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Chapter Two Reduction Synthesis of AUNPs

20INTRODUCTION

The most widely used method for the synthesis ¢d ganoparticles (AuNPS) is the
reduction of a gold salt. This method requires @ucing agent in the presence of a
capping agent for the formation of surface passivagold nanoparticlesl]. Many
methods have been used to improve the quality amtta the physical properties of
gold nanoparticles. A major goal of these methodsta produce high quality
nanoparticles in a monodispersed form (i.e. witlifaum/controllable size, shape and
coefficient of variance) because the size andildigion of the particles are important
factors that determine their physical and chempcaperties 2]. It is generally believed
that the current and potential applications of sanetured materials are dependent on
those properties. For example, the use of thmdsymers, surfactants and other ligands
control particle size, shape and also prevent aggtation. They can also introduce
functionality to the surface of gold nanoparticlas,important feature for applications in
nano-biology B,4].

The citrate reduction of HAugin water, first reported by Turkevitat al.is a well
known method for the synthesis of AUNP$. [Nanoparticles produced by this technique
are approximately 20 nm in size. The size of summoparticles is controlled by varying
the stabilizer to gold ratio. The possibility ofing thiols of different lengths as
stabilizers for the gold nanoparticles has beeonnted by Mulvaney and Giersi§]| This
has allowed the facile synthesis of thermally aingtable gold nanoparticles of reduced
dispersity and controlled size. This synthetic teghe inspired by Faraday'd][ two-
phase system, uses thiol ligands that strongly boid due to the soft character of both
Au and S 8]. The metal salt is transferred to toluene ushegphase-transfer reagent and
the reducing agent in the presence of a thiol asshn Figure 2.1 A two phase method
which was originally defined by Wilcoxoet al.[9] and later modified by Brugt al. [8]
formed the basis for the synthesis of metal narimbes. These methods produce nearly

monodispersed metal nanoparticles particularlyaesranging from 2-100 nm.
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Other sulfur containing ligands have been used tébilze gold nanoparticles.
Reduction of HAuG] by NaBH, in a mixture of trin-octylphosphine oxide (TOPO) and
octadecylamine (ODA) at high temperatures resuitedthe controlled growth of
spherical AuNPs that were stable for a couple ofittm® [LO]. Amino acid lysine capped-
AuNPs are stabilized in solution electrostaticaliyhich renders them air-stable and
water-dispersible 1. AuNPs are chemically generated by the reductwngold
precursor by a reducing agent in the presence stélailizer which keeps nanoparticles
apart, thus avoiding their aggregatiéigure 2.2shows a scheme for generating AUNPs.
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Figure 2.1: Synthesis of AUNPs using Faraday’s two-phase tgceni

S

Stabilizer

v

S

Reducing agent

S~

HAuCl, Gold Nanoparticles
Figure 2.2: Colour changes of gold observed during chemicalictidn method.
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There are a plethora of techniques for creatingoseale devices for biomedical
engineering and other applications. Many of thesech as chemical reduction
techniques, are adaptations of older technique$ wnibre modern and powerful
equipment. All of these techniques produce patteraguctures, and surface
morphologies at the nanoscale that lead to devaoeks materials with unique surface
properties and functionality. These techniques mnpeique chemical, mechanical,
electrical, and optical properties to materialsuse in electronics, materials science, and

medicine.

2.1 EXPERIMENTAL

2.1.1 Materials

The following chemicals were purchased from Signdridh and employed during
this study without further purification: 1-Dodecd#mel, 4-tert butyl pyridine,
Acetonitrile, Citric acid, Ethanol, Ethyl glycololuene, Methanol, Glucose, Sucrose,
Hydrogen tetrachloroauric acid, Cadmium chloridegd@ium carbonate, Hydrogen
peroxide, Hydrazine monohydrate, L-Ascorbic acidgysteine, Trin-octylphosphine
oxide (TOPO), Octadecylamine (ODA), Hexadecylam{rdA), Polyethylene glycol
(PEG) (10 000 Aldrich), Poly (vinylpyrrolidone) (P, Poly (vinyl alcohol) (PVA),
Sodium borohydride, Sodium citrate, Sodium hydrexid Trisodium citrate,
Hexadecyltrimethylammonium bromide (HTAB), Tetragdmmonium bromide
(TEAB), Tetramethylammonium chloride (TMAC), Tetcdglammonium bromide
(TOAB). High purity double-distilled water was used

2.1.2 Instrumentation

UV-Vis Optical Spectroscopy

The UV-Vis absorption measurements were conducsetywa Perkin ElImer Lambda
20 or Cary 50 Conc. UV-Vis spectrophotometer. Thectra were run by measuring
dilute samples in a quartz cell with a path leraftd cm.
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Transmission Electron Microscopy

TEM images were obtained with a Phillips CM120 Riiot transmission electron
microscopy. The specimens were prepared by droppiddute solution of the sample
containing the nanoparticles on a carbon-coategearogrid and allowing the solvent to
dry out at room temperature. The images were captusing the embedded self-imaging

system Megaview lll digital camera.

X-Ray Powder Diffraction

The wide-angle X-ray diffraction was recorded usthg Philips X’Pert Materials
Research Diffractometer. Measurements were takerg us glancing angle incidence
detector at an angle of 3° fo# 2alues over 5 - 100° in steps of 0.04° with a ¢dime
of 2s.

2.1.3 Synthesis of Tri-n-Octylphosphine Oxide (TOPO) and Octadecylamine
(ODA) Capped Gold Nanoparticles

Octadecylamine (ODA, 10.00 g), wmoctylphosphine oxide (TOPO, 25.00 g) and
sodium borohydride (0.0325 g) were mixed togetmerithree-necked flask under a
nitrogen atmosphere. This mixture was heated to°@for 1 h, with stirring. After 1 h,
the temperature was raised to 190 °C. At this teatpee, a solution of HAugI(0.0700
g) dissolved in 4-tert butyl pyridine (5.0 mL) wdsectly injected into the hot solution,
causing a colour change from yellow to red. Thitutten was maintained at this
temperature for 30 min. The reaction mixture wamaeed from the heating source and
cooled to 60 °C. Methanol (50.0 mL) was then addedulting in a precipitation. The
precipitation was isolated by centrifugation andsed three times with methanol to
remove all the by-products, before dispersion lneoe for further analysis. Filtration of
the toluene solution yielded an intense red satutibgold nanoparticles, capped with a
mixture of TOPO and ODA1[2].
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2.1.4 Synthesis of Poly-(vinylpyrrolidone) (PVP)-Capped Gold Nanoparticles,
using NaBH,4 as a Reducing Agent

PVP (0.400 g) was dissolved in distilled water (%nL) in a beaker under
continuous stirring. An aqueous solution of HAg@& mL, 0.0700 g / 0.178 mmol) was
then added. A colour change from clear to yelloltsan was observed, which clearly
indicates the presence of Huions. After 10 minutes of stirring, a freshly paeed
NaBH, (15.0uL) was added. A colour change in the solution wiaseoved from yellow
to brown. As stirring was continued, a red-wineocwl was observed in the solution
which confirms the reduction of Al ions to AJ, the formation of the gold

nanoparticles.

2.1.5 Synthesis of PVP-Capped Gold Nanoparticlesin the presence of NaOH

HAuClI, (0.0700 g) was dissolved in ethanol (20.0 mL) donf a yellow solution
containing Ad" ions. In a 100.0 mL round bottom flask PVP (0.40)Qvas dissolved in
ethanol (50.0 mL) under stirring and nitrogen atph@se. The two solutions were then
mixed in a 100.0 mL round bottom flask to form ghli yellow solution. To enhance the
reduction of the metal, NaOH (0.10 M; 1.50 mL) veakled to form a red-wine solution.
The NaOH provides the right pH for reduction to wccrhe low yield of nanoparticles

was isolated by centrifugation.

2.1.6 Synthesis of PVP-Capped Gold Nanoparticles using Ascorbic Acid as a
Reducing Agent

An accurately weighed amount of HAu(0.0190 g) and PVP (0.1000 g) were
dissolved in distilled water in a 50 mL round battdlask. The colour of this solution
was light yellow and the reaction was performedearmitrogen atmosphere with stirring.
Ascorbic acid (0.030 g) was weighed and dissolvedistilled water (10.0 mL). These
two solutions were then mixed under constant sgrri Due to the weak ability of
ascorbic acid to reduce the metal, the reactioe taken was longer. Initially the colour
was observed to be deep yellow (egg yolk), thearcland finally to light and intense
red-wine at maximum reaction time (3 h). This soltwas centrifuged and the isolated

particles were washed with water. The precipitages when finally rinsed with ethanol
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before further analysis. The concentrations of b@ucing and capping agents were

further varied to determine their effect on thepaspared nanomaterials.

2.1.7 Synthesis of PVP-Capped Gold Nanoparticles in the Presence of Sucrose
and Glucose

In this typical procedure, gold nanoparticles diabd by sucrose and glucose were
synthesized in separate reactions. In these reacsiodium hydroxide was added in order
to initiate the reaction. Typically, PVP (0.300 glicrose (0.300 g) and NaOH (0.0200 g)
dissolved in distilled water (60.0 mL) in a 100 mdund bottom flask. This solution was
then heated in a 60 °C on water bath. To this mwlugold solution (HAuGJ 0.0200 g,
10.0 mL), was slowly added drop by drop using aaszing funnel. This addition
resulted in a colour change forming a wine-red tsmhu As more gold solution was
added the intensity of the colour increased to edrle-red. The reaction was further left
to continue for about 30 min before it was stoppdedrticles formed were isolated by
centrifugation. Samples at regular intervals foalgsis were withdrawn during the
reaction. This was done to monitor the growth ffation of the nanoparticles. Another
experiment was conducted under similar reactionditimm using glucose, instead of

Sucrose.

2.1.8 Synthesis of PVP-Capped Gold Nanoparticles Using Sodium Citrate as the
Reducing Agent

PVP (0.400 g), HAuGl (0.0330 g) and sodium citrate (0.196 g) were dv&sbin
distilled water (40.0 mL) in a two-necked flask endnitrogen atmosphere, with
continuous stirring. The initial colour of this atbn was light yellow. This solution was
then placed in 100 °C water bath to enhance thalmetluction. During the heating
process, as the reaction time increased a colaamgehto light wine-red and finally to
dark wine-red was observed. Heating was stoppeduatiter stirring of the solution was

continued overnight. AUNPs were isolated and ctdléby centrifugation.
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2.1.9 Synthesis of PVP-Capped Gold Nanoparticles in Tri-sodium Citrate using
NaBH, and H,0,, as Reducing Agents

HAuCI, (0.0330 g), tri-sodium citrate (0.0350 g), PVPLEDO g) and kD, (60.0 pL)
were dissolved in distilled water (200.0 mL) undenitrogen atmosphere. The solution
remained light yellow in colour showing the presenf AU** ions. To enhance the metal
reduction, few drops of a freshly prepared NaBigdlution (0.50 x 10 M) was added
drop-wise and this resulted in a colour change daok dorown indicating the metal
reduction. Stirring was continued; a deep wine<elbur was observed in the solution
after 1 h. After this reaction time, stirring wassabntinued and the solution was

centrifuged to isolate the patrticles.

2.1.10 Synthesis of Dodecanethiol-Capped Gold Nanoparticles Using NaBH, as a
Reducing Agent

In this procedure dodecanethiol (10.0 mL) was wagsty mixed with 96 % ethanol
(60.0 mL) in a 100 mL round bottom flask with contous stirring. To this mixture, a
freshly prepared NaBH0.50 x 10* M; 2.00 mL) dissolved in ethanol was added. After
about 10 min of stirring, HAuGI(1.50 mL, 0.0600 g) dissolved in ethanol was adzted
stirring was continued for about 30 min. A colobange from a white milky to a creamy
solution was observed. As stirring was further cargd for two more hours, there was a

formation of a colour precipitate which was sepeaatdiy centrifugation.

2.1.11 Synthesis of PVA-Capped Gold Nanoparticles using Sodium Citrate as a
Reducing Agent

PVA (0.400 g) was dissolved in distilled water (@nL) at 80 °C in a two-necked
flask. After complete dissolution, the PVA solutimas then cooled to room temperature.
To this mixture HAuCJ (0.0330 g) and sodium citrate (0.1960 g) was addeder
nitrogen atmosphere with constant stirring. Théiahicolour of this solution was light
yellow. This solution was then placed in 100 °C avabath to enhance the reaction.
During the heating process a colour change fromt ligellow to light wine-red and

finally to dark wine-red was observed. The heatwas discontinued, but further stirring
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of the solution was continued overnight. The resultparticles were isolated by

centrifugation.

2.2 RESULTSAND DISCUSSION

2.2.1 Synthesis of TOPO-ODA Gold Nanoparticles

O’Brien and Green have reported the reduction otil8k by NaBH, in a mixture of
TOPO and ODA (1:0.57 molar ratio) at 190 °G@JJ[ Under these conditions spherical
and stable nanoparticles in toluene were obtaimédch were also manipulated into
crystals and 3D arrays. Selvakannan al. [13] reported the one-step synthesis of
organically dispersible spherical AuNPs using theultifunctional molecule
hexadecylamine (HDA). They showed that aqueousrchioate ions might be phase-
transferred into chloroform by electrostatic corxpligon with HDA molecules present in
the organic phase. Since they both (HDA and ODAjycan amine functional group,
similar behavior in their nanoparticles is expectether synthetic methods of this nature
were reported by Murray and co-worket4][ for the synthesis of (1I/VI) or (11I/V)
semiconductor quantum dots capped with TOPO. Gaedrco-workers15] reported the
synthesis of trialkyl phosphine oxide/amine stakili silver nanocrystalsRecently Nath
et al. [16] have reported the synthesis of HDA-capped silmgyanosols which were
stable for over a year. Chest al. [17] developed a very important method for
synthesizing monodispersed silver nanoparticlesravtig-octylphosphine (TOP) was

used as the reducing agent, solvent and surfactant.

Figure 2.3 shows the UV-Visible spectrum of TOPO and ODA appgold
nanoparticles. In this method TOPO, ODA and NaBidre all heated to 100 °C. At this
temperature, HAuGlin 4+ert-butyl pyridine was directly injected, resulting TOPO-
ODA-capped AuNPs. When patrticles of gold are smatugh, their colour is ruby red,
due to their strong absorption of green light abuab520 nm, corresponding to the
frequency at which a plasmon resonance occurs théhgold. The appearance of this
light absorption of metallic nanoparticles is duethe oscillation of the conduction
electrons induced by interacting electromagneéltfand this resonance is called surface

plasmon resonance (SPR), the resonance can beno#ld by size, shape and dielectric
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constant of the medium in which the nanoparticlesendissolved18]. This dominant
visible absorption spectrum related to metal nartapes originated from group 11 is
believed to originate from the surface plasmon masce. This SPR phenomenon has
been extensively studied in other related papets cam be predicted by Mie theory
[19,20,2]. The particle shape depends on the reaction tondisuch as concentration
of reagents, reaction temperature and time. A coatizin of these reaction parameters
can result in a variety of particle shapes. El-8agteal.[22] and Murphyet al.[23] have
shown that nanorods of gold exhibit two SPR peak#) the wavelength of transverse
mode located at 525 nm and the wavelength of ladgial mode tunable in the spectral

region from visible to near-infrared depending beiit aspect ratios.
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Figure 2.3: UV-Visible spectrum of TOPO-ODA-capped gold nantplas.

As the aspect ratio of the rods increase the nlajgitudinal band shifts to the red.
When the particle shape changes to triangular platgolygonal, the SPR band appears
in the 550 - 700 nm regions. As shown kigure 2.4 these nanoparticles provide a
platform to tune the SPR band in the spectral rdrayja 400 — 750 nm. Bulk gold has a
familiar yellow colour, caused by the reductionraflectivity for light at the end of the
spectrum 24]. Figure 2.5A shows the transmission electron microscopy (Tihige of
TOPO-ODA-capped gold nanoparticles. Most of thalg@noparticles were spherical in
shape. The average size of the nanoparticles peddigc7.29 £ 1.01 nm, as seen on the
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size distribution graphHigure 2.58. The TEM image shows that the solution contains
predominantly spherical nanoparticles which ard dispersed on the grid, with particles
in the shape of triangles also observed. The sialgg®rption peak observed in the UV-
Visible absorption spectrum analysis confirms tredpminance of spherical particles.

400 nm light color 750 nm
- e
silver spheres silver rods
gold rods

gold spheres

gold/silver alloyed spheres gold shells with hollow interiors

silver plates

silver cubes

Figure 2.4: A list of silver and gold nanoparticles having ars morphologies,
compositions, and structures, together with thgpid¢al locations of SPR
bands in the visible regime¥).
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Figure2.5: A) TEM image and B) Size distribution graph of TOPOAEapped AuNPs.
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2.2.2 Synthesis of PVP-Capped Gold Nanoparticles

The synthesis of gold nanoparticles by the redanctibAu®* ions in the presence of
PVP and PVA as stabilizers is reported. NgBNaOH and ascorbic acid were used as
reducing agents. Basically in this synthetic metteodapping polymer and HAuQNere
dissolved in the respective solvents followed bg dladition of a reducing agefiiigure
2.6 shows the UV-Visible spectrum of PVP-capped goldaparticles reduced by both
NaOH and NaBHrespectively. The light yellow colour of the aqusddAuCl, solution
changes to brown, then to wine-red at longer readime. The colour change to wine-
red was also confirmed with the appearance of & @a520 nm due to the SPR
absorption of spherical gold nanoparticl@$,p7. The formation of the brown colour
was noticed after the immediate addition of NaBA gradual change to wine-red with
the increase in reaction time was then observede UV-Visible spectra of the PVP
capped patrticles synthesized with the assistanb&a@H are shown ifigure 2.6A The
spectrum exhibits a sharp, single absorption atrs80vhich corresponds to the known
surface plasmon absorption band of gold nanopesticiSodium hydroxide was
introduced into the system just to stabilize thenaparticles and also to speed the
reduction of the metal without using any known m@dg agent in ethanol. This single
absorption peak indicates the presence of mostall end spherical nanoparticles.
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Figure 2.6: UV-Visible spectrum of PVP-capped gold nanoparsictethe presence of A)
NaOH and B) NaBH
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Figure 2.7 shows the transmission electron microscopy (TENpgdes of gold
nanoparticles prepared from the above metkoglire 2.7Ashows nanoparticles capped
by PVP and reduced with NaBHb have its average size of the particle to béiwithe
range of 20 — 40 nm. The gold particles formed whthassistance of NaOH are shown in
Figure 2.7B A wide range distribution of nanoparticles is elved from different parts
of the copper grid with the spherical particles dwating in the yield. The image show
nanoparticles within 10 - 20 nm in size range. Betimples aggregated spherical

nanoparticles.

Figure 2.7: TEM images of PVP-capped gold nanoparticles in fihesence of A)
NaBH, and B) NaOH.

UV-Visible spectroscopy and TEM were used to debeenthe optical and structural
properties of the PVP-capped gold nanoparticlesgusiscorbic acid as the reducing
agent.Figure 2.8displays typical spectra indicating the absorptawaund 538 nm for
different concentrations of the reducing agent;0038 g); B (0.06 g); C (0.075 g). The
absorption at low concentration of ascorbic acid30y) shows a clear and sharp peak.
Higher concentrationsB( and C) show a red shift and broad yet informative peak
exhibiting clear absorption corresponding to swefgelasmon resonance of gold
nanoparticles with few distinct features. The piblesexplanation of the broad spectrum
observed at these concentrations is that it coaksiply originate from the presence of
non-spherical nanoparticles with a wide distribntiof particle sizes. The exact

mechanism for the formation of different shape araphology of gold nanopatrticles is
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still unclear. However, El-Sayest al. [28] provided two reasonable explanations for the
formation of faceted patrticles: (i) the growth satary at different planes of the particles,
(i) particle growth competes with the coordinatiagtion of stabilizers. During the

course of the preparation of nanoparticles, polgrame often used which selectively

adsorb on certain crystal planes and induce angigtgrowth of different planes.

1.3 1 A

1.1+

0.9

0.7

Absorbance (a.u)

0.5

0.3

0. 1 T T T T T 1
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 2.8: UV-Visible spectra of gold nanoparticles at differeoncentrations of the
reducing agent; A. (0.03 g); B. (0.06 g); C. (0.aGy5n ascorbic acid.

Figure2.9 shows the absorption spectra of gold nanopartsjethesized by varying
the concentration of the stabilizing agent. Exdeptpeak intensity, the spectrum shows
no distinct differences in the absorption wavelandtie to the change of the polymer
concentration. These absorption results are sumethin Table 2.1for the variation of
the reducing and stabilizing agentSigure 2.10 shows the transmission electron
microscopy (TEM) analysis for the gold nanoparsgbeepared with a low concentration
of ascorbic acid (0.03 g). The micrograph showgdananoparticles which are

aggregatedFigure 2.11and 2.12shows the TEM images of gold nanoparticles which
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were synthesized by varying the concentration & s$tabilizing agent. The images

presented irFigure 2.11were samples of a lower concentration of the pely(0.02 g)

Reduction Synthesis of AUNPs

and at different magnifications as well as in randmarts of the copper grid.

Table 2.1: Absorption maxima of gold nanoparticles at difféarenncentrations of the

capping and reducing agents.

Absorption
HAuCI, () PVP (g) Ascorbicacid (g) | maximum (nm)
0.019 0.100 0.030 538
0.019 0.100 0.060 546
0.019 0.100 0.075 540 - 700
0.019 0.020 0.022 534
0.019 0.040 0.022 534
0.3 -
A
. 0.2 4
3 B
?
<
0.1
0 ‘ ‘ ‘ ‘ ‘ ‘ T ‘
400 450 500 550 600 650 700 750 800

Figure 2.9: UV-Visible spectra of PVP-capped AuNPs at diffei@ricentrations of the

Wavelength (nm)

capping agent; A. (0.02 g); B. (0.04 g) reducechvaiscorbic acid.
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Figure 2.10: TEM micrograph of PVP-capped gold nanoparticles & concentration
of ascorbic acid (0.03 g).

These TEM images consists of rounded, star polghemid nanocrystals, multiple-
twinned with five-fold symmetry and more nanopdesc with indefinite shapes as
indicated in the high magnification image figure 2.11C Most of these nanoparticles
are approximately 50 nm in sizeigure 2.11Dshows an elongated, spherical, short but
broad rod and hexagonal shaped nanopatrticles. éAgatto of capping to reducing agent
was increased, many star-shaped gold nanopartices observed as shown kiigure
2.12 These star polyhedral gold nanoparticles produmedin agreement with those
synthesized by Buret al. [29] who concluded that the reducing agent playeduaial
role in the production of these star gold nanoedgstWell defined triangular and
hexagonal shape nanoparticles are observed in figgnification images shown in
Figure 2.12Cand D. The crystal phase of the particles was determimgdhe X-ray
diffraction technique.Figure 2.13 shows the X-ray diffraction pattern of gold
nanoparticles reduced by ascorbic acid at low canagon of stabilizer with the (111),
(200), (220) and (311) planes of gold are cleadgesved. These peaks demonstrate that
the as-prepared products are of purely crystalpoédd with a face-centered cubic
structure JCPDS File 04-0784
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20 nm

Figure 2.11: A, B and D areTEM micrographs of AuNPs at low concentration of
capping agent (0.02 g) reduced by ascorbic aciémakom different parts
of the Cu grid; C is the high resolution TEM micragh.

g A B

Figure 2.12: A and B are TEM micrographs of AuNPs at high cotregion (0.04 g) of
capping agent reduced by ascorbic acid taken froffierént parts of the
Cu grid; C and D are the high resolution TEM micraghs.
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Figure 2.13:. XRD pattern of PVP-capped Gold Nanoparticles reduisg ascorbic acid
at low concentration of stabilizer (0.02 g).

PVP-capped gold nanoparticles were synthesizechénpresence of sucrose and
glucose. In this particular synthetic procedureNRg were formed by dissolving PVP,
one of the sugars and a small amount NaOH in aimleenhance the reaction. This
solution was warmed and finally HAuC$olution was added drop-wise as described in
section 2.1.7Figure 2.14 shows the UV-Visible spectra of such metal nanigas in
the sucrose and glucose. They both show charaae8®R absorption maximum at
around 535 nm, which is an indication of the forimaf gold nanopatrticles. In both the
experiments the growth was monitored by removirlgtems for optical analysis before
completely adding the gold solution. There wasmath of a difference observed in the
absorption wavelength except a reduction in intgresi shorter reaction time. The UV-
spectra reported for both the nanoparticles in aaecrand glucose were taken at the
longest time of the reaction, i.e. 30 minutégure 2.15hows the TEM micrographs for
the synthesized nanomaterials. The particles sgmtb@ in both sugars were

predominantly spherical in shape with sizes ran@jiogn 5 - 15 nm.
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Figure 2.14: UV-Visible spectra of PVP-capped AuNPs in A) glecaisd B) sucrose.

Figure 2.15. TEM micrographs of PVP-capped gold nanoparticles[#n and B.
(sucrose)], [C. and D. (glucose)].
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The analysis of gold nanoparticles which were sgsitted by the reduction of Au
ions, in the presence of heat, using sodium citeste¢ NaBH as reducing agents is
reported.Figure 2.16shows the UV-Visible spectra of the solution mmesiof the three
distinct reactions performed. Basically in thesehuds, a capping agent, HAuGind
sodium citrate were all dissolved in water and &&ab 100 °C in order to enhance the
reaction. In the reaction where NaBWas used as the reducing agent, a small amount of
hydrogen peroxide, (#D,) was added. The light yellowish colour of the eous
HAuCI, solution exhibits an intense band at 292 nm berafisa metal-ligand charge
transfer band from the Auglcomplex [L4]. As the reaction progresses, the colour
change to wine-red with the appearance of new pleetvgeen 520 nm and 530 nm due to

the SPR absorption.
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Figure 2.16: UV-Visible spectra of gold nanoparticles: A) [PVRdaheat], B) [PVA and
heat] and C) [NaBH] in sodium citrate.
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Figures 2.16 AandB are the absorption spectra of gold nanoparticlesrevheat was
used to enhance the reaction in the presence of &PPVA as stabilizing agents
respectively. Their corresponding absorptions &2 ®m and 528 nm, which is within
the gold nanoparticle absorption region. In these teactions the formation of wine-red
colour observed after few seconds of exposure & &ed the colour intensity increased
gradually with heating and became saturated alieuta4 min indicating the completion
of the reactionFigure 2.16 Cshows the absorption of gold nanoparticles at BB0
prepared with the assistance of NaBkhere PVP was used as a stabilizing agent. The
absorption is red-shifted in relation to the pdescsynthesized in the presence of heat.

This shift is probably due to the presence of anigic particles.

Figure 2.17shows the TEM images of gold nanoparticles prapasethe reduction
of Au®* ions with sodium citrate in the presence of PVRt&s stabilizing agent. The
image shows the presence of anisotropic partialegshe shape of triangles, rods,
pentagons and hexagons. At high magnification #reoparticles with lattice planes are
observed as shown Figure2.17 AandB, with size ranging from 10 - 40 nm. The gold
nanoparticles stabilized with PVA did not show mtiape variation as observed in the
PVP stabilized particlestigure 2.18 Ashows predominantly spherically shaped gold
nanoparticles with a small percentage of anisotallyy shaped nanoparticles. The
particle size is within the 30 - 40 nm ran§é&ure 2.18 Bshows the micrograph of gold
nanoparticles prepared by the assistance of Na#&Hthe reducing agent in PVP and
H.O,. In this image monodispersed, spherical nanopestiare observed. The obtained
nanoparticles are slightly larger with an averaggi@e size of 46.4 £ 9.25 nnkigure
2.19shows the results obtained from the X-ray powadtkragtion (XRD) pattern for the
PVP and PVA stabilized gold nanoparticles. The peatk® = 38.2°; 44.5°; 64.9° and
77.9° correspond respectively to the (111), (20830) and (311) planes of gold. These
peaks demonstrate that the as-prepared productd ateely crystalline gold with face-
centered cubic structuré@PDS File 04-0784
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Figure 2.17: A, B and C areTEM micrographs of PVP-capped gold nanoparticlesrfr
different parts of the Cu grid reduced with sodicitnate.

Figure 2.18: TEM micrographs of gold nanoparticles; A) PVA-cappeduced with
sodium citrate and B) PVP-capped in Nagahd sodium citrate.

59



Chapter Two Reduction Synthesis of AUNPs

30000 -+

B
25000 -| (111)
_ 20000 - A
% 15000 -
= 10000 -
(200)
5000 (220) (311)
O T T T _/\h T _A- T
32 42 52 62 72 82

2 Theta (degree)

Figure 2.19: XRD pattern of gold nanopatrticles stabilized byPAJP and B) PVA,; all
reduced with sodium citrate.

2.2.3 The Role of Poly vinyl Pyrrolidone (PVP)

The shape and the size of gold nanowires depend tgoadsorption of PVP on the
surface of the gold particle8(]. Previous studies have also found that increatieg
chain length of PVP resulted in a change of shapgdld and silver nanostructures from
2D plane structures to 1D rod and wire structu}. [PVP plays an important role in
controlling the growth rate between the {100} ardl{} plane directions3l]. Reyes-
Gasgeet al. proposed that nanowires evolve from a multiplyntwad nanoparticle (MTP)
of silver with the help of PVP at the initial Ostéiaipening staged2]. The growth of
the nanowires was facilitated by PVP selectivelyering the {100} facet. This is done
through chemical interactions with the nitrogen @andxygen atoms of the pyrrolidone
units of PVP 83]. On the other hand the interaction between PMiPthe {111} facet is
weaker allowing the nanowires to grow continuoudiyring the Ostwald ripening
process. Due to force fields which exist betweemat they will begin to agglomerate to
form colloidal gold particles which are dominateg the {110} facet. The {110} facet
forms a weak interaction with the PVP molecules ttuthe weak binding energy. Gold
nanoparticles with larger sizes will be able tovgiat the expense of smaller one through

agglomeration and Ostwald ripening. As growth caunds the polygonal particles begin
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to form which have both {100} and {111} facets. tlme literature it is reported that PVP
could bind stronger with the {100} plane as complate the {111} plane 34]. Since
there is a competition between {111} and {100} fecéo absorb PVP molecules, a
certain amount of PVP will be adsorbed on eachtfatrethis case the {100} facets will
absorb more PVP molecules. In the case where aircemnount of PVP is absorbed on
the {111} facets, the polygonal particles will appen solution as growth will occur on
the {100} facets.

In comparison, the interaction between PVP and{iid} facets should be much
weaker to enable the two ends of the nanorodsaw gontinuously throughout Ostwald
ripening. Concentration of PVP does not favourfdrenation of pentagonal and trigonal
shaped particles. The high concentration of PVHdda the formation of a thick coating
over the entire surface of the spherical particiesluding the twin boundaries3}).
Therefore selective interaction between PVP anduwarcrystallographic planes are lost
and thus no anisotropic growth could be inducece fidaction temperature also plays a
significant role in controlling the morphology oblg nanoparticles.

2.2.4 Synthesis of Dodecanethiol-Capped Gold Nanoparticles

Decahedron and icosahedron of alkanethiol-cappdd ganoparticles were first
observed by Mihamat al. [36] who analyzed and characterized these particles as
“multiple twinned particles” (MTPs). Dt al. [37] also prepared gold nanoparticles
using this method. Decahedron shaped particlesngatan their experiments displayed
different absorption behavior compared to converaigold colloid. In their experiment
they also found that the molar ratio mfdlodecanethiol to HAuGIplayed a key role in
forming decahedrons of gold nanoparticles which ea@ssistent with the results obtained
by Kimuraet al. [38]. The optical and structural properties of the efmahethiol-capped
gold nanoparticles are reported in this work. Thewsethiol-capped gold nanoparticles
were synthesized by the reduction of HAwWGNth NaBH, in ethanol. These
nanoparticles display an absorption shoulder in36@& 370 nm region with a broad SPR

absorption maximum at 520 nm as showfigure 2.20
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Figure 2.20: UV-Visible spectrum of dodecanethiol-capped goldapearticles.

The broadened absorption peak could be due to langgotropic particles with a
broad size distribution. The deviation from spharigeometry is also explained by Mie’s
theory, suggesting in the circumstance that thestrarse and longitudinal dipole
polarizability no longer produces equivalent resmea leading to a broadening and red
shift of the longitudinal plasmon resonance as waglan appearance of transverse plasma
resonanceFigure 2.21Aand B shows dodecanethiol-capped nanoparticles TEM isage
at different magnifications. The image reveals ipks in the shape of rods, pentagons,
hexagons and truncated triangles. In the pentagmabparticles the five-fold twinned
crystal structure on their topology which was albserved in the case of Ag by Xaaal.

[39].
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Figure2.21: A and B are TEM micrographs of dodecanethiol-cappeld nanoparticles
at different magnification.

This anisotropic formation of gold nanoparticlesaalconfirms the broadening
observed at the UV-Visible spectrum. Dodecanetpiays a similar role to PVP in the

formation of anisotropic gold nanoparticles.

2.3 SEED-MEDIATED AND PHASE-TRANSFER SYNTHESIS OF GOLD
NANOPARTICLES

2.3.1 Introduction

Non-spherical gold nanoparticles have gatheredifgignt attention due to their
intriguing shape-dependent properties, includingltinmuodal plasmon resonance and
fluorescence, which make them promising candidatedagging agents and surface
enhanced Raman scattering substrates, amongst agpkcations. Synthesis of shaped
nanoparticles such as rod®J], prisms B1], hexagonal platesAp], cubes #3] and stars
[44] have been reported. The most common route toeshaanoparticles is through
seeded-growth methods. A chemical reducing agenised, where small, generally
spherical nanoparticles are first generated ana #ldeled to a growth solution with more
metal ions and surfactant to induce anisotropiovgjio The slight changes in reactant

ratio, use of different seeds, variations in pH atabilizer concentrations are adjusted to
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control the morphology of the nanoparticles. Coumtes and additives have also been

found to play a role in directing the growth and fimal shape of nanopatrticles obtained.

In seeded growth reactions, a previously synthdsizgeeed" nanoparticle is
introduced to a growth solution containing a AY(Bklt, a weak reducing agent, and a
directing agent (most commonly a surfactant). #fligi the seed particles grow through
the slow-diffusion of gold atoms onto their surfaCairrently, shape-controlled synthesis
of nanopatrticles has been achieved either by ugaognetric templatestf], or by using
some additives46], such as polymers or inorganic aniod3][ to regulate the particle
growth. Natanet al. proposed a seed-mediated approach to grow prefhramherical
gold nanoparticles in solution, based on the galdbitl surface catalyzed reduction of
Au** by hydroxylamine 48]. Alternatively, seeds could be grown using soditrate as
a reductant, producing Au nanoparticles with dinams between 20 and 100 nm of
improved monodispersity relative to the originaé®s method49]. These authors have
pointed out that iterative hydroxylamine seedingdke to the formation of a distinct of
colloidal gold rods.

Janaet al. studied the growth of citrate stabilized gold naemticles by the seed-
mediated method using a wide range of reducing tagand conditions50]. They
showed that even in the presence of seeds, addithutleation takes place. Additional
nucleation can be avoided by controlling criticakgmeters such as the rate of addition
of reducing agent to the metal seed and metalsséltion and the chemical reduction
potential of the reducing agent. A step-by-stepigarenlargement method also allows a
large seed to metal salt ratio to be maintaineduiinout successive growth steps. Using
this approach, Murphgt al. were able to prepare spherical particles in arsinge 5 — 40
nm with relatively uniform sizeHl1]. The primary nuclei were 3.5 nm gold seeds
prepared by borohydride reduction of gold salthi@ presence of citrate as capping agent.
The growth steps were carried out in agueous dariagnedia. Secondary nucleation
during the growth stage was inhibited by carefalytrolling the growth conditions, and
in particular by using ascorbic acid as a weak cgdpagent, that cannot reduce gold salt

in the presence of the micelles if the seed is present. By controlling the growth
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conditions in aqueous surfactant media, it wasiplesto synthesize gold nanorods with

tunable aspect ratio.

Phase-transfer is another common method for théhegis of gold nanoparticles
containing non-specific ligand shells through tlee wf tetraoctyl ammonium bromide
(TOAB) as reported by Brut al. [8]. In this method, HAuGlis transferred from the
aqueous phase to toluene and subsequently redycéhBH, in the presence of the
phase-transfer reagent to form toluene soluble galtbparticles. Although the ability to
synthesize a diverse range of core sizes is limited method is advantageous in that the
resultant nanoparticles can be isolated from smiuéind the ligand can be exchanged to
yield both thiol and amine stabilized nanoparticlése synthesis of gold nanoparticles
using non-specific ligand shells typically yieldanoparticles with large cores. These
particles are useful for optical applications, whdhe strongly enhanced plasmon
resonance of the large nanoparticles is useful,adsa as tagging agents for biological
applications 44]. Also the large nanoparticles produced by themeehfound utility as
precursors in seeded growth reactions.

In this section of the chapter, the simple but ategvays of generating anisotropic
gold nanoparticles using both the seed-mediatechamb-phase technique are reported.
In the former technique a structure directing agenhe presence of weak reducing agent
is used to produce such nanomaterials. The latdmique primarily involves taking a
phase-transfer agent in the organic layer and alrsalt in the agueous layer. The metal
is then reduced using the reducing agent in theemee of a capping agent to produce
metal nanoparticles. In both techniques, variedtrea parameters affect the shape and

size of the as produced metal nanopatrticles.

24 EXPERIMENTAL

2.4.1 Synthesis of Gold Nanoparticles by Seed-Mediated Technique

Anisotropic gold nanoparticles were prepared by ifyody the previously reported

seed-mediated technique by Janal.[50,5]. Typically, this involves the preparation of
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a seed and stock solution before the three stegepsof synthesizing gold nanoparticles.
The seed was prepared by dissolving HAUGI0020 g) and tri-sodium citrate (0.0300 g)
in distilled water (20.0 mL) under a nitrogen atmiosre. To this solution a freshly
prepared 0.100 mol dfrice cold NaBH (0.60 mL) solution was added. A colour change
from light yellow to dark brown was observed inding the formation of gold
nanoparticles. As the seed was allowed to growstibek solution containing more metal
salt, a structure directing agent, and a weak reduagent was prepared in a separate
flask. The stock solution was prepared by dissglviHAuCl, (0.0400 g) and
hexadecyltrimethylammonium bromide (HTAB) (5.470ig)distilled water (150.0 mL),
resulting in the formation of a creamy solution. thés, ascorbic acid was added until a
white milky solution was formed. This colour char@eserved was due to the reduction
of Au®* to Au’. Ascorbic acid is a weak reducing agent and anrtemperature, it is not
capable of fully reducing the metal ion all the waythe elemental metal. The presence
of the structure-directing agent (HTAB) is impottamn obtaining anisotropic

nanoparticles.

2.4.2 Synthesis of Gold Nanoparticles using the Two-Phase M ethod

The synthesis of gold nanoparticles has been daoug using a two-phase / phase-
transfer method in the presence of TOAB. In thEdsl experiment, TOAB (0.28 g) was
dissolved in toluene (8.0 mL) in a 25 mL round bottflask with stirring. To this
solution, 3.0 mL of aqueous gold solution (0.03H&uCl,) was added under vigorous
stirring until the HAuCJ) was transferred into the organic layer (toluekghen these two
solutions of different colours, (light yellow antkar white) were mixed, a reddish colour
was formed. After 10 min of mixing, an aqueous RUA.00 g) solution was added. The
polymer was allowed to further mix with the origisalution for about 4 h under stirring.
Then a freshly prepared aqueous NaBblution (0.100 mol diy 0.60 mL) was injected
and this resulted in a colour change from red tpleu Finally, the phases were separated
using a funnel. The organic phase was taken fdhduranalysis since it contains the
nanoparticles. Further reactions were carried aingudifferent phase-transfer agents,
such as tetraethylammonium bromide (TEAB) and heggttimethylammonium
bromide (HTAB).
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25RESULTSAND DISCUSSION

2.5.1 Gold Nanoparticles Synthesized by Seed-Mediated Technique

Seeds prepared were between 3 — 5 nm in size astliyrapherical in shape as shown
in the TEM image irFigure 2.22 Citrate acted as a capping agent for these naticipa
which were stable for a few months. The particleseathen stored at room temperature
before further experimentation, to allow the excbesohydride to be decomposed in
water. The synthesis of anisotropic metal nanoglagiwas carried out by following a
three-seeding protocol, as schematically summarine@cheme 2.lunder the seed
method. Here, two 20 mL conical flasks and one i@@Q0conical flask (labeled A, B and

C) were taken.

Figure2.22: TEM image of gold seed.

To these flasks were added 9.0 mL (in flask A andaBd 90.0 mL (in flask C) of
stock solution (containing a mixture of 0.0400 g W, 5.470 g HTAB and 0.100 g
ascorbic acid). The stock solution contains Aans which were not completely reduced
to AW’ by ascorbic acid due to its weak reducing abildgwever, further reduction of

Au’ to AW occurred when 1.0 mL of the seed solution was chixigh a solution in flask
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A (Step 1). This is confirmed by a rapid developimainwine-red colour to the solution
in flask A, which was earlier white-milky, thus iiedting the formation of gold
nanoparticles. When seed particles were introduceal solution containing Auions,
they act as nucleation centers for catalyzing €uiction of Adi to Al on their surfaces.
Under normal conditions, introduction of a seeddpies particles which are bigger than
the seed. At some stage, facets are developedtathis goint some of these particles
could be directed to grow into nanorods. After ak#fuseconds, 1.0 mL of a solution in
flask A was added to a solution in flask B (Step Bis addition resulted in a colour
change of this solution to light wine-red indicatithe generation of gold nanopatrticles.
In this step the reduction was slow when compaoestap 1. After 30 sec, the content of

flask B was transferred to a solution in flask @&(53).

1. Synthesis of seed

0.002 g HAUC] + 0.6 mL 0.0038 g
0.03 g Trisodium citrate + Ice-cold NaBH
= >
2. Stock solution
Addition of ;
Reduction of
gg‘; g Ef_\xgl + ascorbic aci AU to AL
- __J

3. Three step protocol for anisotropic synthesis of nanoparticles

\Step 1 Step 2 Step 3
0 O /\

A Add 1 mL Add content Anisotropic

N of A of B nanoparticles Q <:> O
= I S— p— I

Flask A Flask B Flask C -

Scheme 2.1: Seed-Mediated growth procedure for the synthesisnéotropic gold
nanoparticles.
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This transfer resulted in a slow colour changehefdolution to wine-red. The colour
intensity was observed to increase as the reattiom was increased. In all the above
cases, each flask was gently stirred to homogettizesolution. The final solution
obtained in step 3, was centrifuged in order toaesnexcess HTAB before any further
analysis. Introduction of the seed to flask A ieB1tl, resulted in the formation of gold
nanoparticles which were bigger in size than thexlséfter an initial period, the seeds
have grown into isometric crystals with well-defihédu (111) and Au (100) crystal
faces. These enlarged seeds aggregate along tledksdefined faces to form penta-
twinned species that serve as the starting materiabd growth. Figure 2.23shows the
UV-Visible spectra of the as synthesized gold nantigles at the initial and final steps
which agree well with the colour changes observenhfthese solutions.
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Figure 2.23: UV-Visible spectra of AUNPs: A. at the initial st&fpseed-methodnd B.
anisotropic AuNPs produced at the final step of¢bed-method.

Figure 2.23Ataken at the initial stage (Step 1) shows a siagkorption peak at 530
nm which corresponds to the presence of spheradlmmanoparticles. Simultaneous with

the twinning events, the surfactant begins to aasm@nd assemble on the Au (100)
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faces acting as a directing agent and preventintpeu growth on the (100) face. As a
result, further growth occurs on the Au (111) faaed along the (110) axis, leading to an
elongation of the crystal to form nanorods$53. Figure 2.23Bshows the UV-Visible
spectrum of anisotropic gold nanoparticles produoetthe final step (Step 3 — Flask C).
From the spectrum two distinct absorption maximecearly observed at 535 nm and a
broad absorption at longer wavelengths of 650 — 880 These absorption maxima
correspond to the transverse plasmon resonancepharisal nanoparticles and the
longitudinal plasmon resonance of the non-sphenmaioparticles. From the optical
properties it is clearly seen that the nanopadigeoduced are larger in size with a

mixture of shapes.

Petroskiet al. [53] have studied the shape distribution of platinuamaparticles at
different stages of their growth as a function ioie. They provide two reasonable
explanations for the formation and evolution ofrabedral, truncated octahedral, and
cubic shaped nanopatrticles, that is: (i) the groveties vary at different planes of the
particles and (ii) particle growth competes witte tbapping action of stabilizers. A
similar scenario might be operative also in thisecaherein the introduction of a seed
leads to rapid reduction of gold salt on the segthse. The competitive and preferential
binding of HTAB molecules on the surface possildgads to the generation of faceted
spheres which evolve to form anisotropic gold nambges. This formation of
anisotropic gold nanoparticles is supported by TBNhlysis performed on the as
prepared gold nanoparticlesrigures 2.24and 2.25 shows the TEM images of these
nanoparticles before and after centrifugation of Holution. The micrographs taken
before centrifugation of the solution are cloudyedto the presence of smaller
nanoparticles. The high resolution micrographBigure 2.24DandE clearly show some
of distinct morphologies (rods and pentahedral) #na observed which are also large in

size compared to their seeds of origin.
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Figure 2.24: A, B, and C ard’'EM micrographs showing anisotropic AUNPs at défer
magnification and parts of the grid before centgidition; D and E are
high magnification micrographs.

TEM images taken after the separation of small partcles from the larger ones
through centrifugation are shownkigure2.25 These images were taken from different
regions of the Cu grids at different magnificatiombe TEM images clearly show a high
percentage of non-spherical nanoparticles, triamgbeibes, pentagons, hexagons and
short rods. Gold nanoparticles produced are diffeie size and shape to the seed
particles used, and this confirms that introduciiddra seed produces nanoparticles that
are bigger than the seed. It is also true thatmiloephology and size of the nanorods
formed depends on the history of the different esagvolved in anisotropic shape
formation. Murphyet al. [54] have investigated this by using (cetyltrimethytaomium
bromide) CTAB—capped seed of different sizes tadpee nanorods. They also found
that the nanoparticles formed were greater thah dhahe injected seed, suggesting

growth on the pre-formed seeds. Comparing this whig current results, it clearly
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supports that size, morphology and its subsequesiuton to form anisotropic gold

nanoparticles can all be controlled by the inigjald nanoparticle seed size.

Figure 2.25: A, B, C, and D areTEM micrographs showing anisotropic AuNPs at
different magnification and parts of the grid afeamtrifugation.

Further studies were carried out using other dimgcigents in the place of HTAB. In
these  separate  reactions, tetraethylammonium beomid TEAB)  and
tetramethylammonium chloride (TMAC) were used. Sewthoparticles used were
prepared as mentioned earlier. In these structueetthg agents, the formation of gold
nanoparticles under similar conditions was not olexe Murphyet al. have also studied
that the anion side is important in the making ofdgnanoparticles. They found that
bromide is crucial in making gold nanorods and Itetyethylammonium chloride
(CTAC) as a structure-directing agent gives onlyesps, while iodide apparently gives a
random mixture of shapes. The results reportedchim thesis are the nanoparticles of
HTAB as a structure-directing agent yielded a ramdmixture of shaped gold

nanoparticles.
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2.5.2 Gold Nanoparticles Synthesis using the Two-Phase M ethod

In this reaction optical and structural properties gold nanoparticles synthesized
using the phase-transfer method are reporeglure 2.26shows typical UV-Visible
spectra of the as synthesized gold nanoparticles blmth TOAB and HTAB.
Nanoparticles in TOAB showed absorption at 520 winiJe the HTAB is absorbing at
527 nm.
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Figure 2.26: UV-Visible spectra of anisotropic AUNPs in A) TOa&l B) HTAB.

This formation of gold nanoparticles was furthenfooned by structural analysis
through TEM. Figure 2.27 shows the TEM images of these as prepared gold
nanoparticles from the above technique taken deréifit regions of the copper grid.
These images are of the metal nanoparticles intwh@AB and HTAB were employed
as structure directing agerftigures 2.27Aand B are for TOAB nanoparticles which

show well spread monodispersed nanopatrticles.
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Figure 2.27: TEM micrographs showing anisotropic AUNPs at ddférmagnification
and parts of the grid in TOAB (A and B); HTAB (Qldn).

Also observed in these images is the dominance afh-spherical shaped
nanoparticles, which includes spheres, short rgusjtagon and triangular shaped
nanoparticles which are well aligneBligures 2.27C and D display nanoparticles in
which HTAB was used. Spherical and rod shapedgestiare observed in this structure
directing agent.

2.6 CONCLUSIONS

This synthesis of gold nanoparticles from variobemical reduction techniques,
which have yielded spherical as well as anisotrgpi@ped nanoparticles was discussed.
Different reducing agents were used to reducé’ Aens to AJ to form nanoparticles,
stabilized by different polymers which preventedglagheration. Gold nanoparticles
capped either with PVP, PVA or with a mixture of FO and ODA were successfully
prepared. The average size of the gold nanopatoapped with TOPO/ODA was 7.29 +
1.01 nm while most of the PVP capped nanomatehal® sizes in 10 - 40 nm range.
The SPR peak for these nanoparticles was consisiémthe absorption at 520 and 530
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nm, while a red-shift was observed in the presesfcascorbic acid. From the X-ray
diffraction data it is clear that the synthesizeiddghanoparticles were highly crystalline
with fcc cubic structure. The synthetic methods eveystematically studied. Chemical
reduction offers an opportunity to prepare gold apamticles protected with a

monodisperse polymer shell. In the seed-mediatethade two distinct absorption

maxima were observed while the TEM shows the prseaf rods and pentahedral
structures. A normal gold absorption around 520amd 527 nm was observed for the
AuNPs from the two-phase method capped with TOAS IHMAB.

From these studies, it can be concluded that slktap&ol can be achieved by
choosing specific reducing, capping, and structlireeting and phase-transfer agents
during the growth of nanocrystals. Given that mams and polymers are now being
found to influence nanocrystal growth, it is mokely that there are sufficient empirical
data to design rules for growth dynamics. Howeweorder for this to be done properly,
the crystallography of all of these anisotropicpgsaneed to be determined for different
reaction conditions if epitaxial or selective-sedanergy arguments are to be made as to
which faces grow and which do not. Evidence haslm®evided in this section for
producing well-defined anisotropic gold nanopaeciin an appropriate medium. The
technique employed seems to be crucial for sizestnaghe control. The seed-mediated
growth was successfully employed to prepare nastalijne materials of various sizes
and shapes with wide ranging properties. What iseworthy is that most of the
nanoparticles synthesized had the average sizénwith nanometer range. Furthermore,
the method enables one to obtain well-defined shapeme of which were single
crystalline, which is difficult to obtain by anyhsr physical or chemical method. In the
chapter 3 the synthesis of anisotropic gold narimbes using the UV-irradiation

technique is discussed.
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