopy showed a non-linear variation in surface plasmon resonance
band with Au: Ag ratio consistent with core-shell formation. High resolution transmission electron
microscope (HRTEM) images in conjunction with thin-beam EDX line analysis confirmed the presence
of predominantly Ag cores and Au exteriors in the nanoparticles. Argon ion sputtering with X-ray
photoelectron spectroscopy (XPS) measurements of particles also indicated Ag-Au core-shell
formation. Ag (0), Au (0) and significant levels of Au (l) states were observed, correlating with a Ag-
Au core-shell model where the gold shell is partially oxidised at the surface. Subsequent titration of
the colloids with methylene blue (MB) dye showed strong positive increases in the extinction
coefficient at the MB absorption maximum. At the optimum levels of dye addition a linear
relationship was found between average nanoparticle size and the number of dye solvation shells.
Pure Au and Ag colloids showed the greatest propensity for an increase in extinction coefficient of
MB due to an enhanced transfer of surface plasmons to localised dye molecules and demonstrate
the potential for increased functionality as light activated agents in the lethal photosensitisation of

bacteria.

5.3.2. Introduction

The synthesis of core-shell nanoparticles is dominated by two-step seed mediated
processes.”’**® In order to further simplify the synthesis of core-shell particles we developed a one-
pot synthetic route to silver-gold core-shell particles. This was based on the most common route to
the formation of Au-Ag alloys, which involves the co-reduction of auric acid and silver nitrate in the
presence of a stabilising agent such as tri-sodium citrate in water/ micro-emulsions.’®™® In this
section we present a new reduction method for the one-step production of Ag-Au core-shell
nanoparticles through a modified Turkevich approach. The cores and shells of the particles primarily
consist of Ag and Au respectively (Scheme 5.1.1, Type lll). Near monodispersity of the particles was
achieved by prolonging their reflux. The colloids of varying Au-Ag ratio were characterised using UV-

visible spectroscopy, energy dispersive X-ray (EDX) analysis, X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS) and high resolution transmission electron microscope (HRTEM)
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equipped with a thin-beam EDX probe. The formation of core-shell particles in this one-step
synthesis also sheds light on the kinetics of the reaction mechanism; the rate of reaction of silver

nitrate was found to be more rapid than auric acid under the conditions imposed.

Dyes deposited onto the surface of Au or Ag metal generally display a change in their
intensity of colouration.’”® This is due to an electronic transfer from the metallic surface to the
absorbed dye. Similarly, Au, Ag and Au-Ag alloy colloidal nanoparticles also demonstrate this

phenomenon when dyes are deposited onto their surface.””""°

For anionic dyes, such as cyanine, a
decrease in the colour intensity is observed. This is because the electronic transfer from the
interacting nanoparticle inhibits colour processes due to columbic repulsion.'”” The reverse effect is
observed for cationic dyes such as methylene blue (MB), where an increase in the colour intensity is
observed on interaction with the metallic surface.'’® This is because the electronic transfer from the
interacting nanoparticle enhances absorption of light by the dye molecules. Such positive
interactions have proved very important in the use of MB dye absorbed on gold nanoparticles as
tags for the enhanced SERS detection of molecular species.’® They have also enhanced the efficacy
of MB in its light-activated lethal photo-sensitization of bacteria potency in the destruction of

bacteria.'®

It was only recently demonstrated that Methylene blue (MB) dye was capable of acting
as a light activated agent in the lethal photo-sensitization of bacteria.’®**® When light is absorbed by
the dye, excited triplet states are formed that interacts with oxygen to generate singlet oxygen
species. Singlet oxygen is a highly reactive and can damage cell walls, plasma membranes and DNA,
leading to cell death. By enhancing the level of light that MB can absorb, through its absorption and
interaction with nanoparticles, greater levels of singlet oxygen production leading to increased
bacterial kills have been observed.'®* The change in the optical properties of cyanine dye absorbed

d.*”” However, to our knowledge, the

on various colloidal Au-Ag composites has been investigate
possible enhancement in the optical properties of MB dye absorbed on Ag-Au core-shell

nanoparticles has not been reported.

The interaction of MB dye with our silver-gold core-shell particles was compared with pure
Ag and pure Au nanoparticle solutions of equal concentration by UV-visible spectroscopy. It was
shown that the extinction coefficient of MB dye could be significantly enhanced when combined
with core-shell structures, however, the pure Ag and Au colloids showed more significant
enhancements. To our knowledge, this is the first report of Ag-Au core-shell nanoparticles that have

been synthesised in a single step without the use of seeds.

5.3.3. Experimental

All reagents were purchased form Sigma-Aldrich UK unless otherwise stated.
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5.3.3.1. Synthesis

All glassware was cleaned with aqua regia (3HCI: 1HNO3) and rinsed with copious amounts of
deionised water prior to use. Aqueous silver nitrate, auric acid and sodium citrate stock solutions
were made up. The silver nitrate and auric acid stock solutions consisted of AgNO; (85 mg) and
HAuCl,.3H,0 (170 mg) respectively. The solutions were dissolved up to a volume of 100 ml with
distiled water making 5 mM solutions. The sodium citrate stock solution consisted of
Na3CgHs07.2H,0 (250 mg) dissolved in 50 ml of distilled water (20 mM). Pure nanoparticle solutions
of either gold or silver were synthesised by dissolving 2 ml of the appropriate metal stock solution in
16 ml of distilled water and uniformly heating in an oil bath with constant stirring. At boiling, 2 ml of
the citrate stock was injected into the solution. The solution, with continuous stirring, was refluxed
for 1 hour to ensure complete ripening of the colloid before removal from the oil bath. Colour
changes in solution characteristic of gold and silver nanoparticle formation were observed, changing
from colourless to lilac to pink to red for the gold synthesis and from colourless to brown for the
silver synthesis. After cooling to room temperature, the concentrated nanoparticle solution was
diluted to a total volume of 40 ml (0.28 mM metal content). Upon dilution, gold solutions became a
more pale red and silver solutions a dark yellow. By mixing specific amounts of gold and silver stock
solution, to a total volume of 2 ml, silver-gold core-shell nanoparticles of varying molar ratio were
synthesised analogously. The colours of eventual solutions varied, graduating from pale red in pure

Au nanoparticle solutions to dark yellow in pure Ag nanoparticle solutions.

5.3.3.2. Analysis

The surface plasmon resonance profile of each colloid was measured using a PerkinElmer
Lambda 25 UV/VIS spectrometer over the 190 - 1000 nm range. Prior to further characterisation,
samples were purified by centrifugation. Solutions were first spun at 20,000 rpm (= 48,000 x g) for
30 mins on a Beckman Coulter Avanti Centrifuge J-26 XP causing the nanoparticles to rest at the
bottom of the container. The solution was replaced with fresh distilled water to remove any un-
reacted reagents and salt by-products. The process was repeated twice more to ensure that the
solutions were free from contaminants. Particle sizes and core-shell structures were investigated
using high resolution transmission electron microscopy with a Jeol 4000EX HRTEM machine at
Oxford University. The composition of the core-shell particles was analyzed using a Jeol JEM-2010
equipped with a thin-beam (diameter = 5 nm) EDX probe, also at Oxford University. Samples for TEM
analysis were prepared by evaporating purified solution droplets onto lacey carbon film coated

copper grids.

For wide-beam (diameter = 10 um) energy dispersive X-ray (EDX) analysis, X-ray

photoelectron spectroscopy (XPS) and glancing angle X-ray diffraction (XRD) a concentrated stack of
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nanoparticles was required. This was formed by continuously casting droplets of the colloid onto a
silica substrate until a dark layer was observed. The EDX analysis was performed on a Jeol-6301F
field emission instrument. The XPS analysis was performed at Cardiff University using a Kratos Axis
Ultra-DLD photoelectron spectrometer using monochromatic Al-K, radiation. Survey and high
resolution scans were performed before Ar-ion sputtering (90 s) the surface for a total of 3 cycles to
attain a compositional profile. Survey scans were collected in the range 0 - 1200 eV (binding energy)
at a pass energy of 160 eV. Higher resolution scans were recorded for the principle peaks of Au (4f),
Ag (3d), C (1s), O (1s) and Si (2p) at a pass energy of 40 eV. The peaks were modelled using CasaXPS
software to determine elemental environment and concentration.’® Peak positions were adjusted
to adventitious carbon (graphite) and peak areas were adjusted using sensitivity factors to

188 The XRD analysis was conducted using micro-focus Bruker GADDS powder

determine composition.
X-ray diffractometer with a monochromated Cu K (1.5406 A) source and CCD area X-ray detector
capable of 0.01° resolution in 28. The diffraction patterns were compared with database standards
for bulk gold and silver standards and further analysed by comparison with a Le Bail refined model®’

using the GSAS and EXPGUI software suite.®®

5.3.3.3. Methylene blue dye titrations

A 20 ml aliquot of the nanoparticle solution was titrated with a stock solution of methylene
blue (MB) dye. This was made by dissolving 0.46 ml of a concentrated (1% w/v) MB solution
(purchased from Alfa Aesar - Johnson Matthey) up to 100 ml in volume with distilled water. From
the stock solution, a 0.25 ml aliquot was added to the nanoparticle solution being tested and then
shaken thoroughly. A 3 ml portion was removed for assessment by UV-visible spectroscopy and then
returned to the solution for further additions. The process of addition, mixing and assessment was
repeated until the surface plasmon resonance (SPR) band from the nanoparticle colloid was

completely quenched.

5.3.4. Results and discussion

Gold, silver and gold-silver colloidal nanoparticles were prepared by co-addition of sodium
citrate stock solution to heated auric acid and silver nitrate mixtures of predetermined ratio: (i)
100% Au, (i) 75% Au: 25% Ag, (ii) 50% Au: 50% Ag, (iv) 25% Au: 75% Ag and (v) 100% Ag. Solutions
were refluxed to encourage monodispersity through digestive ripening.®® The colours of the
solutions ranged from pale yellow (pure Ag) to pink/ red (pure Au) with intermediate hues in

between (Figure 5.3.4.1).
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Figure 5.3.4.1: Au, Ag and Au/Ag core-shell (Ag core-Au shell) colloidal suspensions were prepared

by a modified Turkevich thermal co-addition of sodium citrate solution to auric acid and silver nitrate
mixtures of predetermined Au: Ag ratio; 100% Au, 75% Au: 25%Ag, 50% Au: 50% Ag, 25% Au: 75% Ag
and 100% Ag. Solutions are displayed in the image above from greatest silver content on the left (Ag

100%) to greatest gold content on the right (Au 100%).

The spectroscopic profile of each colloid was assessed by UV-visible spectroscopy. A stacked
plot of the spectral profiles is shown in Figure 5.3.4.2(a). The absorption of each pattern has been
normalised to the height of their SPR band. From pure Ag to pure Au a general trend for increasing
SPR band centre (nm) was seen. Slight side bands were also observed at = 320 nm in both the 25%
Au: 75% Ag and 100% Ag samples. This indicated that the size distribution of nanoparticles did not
conform to the typical Gaussian distribution that is often seen. This did not indicate that nano-rod
shapes had formed. Even though two plasmon band centres are typical for nano-rods, they normally
differ quite considerably in wavelength (i.e. one SPR band centres in the visible and another in the IR
region that originate from the asymmetry of the rods).”” The wide SPR bands seen in the 75% Au:
25% Ag and 50% Au: 50% samples indicated a comparatively broader range of particle sizes formed
and increased polydispersity. Each colloid displayed a single prominent SPR band centre. This
showed that the solutions did not consist of mixtures of pure Au and Ag nanoparticles as such
solutions would show individual SPR bands at c.a. 385 nm for Ag and c.a. 520 nm for gold. Where
Au-Ag bimetallic nanoparticles form alloys, a linear relationship between the surface plasmon
resonance centre and Au/Ag metal content is observed.’® However, a non-linear relationship
between the plasmon resonance centre and Au/Ag metal content was observed in this study, as
shown in Figure 5.3.4.2(b). This indicated core-shell particles had formed, as predicted by Mie

191

theory.”® The relationship fit a Boltzmann model with good agreement (r* = 0.98). The slight blue-

shift in SPR centre of the 25% Au: 75% Ag sample compared to that of pure silver was attributed to

192 Although the metal concentrations were

significant differences in average nanoparticle diameters.
equivalent; the SPR absorbance of pure Ag nanoparticles was far greater than that of pure Au, with a

steady decrease in overall absorbance for the Au-Ag core-shell colloids with increasing Au content.
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Figure 5.3.4.2: (a) A stacked plot of normalised UV-visible absorption spectra and (b) the resulting
SPR centres against Ag % content for pure Au, Ag and the Au/Ag core shell nanoparticle colloids

synthesised by a modified Turkevich thermal co-reduction of auric acid and/or silver nitrate

mixtures.

The XRD patterns of the colloids formed in this study were of face-centred cubic (FCC)
symmetry, analogous to their bulk gold (FM3M, a = 4.083 A) and silver (FM3M, a = 4.068 A)

counterparts. A stack of the corresponding diffraction patterns are displayed in Figure 5.3.4.3.
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Figure 5.3.4.3: Stack of the XRD diffraction patterns acquired from Au, Ag and Au-Ag core-shell (Ag
core-Au shell) colloidal suspensions deposited on silica. The nanoparticles were synthesised by a
modified Turkevich thermal co-addition of tri-sodium citrate to auric acid and silver nitrate mixtures

of predetermined Au: Ag ratio.

The X-ray diffraction data was fit to a Le Bail refined model.*®® An increase in the unit cell
lattice parameter a was observed with increasing gold content (Table 5.3.4.1). This was attributed to

%1 The diffraction peaks were broad, characteristic of

the larger ionic radius of Ag over Au.
nanoparticulate materials due to the small crystallites formed. By assessing the widths of the
dominant diffraction peak of (111) symmetry the average crystallite size was quantified using the
Scherrer equation.’” The X-ray diffraction patterns did not show separate peaks for Au-FCC and Ag-
FCC formation. Such should be the case for Ag-Au core-shell growth. In fact, the unit cell lattice
parameter a increased steadily with increasing Au content, completely in line with Vegard’s law of

%% However, the resolution of the X-ray diffraction apparatus was not sufficiently

alloy formation.
high to distinguish between overlapping peaks, especially given their broadness due to their low
crystallite size. A list of the X-ray diffraction parameters and average crystallite sizes are shown in

Table 5.3.4.1.
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Table 5.3.4.1: The UV-visible spectroscopic SPR centres (nm), Au content (%),unit cell lattice
parameters a and crystallite Scherrer width (nm), HRTEM determined average particle diameters
(nm) and maximum absorbance increases and changes in the extinction coefficient € (Mcm™) from
methylene blue titrations for the nanoparticle colloids synthesised by a one-pot citrate co-reduction

reaction of auric acid and/or silver nitrate.

Au 25%: Ag | Au50%: Ag | Au75%: Ag
Ag 100% Au 100%
75% 50% 25%
Au (%) component 00 273+1.1 51.4+39 72.3+5.3 100+0
Unit cell length a (A) 4.068 (1) 4.072 (1) 4.078 (1) 4.079 (1) 4.083 (1)
Average crystallite size
13 15 10 13 13
(nm)
Average particle
31.4+12.7 - 46.2 +11.7 - 22.7+3.0
diameter (nm)
SPR centre (nm) 416 410 432 486 521
MB:
) 0.0144 0.0199 0.0146 0.0126 0.009
Maximum metal
increase in
A Abs 0.54 0.49 0.47 0.47 0.45
methylene
blue dye Ae 1.54 x 10° 1.53 x 10° 1.34x 10° 1.43x10° 1.64 x 10°
absorbance
% € 216 213 187 200 229

A wide-beam (= 10 um diameter beam) energy dispersive X-ray (EDX) analysis of the colloids
revealed compositions close to the predetermined Au: Ag ratios (Table 5.3.4.1). The samples were
cleansed prior to analysis by several cycles of centrifugation. This allowed any un-reacted tri-sodium
citrate reductant, metal ions and reaction by-products to be decanted from the solution. Therefore
any presence of Au and Ag metal detected in these samples was due to incorporation within
nanoparticles. This ultimately demonstrated the complete reaction of the metal precursors,
regardless of the pre-formulated Au: Ag ratio, and full incorporation of the metals ions with the

colloid.
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Figure 5.4.4: Representative HRTEM images of (a) the pure Au (Au 100%), (b) the pure Ag (Ag
100%)and (c) & (d) the 50: 50 Au: Ag mix (Au 50%: Ag 50%). Particles observed in the solitary metal
colloids were primarily spherical, with deformed ellipsoids and “egg” shapes seen in the mixture. The
colloids were synthesised by a modified Turkevich thermal co-addition of tri-sodium citrate to auric

acid and silver nitrate mixtures of predetermined Au: Ag ratio.

The size and shape of nanoparticles in the pure Au (Au 100%), pure Ag (Ag 100%) and 50:50
Au: Ag mix (Au 50%: Ag 50%) were assessed by HRTEM. Figures 5.3.4.4 (a-c) show lower
magnification images of Au 100%, Ag 100% and Au 50%: Ag 50% respectively. Particles formed in the
solitary metal colloids were primarily spherical and of a narrow distribution of size. However, more

ellipsoidal shapes were observed within the 50: 50 mixture, with a larger distribution of size.
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A closer observation of this mixture at higher magnification revealed “egg” like structures
with dense central cores due to the dark contrast (= 20 nm in diameter) and less dense outer shells.
Such significant differences in TEM image contrast have previously been used to discern core-shell
formation alone.® Although the lattice fringes were clearly discernible, HRTEM was unable to
differentiate between the core and shell components because of the lack of distinctively different
crystallographic features of Au-FCC and Ag-FCC structures. Nevertheless, the lattice fringes observed
were of a similar size predicted by Scherrer X-ray diffraction line broadening (= 9.5 nm). The particle
sizes from a series of images were measured for each colloid. For ellipsoidal particles, the average
width about the symmetric horizontal and vertical axis was taken as the diameter. The median
particle diameter + the standard deviation error (nm) are listed in Table 5.3.4.1. The nanoparticles
formed in the pure Au colloid (22.7 + 3.0 nm) were significantly smaller and more monodisperse
than those formed in the pure Ag (31.4 + 12.7 nm) and 50: 50 mix (46.2 = 11.7 nm). The pure Au
colloid primarily consisted of spherical particles, with a mean elliptical aspect ratio of 1.08. The
particles in the pure Ag colloid were more ellipsoidal and showed a larger aspect ratio of 1.21.
However, the most elliptical particles were seen within the Ag-Au core-shell colloid, where a mean

aspect ratio of 1.37 was observed.

In order to discern the nature of the Ag-Au core-shell structures observed by HRTEM, a TEM
machine equipped with a thin-beam EDX probe was used to investigate the 50: 50 Au: Ag mix
(sample Au 50%: Ag 50%). The EDX spectrum was acquired by focussing a thin beam (= 5 nm in
diameter) across several positions along a particular core-shell structure. The ratio of percentage
composition of Ag was determined from the viable counts of the Au M-Line and Ag L-Line
excitations. From the variation in composition across particles (Figure 5.3.4.5), the results confirmed
that the particles were core-shell in nature of the Type Ill (see Scheme 5.1.1). Although the clarity of
the images was significantly lower on this instrument, the “egg” like shape of the core-shell structure

was still clearly discernible (Figure 5.3.4.5(a)).

An increase in the level (number of viable counts) and composition (%) of Ag was observed
on moving across the core-shell structure from position 1 to 3. Subsequent movements to positions
5 and 6 lead to sharp decreases in the level and composition of Ag. This indicated that the cores
(position 3) were silver-rich. An inverse trend was observed for Au, where the composition
minimised at position 3 (the centre of the particle) and increased towards the edges at positions 1
and 6. Given wide-beam EDX analysis results demonstrated an approximately 50: 50 incorporation of
Ag: Au in the overall bimetallic colloid, this particular nanoparticle in question was noticeably silver

rich along the axis analysed.
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Figure 5.3.4.5: (a) A lower magnification of the TEM image of the Au-Ag core-shell structure with
labels that show where thin-beam (= 5 nm) EDX analysis was conducted on an individual particle
from the Au 50%: Ag 50% colloid. (b) The levels (Au/Ag counts) and the Ag composition (%) for each
of the positions analysed. The core-shell particles were synthesised by a one-pot thermal co-addition

of tri-sodium citrate to a 1: 1 mixture of auric acid and silver nitrate.
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The fact that the number of counts from Au M-Line and Ag L-Line emissions increased by 3
orders of magnitude from position 1 to the middle positions of the nanoparticle and then decreased
3 orders of magnitude from the middle to position 6 was attributed to the round shape of the
spherical particle. Four additional particles were assessed in an analogous manner. A dominant Ag
core was observed in each case as well. Nevertheless, both Ag and Au in approximately equal ratio
were detected in the outer shells of the particles. Although the EDX beam was fine-tuned to a
diameter of 5 nm, it was not possible to discern how much of the particle was excited upon impact.
It could not be explicitly discerned whether the core-shell particles formed were purely of a Ag core
and Au outer shell. As an equivalent level of Au and Ag was incorporated into these particles, as seen
from our wide-beam EDX analysis (= 10 um) of a large number of particles simultaneously, in
addition to the cores being predominantly made of Ag, it was apparent that these core-shell
particles consisted of a predominantly Ag core and Au rich shell (core-shell Type Ill structure; see

Scheme 5.1.1).

Au-Ag particles have previously been characterised using a wide-area EDX analysis method
(bulk analysis) in conjunction with X-ray photoelectron spectroscopy (XPS), a surface analytical
technique, to confirm the presence of core-shell structures.’® Although this method confirmed the
solitary presence of a gold shell, transitional changes from the core outwards could not be assessed
in the way that they were in this study. Au-Ag core-shells have also previously been assessed by TEM

195 By modelling the change in image contrast, the presence of Au cores and Ag shells

imaging alone.
were determined, however, the level and composition of Au and Ag could not be quantified. Sajanlal
et. al. used the thin-beam EDX technique, analogous to that used in this study, to assess changes in

197 Although Sajanlal et. al. mapped the

composition of Ag-Au core-shell micron-sized mesoflowers.
levels of Au and Ag over a large number of pixels, such a technique could not be applied in this study
due to the significantly smaller size of our particles (nanometre scale) compared with his

(micrometre scale) and the low counts that resulted.

XPS was used to investigate the oxidation states of the noble metal species in sample Au
50%: Ag 50%. Given the surface sensitivity of XPS, where chemical information from only the
topmost layers of the sample is acquired (typically only a few nanometres deep), argon-ion
sputtering was used to probe the bulk. A thin powder layer of the colloid was cast onto a silica
support by continuously dropping solution droplets at the same location in-between evaporations.
Adventitious graphite (1s) at a binding energy of 284.5 eV was observed in addition to organic
carbon (1s) and carboxylic oxygen (1s) species at binding energies of 289.3 eV and 530.8 eV

respectively. This was attributed to the citrate surfactant surface-layer.*® No silicon environment

<103>



a) b) ki
s g s
2 y &
; : |
z <
-y 5
: :
&
380 375 370 365 360 355 ElY 85 80 75
Binding Energy (eV) Binding Energy (eV)
C)70
OAg (%) mAu(%)
65
X 60
c
Re)
£ 55
0
3
£ 50
O
2 45
@
[«
o 40
(&)
35
30 |
0 90 180

Figure 5.3.4.6: Example the high-resolution XPS scans of sample Au 50%: Ag 50% in the (a) Ag [3d]
and (b) Au [4f] regions before Ar-ion sputtering. (c) A plot of the Ag/Au (%) against argon-ion
sputtering time (s). The core-shell particles were synthesised by a one-pot thermal co-addition of tri-

sodium citrate to a 1: 1 mixture of auric acid and silver nitrate.

from the underlying silica support was observed and demonstrated that the excitation layer

originated solely from the colloidal stack of particles. Both silver and gold environments were
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detected with high intensity. This indicated that the excitation depth was strong enough to probe
the cores of the core-shell particles (Figures 5.3.4.6(a) and 5.3.4.6(b)).

A solitary Ag (0) environment was observed in the 3d orbital excitation range at binding
energies of 368.1 eV (3ds/,) and 374.1 eV (3ds,)."*° Two distinct gold environments were observed in

200 addition

the 4f region. Predominantly Au (0) was observed at a binding energy of 84.0 eV (4f;),)
to a minor fraction of Au (1) at a binding energy of 85.6 eV (4f,/,).””* The ratio of Au (0) to Au (1) was
approximately 3: 1. As only Au was seen in both an oxidised and elemental state this further
corroborated with evidence for core-shell formation; with Ag present at the core encapsulated by a
Au shell. This is because the surface of a particle is most likely to become oxidised as opposed to the
core. In fact, from looking at the chemistry of Ag and Au, Ag is far more liable to oxidise than Au, so

seeing that only the Au had oxidised strongly points towards the formation of Ag core- Au shell

particles (Type lll, see Scheme 5.1.1).

Ar-ion sputtering was conducted for two 90 second cycles, with XPS scans in-between. The
level of carbon and oxygen reduced considerably with each cycle. This was attributed to the removal
of the citrate surfactant surface layer. No additional oxidation states for the metal environments
were observed, however, the Ag: Au ratio increased with each cycle (Figure 5.3.4.6(c)). This was
attributed to the removal of the Au-rich shell layers with each ion-bombardment, thus further
confirming a Ag-rich core. Both alloyed Ag-Au and Au-Ag core-shell colloids have been formed by

1.2°? These bimetallic colloids were also probed by

seed mediated syntheses conducted by Pande et. a
XPS. However, both the alloyed and core-shelled materials showed only metallic environments of
gold and silver, where no surface oxidation was observed. Contrary to our findings, Pande et. al.
observed both gold and silver environments in equal ratio, demonstrating that the XPS excitations
from the particles cores and shells were equally detected. By incorporating all evidence from our

physical characterisations of sample Au 50%: Ag 50%, a schematic of these core-shell structures was

drawn (Figure 5.3.4.7).

Au-Ag core-shell structures were previously formed by Yang et. al. using a seed-mediated
synthesis.'”® Ag seeds were first formed by refluxing an aqueous solution of AgNO; with NaBH, and a
tri-sodium citrate stabiliser. These seeds (= 9.6 nm in diameter) were then further refluxed in 1:1
ratio with HAuCl, and additional stabiliser to form monodisperse core-shells that were less than 9

nm in diameter. In our synthesis, AgNO; and HAuCl, salts were similarly reduced using tri-sodium
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Figure 5.3.4.7: A diagram depicting the layers within the core-shell particles formed by a one-pot
thermal co-addition of tri-sodium citrate to a 1: 1 mixture of auric acid and silver nitrate (sample Au
50%: Ag 50%). Particles were on average 46.2 + 11.7 nm in diameter. The size of the Ag cores could
not be determined as the transition between a primarily Ag core to a primarily Au shell was gradual

(Type lll core-shell, Scheme 5.1.1)

.Y Our synthesis resulted in core-shell

citrate, skipping the seed formation stage of Yang et. a
particles of contrastingly different size (46.2 + 11.7 nm average particle diameter). The formation of
considerably smaller particles by Yang et. al. was attributed to the use of NaBH, in the seed

196 Similarly, Srnova-

formation stage, which typically encourages the formation of smaller colloids.
Sloufova et. al. synthesised Au-Ag core-shell colloids by a two-step seed mediated aqueous reaction
of pre-formed Ag seeds (9 + 2 nm) with HAuCl, and hydroxylamine reducing agent.'”® The resulting
nanoparticles were also significantly smaller than those formed in this study, typically ranging from 8
— 12 nm in size. It was previously shown by Sanchez-Ramirez et. al. that thermal reaction of HAuCl,
and AgNO; aqueous mixtures with tri-sodium citrate at very low metal concentrations can form Au-
Ag alloyed colloids.'® A linear variation of the SPR band centre and Au: Ag content was observed in
their colloids, agreeing with a Mie theory model for the formation of an alloyed colloid. Although the
same chemicals used in this study were used by Sanchez-Ramirez et. al., a non-linear variation in SPR
band centre with Au: Ag content was observed herein. This phenomenon had been previously
associated in the literature with Ag-Au core-shell formation.?®® This was also confirmed in our study

by a rigorous analysis of the particles using HRTEM, XPS and EDX thin-beam analysis. The difference

between the two syntheses was the concentration of the metal sources and reductant, where in this
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study the reagents were 3 orders of magnitude more concentrated. Given the predominance of the
Ag cores seen in this study, it was also reasonable to conclude that a significantly more rapid
reaction of AgNO; with tri-sodium citrate compared with HAuCl, and tri-sodium citrate ensues under
the experimental conditions imposed. The Ag-rich cores that initially form is then encapsulated by

Au-rich shell layers from the more slowly reacting HAuCl,.

5.3.4.1. Methylene blue dye titrations

The nanoparticle solutions were titrated against solutions of the cationic dye, methylene
blue (MB). A UV-visible spectrum of aliquots taken between additions enabled the effect on the
absorption of the dye at 662 nm (the absorbance maximum of the dye) to be assessed. An example
of the MB titration against the Au 50%: Ag 50% core-shell nanoparticles is displayed in Figure 5.3.4.8
(a). A steady increase in the characteristic absorption profile of MB dye was observed with
sequential additions. There was no apparent deviation from this characteristic profile, even at high
MB loadings. This indicated that solely monomeric MB was present in solution since the dimer shows

2% However, a quenching of the colloid’s

a strong absorbance maximum at approximately 620 nm.
SPR band of was observed. This indicated the dye was interacting with the nanoparticles.’”® The
interactions caused an increase in the absorption maximum of the dye and demonstrated the
excitation transfer from the metallic surface to an absorbing dye molecule. The point at which the
maximum increase in this absorption occurred was determined by plotting the MB/ metal ratio
against the increase in dye absorption (Figure 5.3.4.8(b)). For the case of sample 50% Au: 50% Ag,
the greatest MB absorption increase was observed at a MB/metal ratio of 0.0146. This optimum
corresponded to = 14 MB dye molecules interacting with 1000 metal atoms. Almost concordantly at
this position, the greatest quenching in the SPR band was observed. All of the colloids had a positive
effect on the absorbance maximum of MB, yet by differing degrees (Table 5.3.4.1). At the
absorbance maximum, the true difference between the extinction coefficients of the dye and the
sample was determined by a simple subtraction, taking the original absorbance from the colloid into

account. This was then converted into a percentage increase due to metal—dye interactions relative

to MB dye in water alone, so that true comparisons with the literature could be made.

Comparing all titrations, the maximum increase in dye absorbance (0.54 absorption units)
was seen in the titration of the pure silver colloid (Ag 100%). A trend was observed whereby the
absorption maximum decreased with increasing gold content. However, the MB concentration that
was present in the solution at this optimum should be taken into account in order to provide a more
comparable quantity, namely, the percentage increase in the extinction coefficient of the dye (% ¢).
This meant that although the lowest dye absorbance increase was observed in the pure gold sample

(0.45 absorption units), when the MB/ metal ratio at this absorbance maximum was taken into
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Figure 5.3.4.8: (a) UV/visible spectra obtained between MB dye additions to a 20 mL aliquot of
sample Au 50%: Ag 50% and (b) the magnitude of the MB increases at 662 nm compared with a
standard solution alongside the quenching of the SPR band centre at 432 nm against the MB/ metal

ratio. The absorbance maximum occurred at a MB/ metal ratio of 0.0146.
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account (lowest MB/ metal ratio of the series, 0.0090), the most significant percentage increase (229
%) in the extinction coefficient of the dye was found in this sample. This was because the greatest
enhancement in MB absorbance occurred at a much lower dye loading for the pure Au colloid
compared with any other colloid examined. By accounting for the MB/ metal ratio at the point of
maximum enhancement in MB absorbance a trend was revealed where the metal-dye interactions
were strongest at the pure Au and Ag ends of the series and minimised in the middle of the series at
the Au 50%: Ag 50% sample. Overall, this demonstrated that the interactions of MB dye with the
pure Au sample yielded the most effective metal-dye charge transfer. Recent studies of Au-Ag core-
shell particles by Maenosono et. al. show that the greatest degree of electron transfer occurs from

the Au core to the Ag shell.?%72%®

As such, we expect our Ag-Au core-shell particles to behave in a
similar manner, and push electronic charge towards the core and thus reduce metal-dye charge

transfer.

When the average nanoparticle surface area of each colloid (calculated using the average
particle diameter determined from TEM imaging) and the number of MB molecules that would
surround each particle were taken into account, a linear trend was observed (r* = 0.99). This
relationship showed how important a high particle surface area is for achieving a high increase in the

extinction coefficient of interacting MB dye.

There are several ways in which a MB dye molecule can interact with a nanoparticle in solution.
If the two extreme cases are considered, the approximate number of MB coordination shells that

surround each particle can be estimated from the titration results. This is assuming:

(i) The nanoparticles do not aggregate during the titration
(ii) Each MB dye molecule was interacting with a single nanoparticle (not forming bridged
interactions between two or more nanoparticles)
(iii) Using the average nanoparticle size as a model would give an accurate depiction of

conditions throughout the colloid.

Colloidal aggregation leads to the rapid loss of SPR properties and particles falling out of
solution, typically as a fine black powder that forms at the basin. Additionally, if a large proportion of
MB dye molecules formed bridging interactions between particles then aggregation would be
encouraged. As aggregation was not observed in any of the titrations performed, assumptions (i) and
(ii) were fair. Given the solutions were quite monodisperse (Table 5.3.4.1), assumption (iii) was also

fair.
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Figure 5.3.4.9: Diagrams depicting the interaction of MB molecules with a nanoparticle surface. The
two extreme cases of (a) upward stacking and (b) flat stacking were considered for determining the

number of MB shells that surrounded each particle in the colloids examined.
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The two cases that we considered are the highest and lowest modes of surface coverage,
namely, where the MB dye molecule lies completely flat compared to the nanoparticle plane
(maximum area is 89.5 A% or points up by means of an interaction of a side amine group to the
plane (minimum area is 7.1 A%). A diagram depicting each interaction is shown in Figure 5.3.4.9. In
making these two assumptions the average number of coordination shells that surrounded each
nanoparticle in the pure gold sample (Au 100 %) was 0.4 for the case of upward MB stacking (Figure
5.3.4.9 (a)) and 5 for the case of flat MB stacking (Figure 5.3.4.9 (b)). As it was not known which
mode of MB interaction was prominent, be it the flat or upward stacking case, it was presumed that
the number of MB shells surrounding each gold particle at the optimum was somewhere between
0.43 and 5.1 shells. The upward stacking case for samples Ag 100 % and Au 50%: Ag 50% showed
0.95 and 1.4 shells respectively. The flat stacking case for samples Ag 100 % and Au 50%: Ag 50%
showed 11.2 and 16.7 shells respectively. Comparing the colloids across the series it was found that
larger particles required a larger number of MB solvation shells to reach the point where a maximum
increase in the extinction coefficient was observed. A linear trend between these two properties was
observed (r* = 0.97). This could explain why a lower percentage increase in the extinction coefficient
was observed in the comparatively larger Ag-Au core-shell colloid, where a poorer “communication”
between the metal and the dye resulted due to the greater average distance between each MB

molecule and the surface of the interacting particle.

Although the pure Au colloid showed the greatest metal-dye interactions, one might attribute it
to the larger overall surface area of the sites available for interaction. This meant that a greater
amount of surface active sites would be available in the pure Au colloid compared with other
colloids formed in this study, thus better accommodating dye absorption at closer distances on
average. For example, when Hyett et. al. titrated MB dye with smaller gold colloids (12 + 1 nm in
diameter) of equivalent concentration an approximately 550 % increase in the extinction coefficient
was observed; a more than double increase compared with this study.'”® However, the total
nanoparticle surface area available in 20 mL of a 0.5 mm solution in their gold colloid (170 cm?)
would be almost double the area available in our colloid (90 cm?). Their maximum extinction
coefficient increase occurred at a dye concentration of 2.2 um. This was approximately half the level
of dye compared with the pure Au titration in this study, where the maximum occurred at a
concentration of 4.3 um. By comparing the titration results across both of studies, two relationships

become clear:
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(i)  The larger the particles, the greater the average distance between the particle and the
interacting dye is at the optimum (where the greatest increase in the extinction coefficient
of the dye is reached and metal—dye interactions are at their maximum)

(i)  The smaller the particles, the lower the MB/metal ratio at the optimum and the greater the
increase in the extinction coefficient (as each metal contributes more effectively and the SPR

interaction is spread over a lower number of dye molecules).

Within this study, the pure Au and pure Ag colloids showed a marginally greater propensity for
increasing the extinction coefficient of MB dye. The near equivalence of the MB dye interactions
with the pure Au and Ag colloids were in slight contrast to the height of their plasmon bands, since
the plasmon band of Ag was far stronger. It was clear that the effects are in balance as the sample
surface area should also be taken into account, where the pure Au colloid had a greater total surface

area (89.9 mL) compared with the pure Ag colloid (65.5 mL).

The intensely coloured optical response of the gold and silver metallic/ bimetallic colloids arises
from the dielectric field excitations at the surface of the particles. These photo-excitations induce
density oscillations, where a collective movement of the electrons gives rise to the intense colour.
When the colloid is titrated with cationic dyes such as MB, the dye interacts with the particles in the
colloid and is absorbed. When the titration is done at high dye concentrations, several shells of dye

molecules can cover each nanoparticle and, at high enough loadings, particle agglomeration ensues.

The increase in the MB absorbance has been previously attributed to the transfer of photo-

9 In this

induced plasmons at the nanoparticle surface to the locally surrounding dye molecules.
study, the Ag-Au core-shell colloids showed the lowest increase in the extinction coefficient when
titrated with MB dye. It was thus assumed that better transfer of the surface plasmons to the local
dye molecules occurred in the pure Au and Ag colloids. The poorer enhancement observed in the
core-shell particles was related to: (i) sample surface area and (ii) crystallinity and phase barriers.
Across the series, the Au 50%: Ag 50% core-shell sample possessed the lowest total surface area
(44.3 mL), which was less than half of the total surface area available in the pure Au colloid (89.9
mL). Of note, the average crystallite size of the pure Au and Ag samples (= 13 nm) was higher than
the Au 50%: Ag 50% core-shell sample (= 10 nm), where electron movement will most likely be
hindered in a less crystalline sample. In core-shell samples, the existence of phase-boundaries would
further hinder the free movement of electrons within particles. As such, the transfer of the photo-

induced dielectric field excitations (i.e. SPR) from the core to the surface should, in theory, be more

greatly hindered in core-shell materials.
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5.3.5. Conclusion

A one-pot modified Turkevich process was used to synthesise a range of colloids from pure
Ag, through Ag-Au core-shell structures to pure Au colloids by the thermally activated reduction of
auric acid and silver nitrate mixtures by tri-sodium citrate. Non-proportional changes in the SPR
band centre indicated that core-shell particles had formed. HRTEM imaging, in conjunction with thin-
beam EDX line analysis, confirmed the presence of predominantly Ag cores and Au exteriors in the
core-shell particles of Au 50%: Ag 50% formulation. XPS depth profiling supported these results. Two
distinct Au (0) and Au(l) environments were observed in the exterior shell, showing that a metallic
Ag core was covered by a metallic Au shell partially oxidised at the surface. Titrations of these
colloids against methylene blue dye showed strong positive increases in the extinction coefficient at
the absorption maximum. We believe that this is the first time that the efficacy of a range of Ag-Au
core-shell like particles in enhancing dye colouration has been explored. At the optimum levels of
dye addition, a linear relationship between the average nanoparticle size and the number of dye
solvation shells was observed. The pure Au and pure Ag particles showed the greatest propensity for
an increase in the extinction coefficient of the dye, explained by the better transfer of surface

plasmon oscillations of electric charge to the dye molecules localised at their surface.

In the next section we describe the two-stage synthesis of Au-Ag core-shell particles. Gold
cores were first formed by the Turkevich method.”” These gold seeds were then coated with silver
shells by heating at reflux in the presence silver nitrate, tri-sodium citrate and ascorbic acid. The
concentration of silver nitrate, tri-sodium citrate and ascorbic acid were varied to study their effect
on the size/ shape of the silver shell formed. The optical properties and size/ shape of the core-shell
particles formed were assessed by UV-visible spectroscopy and TEM respectively. The observed

trends were compared with similar syntheses in the literature.
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5.4. Two-step synthesis of core-shell gold-silver nanoparticles

5.4.1. Overview

A modification of a simple two-stage synthetic route to primarily spherical Au-Ag core-shell
particles is presented. The gold cores were formed in the common way through the Turkevich
reduction of auric acid in tri-sodium citrate.”” The silver coating stage was based upon a modified
method first demonstrated by Rodriguez-Gonzalez et. al.’®® This entailed the reflux of the gold cores
in a solution containing silver nitrate, tri-sodium citrate (this replaced CTAB in their original
synthesis) and ascorbic acid. More interestingly, the effects of altering the concentration of each
reagent used in the silver coating stage were studied by UV-visible spectroscopy and TEM. Increasing
the level of ascorbic acid led to the progressive increase in the SPR band centre and its absorbance.
Moreover, the radius of the encapsulating silver shell increased in size. These observed trends were
compared with the original synthesis of Rodriguez-Gonzélez et. al.?®® and other relevant examples in

the literature.

5.4.2. Introduction
The in situ chemical reduction of auric acid is perhaps the most popular route to the
formation of gold nanoparticles. A range of reducing agents including citrate,”” borohydride,**°

213
ar

hydrazine,”** nitric/ hydrochloric acid,*° dimethyl formamide*? and ascorbic acid (vitamin C) e

commonly used. The latter is frequently used in synthesising complex shapes including nano-

214-216 72,125

rods, nano-flowers,*’ nano-tripods,104 triangular nano-plates and can sometimes induce

room temperature growth.**®

A range of Au-Ag core-shell particles have been grown using ascorbic acid. The simple case
of primarily spherical Au-Ag core-shell particles was demonstrated by Rodriguez-Gonzalez et. al.**
Spherical gold seeds (17 + 3 nm diameter) were prepared by the Turkevich method. The
encapsulating silver coating (16 + 3 nm shell radius) was prepared by sequentially adding CTAB,
ascorbic acid, silver nitrate and sodium hydroxide. In another case, micrometre sized bi-metallic

I. ** This was achieved by encapsulating pre-formed gold

meso-flowers were grown by Sajanlal et. a
meso-flowers (= 2 um diameter from tip to tip) with a silver layer (= 0.5 um shell radius) by the
sequential addition of CTAB, silver nitrate and ascorbic acid and then heating the solution at 80 °C
for 1 hr. Bi-metallic Au-Ag core-shell triangular nanoplates were grown by Rai et. al.’*° The flat gold
triangular nanoplate seeds (= 200 + 100 nm in diameter) were formed from the reaction of auric acid
and lemongrass extract. The silver shell (between = 25 — 100 nm shell radius) was then formed by

the reaction of silver nitrate and ascorbic acid over a range of pH (7 — 12).*° Bi-metallic Au-Ag nano-

cubes were also achieved by Ma et. al.’** The Au nano-cube seeds (11 + 1 nm wide) were grown in a
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two-step process that first involved the reduction of auric acid by borohydride in CTAB and then
involved their reduction in additional auric acid with ascorbic acid in cetyltrimethylammonium
chloride (CTAC). The silver shell layer was then grown in the presence of silver nitrate, ascorbic acid
and CTAC at 60 °C, which could be finely tuned from 1.2 to 20 nm in thickness depending on the
silver nitrate concentration. Finally, boat-shaped Au-Ag core-shells were demonstrated by Yang et.
al. by coating gold nanorods (70 + 18 nm long and 12 + 2 nm wide) with a silver layer (4 to 20 nm

thick from the “deck” to the “hull”) in glycine with CTAB, silver nitrate and ascorbic acid.**?

In this section we describe the modified synthesis of Au-Ag core-shell particles from a two
stage process. First, the gold cores were formed using the Turkevich method.”” This simply entailed
the reflux of auric acid with tri-sodium citrate forming gold nanoparticle seeds. The gold seeds were
then coated with silver shells based upon a modified method first demonstrated by Rodriguez-
Gonzélez et. al.?® This was typically achieved by heating the gold seeds at reflux alongside silver
nitrate, tri-sodium citrate (replacing the use of CTAB in their original synthesis) and ascorbic acid.
The concentration of silver nitrate, tri-sodium citrate and ascorbic acid were varied to study their
effect on the size/ shape of the silver shell formed. The optical properties and size/ shape of the
core-shell particles formed were assessed by UV-visible spectroscopy and TEM respectively.
Primarily spherical core-shell particles were observed with a similarly sized gold core (= 15 nm in
diameter) and a silver shell that ranged in radius depending on the synthetic conditions applied from
7.1 to 20.5 nm. A trend was observed where increasing levels of ascorbic acid caused progressive
increases in SPR band centre and absorbance. Moreover, the radius of the encapsulating silver shell
increased when a greater level of ascorbic acid was used. This effect was less pronounced with
changes in silver nitrate and tri-sodium citrate concentration. These observed trends were compared

with the original synthesis of Rodriguez-Gonzalez et. al.**

5.4.3. Experimental
All reagents were purchased form Sigma-Aldrich UK unless otherwise stated. All glassware
was cleaned with aqua regia (3HCl: 1HNOs) and rinsed with copious amounts of deionised water

prior to use.

5.4.3.1. Synthesis

Au-Ag core-shell nanoparticles were formed from Au nanoparticle seeds. The Au
nanoparticle seeds were first formed by a simple Turkevich method.”” This required the reflux of
auric acid (0.28 mM) and tri-sodium citrate (10 mM) solutions in 20 mL deionised water for 5 mins.
The solution changed from a faint yellow solution to a bright red solution, indicating the formation

of Au seeds (primarily spherical particles that are 15.4 + 3.0 nm in diameter). The solution was then
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allowed to cool to room temperature before the second synthetic stage — the formation of the Ag
shell coating. This was achieved in four separate ways for comparison. In each case the solution was
heated under reflux for 5 mins, where 2 mL of the Au NP seed solution in 10 mL of deionised water

was mixed with:

(i) 2 mL of silver nitrate (0.05 mM) and 2.0 mL of tri-sodium citrate (20 mM),
(ii) 1 mL of silver nitrate (0.05 mM), 2.0 mL of tri-sodium citrate (20 mM) and 0.5 mL of ascorbic
acid (0.1 M),
(iii) 4.0 mL of silver nitrate (0.05 mM), 4.0 mL of tri-sodium citrate (20 mM) and 1.0 mL of
ascorbic acid (0.1 M) and
(iv) 2.0 mL of silver nitrate (0.05 mM), 2.0 mL of tri-sodium citrate (20 mM) and 2.0 mL of

ascorbic acid (0.1 M).

For the purpose of identifying solutions they were labelled Solution: (i) A, (ii) B, (iii) C and (iv)

D. The reagents used in forming Solutions A — D are summarised in Table 5.4.3.1.

Table 5.4.3.1: A summary of the concentration and volume of each reagent added in composing

Solutions A —D.

Au NP volume
deionised silver nitrate tri-sodium citrate | ascorbic acid
Solution seed (mL)
water (mL) | 0.05 mM (mL) 20 mM (mL) 0.1 M (mL)
(mL)
A 2.0 10 2.0 2.0 0.0 16
B 2.0 10 1.0 2.0 0.5 15.5
C 2.0 10 4.0 4.0 1.0 21.0
D 2.0 10 2.0 2.0 2.0 18.0

Before each solution was refluxed, solutions were pale pink. When the solutions reached
boiling point, an almost instantaneous transition from a pale pink to a hazy golden-brown occurred.
In the case of Solutions A and D, a deeper brown coloured solution was observed. Solution B was
slightly more yellow coloured than the other solutions. Solution C was slightly more orange in colour.
The solutions were two-toned, appearing dark brown in reflectance and showing an orange yellow
tinge in transmittance. Solutions A — D are displayed in Figure 6.3.1 alongside their original Au NP

seed solution.
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Figure 5.4.3.1: A photograph of the nanoparticle solutions studied in this chapter. From left to right

we have the Au NP seed solution and then Solutions A, B, C and D, the Au-Ag core-shells.

5.4.3.2. Analysis

The UV-visible absorption spectra of Solutions A — D were assessed using a PerkinElmer
Lambda 25 UV/VIS spectrometer. The digital image was taken using a Kodak C813 digital camera.
The size and shape of particle cores and shells were investigated on a Jeol 4000EX HRTEM device.
Samples for TEM analysis were prepared by evaporating purified solution droplets onto lacey carbon

film coated copper grids.

5.4.4. Results and discussion

Au-Ag core-shell nanoparticle solutions were synthesised in a two step process. First a Au
seed was formed from a typical Turkevich style reaction.”’ This involved refluxing solutions of auric
acid salt and tri-sodium citrate, which acts as both the reducing agent and particle surfactant for
stabilisation of the Au particles that are formed. Next, Ag shell layers were grown around these Au
cores in reflux reactions with silver nitrate salt. This was achieved by four different protocols for
comparison. Sample A involved the direct reflux with silver nitrate salt and tri-sodium citrate.
Samples B - D involved the addition of varying amounts of silver nitrate salt, tri-sodium citrate and

ascorbic acid.

The absorption spectrum of each core-shell colloid (diluted by a factor of either 20 or 40) as
well as the original Au seed solution was assessed by UV-visible spectroscopy (Figure 5.4.4.1). A UV-
visible spectrum typical to the formation of gold nanoparticles was observed in Figure 5.4.4.1(a) for
the Au seed solution. The SPR band was centred at 521 nm (abs = 0.73). The UV-visible spectrum of
ascorbic acid (0.1 M) was plotted alongside the Au seed solution. This showed an almost flat
absorption over the visible range (abs < 0.1). Figure 5.4.4.1(b) shows the stacked UV-visible
absorption spectra of Solutions A — D, diluted by either a factor of 20 or 40 as the absorbance of

pure solutions saturated the detector. Solutions C and D were deeper in colour and thus diluted by
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the larger multiple (40). The absorbance data for Solution D was not further altered. Solutions C— A
were stacked above Solution D by cumulatively adding 0.1 Absorbance units to each spectrum.
Compared with the Au seed solution, much broader SPR bands were observed. These were typically
more than 200 nm in width whereas the Au seed SPR band was only = 100 nm wide. The centre of
each SPR band was blue shifted relative to the Au seed (Amax = 521 nm). Solution A was the most

blue shifted (Amax = 416 nm) and Solution D was the least blue shifted (Amax = 430 nm).
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Figure 5.4.4.1: (a) The UV-visible absorption spectrum of an Au seed nanoparticle solution and (b)
stacked UV-visible absorption spectra of the Au-Ag core-shell colloids produced from this seed
(Solutions A — D); Amax represents the centre of each surface plasmon resonance maximum and dil

represents the multiple of dilution. In Figure (a) the spectrum of ascorbic acid solution (0.1 M) is

plotted for comparison.

A trend was observed where a progressive increase in ascorbic acid (0.1 M) caused a lesser
shift in the SPR band of the original Au seed solution (Figure 5.4.4.2). It was assumed that these SPR
shifts were mainly dependent on the level of ascorbic acid introduced. This was because no rational
trend between the level of citric acid or silver nitrate added was observed. It was thus postulated

that the SPR band centre could be tailored by controlling the level of ascorbic acid added to the Au
NP seed.
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Figure 5.4.4.2: The exponential relationship (r* = 0.99) between the resulting SPR band centre (nm)
and the original volume of ascorbic acid 0.1 M (mL) added to the Au NP seed solution. The letters A —

D denote the Solution label for each data point.

The increase in SPR absorbances in the Au-Ag core-shell nanoparticles formed was not due
to the increase in metal content alone. This was because SPR band absorbance increased by at least
one order of magnitude. The large increase in SPR band absorbance was attributed to the strong SPR
absorbance of silver nanoparticles relative to gold. This was aptly demonstrated by comparing the
metal concentrations with the absorbance maxima (Table 5.4.4.1). By deriving the SPR absorbance
per metal (mM) for each solution it was demonstrated that the Au seed solution was far less
absorbing than the Au-Ag core-shell colloids (Solutions A — D). The absorbance to metal ratio
generally increased from Solution A to D. Once again, this was apparently related to the level of
ascorbic acid used more so than anything else. In plotting the percentage ascorbic acid introduced
(relative to the co-reducing agent tri-sodium citrate) an almost linear relationship was observed. As
of yet, how the level of ascorbic acid causes the SPR band to red-shift and increase the SPR

absorbance is unclear.
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Table 5.4.4.1: The nanoparticle solution metal concentrations of Au and Ag (mM), solution dilution
multiples, SPR band centres (nm) and heights (abs), true height (= [1+dil.multiple] x height) and abs/

[metal] ratio (= true height/ total [metal]).

Metal
concentration SPR
(mM)
dilution centre height true height | abs/ [metal]
Sample [Au] [Ag]
multiple (nm) (Abs) (abs) ratio
Au seed 0.25 0.00 0 521 0.729 0.729 0.291
Solution A 0.31 6.25 20 416 0.262 5.50 0.837
Solution B 0.32 3.23 20 418 0.232 4.86 1.37
Solution C 0.24 9.52 40 421 0.271 11.1 1.14
Solution D 0.28 5.56 40 430 0.279 11.4 1.96

The size and shape of the Au-Ag core-shell particles formed were probed by TEM (Solutions
A — C). The Au seed solution was also analysed for a direct comparison. For further comparison a
new solution was formed similar to Solution A but without the secondary addition of tri-sodium
citrate (i.e. no further reductant was added before the 5 min reflux) and containing only additional
silver salt. This solution will be referred to as Solution X. Figure 5.4.4.3(a) shows an image of the Au
nanoparticles formed in the seed solution. The particles formed were primarily spherical with some
formation of distinct decahedral and tetrahedral shapes. Particle diameters were 15.4 nm on
average with a standard deviation of 3.0 nm (15.4 + 3.0 nm). Interestingly, when no further reducing
agent was added to the Au seed and silver salt mixture before reflux (Solution X) some degree of Au-
Ag core-shell formation was observed (Figure 5.4.4.3(b)). It was assumed that this process was
reliant upon some excess tri-sodium citrate that may have remained with the Au seed solution for
this partial reduction process to occur. The reason for assuming only a partial reduction was due to
the comparatively “fluffy” nature of the Ag shell formed around the Au core. This indicates the
formation of an amorphous and low density shell. When the sizes of the cores and shells were
measured an interesting effect was observed. The cores had now increased to 39.2 + 14.7 nm in

diameter and the total encapsulating shell diameters (i.e. total nanoparticle diameter including the
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enclosed core) were 233 + 48.2 nm (shell radius = 96.7 nm). As the gold salt in the original Au NP
seed solution had reacted to completion the increase in the size of the cores in Solution X could only

have been due to two phenomena:

(i) a dense Ag shell was formed around the Au seeds which was indistinct from the
original seed particle or

(ii)  Au: Ag alloyed particles were formed though ingress of Ag particles within the Au NP

seeds.

(b) (c)

10 nm

20 nm

(d) (e)

100 nm 20 _nm

Figure 5.4.4.3: Representative TEM images of (a) Au seed particles and (b-f) the Au-Ag core-shell
type structures that are formed upon reaction with AgNO; salt; (b) is from Solution X — a solution
analogous to Solution A but without the addition of tri-sodium citrate, (c) is Solution A, (d) and (e)

are from Solution B and (f) is from Solution C.

As previous studies had established the clear differences in TEM image contrast between

> phenomenon (i) was unlikely and given the almost analogous

core and shell layers,*
crystallographic nature of Au and Ag, phenomenon (ii) was more likely. This is verified by the large
number of studies where particulate Au-Ag alloys readily form. Such an effect was not observed in

Solution A; the counterpart of Solution X but with the inclusion of tri-sodium citrate. Distinct Ag

<121>



shells were formed around the Au seeds. An example is shown in Figure 5.4.4.3(c). The size of the Au
seeds did not significantly change (average diameter = 16.1 * 3.2 nm). The Ag shells were lighter in
contrast to the Au cores they encapsulated (encapsulation diameter = 30.3 + 4.2 nm). The average
extended radii (i.e. half the encapsulating shell diameter minus the core radius) of the outer Ag
shells were 7.1 nm — substantially smaller than those observed in Solution X. This was attributed to
the higher density of these Ag shells that yielded more compact structures. The Ag shell layers
formed in Solutions B (Figure 5.4.4.3(d-e)) and C (Figure 5.4.4.3(f)) were also compact. Nevertheless,
they formed significantly larger shell layers than those formed in Solution A; where the
encapsulating diameters were 51.8 + 7.2 nm and 56.0 + 16 nm for Solutions B and C respectively. In
addition, truncated triangular structures appeared (< 10 % in abundance, Figure 5.4.4.3 (e)), a
product of the addition of ascorbic acid to the mix. Similar to Solution A, the diameter of the Au
cores did not significantly change in relation to the seed (15.5 + 2.0 nm for Solution B and 15.0 + 2.8

nm for Solution C).

Table 5.4.4.2: A summary of the Au core and encapsulating Ag shell diameters (nm) [<x> = average
and o = standard deviation], their average volume (10° nm®) and comparative Ag: Au ratio [particle

versus original salt ratio].

Core
Encapsulating shell Volume Ag: Au
diameter _
diameter (nm) (10° nm?) volume ratio
(nm)
Extended Shell: | AgNOs:
<x> o <> o Au Ag
shell radius Core HAuCl,
Au seeds 15.4 3.0 - - - 191 - 0 0
A 16.1 3.2 30.3 4.2 7.1 2.19 12.4 5.7 20.2
B 15.5 2.0 51.8 7.2 18.2 1.93 70.8 36.6 10.1
C 15.0 2.8 56.0 | 16.0 20.5 1.78 89.9 50.4 39.7

The average diameters of the Au cores and Ag shells observed in Solutions A — C are
summarised in Table 5.4.4.2. Information from the Au seed is included for comparison. Across
Solutions A —D, the diameter of the Au cores did not significantly change. Small differences in the

average core size were most probably due to sampling and measurement errors. On the contrary,
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the encapsulating Ag shell diameter increased substantially from 30.3 £ 4.2 nm (Solution A) to 56.0 +
16.0 nm (Solution C). This corresponded to an extended shell radius increase from 7.1 to 20.5 nm.
The volume of the Au cores and Ag shells were determined, where shell volume increased from 12.4
x 10 in Solution A to 89.9 x 10° nm? in Solution C. Bulk Au and Ag share an almost equal atoms/ unit
area, therefore the Ag: Au ratio could be deduced by simply dividing the volume of the Ag shell by
that of the Au core. This increased from 5.7 to 36.6 to 50.4 for Solutions A to B to C respectively.
Intriguingly, this did not correspond to the original Ag salt: Au salt ratio before reflux. What we find
is that the resulting Ag: Au volume ratio was almost linearly dependent on the ascorbic acid
concentration — irrespective of the amount of AgNO; / tri-sodium citrate added. For instance,
Solution B contained twice as much AgNO; than Solution C, yet Solution C formed Ag shells that

were 1.4 times larger in size.

Bi-metallic Au-Ag core-shell particles were previously grown by Rodrigues Gonzalez et. al. in
a similar manner.® Primarily spherical core-shell particles were formed, similar to our studies.
Moreover, some particles adopted triangular structures, quite analogous to our own where the
central Au core was positioned directly at the centre of the particle. However, some rod-like
structures were observed by Rodrigues Gonzalez et. al. not akin to any of our Au-Ag core-shell
syntheses. In terms of their synthetic procedure, their Au cores were formed from the analogous co-
reduction of auric acid by tri-sodium citrate at reflux. Even though their auric acid was slightly more
concentrated than ours (0.50 mM vs 0.28 mM) the gold nanoparticles that formed were of similar
size (17 £ 3 nm in diameter vs 15.4 + 3.0 nm). Their silver coating was formed from the reaction of 20
mL of 50 mM CTAB, 1 mL of 0.1 M ascorbic acid solution, 0.5 mL of 10 mM silver nitrate and 0.1 mL
of 1.0 M NaOH alongside 0.5 mL of the original gold colloid. No heat was provided. The silver coating
formed was on average 16 + 3 nm in extended shell radius, similar to Solution B made in our

investigation (18.2 nm, Table 5.4.4.2).

Our syntheses showed that a progressive increase in the level of ascorbic acid led to the
progressive increase in the radius of the silver shell formed (alongside progressive shifts in the SPR
band centre, Table 5.4.4.1). Previous studies by Ma et. al. have shown that the silver shell coating of
gold particles can be controlled by altering concentration of the silver source.”! However, Ma et. al.

did not study the effect of changing the concentration of ascorbic acid

5.4.5. Conclusion
Primarily spherical Au-Ag core-shell particles were formed by a modified two-stage seed-
mediated route. Spherical gold cores (15.4 * 3.0 nm in diameter) were formed by the Turkevich

route. The gold seeds were coated with silver shells at reflux using silver nitrate, tri-sodium citrate
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and ascorbic acid. The effect of changing the concentration of all three reagents used during the
silver coating stage was studied. The most striking effect was observed when the ascorbic acid
concentration was altered. When the level of ascorbic acid was increased (from 0 to 2.0 mL), the SPR
band red-shifted (from 416 to 430 nm) and its absorbance increased (from 5.5 to 11.4 Abs units).

Moreover, the radius of the encapsulating silver shell increased in size (from 7.1 to 20.5 nm).

In the next chapter a summary and conclusion of our major findings is provided. A future
outlook and some insight as to what further experiments would be of interest to the scientific

community are suggested.
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6. Thesis summary and conclusions

In this thesis we revisited perhaps the most common method for growing gold
nanoparticles, the Turkevich method, and then made experimental modifications to this method as
our basis for growing gold nanoparticles in various ways. In making step-wise modifications to the
synthesis (i.e. reagent concentrations etc), we were able to develop a better understanding of how
this impacted on the colloid formed. Interestingly, we showed how gold nanoparticles grown by the
Turkevich method marginally decreased in size (i.e. digestive ripening) over a period of weeks. In
removing reaction by-products and excess reagents we were able to prove that this process was not
an extended chemical reaction but rather a physical process of re-ordering. Further examination
showed that this long term process of particle re-ordering (from days — weeks at room temperature)
could be dramatically sped up by thoroughly refluxing the colloid (in a matter of minutes). This
finding corroborated with previous studies on the mechanism of gold particle formation from the
Turkevich method and shed further light on the re-ordering process. The effect of altering the
activation method from the traditional thermal heating method to microwave-assisted heating,
ultra-violet light activation or sonication was studied for the same reaction. Interestingly we found
clear differences in the aspect ratio and size of the particles formed depending upon the activation
method used. We next studied the effect of replacing tri-sodium citrate, the reducing agent
traditionally used in the Turkevich method, with various ketones. The gold nanoparticles formed
were at least twice as large as those made using tri-sodium citrate and adopted a variety of distinct
multi-faceted 3D (including decahedrons, trigonal bipyramids, triangular prisms etc) or 2D shapes
(triangular/ hexagonal nanoplates). Perhaps most interestingly, reactions with the cyclic ketone
cyclohexanone occurred at room temperature forming gold colloids in a matter of minutes. Based on
the by-product (2-chlorocyclohexanone; NMR, gas chromatography and FT-IR spectroscopy) and the
chemistry ketones with other noble metal salts such as CuCl, and Ph3Bi(V)Cl,, we were able to

establish a highly plausible reaction mechanism.

Taking the concept of modifying the Turkevich method further, we then demonstrated how
silver-gold core-shell particles of various compositions could be grown in a single step. Moreover, we
demonstrated that their interactions with the cationic dye, methylene blue, could yield significant
enhancements in the extinction coefficient of the dye (= 200 % increase). This type of interaction has
been attributed to electronic transfer from the nanoparticle to the surface absorbed dye. A
relationship was found where smaller particles reached a maximum enhancement at lower dye
concentrations. A lower enhancement in the dye’s extinction coefficient was observed in Ag-Au
core-shell colloids compared with pure Ag or pure Au. These muted enhancements found in core-

shell colloids were attributed to a number of potential causes such as lower surface area,
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crystallinity and the adverse presence of phase boundaries. Finally, we also demonstrated how Au-
Ag core-shell particles could be grown in a two-step process using gold “seeds”. The effect of
ascorbic acid used alongside tri-sodium citrate as a co-reducing agent was studied and found to be
critically related to the size of the Ag shell that encapsulates the Au core, where higher

concentrations of ascorbic acid produced thicker shells.

6.1. Future outlook and possible experiments

The variety of methods employed in research to grow gold and silver metal nanoparticles is
vast. As the industrial need for such noble metal nanoparticles is increasing, new low-cost and
environmentally friendly routes should be established. Gaining further insight into how these
nanoparticles grow under various experimental conditions is of equal importance. Given the high
cost of gold and silver, it is vital for industries that employ their nanoparticle chemistry to keep
additional costs low for their future use to remain competitive. Establishing synthetic protocol
where the product is well defined (i.e. size, shape, SPR properties etc) will make it easier for

industries to apply protocol best-suited to their commercial application.

In this thesis several methods for growing gold and gold-silver colloids were explored.
Perhaps most interesting was the use of the cyclic ketone cyclohexanone in achieving room
temperature growth of gold nanoparticles in an aqueous medium. Compared with traditional
reducing agents such as tri-sodium citrate (= £2.50/ mol), cyclohexanone is cheaper (= £0.75/ mol).
Compared with the cost of gold (= £4,900 / mol) and silver (= £40 / mol), the cost of the reducing
agent is minimal. Nevertheless, when one considers the fact that typical nanoparticle solutions are
of mM concentration, the true cost per litre of 0.3 M product would be = £1.40 for gold and less
than 1 p for silver. For cyclohexanone, the true cost-saving measure is in its ability to activate gold
nanoparticle growth at room temperature, which is a unique trait compared with traditional
reducing agents that often require reflux (i.e. an unnecessary heated cost may be avoided). What
lets cyclohexanone down is the non-specificity of the particles that form, where various shapes are
formed of differing size. Most industrial applications require nanoparticles of a specific shape and

narrow size-range to function in a given product (e.g. pregnancy test kits).

We believe that the systematic study of a range of ketones might lead to analogous room
temperature chemistry and perhaps yield monodisperse colloids. Our studies thus far indicate that a
low pK, for enolisation is vital for reactions with ketones to occur at room temperature. As such, we
believe aldehydes, given their relatively higher acidity and propensity to enolise compared with
ketones may be better suited candidates. For instance ethanal (pK, = 6.23), phenyl acetaldehyde

(pK, = 3.07 for the non-sterically hindered E isomer) and 2-indanone (pK, = 3.84) are all examples
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that possess pK, values far lower than cyclohexanone (pK, = 6.38). Further considering the problem
of multi-shape/ size growth often seen with ketone reducing agents (seen in all our studies herein
and in the literature), one should also look to create more monodisperse colloids that are better
suited to current industrial applications. We therefore suggest the systematic study of co-reducing
agents (such as tri-sodium citrate, ascorbic acid etc) or size constricting agents (such as cetyl
trimethylammonium bromide, polyethylene glycol etc) to be used alongside low temperature

activating ketones (such as cyclohexanone).
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8. Appendix
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Appendix 1: *C NMR spectra of pure (a) cyclohexanone and (b) 2-chlorocyclohexanone (600 MHz,
D,0).
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